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Introduction

The last century has been characterized by a huge resource-intensive industrial development, particularly in
some Asian countries, spurred by the growth in the global population level, by a significant elongation of life
expectation, and by an overall increase in the standards characterizing the quality of life. These positive
aspects of our recent history have been combined however with the emergence of related problems such as
water stress, the environmental pollution, and the increase of CO2 emissions into the atmosphere. These
negative aspects of the transformations which have been characterizing our recent progress have been very
much related to the momentum at which transformations themselves occurred and to the lack of innovations
and introduction of new strategies capable of both controlling and minimizing the relatively obvious negative
aspects of industrial development worldwide. A clear example is represented by the wastewater treatment
strategy. As illustrated in Figure 1, from 1556 until today, the same concept is basically present in various
wastewater-treatment systems.

The need to achieve a knowledge-intensive industrial development is nowadays well recognized. This will
permit the transition from an industrial system based on quantity to one based on quality. Human capital is
increasingly becoming the driving force behind this socio-economical transformation. The challenge of sustain-
able growth relies on the use of advanced technologies. Membrane technologies are in many fields already
recognized as amongst the best-available technologies (BATs) able to contribute to this process (Figure 2).

Process engineering is one of the disciplines most involved in the technological innovations necessary to face
the new problems characterizing the world today and in the future as well. Recently, the logic of process
intensification has been suggested as the best process engineering answer to the situation. It consists of
innovative equipment, design, and process development methods that are expected to bring substantial
improvements in chemical and any other manufacturing and processing, such as decreasing production costs,
equipment size, energy consumption, and waste generation, and improving remote control, information fluxes,
and process flexibility (Figure 3).

How to implement this strategy is, however, not obvious. An interesting and important case is the continuous
growth of modern membrane engineering whose basic aspects satisfy the requirements of process intensifica-
tion. Membrane operations, with their intrinsic characteristics of efficiency and operational simplicity, high
selectivity and permeability for the transport of specific components, compatibility between different mem-
brane operations in integrated systems, low energetic requirement, good stability under operating conditions
and environmental compatibility, easy control and scale-up, and large operational flexibility, represent an
interesting answer for the rationalization of chemical and any other industrial productions. Many membrane
operations are practically based on the same hardware (materials), only differing in their software (methods).
The traditional membrane separation operations (reverse osmosis (RO), microfiltration (MF), ultrafiltration
(UF), and nanofiltration (NF), electrodialysis, pervaporation, etc.), already largely used in many different
applications, are today conducted with new membrane systems such as catalytic membrane reactors and
membrane contactors. At present, redesigning important industrial production cycles by combining various
membrane operations suitable for separation and conversion units, thus realizing highly integrated membrane
processes, is an attractive opportunity because of the synergic effects that can be attained.

In various fields, membrane operations are already dominant technologies. Interesting examples are in
seawater desalination (Figure 4); in wastewater treatment and reuse (Figure 5); and in artificial organs (Figure 6).

xi



It is interesting to consider that a large part of the membrane operations realized today at the industrial level
has been in existence in the biological system and in nature ever since life came into being. A major part of

biological systems is, in fact, well represented by membranes which operate molecular separations, chemical

transformation, molecular recognition, energy, mass and information transfer, etc. (Figure 7).
Some of these functions have been transferred at the industrial level with success. We are, however, far away

from being able to reproduce the complexity and efficiency of the biological membranes, to integrate the

Sedimentation tanks
of a modern water-
treatment plant

Agricola, De Re
Metallica, 1556

Membrane technology, today a

dominant technology in effluents

treatment systems

Membrane bioreactors, one of the best available
technologies (BATs) for municipal and industrial
wastewater treatment

Figure 1 Wastewater-treatment technological approach in the past and today.
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various functionalities, the capability to repair damage, and to maintain for a very long time their specific
activities, avoiding fouling problems, degradation of the various functions, and keeping the system alive.
Therefore, future generations of membrane scientists and engineers will have to address their attention to
understanding and reproducing the astonishing natural systems, which are at the basis of the life with which we
are familiar.

In Comprehensive Membrane Science and Engineering, we have tried to present and discuss the most relevant
results of membrane science and engineering reached during the last years.

Authors from all around the world, senior scientists, and PhD students have contributed to the four volumes
covering fundamental aspects of membrane preparations and characterization, their applications in various unit

To design clean and very efficient
processes in refining and

petrochemicals

One vision of how a future plant employing process
intensification may look (right) vs. a conventional plant (left).

Operating with nonpolluting processes involving Process
intensification

Savings about 30% (Raw materials + Energy + Operating costs)

Figure 3 Process intensification strategy. Reproduced from Jean-Claude Charpentier, Modern Chemical Engineering in the

Framework of Globalization, Sustainability, and Technical Innovation, Ind. Eng. Chem. Res., Vol. 46, No. 11, 2007.

Figure 4 Membrane desalination plant. RO membrane units from El Paso Desalintion Plant, Texas: the site of the word’s

largest inland desalination plant (104 000 m3 d�1). Production costs for water are less than less than 0.36 $ m�3. From http://

www.epwu.org/167080115.
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operations, from molecular separation to chemical transformations in membrane reactors, to the optimization of

mass and energy transfer in membrane contactors. Their application in strategic fields, including energy,

environment, biomedical, biotechnology, agro-food, and chemical manufacturing, has been highlighted.

Module Cassette Process train

Figure 5 Submerged membrane module for wastewater treatment. From ZeeWeed� Submerged Membrane System, from
http://www.gewater.com.
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Figure 6 Membranes and membrane devices in biomedical applications. Modified from L. De Bartolo e E. Drioli.

‘‘Membranes in artificial organs’’ In Biomedical and Health Research vol. 16: New Biomedical Materials – Basic and Applied

Studies Haris, P.I. and Chapman, D. (Eds.) IOS Press: Amsterdam/Berlin/Tokjo/Washington, (1998) pp. 167–181.
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Today, the possibility of redesigning a significant number of membrane operations, introduced via industrial
production, is becoming more and more attractive and realistic.

Strong efforts are however necessary for spreading the available knowledge in membrane engineering to the
public and for educating the younger generations more and more in the fundamentals and applications of these

creative, dynamic, and important disciplines.
With this text we have tried to contribute to these efforts.
In Volume 1, fundamental aspects of the transport phenomena, which characterize permeability and

selectivity in molecular separations based on polymeric, inorganic, and mixed-matrix membranes are discussed

together with the basic principles for their preparation in various possible configurations (flat sheets, tubular

fiber, microcapsules, etc.). The basic methodology generally utilized for their characterization is also discussed.
In Volume 2, the most relevant membrane operations such as the pressure-driven systems in liquid phase

(MF, UF, NF, and RO) and in gas phase (gas separation and vapor permeation) together with other separation

processes, such as dialysis, pervaporation, and electrochemical membrane systems, are analyzed and discussed

in their basic principles and applications.
In Volume 3, the recent interest in the combination of molecular separations with chemical transformations

largely present in biological systems is presented. It is important to recall that the industrial development of

these membrane reactors and catalytic membrane systems is not yet at the level of the more well-known

pressure-driven processes. However, the expectation of a significant fast growth of membrane reactors and

membrane bioreactors is very significant. Interesting success, in fact, can already be indicated by the recogni-

tion of the submerged membrane reactors such as BAT in municipal wastewater treatment and reuse. The

potentialities of this system in the area of bioengineering and biomedical applications are also very attractive,

where bioartificial organs, such as bioartificial liver and pancreas, are in some case already at clinical trial level.
Volume 4 is addressed to the description of relatively new membrane operations, where membranes are not

required to be selective. Their role is the optimization of the best mass and energy transfer between different

phases, acting as membrane contactors. Membrane distillation, membrane crystallizers, membrane emulsifiers,

Extracellurar side

Intracellular side 

(a)

(b)

Phospholipid
(Phosphatldylcholine)

Hydrophilic head

Hydropbobic tail

Figure 7 Biological membrane functions. From http://www.mcgraw-hill.it/.
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membrane strippers, and membrane scrubbers are typical examples of these important new unit operations in
modern process engineering. New materials, for example, highly hydrophobic and nanostructured, and new
complex configurations, will be developed for further exploitation of these systems.

The combination of all the different membrane operations described in the previous books in a single
industrial productive cycle may permit the design of totally innovative industrial transformation, and inte-
grated membrane operations where a process engineer could utilize the potentialities of the artificial membrane
systems to realize a sustainable industrial development in the logic of the process intensification strategy.

It is also important to recall that not only the industrial world will benefit from this approach, but also the
design of hybrid artificial organs and the development, in general, of regenerative medicine might benefit from
the same strategy.
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1.01 Biological Membranes and Biomimetic Artificial
Membranes
L Giorno, R Mazzei, and E Drioli, Institute of Membrane Technology, ITM-CNR, University of Calabria,
Rende (CS), Italy

ª 2010 Elsevier B.V. All rights reserved.
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Glossary

Aquaporin Protein system that permits the

passage of water through the biological membrane.

Bioartificial synthetic membrane Artificial

membrane system that simulates biological

membrane.

Biological membrane A complex multifunctional

and dynamically structured multicomponent

system acting as an enclosing or separating barrier

within or around a cell.

Biomembrane Biological membrane.

Biomimetic membrane system Artificial

membrane system that biomimics biological

membrane.

Integral protein Structural protein of biological

membrane.

Phytoalexins Substances used from vegetal cells

synthesized in response to pathogen attack.

Phytoanticipin Preformed substances, contained

in vegetal cells used for defense against

pathogens.

1.01.1 Introduction

The key feature that distinguishes a biological mem-

brane from an artificial membrane is that the biological

membrane is extremely selective, precise, and efficient

in terms of: recognition properties; regulation of

passage of diverse atoms and molecules having diverse

physical and chemical properties; signaling and infor-

mation transmission; response to external physical,

chemical, and biochemical stimuli; and self-regulating,

self-healing, and self-cleaning properties.
The biological membrane is able to recognize

what the cell needs for its survival and accordingly

promote the exchange of matter, information, and

energy. The cell membrane is able to recognize

harmful components and block their passage into

the cell or even capture and eliminate them. The

cell membrane performs these actions dynamically

with the capacity to adapt to new events.
On the other hand, biological membranes would

not be able to satisfy industrial production require-

ments in terms of mechanical stability and

productivity, which must be much higher than the

ones biomembranes can usually afford. On the con-

trary, artificial membranes can guarantee sustainable

productivity and mechanical stability. In fact, unlike

most biological membranes, artificial polymer mem-

branes are very stable and can withstand considerable

pressure, essential requirements for practical use,

such as industrial production, water purification,

and desalination processes. The challenges of man-

made membranes are to achieve selective, recogni-

tion, and response properties similar to the ones

biological membranes can exhibit while maintaining

much higher mechanical and production properties.
The biological membrane has evolved through

eons and, according to the evolution theory, it repre-

sents the most suitable system which adapted to the

environment boundary conditions. It can be consid-

ered then, basically as the selected result of a long

trial-and-error process, which most probably started

with much simpler molecules and systems and

evolved into the membranes we know today. The

ambition is that by a rational approach, one may

1



dare to design and achieve such or better perfor-
mance and even faster! The challenge is to know
how. A holistic systems membrane engineering
approach may represent an integrative strategy
to advance the current knowledge achieved in the
field.

It is worth considering that unlike biological mem-
branes, which are formed on the basis of a very accurate
and regulated bottom-up process (able to also correct
eventually mistakes that occurred), artificial mem-
branes have been initially developed by very far
approach. Nowadays, bottom-up methodologies are
being developed, including self-assembling of func-
tional molecules. Still, most industrial applications
rely on traditional polymer membranes. However, the
advances in knowledge about individual element prop-
erties, their resulting functions when assembled in a
complex system, as well as about how to prepare com-
plex systems, will aid to move toward biomimetic
artificial membranes with advanced efficiency. The
term ‘biomimetic’ is used in the general sense of achiev-
ing performance, functions that mimic the biological
ones (this can be achieved with the use of biological
tools as well as with artificial tools used separately or as
integrated hybrid systems).

1.01.2 Biological Membrane

A biological membrane or biomembrane is a complex
multifunctional and dynamically structured multicom-
ponent system acting as an enclosing or separating
barrier within or around a cell (Figure 1). Such a barrier
is a selectively permeable structure finely controlling
the transport of substances in and out of it, needed for
cell survival. The size, the charge, and other chemical
properties of atoms and molecules will determine
whether they will pass through it. Selective permeability
is the essential key feature for effective separation of a
cell or organelles from its surrounding. Biological mem-
branes also have certain mechanical and elastic
properties. If a particle is too large or otherwise unable
to cross the membrane, but it is still needed by the cell, it
could either go through one of the protein channels or
be taken in by means of endocytosis..

The cell membrane contains a wide variety of
biological molecules, primarily proteins and lipids,
which are involved in a variety of cellular processes
such as cell adhesion, ion channel conductance, cell
signaling, and cell signal transduction.

The biological membrane also serves as the
attachment point for the intracellular skeleton and,

Extracellular side

Intracellular side

Phospholipid
(Phosphatldylcholine)

Hydrophlic head

Hydrophlic tail

(a)

(b)

Integral
globular
protein

Glycolipid
Carbohydrate Glycoprotein

Integral alfa-helixprotein

Figure 1 Biological membrane.
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if present, the extracellular cell wall (such as in fungi,

some bacteria, and plants).
The cell membrane is an amphipathic layer,

composed by a double layer of lipid molecules (usually

phospholipids) and proteins (Figure 1(a)). Amphipathic

phospholipids (Figure 1(b)) spontaneously arrange so

that the hydrophobic tail regions are shielded from the

surrounding polar fluid, causing the more hydrophilic

head regions to associate with the cytosolic and

extracellular faces of the resulting bilayer. This is

considered as a two-dimensional (2D) fluid phase (fluid

mosaic model) where lipid and protein molecules com-

posing it can move with a certain degree of freedom in

the 2D plane (Figure 1(a)) [1]. This continuous

lipid bilayer contains embedded specific proteins and

various structures or domains, including integrins,

cadherins, clathrin-coated pits, caveolaes, protein–

protein complexes, lipid rafts, pickets, and fences formed

by actin-based cytoskeleton, and large stable structures

such as synapses or desmosomes. These proteins and

structures afford the cell membrane the capability to

execute a large variety of specific transactions and

functions.
The cell membrane consists of three classes of

amphipathic lipids: phospholipids, glycolipids,

and steroids. The amount of each depends upon the

type of cell, but, in general, phospholipids

are the most abundant. Examples of the major mem-

brane phospholipids include phosphatidylcholine

(PtdCho) 1, phosphatidylethanolamine (PtdEtn) 2,

phosphatidylinositol (PtdIns) 3, and phosphatidyl-

serine (PtdSer) 4.

CH2 OOCR′
CH

CH2

R′′COO

O P

O

O–

O CH2CH2N(CH3)3
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+O
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O
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The fatty chains in phospholipids and glycolipids
usually contain between 16 and 20 carbon atoms. The
16- and 18-carbon fatty acids are the most common.
Fatty acids may be saturated or unsaturated, with the
configuration of the double bonds nearly always cis.
The length and the degree of unsaturation of fatty acid
chains have important effect on membranes fluidity, as
unsaturated lipids prevent the fatty acids from packing
together tightly, thus increasing the fluidity of the
membrane. The ability of some organisms to regulate
the fluidity of their cell membranes by altering lipid
composition is called homeoviscous adaptation. The
entire membrane is held together via noncovalent
interaction of hydrophobic tails. Under physiological
conditions, phospholipid molecules in the cell mem-
brane are in the liquid crystalline state. It means the
lipid molecules are free to diffuse and exhibit rapid
lateral diffusion along the layer in which they are
present. However, the exchange of phospholipid
molecules between intracellular and extracellular leaf-
lets of the bilayer is a controlled process.

Plasma membranes also contain carbohydrates,
predominantly glycoproteins, but with some glycoli-
pids (cerebrosides and gangliosides). For the most
part, no glycosylation occurs on membranes within
the cell; rather, generally glycosylation occurs on the
extracellular surface of the plasma membrane [2–4].

The glycocalyx is an important feature in all cells,
especially epithelia with microvilli. Recent data sug-
gest the glycocalyx participates in cell adhesion,
lymphocyte homing, and in many others functions.

The penultimate sugar is galactose and the term-
inal sugar is sialic acid, as the sugar backbone is
modified in the Golgi apparatus. Sialic acid deriva-
tives, such as NANA or N-acetyl-neuraminic acid,
carry negative charge, providing an external barrier

to charged moieties. Sialic acids are found mostly in
glycoproteins and gangliosides, important integral
membrane proteins that play a role in cell–cell
interactions.

Proteins in the cell membrane can be integral
or peripheral (Figure 1(b)). Integral proteins
span the entire membrane thickness; are consti-
tuted of a hydrophilic cytosolic domain, which
interacts with internal molecules; a hydrophobic
membrane-spanning domain consisting of one,
multiple, or a combination of �-helices and
�-sheet protein motifs – this domain anchors
the protein within the cell membrane; and a
hydrophilic extracellular domain that interacts
with external molecules. They function as ion
channels, proton pumps, and G-protein-coupled
receptors. Peripheral proteins are present on only
one side of the membrane. They are attached to
integral membrane proteins, or associated with
peripheral regions of the lipid bilayer. These
proteins tend to have only temporary interactions
with biological membranes, and, once having
reacted, the molecules dissociate to carry out
their role in the cytoplasm. They function as
enzymes and hormones.

Lipid-anchored proteins that function as G
proteins are covalently bound to single or multiple
lipid molecules, hydrophobically insert into the cell
membrane, and anchor the protein. The proteins
themselves are not in contact with the membrane.

The amount of protein differs between species and
according to function, however, the typical amount in
a cell membrane is 50%. The cell membrane, being
exposed to the outside environment, is an important
site of cell–cell communication. Therefore, a large
variety of protein receptors and identification
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proteins, such as antigens, are present on the surface of
the membrane. Functions of membrane proteins can
also include cell–cell contact, surface recognition,
cytoskeleton contact, signaling, enzymatic activity, or
transporting substances across the membrane.

The arrangement of hydrophilic polar heads and
hydrophobic nonpolar tails of the lipid bilayer pre-
vents polar solutes such as amino acids, nucleic acids,
carbohydrates, proteins, and ions from diffusing
across the membrane, but generally allows for passive
diffusion of hydrophobic molecules. This affords the
membrane the ability to control the transport of the
polar substances via transmembrane protein com-
plexes such as pores and gates. Membrane proteins
working as transmembrane lipid transporter, such as
flippases, permit the movement of phospholipid
molecules between the two leaflets that compose
the cell membrane (Figure 2).

As mentioned, membranes serve diverse functions
in eukaryotic and prokaryotic cells. One of the most
important roles is to regulate the movement of mate-
rials into and out of cells. The phospholipid bilayer
structure with specific membrane proteins accounts
for selective permeability and passive and active
transport mechanisms. In addition, membranes in
prokaryotes and in the mitochondria and chloroplast
of eukaryotes facilitate the synthesis of adenosine
triphosphate (ATP) through chemiosmosis.

When substances move across a membrane
toward either chemical or electrical equilibrium, the
movement typically requires no net input of energy.
Passive transports, such as simple diffusion via gra-
dients and facilitated diffusion via carriers, are
instances of such movement (Figure 3).

Water crosses cell membranes by facilitated
diffusion through the lipid bilayer, through water
channel proteins called aquaporins (Figure 4).
The presence of pores or channels in cell

membranes to permit a flow of water was thought

to be because the osmotic permeability of some

epithelial cells was much too large to be

accounted for by simple diffusion through the

plasma membrane. Aquaporins form tetramers in

the cell membrane, which facilitate the transport

Figure 2 Scramblases.
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of water and, in some cases, other small solutes,
such as glycerol. However, selectivity is a central
property of such water pores, which are comple-
tely impermeable to charged species, such as
hydronium ions, H3Oþ, which are stopped on
the way and rejected because of their positive
charges. This is critical for the conservation of
membrane’s electrochemical potential.

Cells cannot rely solely on passive movement of
substances across their membranes. In many
instances, it is necessary to move substances against
their electrical or chemical gradient to maintain the
appropriate concentrations inside of the cell or orga-
nelle. Moving substances against their gradient
requires energy, because they are being moved
away from equilibrium. Cells use two different
types of active transport, which directly or indirectly
require chemical energy, such as from ATP, 5, to
move substances in this way.

When the third phosphate group of ATP is
removed by hydrolysis, a substantial amount of free

energy is released (�7.3 kcal mol). The same can be

said for the hydrolysis of the second phosphate of

ADP. Actually, these weak bonds, with low bond

energies, are able to release high amount of energy.
If the process uses directly ATP, it is termed

primary active transport. If the transport also

involves the use of an electrochemical gradient, it is

termed secondary active transport. Both types of

active transport require integral membrane proteins.
In the primary active transport, the molecule or

ions binds to the carrier site; the binding promotes

ATP hydrolysis; this causes carrier conformation

change that moves molecule to the other side of the

membrane. The sodium–potassium pump is an

example of primary active transport, where energy

from hydrolysis of ATP is directly coupled to the

movement of a specific substance across a membrane

independent of any other species (Figure 5).
Secondary active transport uses the downhill flow of

an ion to pump some other molecule or ion against its

gradient. The driving ion is usually sodium (Naþ) with

its gradient established by the Naþ/Kþ ATPase [4].
Sometimes, substances are cotransported in the

same direction (symport). Example of this active

indirect transport is the Naþ/glucose pump. The

Naþ/glucose transporter is the transmembrane pro-

tein that allows sodium ions and glucose to enter the

cell together. The sodium ions flow down their con-

centration gradient while the glucose molecules are

pumped up theirs. Later, the sodium is pumped back

out of the cell by the Naþ/Kþ ATPase.
When one substance is transported in one direc-

tion at the same time as another substance is being

transported in the other direction (countertransport),

the transport is called antiport.
Cells must occasionally move very large particles,

such as food particles or volumes of water, across

their membranes. Cells do this by processes called

endocytosis and exocytosis (bulk transport), where

the substance to be transported is surrounded by an

infolding of the cell membrane (Figure 6).
Specific proteins embedded in the cell membrane

can act as molecular signals that allow cells to com-

municate with each other. Protein receptors are

found ubiquitously and function to receive signals

C C

C

O

C

OHOH

HH

H

CH2

H

N

HC
N

C

C
C

N
CH

N

NH2

OPOPOPHO

O

OH

O

OH

O

OH

3' 2'

4' 1'

5'

5

Higher

LowerHigher

Lower

S
od

iu
m

 c
on

ce
nt

ra
tio

n 
gr

ad
ie

nt

P
otassium

 concentration gradient

ATP
ADP+Pi

Cytosol

Active
transport
channel

Outside
of the 
celll

Na+

Na+
Na+

K+

K+

Na+

Na+Na+

Figure 5 Scheme sodium–potassium pump, an example

of active primary transport.

6 Role and Function of Biological and Artificial Membranes



from both the environment and other cells. These
signals are transduced and passed in a different form
in the cell. For example, a hormone binding to a
receptor may open an ion channel in the receptor
and allow calcium ions to flow into the cell. Other
proteins on the surface of the cell membrane serve as
markers that identify a cell to other cells. The inter-
action of these markers with their respective
receptors forms the basis of cell–cell interaction in
the immune system.

The cell membrane also plays a role in anchoring
the cytoskeleton to provide shape to the cell and in
attaching to the extracellular matrix to help group
cells together in the formation of tissues.

The cytoskeleton underlying the cell membrane
in the cytoplasm provides a scaffolding for membrane
proteins to anchor to, besides forming organelles
that extend from the cell. Indeed, cytoskeletal
elements interact extensively and intimately
with the cell membrane. Anchoring proteins restricts
them to a particular cell surface – for example, the
apical surface of epithelial cells that line the verte-
brate gut – and limits how far they may diffuse within
the bilayer. The cytoskeleton is able to form appen-
dage-like organelles, such as cilia, which are
microtubule-based extensions covered by the cell
membrane, and filopodia, which are actin-based
extensions. These extensions are unsheathed in the
membrane and project from the surface of the cell in
order to sense the external environment and/or make
contact with the substrate or other cells. The apical
surfaces of epithelial cells are dense with actin-based
finger-like projections known as microvilli, which
increase cell surface area and thereby increase the
rate of absorption of nutrients.

1.01.2.1 Examples of In Vivo Systems
Compartimentalization

Living cells are divided into several compartments by
a membrane unit. Each compartment has a specific
structure and function and the interactions between

compartments are regulated by specific signals. One
important example of compartimentalization regu-
lated by stimuli-responsive action is the defense
against pathogens in plants.

The defense mechanism of plants is different in
comparison to animals due to the fact that plants are
sessile organisms that cannot flee their predators.

Through the course of evolution, plants have
become nature’s organic chemists par excellence,
and collectively synthesize a plethora of secondary
metabolites to defend themselves against herbivores
and microorganisms and adapt to different types of
abiotic environmental stresses.

The compounds used for defense are divided into
two main categories: phytoanticipins and phytoalex-
ins. Phytoanticipins are preformed substances and
represent the first barrier to pathogens, while phytoa-
lexins are synthesized in response to pathogen attack.

Many compounds used in plant defense are stored
in a nonactive glucosylated form to chemically sta-
bilize and increase the solubility of the defense
compound, to render it suitable for storage in the
vacuole, and to protect the plant from the toxic
effects of its own defense system [5].

Upon cell disruption, caused, for example, by a
chewing insect, the defense compounds are bioacti-
vated via hydrolysis of the glucosidic linkage
catalyzed by �-glucosidases. In intact plant tissue,
the �-glucosidases are stored separately from the
substrates (Figure 7).

This two-component system, of which each of the
individual components is chemically inert, provides
plants with an immediate chemical defense against
attacking herbivores and pathogens. The catalytic
mechanism of �-glucosidase is illustrated in
Figure 8.

Two conserved glutamic acid residues serve as a
catalytic nucleophile and a general acid/base cata-
lyst, respectively. In retaining �-glucosidases, the
catalytic glutamic acid residues are situated on
opposite sides of the �-glucosidic bond of the
docked substrate at a distance of 5.5 Å [6]. As the
initial step in catalysis, the nucleophile performs a
nucleophilic attack at the anomeric carbon, which
results in the formation of a glucose–enzyme inter-
mediate. In this process, aglicone departure is
facilitated by protonation of the glucosidic oxygen
by the acid catalyst. During the second catalytic step
(deglucosylation), a water molecule is activated by
the catalytic base to serve as a nucleophile for
hydrolysis of the glucosidic bond and release of
the glucose. Under suitable conditions, �-

(a) (b)

Figure 6 Bulk transport: (a) endocytosis; (b) exocytosis.
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glucosidases can perform a transglucosylation in
which the covalently bound glucose in the
enzyme–glucose intermediate is transferred to an
alcohol or a second sugar group. The biological
activity of the defense compounds is attributed to
their hydrolysis products, and therefore separation
of glucosides and �-glucosidases into different
(sub)cellular compartments in intact tissue is a critical
feature of the two-component defense systems. As
illustrated in Figure 7, the glucosides are stored in
the vacuole [7] while the subcellular localization of
the generally abundantly expressed �-glucosidases
differs in monocotyledonous and eudicotyledenous
plants. In some plants, the substrate and the bio-
activator are additionally separated at the cellular level.

The separate compartmentalization provides the
plant with a two-component defense system, in
which each separate component is chemically inert.
Upon tissue disruption, the glucosides come into
contact with the degrading �-glucosidases resulting
in an immediate release of toxic defense compounds.
Often, the highest amount of the two components is
found in seedlings and young plant parts in order to
protect the plant from herbivore and pathogen attack
at this fragile stage.

1.01.2.2 In Vitro Membrane Processes that
Simulate In Vivo Systems

The ambition to mimic efficiency of biological

membranes and create membrane-based separation

and production systems/devices is among the

visions and challenges of current technological

development. In the development of biomimetic

separation/transformation/sensor technology, indi-

vidual elements, such as channels (ion and water

channels), carriers (transporters), and so on and

overall complex organization/function system are

important aspects to be considered. The first aspect

gives information on the individual blocks that con-

tribute to the creation of high permselectivity. The

second aspect provides information on how they are

integrated in the whole system to achieve and main-

tain the given properties.
Generally, each class of transport proteins pro-

motes the passage of specific molecular species in

and out of the cell while preventing the passage of

other components, a property critical for the overall

conservation of the cell’s internal physical-chemical

environment and composition. As previously men-

tioned, aquaporin water channels are highly efficient
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membrane pore proteins capable of transporting water
molecules at very high rates, up to 109 molecules per
second, while preventing hydronium ion passage.
Carrier proteins generally have a lower turnover but
are capable of transport against gradients by using the
chemical energy of ATP. For both classes of proteins,
their unique permeability and selective properties
make them interesting as candidates in biomimetic
membrane separation design and development. An
ideal separation device requires use of such compo-
nent properties and transport to be promoted only
through them, while the supporting matrix must be
virtually impermeable to anything but the solute in
question. In practice, however, a biomimetic support
matrix will generally have permeabilities to water,
electrolytes, and nonelectrolytes. Therefore, the effi-
ciency of a biomimetic system may depend on the
relative contribution to the transport from biological
components and artificial support. Further, the stabi-
lity of the incorporated biological components must be
addressed in order to achieve a sufficient lifetime and
make it feasible for productive application.

A new generation of biomimetic membranes for
water treatment and drug delivery was reported in
2007 by researchers at Illinois University [8]. The
highly permeable and selective membranes are based
on the incorporation of the functional water channel
protein Aquaporin Z into a novel A–B–A triblock
copolymer. The experimental membranes, in the
form of vesicles, showed significantly higher water
transport than common reverse-osmosis membranes
used in water purification and desalination.

Aquaporin’s biomimetic membrane with embedded
aquaporins have been also reported in References 9–11.
The system supported pressures up to 10 bar and
allowed a water flux >100 l m�3 h�1. Therefore, the
development of the Aquaporin membrane� is closely

linked to the simultaneous development of suitable
porous support materials. The biomimetic membrane
has been produced on a scale of few square centimeters
and investigations to scale it up to square meters are
currently in progress. The microfabrication method
based on CO2-laser ablation to generate support mem-
branes with homogeneous apertures ranging from 300
down to 84mm in diameter has been used. They are
arranged in arrays with the densest packaging having a
perforation level of up to 60%. The apertures are
surrounded by a smooth bulge that is formed by
melted material ejected from the aperture during
laser ablation. Polydimethylsiloxane (PDMS) replicas
were used to visualize and analyze these bulges.

Biocatalytic membranes containing enzyme immo-
bilized in polymeric membranes represent another
example of biomimetic membrane systems. Referring
to the �-glucosidase/oleuropein system previously
discussed, where the enzyme is compartmentalized
in the wall and the oleuropein in the vacuole, a similar
structure has been constructed by immobilizing the
enzyme in a polymeric porous asymmetric membrane
and feeding the substrate oleuropein by convective
flow. The enzyme was anchored to the membrane
while the oleuropein was converted while passing
through it. The immobilized �-glucosidase enzyme
maintained very high stability and selectivity, thanks
to the protection offered by the polymeric membrane
support. Immunochemical analyses showed the distri-
bution of the enzyme within the membrane (Figure 9)
[12]. The compartmentalization of �-glucosidase with
oleuropein can be used for the production of bioactive
molecules; in addition, it can be used as a model for
bioactive packaging formulation. The combination of
other membrane concepts, such as membrane emulsi-
fication, offers innovative possibilities in the
preparation of functionalized microstructures able to

Figure 9 Black spot indicating the visualization in situ of immobilized protein.
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compartmentalize bioactive molecules mimicking bio-

logical systems.
Enzyme immobilization in polymeric and inor-

ganic membranes for the development of bioreactors

is a well-developed strategy (for further information,

see Chapter 3.08). [13, 14]
Biomimetic membrane properties are also devel-

oped in tissue engineering and regenerative medicine

applications (for further information, see Chapter 3.10)

[15, 16]. In this area, polymeric membranes are used as

support for cell adhesion and at the same time as

selective barrier to transport molecules in (metabolites)

and out (catabolites) of the compartmentalized

biohybrid system. The membrane may serve as a

lung (to supply oxygen to cultured cells), as a

glomerulus, as a vein, as skin, etc.
Biomimetic structures are attracting enormous

interest. Bottom-up techniques, such as self-

assembling [17] and layer by layer (LbL) [14], in

addition to top-down techniques are assumed to

play a key role in the development of controlled

biomimicking artificial structures.
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1.02.1 Introduction

The development of new-generation materials that
extend the industrial applications of membrane pro-

cesses will require a high level of control of both the
characteristics of the base polymeric or inorganic

support layer as well as its corresponding surface

properties. Current research in membrane science is
now focusing more on the modification of surface

physical along with chemical properties to develop
new membrane materials called functionalized mem-

branes [1–3]. In addition to the size-based separations

by conventional membrane processes, the functiona-
lized membranes allow separations based on other

driving forces like charge [4] and physical/chemical
interactions [5, 6]. Functionalized membranes with

appropriate functional groups can provide applica-

tions ranging from tunable water permeation and
separations [4], toxic metal capture [7], toxic organic

dechlorination [8–12], biocatalysis [13], and others
(Figure 1).

The functionalized membranes also provide
opportunities for process integration by achieving

separation and reaction in single step [14]. Stimuli-
responsive membranes have been developed by func-

tionalization with materials which are sensitive to the

surrounding environment. Such membranes are use-
ful for developing biomimetic devices and controlled
drug release applications. Membranes functionalized
with polyelectrolytes are capable of charge-based ion
separations or toxic metal capture. These micropor-
ous membranes allow nanofiltration (NF)-type
separation at permeabilities much higher than con-
ventional membranes [15, 16]. The chapter discusses
various methods of preparation of functionalized
membranes and their applications with reference to
selected examples.

1.02.2 Preparation of Functionalized
Membranes

The most common approach for the preparation of
functionalized membranes is by surface modification
of the existing membranes with desired functional
groups. The desired functional groups can be intro-
duced through either covalent or noncovalent
attachment mechanism. Some of the commonly
applied techniques for membrane functionalization
include surface chemistry [1], polymer deposition
[11, 17] alternate adsorption of oppositely charged
polyelectrolytes [18–21], plasma or radiation

13



induced grafting [22, 23], gold–thiol chemistry,

[24–26] etc. The polymer deposition inside mem-

brane pores can be achieved either by cross-linking

the desired macromolecules or by in situ polymeriza-

tion of corresponding monomers with simultaneous

cross-linking. Surface chemistry allows covalent

attachment of the desired molecules on the mem-

brane surface. Polymer membrane supports, such as

cellulose, cellulose acetate, alumina, polysulfone,

and poly(vinylidine fluoride) (PVDF), can easily

be functionalized through the surface activation of

pores. Gold–thiol chemistry is studied for well-

defined, polycarbonate track-etched (PCTE) mem-

branes (after gold coating) for fundamental studies

and precise quantification of membrane

performance.
Another approach to introduce the functionalities

in membranes is by preparation of hybrid or mixed

matrix membranes [27–30]. Mixed matrix mem-

branes consist of a continuous polymeric phase and

a dispersed inorganic phase. In such membranes, the

dispersed inorganic phase has the desired functional

groups. Generally, the inorganic phase can be incor-

porated within polymer matrix during membrane

preparation. Using silica as the dispersed phase in

the membrane matrix allows the introduction of

novel functionalities through the well-known silani-

zation pathways. In this chapter, representative

applications of the functionalized membranes

prepared using some of the above mentioned techni-
ques are described.

1.02.3 Classification of
Functionalized Membrane
Applications

Based on the role of membranes, the applications of
the functionalized membranes can be classified into
three different categories. The first category is the
use of the functionalized membranes (including
layer-by-layer (LbL) assembly) for separations,
where the modified membranes allow selective per-
meation of one of the species and can be used in
continuous mode.

The second category is the application of the
functionalized membranes for sorption processes
where the modified membranes act as adsorbents. In
a way this also leads to separation and capture. A
regeneration step is required in order to reuse the
membranes. The third category is the use of functio-
nalized membranes for catalytic applications where
the functional groups, enzymes, or immobilized
nanoparticles act as catalysts, and convert the reac-
tants into products as they pass through the
membrane pore. Some examples of each category
are discussed with emphasis on membrane prepara-
tion and membrane performance.

Functionalization

NF-type separation

Metal ions 
capture

Immobilized
metal affinity 

chromatography

Enzyme 
immobilization

Bioreaction

Catalysis (SO3H for 
esterification reaction)

Protein 
recovery/purification

Metal 
nanoparticles

Heavy metal 
removal

Protein 
recovery/purification

Catalysis

Functional groups: –OH,
–NH2, –COOH, –SO3H, etc.

CO2, H2S removal 
(–NH2, –RNH)

Membrane 
pore

• High surface area
• High reactivity due to 
  the atomic defects

reduction

Figure 1 Applications of functionalized membranes.
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1.02.4 Functionalized Membranes
for Material Capture Applications

Membranes functionalized with polyfunctional
molecules exhibit very high capture capacities.
Ladhe et al. [17] studied poly(acrylic acid) functiona-
lized membranes for nonionic surfactant capture
which is important toward reuse solvents used in
surfactant-based cleaning operations. Functionalized
membranes with pore size 200–400 nm have also
been studied as adsorbents in the area of toxic metal
capture. It was demonstrated that membranes func-
tionalized with covalently attached poly-L-glutamic
acid (PLGA) [31] or polycysteine [32] show sorption
of heavy metal ions with high capacity. Figure 2
shows a schematic of a membrane functionalized
with polyfunctional molecules.

The Pb capture with PLGA functionalized mem-
brane was 23-fold higher than that with equimolar
quantity of glutamic acid. With polyligand functio-
nalized membranes, one can obtain metal sorption
capacities as high as 1.2 g metal/g sorbent. Ritchie
and Bhattacharyya [33] demonstrated up to 70%
removal of chromium (Cr) from a stream containing
multiple metal ions using two-stage PLGA functio-
nalized membranes. Mixed matrix membranes
provide another approach to obtain membrane-
based sorbents. The inorganic dispersed phase like
silica can be activated with desired functional groups

with subsequent incorporation into membrane
matrix. In the following part of this section, applica-

tions of functionalized membranes for nonionic

surfactant capture and silver ion capture are
discussed.

1.02.4.1 Poly(Acrylic Acid) Functionalized
Membrane for Ethoxylated Nonionic
Surfactant Capture

Ethoxylated nonionic surfactants are used in many

industrial applications such as food processing, deter-
gency, emulsifications, etc. Many of these

applications involve the use of nonaqueous solvents,
and a typical waste stream contains ethoxylated non-

ionic surfactants [17] dissolved in hydrophobic

solvents along with other particulates. The separa-
tion of the surfactants is an important step for recycle

and reuse of the solvents. In the light of this motiva-
tion, a poly(acrylic acid) (PAA) functionalized

membrane process was developed for the capture of
ethoxylated nonionic surfactants from a siloxane-

based solvent (Decamethylcyclopentasiloxane or

D5). Nontoxic D5 solvent is being increasingly used
in surfactant-based cleaning operations.

PAA forms a complex with the ethoxylated non-
ionic surfactants through hydrogen bonding between
carboxyl group of the PAA and ethylene oxide group
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of the surfactant (Figure 3). This interaction is well

studied in the aqueous environment [34–36].
The commercially available hydrophilized PVDF

membrane (nominal pore size 650 nm, membrane

thickness 125mm) was used for functionalization.

Aqueous solution of PAA (25 wt.%) containing ethy-

lene glycol (4.3 wt.%) as a cross-linking agent was

permeated through the membrane to coat the mem-

brane pore with PAA layer. The membrane was heated

in oven at 110 �C for 3 h to allow the cross-linking to

occur. Figure 4 shows the schematics of membrane

functionalization with PAA. The process is repeated

multiple times to increase the PAA loading in the

membrane. Extent of functionalization for a typical

membrane with three PAA coatings was 6 mg cm–2.
The water permeance (A) of the membrane

decreased from 0.2 cm3 cm�2 s�1 bar�1 (bare mem-

brane) to 1� 10�4 cm3 cm�2 s�1 bar�1 (PAA

functionalized membrane). The permeance (A) can

be represented by Hagen–Poiseuille relation as

follows:

Aw ¼
Jw

�P
¼

"mr 2
p

8�w�L
ð1Þ

where Jw is the permeate flux, "m is the membrane
porosity, rp is the pore radius, �w is the viscosity of
water, � is the tortuosity of the membrane pores, and
�P is the applied transmembrane pressure. Decrease
in the permeance indicates decrease in the pore
radius for the functionalized membrane due to func-
tionalized PAA coating on the pore wall. Based on
the membrane permeance data (pH 4–6) and using
Hagen–Poiseuille equation, the estimated hydrody-
namic pore size was about 100 nm down from 650 nm
before functionalization. The PAA functionalized
membrane was then studied for capture of

Figure 3 Ethoxylated nonionic surfactants and their interaction with poly(acrylic acid) (PAA). Modified from Ladhe, A. R.,

Radomyselski, A., Bhattacharyya, D. Langmuir 2006, 22, 615–621.

Figure 4 Schematics of membrane functionalization with PAA.
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ethoxylated nonionic surfactants from their solutions
in D5 and the results are shown in Figure 5.

The figure shows surfactant capture data for sur-
factants with varying ethylene oxide content (three,
five, and eight ethylene oxide (EO) groups per sur-
factant molecule with a 12-carbon alkyl chain). It was
observed that the membrane capture capacity
increases exponentially with increasing ethylene
oxide content of the surfactants (Figure 4). This
was expected as the ethylene oxide groups contribute

toward the PAA–surfactant interaction. The PAA–
surfactant complex is sensitive to the pH of the
surrounding environment and can be easily broken
at alkaline conditions. Utilizing this fact, slightly
alkaline water was permeated through the membrane
containing captured surfactant, and approximately
70% of the captured surfactant was recovered and
membrane is regenerated. The regenerated mem-
brane was successfully applied for the surfactant
capture process.

1.02.4.2 Functionalized Membrane for
Silver Capture

Functionalized membranes containing thiol groups
can selectively interact with metal ions such as
silver and mercury which is important considering
the high market value of silver ion and toxic nature
of mercury. Ladhe et al. [37] studied thiol functio-
nalized silica–polymer composite membrane for
silver capture. Figure 6 shows the schematics for
the membrane preparation. Silica material (Huber
874-85-1, 3–5 mm) was functionalized with 3-
mercaptopropyltrimethoxy silane through silane
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Figure 5 Surfactant capture by PAA functionalized

membrane. From Ladhe, A. R., Radomyselski, A.,
Bhattacharyya, D. Langmuir 2006, 22, 615–621.

+

CH

Silica (3–4 μm base particle 
size, BET surface area: 708 
m2 g–1) + MPTMS + ethanol
Evaporate ethanol with 
continuous stirring

100 °C

3 h

+

OH
OH

OH
OH

+ Si

CH3O

CH3O

CH3O

SH

Si SH

OCH3

OCH3

Si SH

OCH3

Thiol functionalized silica

MPTMS
Silica

SHSH

SH

SH

SHSH

SH

Polysulfone

DMF

Membrane casting
on glass plate

Solvent exchange in water bath

Thiol functionalized silica–polysulfone
mixed matrix membrane

Silica dispersion and polysulfone 
dissolution in dimethyl formamide

O C

3

CH3

O S

O

O

Figure 6 Schematics for synthesis of thiol functionalized silica–polysulfone mixed matrix membrane.

Functionalized Membranes for Sorption, Separation, and Reaction: An Overview 17



chemistry. This introduced free surface thiol groups

(–SH) on the surface of the silica material. The thiol

functionalized silica was then dispersed in the solu-

tion of polysulfone in dimethyl formamide (DMF)

solvent. The mixture was then casted on a glass

plate and the glass plate was immediately immersed

into the water bath. The phase inversion process

takes place and the DMF solvent is replaced by

the water which occupies the pores of the mem-

brane surface. The final membrane has the

functionalized silica particles incorporated in the

polysulfone matrix.
In order to determine the silver capture capacity

and kinetics, silver nitrate solutions were permeated

through the membrane and the permeate samples

were analyzed using atomic absorption (AA) spec-

troscopy. Figure 7 shows the silver capture data for

varying membrane flux using the thiol functiona-

lized composite membranes. The dotted line

indicates maximum silver capture capacity of the

silica material. It can be observed that with increas-

ing membrane flux, rate of silver capture increased.

This indicates that the thiol–silver interaction is

very fast and the capture process is mass transport

controlled under the experimental conditions.

When exposed to equimolar concentration of silver

and calcium, the membrane captured silver ions

selectively (1.5 mmol g–1 of silica) with negligible

calcium capture (<0.2 mmol g�1 of silica). This

indicates the selectivity of the membrane toward

silver capture. This is important toward practical

applications where the feed stream may have high

concentrations of Na and Ca ions.

1.02.4.2.1 Modeling of silver ion transport

through the functionalized membrane

The silver capture process using the mixed matrix

membrane was modeled using unsteady-state one-

dimensional model. As shown in Figure 8, the mem-

brane was assumed to be composed of three phases:

(1) active silica phase; (2) inert polymer phase; and

(3) aqueous silver solution phase occupying the free

volume fraction of the membrane.
The mass balances over the liquid and solid phase

yield following equations:

�
@C0

@t 0
þ Jw

@C0

@z0
þ ð1 –� –�pÞ

@q0

@t 0
¼ 0 ð2Þ

@q0

@t 0
¼ kðqeq – q0Þ ð3Þ

with initial conditions as follows:

C9ð0;t 9Þ ¼ C0

q9ðz;0Þ ¼ 0

C9ðz9;0Þ ¼ 0

where � is the free volume fraction; �p the polymer
volume fraction; (1����p) the fractional volume of
silica particles; C9 the concentration of Agþ in bulk
liquid phase (moles of Agþ/m3 of liquid); q9 the
concentration of silver in silica phase (moles of
Agþ/m3 of silica particles); qeq the maximum con-
centration of silver in silica phase for C9 (moles of
Agþ/m3 of silica particles); k the volumetric mass
transfer coefficient; Jw the membrane flux (ms�1); t9

the time (s); and z9 the distance down the membrane
thickness (m).
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Modified from Ladhe, A. R., Frailie, P., Hua, D., Darsillo, M.,
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18 Role and Function of Biological and Artificial Membranes



In this case, the axial diffusion is neglected as
compared to axial convection. Assuming linear rela-

tionship between qeq and C9,

qeq ¼ �C0 ð4Þ

where � is the silver–thiol affinity constant.
Equations (2)–(4) were solved using COMSOL.

The comparisons of the predicted data (dotted lines)

with the experimental data are shown in Figure 9.
All the required parameters were obtained from

experimental values or correlations. Considering the

fact that no adjustable parameter was used, the rea-

sonable prediction of the experimental data

demonstrates applicability of the model under

varying operating conditions. The model is an effi-
cient way to predict the effect of various parameters
on the silver capture process. With appropriate
changes, the model can be applied for other processes
that involve mixed matrix membranes for liquid-
phase applications including metal capture.

1.02.5 Functionalized Membranes
for Separations

Modification of membranes with immobilized func-
tional polyelectrolytes has gained interest due to its
potential for development of high capacity ion-
exchange materials [31, 38, 39] and tunable mem-
brane separations [40–44]. Some of the commonly
used polyelectrolytes (polypeptides) for such appli-
cations are shown in Figure 10. The macromolecules
can be incorporated within the membrane pore struc-
ture by single-point covalent attachment through the
reactive groups on the membrane surface [41].

Once functionalized, the presence of these
charged macromolecules inside the pores leads to
the establishment of an electric potential field far
removed from the pore wall. This allows ion exclu-
sions in the highly open geometries at high
membrane permeabilities as opposed to the low per-
meabilities encountered in the conventional
nanofiltration applications. Thus, one can obtain
NF-type separations at very low pressures. External
stimulants such as pH, ionic strength, and surfactants
can cause change in the degree of ionization of
the polyelectrolytes leading to the well-known
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helix–coil transitions [42], thus facilitating tunable
separation applications. The helix–coil transition
phenomenon is schematically represented in
Figure 11. At pH > 6 (for PLGA, pH < 4, 100%
helix) conditions the repulsion between the adjacent
ionized groups of the polyelectrolyte leads to
extended random coil conformation which decreases
membrane permeability due to added flow resistance.
The concept of single-layer polyelectrolyte immobi-
lization can be easily extended to nonstoichiometric
multilayer immobilization (LbL assembly) [15],
enhancing the density of the ionizable groups in the
membrane phase. This section deals with separation
characteristics of the membranes functionalized with
either single-layer or LbL assembly of charged
polyelectrolytes.

1.02.5.1 Single-Layer Polyelectrolyte
Functionalized Membranes for Ionic Solute
Rejections

Among the various polyelectrolytes used for mem-
brane functionalization, poly(amino acid) are the
most common as the amine group chemistry provides
various options for functionalization. Poly(amino
acid) functionalized microporous membranes were
studied for the separation of dilute electrolytes such
as As(V), Cr(III), and Cr(VI) from aqueous solutions
[41]. Arsenic and chromium fall under the category
of toxic metals in water, and stringent government
regulations on their concentrations demand separa-
tion process designed for dilute systems. Arsenic and
chromium are typically present in the form of

divalent oxyanions (HAsO4
2�, CrO4

2�, or Cr2O7
2�) in

water, and the charge-based membrane separation

process is desirable for the same.
In order to achieve the covalent attachment of the

amine-terminated poly-amino acids, reactive groups

on the membrane pore surface are required. The

membrane supports can be derivatized to achieve

required reactive groups. For example, in the case

of cellulosic supports, ozone oxidation creates alde-

hyde groups on the surface. In the case of silica

membranes, the support can be silanized with epoxy-

terminated silanes to achieve highly reactive epoxy

groups on the silica surface. PCTE can be first gold-

coated [43] and then subjected to thiol-terminated

organic monolayer adsorption [24, 44] with subse-

quent oxidation to obtain surface aldehyde groups

[26]. Schematics of the derivatized membranes are

shown in Figure 12. Under appropriate pH condi-

tions, the nonprotonated terminal amine group of the

poly(amino acid) reacts with surface aldehyde/epoxy

groups to form the covalent linkage [41].
Table 1 summarizes the solute rejection data for

these membranes. The rejection (R) is calculated by

following equation:

R ¼ 1 –
Cp

Cf

� �
� 100 ð5Þ

where Cp and Cf are concentrations of the solute in
permeate and feed solutions.

It is interesting to note that the neutral molecules
(dextran and PEG) showed significantly lower rejec-

tions (1.5% and 30%, respectively) despite the bigger

size of their molecules (20 and 3.5 nm, respectively)

High pH
(random coil)
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Low pH
(compact helix)

Core
region

expands

Side view Top view

Figure 11 Schematics for helix–coil transition of a polyelectrolyte functionalized inside membrane pore. From Onda, M.,

Lvov, Y., Ariga, K., Kunitake, T. J. Ferment. Bioeng. 1996, 82, 502–506.
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as compared to the hydrated anions SO4
2 – and

CrO4
2 – (0.4 nm) which showed rejections higher

than 80%. It is clear that the observed solute rejec-

tions are not based on physical or steric interactions

but it is a result of charged domain (Donnan exclu-

sion) influencing the transport of the ionic species.
The transport of ionic species through the charged
media is generally described by the extended

Nernst–Planck (N–P) equation

Jx;i ¼ –Di
dCi

dx
þ vmCi –

DiziCiF

RT

d�

dx
ð6Þ

where Jx,i is the flux of the ionic solute i in x-direc-
tion, Di the diffusivity of the ionic solute, Ci the ion
concentration, vm the velocity across the membrane,
zi the ion valency, F the Faraday constant, R the gas
constant, T the temperature, and � the net electro-
static potential inside the membrane pore. The first,
the middle, and the last term of the equation accounts
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Table 1 Solute rejection for various polyelectrolyte functionalized membranes

Membrane type Solute studied

Size of the hydrated
ion/molecule
(nm)

Observed rejection
R¼ (1�Cp/Cf )�100 (%)

PLGA-silicaa

(n¼ 356, dp¼96 nm)

Na2SO4 0.4 88.6

Na2HAsO4, i.e., (As(V)) 88.7

Na2CrO4, i.e., (Cr(VI)) 0.4 80.0
Dextran (neutral) 20 1.5

PLL-cellulosea

(n¼ 461, dp¼100–200 nm)

CaCl2 97 (Ca2þ rejection)

PLGA-PCTEb

(n¼ 116, dp¼30 nm)
Polyethylene glycol 3.5 30
Na2SO4 0.4 89

a Modified from Hollman, A. M., Scherrer, N. T., Cammers-Goodwin, A., Bhattacharyya, D. J. Membr. Sci. 2004, 239, 65–79.
b Modified from Smuleac, V., Butterfield, D. A., Bhattacharyya, D. Chem. Mater. 2004, 16, 2762–2771.
n, Number of repeat units in the polyelectrolyte; dp, pore diameter of the unmodified membrane.
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for diffusional, convective, and electrostatic transport
of the ionic solute, respectively.

The ionic rejections by traditional RO and NF
membranes increase with applied transmembrane
pressure. However for the functionalized micropor-
ous membranes, R may decrease at higher permeate
flux values owing to the core leakage through the
membrane pores. This could be advantageous for
selective separations (e.g., Na2SO4 from NaCl).

1.02.5.2 Multilayer Polyelectrolyte
Functionalized Membranes Using LbL
Assembly in Pores

LbL assembly offers an easy and inexpensive way to
create functionalized membranes with multilayers
(using nonstoichiometric amounts) of charged poly-
electrolytes. It was first suggested by Iler [21] and
established by Decher and coworkers [19, 20]. An
excellent review from Ariga et al. [18] summarizes
various physicochemical fundamentals and possibili-
ties for practical applications of the LbL assembly.

Functionalization of the membranes using LbL
technique allows flexibility in terms of number layers
and the layering sequence. A typical schematic of
membrane functionalization using LbL technique is
shown in Figure 13. Depending on the desired appli-
cations of the LbL modified membranes, the
multilayers can be deposited either on the membrane
surface [45–47] or inside the membrane pores by
using convective flow [15]. By varying the deposition

conditions such as pH and supporting electrolyte

concentration, the adsorbed layer properties can be

optimized.
Liu and Bruening [47] functionalized the external

surface of porous alumina membranes with multiple

bilayers of poly(styrene sulfonate) (PSS) and

poly(allylamine hydrochloride) (PAH). The mem-

branes were studied by diffusion dialysis and by

NF-type separations of neutral molecules such as

methanol, glucose, sucrose, and glycerol. The mem-

brane performance was evaluated in terms of

selectivity of permeation between the two solutes.

The selectivity was defined as follows:

Selectivity ¼ ð100� R1Þ=ð100� R2Þ ð7Þ

where R1 and R2 are the rejections of solutes 1 and 2,
respectively. The findings of the study are listed in
Table 2. It is clear that the LbL modification of the
membrane increases the glucose/sucrose selectivity
significantly. It was also interesting to note that by
changing the surface properties of the LbL assembly
by capping it with 1.5 bilayer of [PAA/PAH], the
separation selectivity was enhanced drastically as
indicated by their diffusion dialysis experiments.
The lower selectivity values in the case of
methanol/glycerol imply that the pores in the LbL-
modified membranes are still too large to separate
small molecules such as methanol.

Hollman and Bhattacharyya [15] prepared highly
permeable ion-selective membranes through immo-

bilization of polyelectrolyte multilayer within the

External membrane
surface or membrane

pore surface  

Treatment with
polyelectrolyte

First adsorbed layer of
polyelectrolyte
(electrostatic or

covalent attachment
to the surface)

Treatment with
oppositely
charged

polyelectrolyte Alternate treatment
with oppositely

charged
polyelectrolytes

Layer-by-layer
assembly

Figure 13 Schematics for membrane functionalization with LbL assembly technique.
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pores of microporous membranes. The polyelectro-
lytes used were PLGA and poly(L-lysine) (PLL).
The first layer was covalently attached to the mem-
brane support through surface chemistry and the rest
of the layers were assembled through electrostatic
interactions. Unlike stratified surface deposition, the
film growth in this case proceeds perpendicular to
the direction of solvent flux. The role of NaCl con-
centration in the carrier solvent on polyelectrolyte
adsorption was studied. It was observed that as the
NaCl concentration was increased from 0 to 0.1 to 0.5
M, the polyelectrolyte attachment density increased
from 0.1� 10�4 to 0.15� 10�4 to 0.22� 10�4 mmol
cm�2, respectively. This can be attributed to a reduc-
tion in number of ionic site interactions per adsorbed
chain during deposition with increasing salt solution.
The membranes show As(V) rejection greater than
95% at membrane permeances (pressure < 2 bar) that
exceed commercially available NF membranes.

1.02.6 Functionalized Membranes
for Catalytic Applications

Functionalized membranes have the potential to
contribute significantly toward the improvement of
catalytic applications by providing alternative sup-
port for catalyst immobilization. Membrane-
supported catalytic applications not only mitigate
the need for dispersion of the catalyst and its subse-
quent removal from reaction mixture, but also
provide very high mass transport conditions. For
example, sulfonated polystyrene graft functionalized
membranes have been studied as heterogeneous,
solid-phase flow through catalyst for esterification
reaction between ethanol and acetic acid [48]. A
residence time of 20 s in the flow through studies
gave the same conversion as obtained in 11 h for
batch reactions with either membrane or commercial
ion-exchange resin. This emphasizes the significant
improvement in reaction kinetics using membrane-
supported catalyst.

An important area of catalytic applications
involves the use of metal nanoparticles. In addition
to the large surface area to volume ratios, the differ-
ent electronic properties of the nanoparticles (as
compared to bulk materials) contribute toward the
significant enhancements in catalytic activities. In the
next section, application of membrane-immobilized
metal nanoparticles for catalytic dechlorination of
chloro-organics are discussed.

1.02.6.1 Membrane-Immobilized
Nanoparticles for Chloro-Organic
Dechlorination

Zero-valent iron-based bimetallic nanoparticles are
known for the degradation of toxic-chlorinated
organic compounds which is important for ground-
water remediation. Nanoparticle synthesis in
aqueous phase for dechlorination studies has been
reported [49–51]. However, in the absence of poly-
mers or surfactants, the nanoparticles can easily
aggregate into large particles with wide size distribu-
tion. Xu and Bhattacharyya [10–12] reported a novel
in situ synthesis method of bimetallic nanoparticles
embedded in PAA functionalized microfiltration
membranes by chemical reduction of metal ions
bound to the carboxylic acid groups. Along with
high mass transfer rate, reduction of particle loss
and prevention of particle aggregation are the
added advantages of membrane-based nanoparticle
synthesis. The procedure for the synthesis of
membrane-immobilized bimetallic nanoparticles is
schematically shown in Figure 14.

PVDF membrane was functionalized either by dip
coating with PAA solution or by in situ polymeriza-
tion of acrylic acid monomers inside membrane
pores. The PAA was converted into sodium form by
soaking the membrane in sodium hydroxide solution.
The ferrous ions (Fe2þ) were loaded into membranes
by ion exchange between Naþ ions in the membrane
and Fe2þ ions from aqueous ferrous chloride solu-
tion. The membrane was then immersed in the
sodium borohydrate solution to reduce the Fe2þ

Table 2 Selectivity values for neutral solutes using layer-by-layer surface-modified alumina membrane

Film composition Methanol/glycerola Glycerol/glucoseb Glucose/sucroseb

[PSS/PAH]6PSS 1.96 3.7 68

[PSS/PAH]7 2.0 7.7 >100

a Diffusion dialysis experiments.
b NF experiments.
Modified from Liu, X., Bruening, M. L. Chem. Mater. 2004, 16, 351–357.
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ions to form Fe0 nanoparticles embedded in the
PAA/PVDF matrix. Bimetallic (core/shell) nanopar-

ticles were formed by postdeposition of other metals
such as Pd or Ni (Pd2þ þ Fe0 ! Fe2þ þ Pd0).
Figure 14 also shows the TEM image of the

membrane-immobilized Fe/Pd nanoparticles.
According to the TEM-EDS spectra, the Fe/Pd nano-

particles contain 1.9 wt.% Pd. The STEM-EDS
mapping images of the nanoparticles demonstrate a

core–shell structure with Fe in the core region and Pd
in the shell region. The membrane was studied for
dechlorination of 2,29-dichlorobiphenyl (DiCB) in

convective mode.
The dechlorination experiments were carried out

at four different residence times and the DiCB con-
centration profiles as shown in Figure 15. The figure

also shows the concentrations of the intermediate
2-chlorobiphenyl and the final product biphenyl;
for 40 s residence time, complete dechlorination of
DiCB takes place at room temperature.

The dechlorination process can be described by a
two-dimensional model. Figure 16 shows the sche-
matics of the membrane pore with two regions: (1)

membrane pore region and (2) PAA layer containing
Fe/Pd nanoparticles. The system can be described by
the following equations:

For the membrane pore region,

Uz

@C

@z
¼ Ds

1

r

@C

@r
r
@C

@r

� �
þ Ds

@2C

@z2
ð8Þ

For the PAA layer region containing Fe/Pd
nanoparticles,

STEM-EDS mapping
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Figure 14 Synthesis of bimetallic nanoparticles in functionalized membranes. Modified from Xu, J., Bhattacharyya, D. Ind.

Eng. Chem. Res. 2007, 46, 2348–2359.
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@r
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@C

@r

� �
þ Dm

@2C

@z2
þ ð – kin�SaCÞ ¼ 0 ð9Þ

where C is the PCB concentration; Ds the diffusivity
of DiCB in pore fluid; Dm the diffusivity of DiCB in
membrane; kin the reaction rate constant in convec-
tive flow; � the Fe/Pd density in PAA layer; Sa the
surface area per unit mass; Uz the fluid velocity in
z-axis, Uz¼ 2U0(1 – (r/r1)2), for a fully developed
laminar flow, with U0 being the average velocity.

The equations were solved [12] with appropriate
initial/boundary conditions with kin as the fitting para-

meter to fit the model data to the experimental data.

The model was successfully able to predict the experi-

mental data for varying operating conditions such as

residence time, wt.% of Pd in the bimetallic nanopar-

ticles, and membrane pore size. This model is a useful

tool for the prediction and evaluation of chloro-

organic degradation at various conditions, and for the
optimization of nanoparticles loading in membranes.
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Nomenclature
Bo hydraulic permeability of the membrane

ci concentration of species i

Cs Cunningham correction factor

cs speed of sound

ct total concentration of a

mixture

DB Brownian diffusivity

29



De orientationally averaged effective

diffusivity

Di transport diffusivity of species i within

the pore structure

dI interface thickness

Dij binary ordinary diffusivity of component i

in component j

Dij,e effective ordinary diffusivity of the (ij) pair

Dim diffusion coefficient of component i in

the membrane

DK Knudsen diffusivity

DKe effective Knudsen diffusion coefficient

DKi,e effective Knudsen diffusivity of

component i

Dm molecular diffusivity

dm molecular size

dp characteristic pore size

dpar effective particle diameter

Ds,i self-diffusivity of species i within the

pore structure

Dx,y,ze effective diffusivity in x-, y-, z-direction,

respectively

E potential energy

e
~

i velocity in the i-direction in the lattice-

Boltzmann method

F Faraday constant

F
~

i force acting on particle i in molecular

dynamics

fi fugacity of species i

fi

�
~
X ;t
�

particle distribution

fi
eq
�
~
X ;t
�

equilibrium distribution function in the

lattice-Boltzmann method

f eq
i

�
~X
;t
�

solute distribution function in the lattice-

Boltzmann method

fT transmission probability

~
g

i force that accounts for all types of

constraints

H Hurst exponent

Hst isosteric heat of adsorption

kB Boltzmann constant

KH Henry constant

Kn Knudsen number, ratio of the mean free

path to the mean pore size

mi mass of particle i in molecular

dynamics

Ms molecular weight of the sorbate

Mw molecular weight

Ni transport flux of species i
_N i transport rate in capillary i

p pressure

Pe Peclet number

Pi membrane permeability

pi partial pressure of component i

p0 vapor pressure for planar interfaces

q scattering vector

qsat saturation concentration

R ideal gas constant

Rf random number in the interval (0, 1)

RZð~
uÞ normalized autocorrelation function

�r hydraulic radius of the accessible pore

space of the membrane

ri radius of capillary i

r
~

i position vector of particle i in molecular

dynamics

rp pore radius

S� accessible specific surface area

Si solubility

T temperature

Tdesired desired temperature

Tsystem temperature of the system

�u mean thermal speed

ui species mobility

Vi partial molar volume of species i

~
X position vector

xi mole fraction of species i

Z configurational integral

Zig configurational integral for a sorbate

molecule in an ideal gas phase

zi species charge number

zð
~
XÞ phase function

�i9 viscous selectivity parameter

� ¼ (kBT)�1

�ij thermodynamic correction factor for the

(ij) pair

�i activity coefficient of species i

�(r) density fluctuation autocorrelation

function

�ci concentration difference between exit

and entrance faces

� thickness of the adsorbed layer

"� accessible porosity

�B tortuosity factor for bulk diffusion

�K tortuosity factor

� contact angle

�i fractional occupancy of the sorption

sites by component i

�nþ 1 fraction of unoccupied sites

� fluid parameter in the nonideal lattice-

Boltzmann model

	 mean free path

30 Fundamentals of Transport Phenomena in Membranes




 dynamic viscosity


i chemical potential of species i

� kinematic viscosity

� displacement of a test molecule from its

initial position

�x displacement of a molecule in the

x-direction

 density of the condensate

0 mass density of the solid

p fluid density

s solute density

� interfacial tension

�n variance of random additions at stage n

of the fBm process

� relaxation time

�s solute relaxation time

� electrostatic potential

� free energy density functional

 bulk free energy density

1.03.1 Introduction

The design and preparation of membranes for the
efficient separation of gas mixtures and fluid–solid
systems relies heavily on the understanding of the
effects of the internal structure of the membrane
material on the transport and sorption during the
separation process. Although such an interrelation is
significant in numerous other applications of porous
materials or more general transport systems, its role
in membrane separations becomes truly crucial. It is
straightforward to realize that the interaction of the
mixture compounds with the membrane material is
responsible, to a large extent, for the rate of their
transport through the membrane or for their differ-
ential ability to percolate across the membrane or
even for the accessibility of the interior of the mem-
brane by the particular mixture species.

In fact, demanding separation processes nowadays
call for materials that can offer a sieving operation at
the molecular scale, thus excluding the passage of
certain mixture species and selectively allow the
transmission of others. A significant amount of
research work has already been devoted to the in-
depth understanding and quantification of the struc-
ture-to-separation interrelation using a multitude of
experimental and theoretical techniques. Modeling
and simulation techniques in membrane science have
traditionally relied on similar efforts in the context of
porous materials and have adapted appropriately
structure approximations and flux relations. As a
result, pore/grain/fiber models of the internal struc-
ture of membranes and their supports have appeared,
followed by the application of single, binary, and
multicomponent transport equations, usually invol-
ving some tortuosity factors. A significant
improvement in the modeling of the pore structure

was noted when computer-aided reconstruction
techniques started to find extensive use in the litera-
ture of porous materials and, later, in that of
membrane science. Such techniques have the clear
advantage over earlier pore models that the descrip-
tion of the structure is in digital form and, as such,
can lend itself directly to transport calculations, thus
avoiding the assumption of specific geometry of the
pores, grains, or any other structural element of the
material. Progressively, the need to assume some
value for the tortuosity factor was removed, thanks
to the incorporation of molecular trajectories in the
calculation of the diffusion coefficient in pore
structures.

However, the need for detailed description of
penetrant–membrane interactions cannot be
removed as microporous materials become gradually
the target material-type, at least for efficient gas
separation. To this end, molecular simulations have
enjoyed tremendous development in the field of
membrane science in the recent years, addressing
both the membrane material itself and the transport
and sorption phenomena that take place during the
separation process. Needless to say, substantial pro-
gress toward the accurate prediction of transport and
structural properties would not be possible without
the direct linking of molecular simulations with
experimental data at the atomic level and also with
quantum mechanical calculations. Among other
pieces of information, the latter can deliver molecu-
lar geometry and electronic properties as well as
accurate data on the molecular interaction potentials
that can be introduced into the force field models of
Monte Carlo and molecular dynamics techniques.

Nevertheless, despite the significant progress that
has been made at the level of molecular simulations
and the tremendous evolvement of computer
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technology that allowed outstanding improvements
in computer performance regarding memory, code
compilation, and computational time, the length and
time scales of molecular simulations remain several
orders of magnitude below the macroscopic scale that
is related to process design and process calculations.
Hence, the design, preparation, and application of
membrane materials have to rely on an appropriate
bridging of the molecular scale results to the scale that
would allow actual material engineering. To this end,
it was recently realized that some kind of hierarchical
modeling could provide the required leverage for the
scale-up with minimal loss at each scale-transition of
the accuracy that was offered by the computations at
the previous scale. Although useful for all types of
materials, such an approach is recognized nowadays
as a necessity in the field of polymers, and conse-
quently in that of polymeric membranes, where
several levels of the so-called coarse-graining process
are frequently required to fill the gap of about 10
orders of magnitude in the length-scale spectrum
and 20 orders of magnitude in the time-scale spectrum
[1]. Despite the rapid improvement of computer hard-
ware, which on average doubles its efficiency every 2
years (Moore’s law) [2] and, recently, does so almost
every 18 months, essential progress in this respect
requires faster algorithms and in-depth understanding
of the underlying phenomena that will allow reliable
filtering of the truly needed parameters in the simula-
tions across scales.

More specifically, modeling of membrane materi-
als and membrane processes is of indisputable
significance not only for the understanding and
description of material structure and penetrant trans-
port but also for the reliable screening of material and
module candidates based on performance and end-
property predictions that they can offer.
Consequently, membrane modeling and simulation
can drastically alleviate the experimental workload
by recommending suitable material structures and
separation process conditions and, equally impor-
tantly, excluding whole ranges of poor candidates.

A separate but well-accepted contribution of
modeling and simulation techniques in the field of
membrane science and technology is that toward
testing and validation of several theories that have
been developed for the prediction of transport prop-
erties, usually within the general framework of
effective medium approximation, volume averaging
approaches, smooth field approximation, etc. Their
attractiveness mainly stems from their simplicity and
wide applicability to entire classes of materials,

typically porous materials or blends of various com-
ponents. However, the strong assumption that such
theories usually invoke limits their accuracy to levels
that may not be adequate for fine design or accurate
process calculations. Therefore, one must resort to
more advanced modeling and simulation techniques
for testing these theories or even for modification of
the working equations that usually quantify the
underlying phenomena. Although the review of
these theories is beyond the scope of this chapter,
some reference to them is made in the context of
assessment of the usefulness and performance of the
various simulators.

The rest of this chapter is organized as follows. An
overview of the main transport mechanisms during
membrane-based gas mixture and fluid–solid separa-
tion is followed by a presentation of additional
phenomena that take place during gas–liquid and
liquid–liquid processing. Emphasis is placed on the
treatment of nanoscale fluid transport, which becomes
increasingly important and interesting in the field of
microporous membrane separations. Although numer-
ous publications in simulating diffusion at the
nanoscale have appeared in the literature, the same is
not true for the simulation of pressure-driven flow of
mixtures at the nanoscale with or without simultaneous
diffusive transport. Then, recent developments in the
computer-aided reconstruction of the internal struc-
ture of porous membranes are discussed, followed by
some fresh ideas on the adaptation of multiphase flow
approaches to the digital representation of composite
membranes. Once such digitized representations are
available, a variety of transport phenomena can be
simulated, and transport properties can be calculated
without having to resort to tortuosity factors or any
other structure-related geometrical or topological cor-
rection factor. Subsequently, the molecular scale is
considered and the atomic scale reconstruction of inor-
ganic and polymeric membrane materials is discussed.
The concept of coarse graining in the context of hier-
archical modeling is then presented and the interface
with macroscopic flux formulations is discussed.

1.03.2 Mechanisms of Transport in
Membranes

Depending on the nature of penetrants and their
physical state, various transport mechanisms are pos-
sible, each of which requiring usually its own
modeling approach. The overview that is presented
here aims to provide the reader with the necessary
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understanding of the transport mechanisms to the
degree that will allow, in a later section, the adoption
of the suitable modeling and simulation alternatives.
This presentation will also serve as an introduction to
the identification of the different scales that are
encountered in membrane modeling.

1.03.2.1 Mechanisms of Gas Transport

Transport of gases through membranes and their sup-
ports may involve a large variety of mechanisms,
separate or combined. Although different types of
mechanism classification can be envisaged, it appears
very convenient to employ two indices to identify the
various transport regimes. The first one is the
Knudsen number, Kn, which is defined as the ratio of
the mean free path, 	, to some characteristic or aver-
age pore size, dp, that is,

Kn ¼ 	

dp
ð1Þ

The second index is the ratio of the molecule size
(usually the equivalent sphere diameter), dm, to the
pore size:

bm ¼
dm

dp
ð2Þ

1.03.2.1.1 Knudsen flow and diffusion

The so-called Knudsen transport (flow or diffusion)
refers to the transport of gases through a pore or a
porous material under conditions that correspond to
very high Kn values. These conditions usually
involve low pressure (large 	) or sufficiently small
pores (small dp), the latter being obviously critical in
membrane separations. In this case, penetrant mole-
cules exchange momentum almost exclusively with
the pore walls due to the much higher frequency of
molecule–wall collisions than that of gas phase mole-
cular collisions (see Figure 1(a)). Practically, this
mechanism dominates transport for Kn >�100.
Upon collision with the wall, the gas molecule
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Figure 1 Schematic representation of fluid transport mechanisms in porous membranes.
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undergoes a change in the direction of its motion,
departing, typically, at a direction that is unrelated to
the direction of the molecular path prior to collision.
Such a diffuse reflection process is consistent with
the assumption that the colliding molecule is
momentarily adsorbed on the surface and is subse-
quently reemitted from it. The time that elapses
during this adsorption stage is assumed to be suffi-
cient for the molecule to lose completely its memory
and, hence, to leave eventually the surface into a
totally random direction. Experimental evidence
has provided considerable support to this assump-
tion, which is customarily used in the simulations
within this transport regime, as discussed later.

Although both terms, namely, Knudsen flow and
Knudsen diffusion, are usually employed inter-
changeably, strictly speaking the former term must
be used for free-molecule transport under the action
of a pressure gradient, whereas the latter under the
action of a concentration gradient. Put in the form of
a driving force formula, Knudsen transport follows
the action of the driving forcerpi/RT, where pi is the
partial pressure of component i, R the ideal gas con-
stant, and T the temperature. Considering that
pi¼ xip, where p is the total pressure, it follows that

rpi ¼ xirp þ prxi ð3Þ

where xi is the mole fraction of species i. It is, hence,
apparent that both a pressure gradient and a compo-
sition gradient can give rise to gas transport [3].

The effective Knudsen diffusion coefficient DK,e is
usually related to the tortuosity factor, �K, that pro-
vides a measure of the resistance to gas transport
owing to the presence of the pore walls along the
tortuous pathways across the membrane itself or
across the porous support structure, through the
expression

DK;e ¼
"�DK �rð Þ
�K

ð4Þ

In Equation (4), "� is the accessible porosity (the
isolated void space does not contribute to transport)
and DK �rÞð is the Knudsen diffusivity in an infinitely
long cylindrical pore having radius equal to the
hydraulic radius of the accessible pore space of the
material, that is,

�r ¼ 2"�
S�

ð5Þ

where S� is the accessible specific surface area.

The relation

DK �rð Þ ¼ 2

3
�r �u ð6Þ

where

�u ¼

ffiffiffiffiffiffiffiffiffiffi
8RT

�Mw

s
ð7Þ

is the mean thermal speed of the gas molecules and
Mw, the molecular weight, implies that DK �rÞð and,
hence, DK,e are directly proportional to the quantity
(T/Mw)1/2. Hence, the separation factor for binary
gas mixtures can be estimated from the square root of
the inverse ratio of the molecular weights.

It is shown in a later section that the evaluation of
the tortuosity factor, �K, which is traditionally deter-
mined upon fitting to experimental data, can be
actually calculated directly, under certain conditions,
from modeling and simulation techniques.

1.03.2.1.2 Molecular or ordinary or bulk

diffusion

In the small Kn regime, which is relevant at ambient
or elevated pressures (small 	) or for relatively large
pores (large dp), gas molecules collide mainly with
each other in the gas phase, the molecule–wall colli-
sions being quite rare (see Figure 1(b)). This is the
regime of molecular, ordinary, or bulk diffusion and,
in practice, it is achieved for Kn <�0.01. The effec-
tive bulk diffusion coefficient is usually expressed as

DB;e ¼
"�Dm

�B
ð8Þ

where Dm is the molecular diffusivity in the absence
of pore walls and �B is the tortuosity factor for bulk
diffusion. In general, �B 6¼ �K due to the different
level of resistance to transport that the gas molecules
encounter in the interior of the porous material in the
bulk and Knudsen diffusion regimes. Again, model-
ing and simulation techniques can, in principle,
provide good estimates of �B, thus avoiding resorting
to fitting experimental data. In addition, as it is also
the case in the Knudsen transport regime, models and
simulators can elucidate the effect of the pore struc-
ture geometry and topology on the resistance to bulk
diffusion in a membrane or in its support layer.
However, it must be mentioned that the conditions
(operating pressure, temperature, or structural fea-
tures) that favor this transport mechanism are not of
much interest in the gas mixture separation field due
to the poor separation factors that can be achieved in
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this case. However, it may well be one of the domi-
nant mechanisms of transport in one of the support
layers, yet, usually of limited importance to the over-
all process of gas separation.

1.03.2.1.3 Viscous flow

Under the action of a total pressure gradient,
convective flow takes place and the exact driving
force becomes xirp/RT. That is, each mixture com-
ponent is transported through the membrane at a rate
which is proportional to its mole fraction and to
the pressure gradient. For Kn << 1, the continuum
assumption is valid and the classical Stokes,
Navier–Stokes, or compressible momentum conser-
vation equations can be used in the void space (see
Figure 1(c)). However, integration over the entire
membrane structure is far from straightforward due
to the presence of the pore structure that is usually
quite complicated. Hence, the Darcy equation or
some other phenomenological equation is typically
used, depending mainly on the porosity level and
also on the degree of the equations that describe the
boundary conditions. In general, the transport coeffi-
cient is, in this case, proportional to p/
, where 
 is
the dynamic viscosity of the fluid. The proportion-
ality constant is the viscous permeability, the value of
which is characteristic of the particular membrane or
support structure. Viscous flow in a porous mem-
brane is not by itself very efficient regarding
selectivity in a mixture separation, since the main
hydraulic mechanism of separating the species is
the differential driving of the species molecules
toward the center or the edges of the pores.
Usually, viscous flow is present as a consequence of
a pressure drop across the two sides of the membrane
but it occurs in combination with some diffusion
mechanism that undertakes the main separation task.

1.03.2.1.4 Rarefied gas flow

In the event that the condition Kn << 1 is not met and
the total pressure gradient is not zero, rarefied flow
develops within the pore structure (see Figure 1(d)).
Such a condition is frequently present in gas separa-
tions owing to the small size of the membrane pores.
Although the two extremes (Kn << 1, continuum
limit flow, and Kn >> 1, Knudsen flow) have been
addressed in a great number of publications and
several books, the same is not true for moderate Kn

values. The compressibility of the fluid and the
position-dependent viscosity are among the compli-
cations that have probably hindered the extensive
modeling treatment of this regime. Typically, in

membrane separations, convective flow in the form
of either continuum limit flow or rarefied fluid flow
is accompanied by concentration gradient-driven
diffusion of the mixture components, thus compli-
cating further the modeling and simulation attempts.
However, given the significance of the rarefied flow
regime within the areas of micro- and nanofluidics,
some special discussion on relevant modeling
approaches is provided later in this chapter.

1.03.2.1.5 Surface diffusion

It is well known that all gases, to a greater or less
extent, may get adsorbed on solid surfaces along
which they may be transported, subject to some sur-
face concentration gradient, before they are desorbed
back into the gas phase (see Figure 1(e)). This
mechanism of gas transport may become significant
under certain conditions of pressure, temperature,
and for a specific pore size range. Because of the
practical difficulty in measuring or theoretically
monitoring surface concentrations, it is preferred to
resort to the adsorption isotherm when expressing
surface diffusion fluxes and, thus, to employ the
local concentration in the bulk phase instead. In the
particular case of sufficiently small bulk concentra-
tions to assume linearity in the adsorption isotherm,
one may write that the surface flux of species i is
proportional to the gradient of the bulk concentra-
tion gradient of this species, the proportionality
constant being the product of the linearity constant
of the adsorption isotherm (a function of tempera-
ture) and an effective surface diffusivity. The latter is
the product of the surface diffusivity and the specific
surface area of the membrane, multiplied by the
porosity and divided by a tortuosity factor, �s [4].
Although molecular simulations are the obvious
choice for the description of surface diffusion, the
straightforward additivity of the surface diffusion
flux to the gas-phase diffusion flux has been custo-
marily employed in phenomenological approaches.

1.03.2.1.6 Activated or configurational

diffusion
Even though surface diffusion is itself an activated
transport process in the sense that it requires some
activation energy to take place, namely, the energy
that is needed for hopping of adsorbed molecules
from site to site on the pore surface, the term acti-
vated or configurational diffusion is typically
reserved for the process of transport in micropores
(<2 nm), the size of which is comparable to that of the
penetrant molecules (see Figure 1(f)). Therefore,
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many similarities between the phenomenology of
surface diffusion and configurational diffusion exist.
The practical difference relates to the fact that the
pore size in the case of configurational diffusion is too
small to allow any bulk motion and the entire process
is controlled by the interactions of the gas molecules
with the pore walls.

At least two different transport coefficients are
relevant in this case. The self-diffusivity, Ds,i, is a
measure of the translational mobility of the gas mole-
cules of species i within the pore structure and is
usually obtained from the calculation of the mean-
square displacement per unit of time. The transport
diffusivity, Di, is defined as the proportionality con-
stant between the species flux and the negative of the
concentration gradient of the same species. The two
diffusivities are usually related through the Darken
equation [5]

Di ¼ Ds;i
@ ln fi

@ ln ci

� �
ð9Þ

where fi is the fugacity of species i and ci the con-
centration of species i in the adsorbed phase per unit
volume of the porous medium. This is an approxima-
tion and, strictly, one should use the so-called
corrected diffusivity in place of the self-diffusivity
in Equation (9) (corrected for the thermodynamic
nonidealities).

In membrane-based separation of gas mixtures,
the configurational and Knudsen diffusion mechan-
isms are the most significant ones. The latter leads to
fluxes that are inversely proportional to the square
root of the molecular weights of the species. The
former provides permselectivities that depend on
the shape and size of the gas molecules, the pore
size, and the interactions between gas molecules
and pore walls.

1.03.2.1.7 Molecular sieving

If the size of the membrane pores is between the size of
the smaller and the larger molecules in a binary mix-
ture, a sieving mechanism develops that can lead to
very high separation factors (see Figure 1(g)). The
same applies to multicomponent mixtures but further
sieving will then be required to separate the compo-
nents with molecule size below or above the mean
pore size of the membrane. Separation factors greater
than 10 could be achieved for membrane pore sizes
below 0.5 nm. However, in practice, there is a distri-
bution of pore sizes in the membrane and more
moderate separation factors are usually reached.

Significant research efforts are made to produce mem-
branes with very narrow pore-size distribution in the
molecular size range, without, however, sacrificing
porosity and losing, therefore, valuable throughput.
An additional feature in molecular sieving operation
is that of reduced rigidity of the membrane structure
(or increased deformability), which may influence
drastically the relative ability of the penetrant mole-
cules to pass through the pore space. This feature is
encountered especially not only in polymeric mem-
branes but also in inorganic ones, and is discussed
later.

1.03.2.1.8 Condensation and capillary
flow

As the relative pressure p/p0 of the gas species is
increased, where p0 is the vapor pressure for planar
interfaces, the amount of adsorbed gas on the pore
walls increases and, progressively, the sorption site
occupancy increases until saturation. Further
increase of the relative pressure gives rise to the
formation of adsorbed (liquid) layers, which, in
turn, grow gradually in thickness and eventually
coalesce, initially in small pores and progressively
in larger ones (see Figure 1(h)). For a cylindrical
pore, the capillary condensation pressure, pc, is
related to the pore radius, rp, through the Kelvin
equation

RT

Mw
ln

pc

p0
¼ –

2�cos �

rp – �
ð10Þ

where  is the density of the condensate, � the inter-
facial tension, � the contact angle, and � the thickness
of the adsorbed layer. Depending on the level of
adsorption, different mechanisms of transport may
occur simultaneously. For instance, in the situation
depicted in Figure 1(h), ordinary diffusion takes
place in the gas-phase regions A and B, pressure-
drop-driven hydrodynamic flow develops along the
adsorbed (liquid) layers C, and capillary pressure-
driven flow in area D.

Such situations develop very often in the interior
of porous membranes, not only during operation (for
instance, separation of mixtures of condensable
gases) but also during certain pore-structure charac-
terization procedures that involve condensable gases,
as is the N2 sorption/desorption technique. In both
cases, one needs to have reliable models that will be
able to describe and monitor the condensation and
capillary flow phenomena, which, in turn, necessitate
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the availability of simulators of two-phase flow
equipped with the phase transition feature.

It must have become obvious from the above that
several different mechanisms of gas transport in
membranes may develop and become dominant
depending on the nature of the gas–membrane
interactions, the membrane pore size, the prevailing
conditions, and the nature of the gaseous penetrants
(permanent gases or condensable vapors, etc.). In
practice, one expects that more than one mechan-
isms are likely to occur simultaneously because,
typically, the membrane pore size follows a certain
distribution across the structure. A usual combina-
tion of transport mechanisms in the support layers is
that of Knudsen and ordinary diffusion in the so-
called transition diffusion regime, in which case
both gas-phase and gas-surface collisions are
responsible for the momentum transfer. Other typi-
cal examples are the combination of surface and
configurational diffusion in the active membrane
layer, the combination of convective and diffusive
transport in the support layers, and the combination
of liquid- and gas-phase transport with or without
phase transition in all layers.

1.03.2.2 Mechanisms of Transport in Fluid–
Solid Separations

In the presence of solid particles or solutes in the
fluid stream, additional transport mechanisms need
to be considered, which usually pertain not only to
the interaction of the particles with the external
membrane surfaces and internal pore walls but also
with the carrying fluid or with the solvent.

1.03.2.2.1 Fluid transport

The mechanisms of fluid transport in fluid–solid
separations are mainly viscous flow in the case of liquid
suspensions and flow with or without diffusion in the
case of aerosols. Usually, the flow field in the interior of
the membrane is calculated as the result of the action of
an externally applied pressure drop across the two
sides of the membrane. However, depending on the
pore size, features of transport that are related to the
existence of very narrow pathways may become sig-
nificant, as is the case of the flow in nanofiltration (NF)
membranes. The validity of the continuum assumption
is the main issue that is raised in these cases.

1.03.2.2.2 Transport of suspended

particles

Depending on the relative size of suspended particles

and membrane pores but also on particle–wall inter-

actions, various mechanisms of permeation through

or rejection from the membrane structure can be

distinguished. The main types are summarized

below.
Hydrodynamic convection. Particles are, in general,

carried along by hydrodynamic drag that originates

from the flow field that develops in the interior of the

membrane. As the particles approach the pore walls,

some significant hydrodynamic resistance comes to

hinder their collision with the solid surface, which

increases rapidly with decreasing clearance and tends

to infinity upon contact if both the particle and the

wall are nonporous. If at least one of the two bodies is

permeable, then the hydrodynamic resistance

remains finite as the stress that is applied to the

fluid is dissipated into the porous body. Because of

the great significance of these phenomena, intensive

analytical and numerical efforts have been made for

the calculation of correction factors to the classical

Stokes hydrodynamic force expression for both por-

ous and nonporous bodies, during normal or

tangential motion of the particles relative to the

pore wall (see, for instance, References 6–12). It is

also interesting to note that in the vicinity of the wall,

hydrodynamic torque becomes considerable giving

rise to particle rotation prior to potential capture.
Sedimentation and flotation. Gravitational effects are

usually significant for particles larger than about

1 mm. Depending on the relative density of particles

to that of the carrying fluid, sedimentation or flota-

tion may arise. Nevertheless, in most cases

gravitational effects act in combination with other

migration mechanisms, like hydrodynamically dri-

ven migration, as mentioned above.
Particle–wall interactions. In the vicinity of the pore

walls, particle–surface interactions become significant

and as the particle approaches the wall, they become

dominant. Usually, London van der Waals and electro-

kinetic double-layer interactions determine the motion

of particles in the close vicinity of the pore walls. The

attraction that is caused by the former and, usually, also

by the latter changes in most cases – depending, of

course, on the sign of surface and solution charges –

to a net repulsion at clearances smaller than a critical

value due to the switch of the double-layer forces to

rapidly increasing repulsive ones.
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Despite the obvious need for estimates of the physi-
cochemical constants to describe quantitatively these
interactions, it has been shown that once these constants
are below or above some critical values, the particle
retention rate is not sensitive to the precise value of
these constants [13]. It must be stressed that in NF
membranes, where the pore size is usually smaller than
10 nm, such electrokinetic phenomena may become
dominant and extend over the entire membrane domain
resulting, in many cases, in quite high rejection rates.

Sieving. Size exclusion-based separation is theore-
tically the simplest mechanism of retention of
suspended particles that can also lead to very high
filtration efficiencies. However, small pore size
usually implies unacceptably low permeation,
which decreases further during filter operation due
to the creation of a cake on the feed side of the
membrane requiring some special treatment for its
removal, typically backwashing.

Particle diffusion. In liquid filtration, Brownian dif-
fusion may become a significant transport
mechanism for submicron particles. For sufficiently
small values of the ratio dpar/dp, where dpar is the
effective particle diameter, the process can be
assumed to occur in the continuum limit and, conse-
quently, it can be treated as a mass diffusion process
that can be described by the classical diffusion equa-
tion. In this case, the ordinary diffusion coefficient is
replaced by the Brownian diffusivity, given by

DB ¼
CskBT

3�
dpar
ð11Þ

where Cs is the Cunningham correction factor and kB

the Boltzmann constant. If both hydrodynamic drag
and Brownian forces are significant, the particle dis-
placement results from the combination of a
convective step (determined solely by the local
fluid velocity and the time step) and a Brownian
step (of random direction and with magnitude that
is determined by the Brownian diffusivity and the
time step). In the case of aerosols, a similar descrip-
tion of particulate transport applies except that the
diffusivity of the submicron particles is used in place
of the ordinary diffusion coefficient in the classical
mass diffusion formulation.

1.03.2.3 Mechanisms of Transport in
Nonporous Membranes

In nonporous (dense) membranes, transport of species
can take place only through the membrane material

itself, usually in the general sequence of solution,
diffusion, and eventual discharge. That is, the species
is first dissolved into the entrance face of the mem-
brane, travels in the interior of the membrane material
through some diffusion or conduction process, and
eventually exits from the other side into the effluent
stream. Consequently, the separation efficiency of the
membrane is a function of the solubility ratio and
diffusivity ratio for a binary separation.

Depending on the nature of the transported species
and that of the membrane material, different types of
dissolution and diffusion are encountered in dense
membranes. Of particular interest are the ionic con-
ducting membranes, including most notably solid
oxides and proton exchange membranes. Among other
applications, these materials have a central role in fuel
cells and, thus, have attracted tremendous attention
from investigators in basic and applied material science
and material engineering.

Solid oxides conduct oxygen and mixed ionic
electronic conductors conduct both oxygen ions and
electrons. The oxygen permeation process involves
usually the following steps: electrochemical surface
reaction at the entrance face of the membrane to
create oxygen ions, transport of oxygen ions through
the bulk oxide via a sequence of oxygen vacancies,
and surface oxidation reaction at the exit face form-
ing molecular oxygen. The exceptional selectivity of
these membranes and the relatively high fluxes that
are achieved compared to the polymeric membranes
are the main attractive features of these materials.
However, there are still some technical problems
that must be overcome before large modules of
them become operational, like thermal gradient-
induced cracking, sealing issues, etc.

Proton exchange membranes can be either poly-
meric or inorganic and can be used in power-
generation devices as they conduct protons. Although
several types of proton exchange membranes have
already been synthesized, Nafion� appears to be the
most studied one. In sulfonated polymers such as
Nafion�, the hydrogen ions in the SO3H groups
become mobilized upon addition of water. A possible
mechanism of hydrogen ion transport through the
membrane is that of proton addition into a water
molecule, hopping across the water molecule and
then onto another water molecule, and so on. An
alternative or simultaneous transport mechanism
might involve proton combination with a water mole-
cule into a complex molecule followed by diffusion of
this complex molecule through the membrane
material.
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It is speculated that water becomes less bound as
hydration progresses giving rise to the creation of a
network of pathways through the membrane. In turn,
this implies the development of additional mechan-
isms of transport, from simple percolation to
hydrodynamic flow of water and convective diffusion
of ions [14]. The Nernst–Planck equation is relevant
in this case, which in the single-phase approximation
of the membrane reads

Ni ¼ – zi ui Fcir� –Dirci þ ciu ð12Þ

where Ni is the transport flux of species i, zi is the
species charge number, ui is the species mobility, ci is
the species concentration, F is the Faraday constant,
� is the potential, Di is the species diffusivity, and u is
the solvent velocity. The first term represents the
species migration due to a potential gradient; the
second term stands for the purely diffusive contribu-
tion to the species flux, and the third term represents
the convective flux of the species, which results from
the flow field of the solvent. The latter becomes
meaningful at sufficiently high hydration levels so
that individual pore segments have the opportunity
to develop in the interior of the membrane. In fact,
such a bulk pathway formation is held responsible for
undesirable crossover of fuel during fuel-cell opera-
tion. Hindrance effects can be included in this
equation through the introduction of correction fac-
tors to the convection and diffusion/mobility terms.

In membrane-based ionic separations, as are the
cases of NF and reverse osmosis (RO) for water desa-
lination, steric hindrances combined with the Donnan
and polarization layer effects come to add themselves
to the mechanisms of ion transport through the mem-
brane. In these cases, one has to take into account the
corresponding terms in the calculation of the overall
transport potential across the membrane and address
the phenomena such as exclusion-enrichment and
partitioning at the membrane–bulk interface. An
excellent review of transport phenomena in nanoflui-
dics with emphasis on electrokinetic phenomena was
recently provided by Schoch et al. [15].

1.03.3 Modeling Approaches

The variety of transport mechanisms that may con-
trol transport in the interior of membranes and of
their porous supports complicates accurate model-
ing and simulation of the separation or reactive
process. This complication becomes far more severe

if the interplay of these mechanisms with the
usually tortuous structure of the membrane is
taken into account. In fact, the interrelation between
structural features and end properties is the main
target of modeling efforts not only in the membrane
sector but in the more general class of functional
materials. In the particular case of membranes, how-
ever, this becomes a truly multiple scale task for two
reasons: first, the separation of two or more species
is usually controlled at the microscopic scale (mole-
cular or finest pore scale) and second, membranes
are typically very thin and require various layers of
support to improve their mechanical and functional
properties. In order to address this complexity,
modeling not only at individual scales but also
across scales is needed. The analysis that follows
borrows concepts and ideas from the more general
class of porous materials taking into account, wher-
ever needed, the peculiarities of the membrane
materials. The goal is to provide a framework of
transport modeling and simulation in membranes
in a top-bottom approach so that key measurable
quantities can be identified on the one hand, and the
main modeling pathways are presented on the other
as the internal membrane features are gradually
zoomed in.

1.03.3.1 Flux Relations – Phenomenology

The simplest and most convenient description of
transport phenomena in membranes that provides
also a quantitative relationship between driving
force and resulting flux is the one that transport
phenomenology has to offer. In fact, this is also a
very useful approach for the organization and com-
pilation of experimental data (flux measurements
under conditions of pressure or composition gradi-
ents). In the general case of multicomponent
diffusion of ideal gases in the absence of pore walls,
the Stefan Maxwell equations apply:

–
1

RT
rpi ¼

Xn

j¼1

j 6¼i

xj Ni – xiNj

Dij

; i ¼ 1; . . . ; n ð13Þ

where pi is the partial pressure of component i, xi, Ni

are the mole fraction and molar flux of component i,
respectively, and Dij is the binary ordinary diffusivity
of component i in component j. In the presence of
pore walls (case of porous membranes), Equations
(13) take the form of the so-called dusty-gas
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equations (see, for instance, Reference 4 for further
discussion):

–
1

RT
rpi ¼

Xn

j¼1

j 6¼i

xj Ni – xiNj

Dij ;e
þ Ni

DKi;e
; i ¼ 1; . . . ; n ð14Þ

where Dij,e is the effective ordinary or bulk diffusivity
of the (ij) pair and DKi,e is the effective Knudsen
diffusivity of component i. A common way to express
the effective diffusivities is through

Dij ;e ¼
"�
�B

Dij ð15Þ

and

DKi;e ¼
"�
�K

DK �rp

� �
ð16Þ

with �r P given by Equation (5). In Equations (15) and
(16), "� is the accessible porosity whereas the tortu-
osity factors, �B and �K, are the same as those used in
Equations (4) and (8). In fact, the statement that the
tortuosity factor for self-diffusion in the bulk diffusion
regime is the same with that for binary diffusion is not
of obvious validity. However, this has been verified
experimentally and confirmed theoretically by
Sotirchos and Burganos [16] following a rigorous
spectral analysis treatment of multicomponent diffu-
sion in pore networks combined with the effective
medium theory and the smooth field approximation.
More specifically, it was proved by Burganos and
Sotirchos [17] that the diffusional resistance of a net-
work of pores of nonuniform size is, to an excellent
approximation, practically identical to that of a net-
work of uniformly sized pores with the same topology
as that of the original network, provided that the
effective pore diffusivity is calculated from the effec-
tive medium theory equation. Once homogenized, the
overall effective diffusivity can be obtained in a
straightforward fashion; for instance, the smooth
field approximation can be used as it becomes exact
for regular networks of pores. If this methodology is
applied to multicomponent mixtures [16], similar
expressions and conclusions can be extracted using a
spectral analysis and it turns out that not only the
Knudsen tortuosity factor but also the bulk tortuosity
factor is the same for each component. This is a very
convenient observation that simplifies tremendously
the measurement or computation of tortuosity factors
as they need to be determined only once, for any
species, and can then be applied to the rest of the
mixture components as well.

For nonideal mixtures, the multicomponent diffu-
sion equations must be modified to include the

chemical potential gradients in place of the partial

pressure ones. The flux equations can then be recast

in the form

–
xi

RT
rT
i ¼

X
j 6¼i

xj Ni – xi Nj

ct Dij ;e
ð17Þ

in the absence of pore walls, with ct the total concen-
tration of the mixture [18]. The Gibbs–Duhem
equation implies that only n – 1 of Equations (17)
are independent, since

Xn

i¼1

cirT
i ¼ rp ð18Þ

In the presence of pore walls and under the action of
external forces (here, electrostatic force), the flux

equations take the form

–
xi

RT
rT ;p
i –

xi

RT
Virp –

xi

RT
zi Fr�

¼
X
jþi

xj Ni – xiNj

ct Dij ;e
þ Ni

ct DKi;e
ð19Þ

where Vi is the partial molar volume of species i, F is
the Faraday constant, and � is the electrostatic
potential (see [18] for a discussion). The total pres-
sure gradient that applies in addition to the
composition gradient gives rise to viscous flow of
the mixture and, hence, to convective fluxes for
each component that are additive to the diffusive
fluxes. For ideal gases, it has been shown following
a similar spectral analysis for multicomponent con-
vective diffusion in pore networks as the one
mentioned above and applying the effective medium
theory followed by the smooth field approximation,
that a single tortuosity factor is required for the
convective part of the fluxes, which is the same for
all components [19]. For nonideal gases, in the pre-
sence of viscous flow the flux equations become

–
ci

RT
rT ;p
i –

ci

RT
Virp –�i 9ci

B0

�BDKi;e
rp – cizi

F

RT
r�

¼
Pn
j¼1

xj Ni – xi Nj

Dij ;e
þ Ni

DKi;e
ð20Þ

where ci is the molar concentration of component i,
�i9 is a viscous selectivity parameter, B0 is the per-
meability of the membrane, and Dim is the diffusion
coefficient of component i in the interior of the
membrane [18, 20]. It is accepted that viscous flow
has some separative effect on the mixture transport
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through the membrane: larger molecules will tend
to move close to the center of the pore, whereas
smaller molecules may more easily stay closer to the
walls and attach to them depending on their size and
on physicochemical interactions. Needless to say,
flow may also induce a straining or sieving effect
on the mixture transport since larger molecules may
be driven to stationary regions of flow due to inertia,
where they may get trapped, whereas smaller mole-
cules are more likely to follow the streamlines (in
the absence of diffusion) and be transmitted over to
the permeate side.

The case of micropore diffusion is of particular
interest in the context of membrane-based gas

separations. Given the very small size of the pores

(< 2 nm), which in this case is similar to that of

penetrant molecules, the gas–wall interactions

become dominant (configurational diffusion) and

hopping from sorption site to sorption site becomes

the main mechanism of transport. This surface

diffusion mechanism is obviously affected by the

availability of vacant or occupied sites and the

dusty gas equations now assume the form [18]

–r
i ¼ RT
Xn

j¼1

�j

ui – uj

Dij ;S
þ RT�nþ1

ui – unþ1

Di;nþ1;S
; i ¼ 1; . . . ; n

ð21Þ

where �r
i is the surface chemical potential gradi-
ent, ui is the velocity of species i, �i is the fractional
occupancy of the sorption sites by component i, and
�nþ 1 is the fraction of unoccupied sites

�nþ1 ¼ 1 –
Xn

i¼1

�i ð22Þ

The relation of the chemical potential gradients to
those of the surface occupancies is usually cast in the

form [18]

�i

RT
r
i ¼

Xn

j¼1

�ijr�j ð23Þ

where �ij is a thermodynamic factor defined as

�ij ¼ �i

@lnpi

@�j

; i; j ¼ 1; . . . ; n: ð24Þ

The missing link between occupancies and partial
pressures of the various components is provided

by the adsorption isotherm for the particular

mixture.
In terms of the surface fluxes, Ni,s, the dusty gas
equations for micropore diffusion of multicomponent

mixtures become

–
�i

RT
r
i¼

Xn

j¼1

j 6¼i

�j Ni;s–�iNj ;s

p"�qsatDij ;S
þ Ni;S

p"�qsatDi;S
;i¼1;...;n

ð25Þ

where p is the fluid density, qsat is the saturation
concentration, and subscript S denotes surface terms.
An excellent review of the Maxwell-Stefan approach
to mass transfer along with a detailed presentation
and discussion of the aforementioned equations are
given in [18].

Membrane structure connectivity and pore-
blocking effects have also attracted the interest of
investigators in microporous membrane separations
[21]. These flux relations find extensive use in appli-
cations that involve gas sorption and diffusion in
zeolites. However, it must be stressed that this phe-
nomenological approach, although quite useful in
guiding experimentalists, provides no information
on the magnitudes of the diffusion coefficients
much less on their dependence on the membrane
material and structure or on the externally applied
conditions of separation. Any progress on this issue
would require investigation of the internal pore
structure of a membrane and switching scale of
observation down to the pore or grain scale, as
described next.

1.03.3.2 Pore-Scale Modeling

The need to have quantitative estimates of the trans-
port coefficients in porous materials inspired a large
variety of simplified descriptions of their internal
structure.

1.03.3.2.1 Pore models

The simplest and earliest attempts involved the
assumption of straight, uniform, parallel capillaries
spanning the interior of the material in the direction
of macroscopic transport. Although overly simplis-
tic in concept, this model has been adopted by
numerous investigators, who had to invoke a correc-
tion factor in their calculations that would account
for the usually complex structure in actual porous
media. This is also a very attractive model for
experimentalists, as they only need to measure this
tortuosity factor once for each material sample and,
thus, achieve a simple transformation from the
transport property in the absence of walls to the
effective one that reflects the interactions of the
penetrant species with the pore walls. Despite the
criticism that such an oversimplification has
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experienced, it appears that in certain cases of mod-
ern membrane technology and applications, its
employment offers a quite realistic representation
of the actual situation. More specifically, several
production routes in the food and pharmaceutical
industries demand narrow droplet or particle-size
distributions that can be provided by membranes
with almost uniform, parallel pores of constant
cross section. The manufacturing of such idealistic
membranes is already in the market and, obviously,
among all other practical advantages that they offer,
they also allow a relatively straightforward physical
description and mathematical modeling of the
transport phenomena that underlie the membrane
operation (typically, emulsification in a wider sense
of the term). It is interesting to note that this is the
only, practically, case in which the tortuosity factor
becomes approximately equal to 1, provided of
course that the transport coefficient is not depen-
dent upon the pore size or the species concentration.
A typical example is that of ordinary diffusion of a
trace component in pores with sufficiently large
diameter to exclude activated or configurational
diffusion phenomena. Then, the transport rate, _N k ,
through any capillary i would be given from

_Nk ¼ –Dk�rk
2 �ck

L
ð26Þ

where rk is the radius of capillary k, Dk is the diffusivity
of this species in capillary k, �ck is the concentration
difference between exit and entrance faces, and L is
the length of the capillary in the direction of transport.
The transport flux is then given by

ND ¼

P
k

_Nik

A

¼ – �

P
Dkrk

2

A

�c

L

ð27Þ

where the concentration drop is assumed to be the
same for all capillaries (uniform concentration across
the entrance and across the exit face). If the diffusiv-
ity is independent of the pore size, then Equation (27)
becomes

ND ¼ – "D
�c

L
ð28Þ

which by comparison with Equation (8) implies that
�B¼ 1. This result is valid not only for uniform
capillaries but for distributed sizes also provided
that all capillaries are parallel to the macroscopic
transport direction and do not overlap.

Similar results can be obtained for other transport
mechanisms in parallel, nonoverlapping pores, pro-
vided that the transport coefficient does not depend
on the pore size or the local pressure or concentra-
tion. This is, for instance, the case of viscous,
incompressible flow of liquids in membranes. For an
ideal gas flowing in a cylindrical capillary under the
action of a pressure gradient in the z-direction, the
flux expression reads

Nv ¼ –
r 2p

8
RT

dp

dz
ð29Þ

The overall flux can then be found in a fashion
similar to that used above for the diffusion case. To
become more realistic, pore models evolved into
models of multidimensional arrays of parallel pores,
overlapping or nonoverlapping. In the latter case, the
tortuosity factor was shown to equal 2 for two-
dimensional sets of pores provided that the concen-
tration gradient vector lies on the plane that is
defined by the pore axes, and 3 for three-dimensional
sets of pores, provided that the transport coefficient is
orientationally averaged [17]. This simple and con-
venient result is valid not only for single or binary
diffusion but also for multicomponent diffusion as it
was shown by a spectral analysis method that
employed the effective medium theory followed by
the rigorous application of the smooth field approx-
imation [16].

However, if the pores are allowed to overlap, then
the simple flux expressions for individual capillaries
become invalid and a different technique must be
employed. More specifically, if the ratio of the mole-
cular size to the size of the pores or, in general, to
some characteristic size of the interstitial space in the
interior of the membrane is sufficiently small to
justify treatment of the traveling molecule as a math-
ematical point and neglecting interactions with the
pore walls other than diffuse reflection from them,
random molecular trajectories can be computed, sub-
ject to the prevailing conditions of transport. This is
an effort that attracted the strong interest of investi-
gators in the area of porous media in the 1980s and
elucidated strongly the effects of pore structural fea-
tures on the transport (mainly diffusion) coefficients.
This technique, along with other techniques that can
be used for the simulation of flow and dispersion in
porous membranes, is discussed in the next section.

The addition of spherical chambers to a network of
capillaries introduces a rich variety of pore geometries
and interfaces into the pore-type representation of the
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structure of porous membranes. This can be done in a
well-defined and ordered manner, like the introduc-
tion of spherical chambers at the junctions of regular
networks of capillaries [22, 23], or in a random, order-
less fashion [24]. In both cases, one may assume
entirely random sampling of sphere and cylinder
sizes to decorate the network or prescribe some spatial
correlation of sizes among chambers, among capil-
laries, or among chambers and capillaries. Obviously,
the prediction of transport coefficients in such pore
structures has to resort to trajectory computations or
numerical techniques due to the inevitable appearance
of considerable overlapping among pore segments.
Despite the increased complexity in the construction
of such pore space representations and in the predic-
tion of their transport properties, they have found
extensive use in a wide variety of porous materials,
including porous rocks, catalysts, membranes, etc. The
main supporting argument of their use is that they
appear to represent the pore space of a variety of
porous materials better than capillary networks do.
In fact, optical or electron microscopy analysis of
consolidated materials indicate the existence of large
pore spaces that are interconnected through narrow
pore necks. In addition, it is often convenient to repre-
sent the nonsolid space of granular materials by a
collection of large cavities and narrow interconnectors.
Alternatively, these domains can also be represented
by networks of pore necks with converging–diverging
geometry (for instance, sinusoidally shaped ends). The
former is more suitable for unconsolidated materials,
whereas the latter is usually employed for the descrip-
tion of the interstitial space in low porosity,
consolidated materials. Thanks to the limited pore
overlap in low porosity materials, the technique of
the equivalent resistor network approximation can be
used for the determination of the overall flow perme-
ability or gas diffusivity [23].

Briefly, the resistor network approach proceeds as
follows. Suppose that the pore space of a membrane
can be represented by a regular network of capillaries
with sinusoidally shaped ends [25]. The decoration
of the network bonds with cylindrical segments is
achieved through appropriate sampling from the
pore-size distribution that results, for instance, from
the intrusion part of the mercury porosimetry curve
[22]. The chamber sites that define the sizes of the
sinusoidal openings at the two capillary ends can be
sampled from the size distribution of large cavities as
they are recognized and quantified from optical or
electron microscopy analyses. The review of efforts
for the determination of the detailed pore topology is

beyond the scope of this chapter. It is noteworthy,
however, that elimination of the diameter of a capil-
lary renders the particular bond nontransmitting,
thus reducing the local coordination number (i.e.,
the number of bonds that meet at an intersection)
by 1. Application of this pore-eliminating concept to
the entire network with a certain probability at each
neck allows easily the adjustment of the average
coordination number to the desired value.
Subsequently, the flow or diffusion rate in each indi-
vidual pore is calculated with some numerical or
analytical technique. The application of the mass
conservation condition (Kirchoff’s law in the electri-
cal resistor analog) gives rise to a set of linear
algebraic equations in terms of the pressure or con-
centration value at each node of the network. These
equations are complemented by the appropriate
boundary conditions (usually fixed pressure or com-
position at the entrance and exit faces, and
periodicity at the lateral faces) and solved numeri-
cally using some conjugate gradient or Gauss–Seidel
with relaxation technique. Once the nodal values for
the pressure or the concentration are determined, the
overall transport property can be calculated in a
straightforward manner from the definition of the
effective transport coefficient and taking into account
the local pressure or composition differences across,
usually, the array of those pores that are connected to
the exit face or across the entire network [23].
However, care must be exercised before this techni-
que is applied to membranes with micro- or
mesopores since the continuum assumption may no
longer be valid and some discrete simulation techni-
que may be more appropriate to use, as discussed in
the next section.

1.03.3.2.2 Grain models

The representation of the solid part of porous mem-
branes by grain packings is a rather realistic approach
in several cases, particularly when micro- or nano-
powders are used as precursors of the final
membrane. The construction of the grain model of
a membrane can proceed as follows. Initially, trans-
mission electron microscopy analysis of the powder
is performed and digital images are obtained. Image
processing and image analysis are nowadays possible
through appropriate software and allow the direct or
algorithmic counting of grains per unit projected area
or the measurement of the equivalent sphere dia-
meters of the grains. Mercury porosimetry or gas
adsorption–desorption can be used for the determi-
nation of the accessible porosity and the specific
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surface area of the powder. Once these quantities,
along with the grain size distribution, are known, a
packing simulator can lead to the three-dimensional
reconstruction of the powder that will reproduce all
the aforementioned measurable properties.

Different packing models and simulators have
been suggested in the literature (see, for instance,
References 26–28). A typical one, using the ballistic
packing concept, would proceed as follows. First,
spherical grain diameters can be sampled from the
original (prior to compaction and heating) powder
size distribution, which is obtained using image-
processing software as described above.

Subsequently, gravity-driven packing can be
applied to simulate powder packing prior to compres-
sion. In fact, any body force into a fixed direction
would give the same result for sufficiently large sys-
tems, since gravity itself may not be the dominant
external force for the nanopowder at hand. The dia-
meters that have been sampled are assigned to
spherical grains that are allowed to move in the direc-
tion of the external force one at a time. Typically, a
rectangular vessel can be used as a physical container
of the nanopowder, and periodicity is applied in direc-
tions that are normal to the direction of the external
force. Once contact of the sphere with the bottom side
of the vessel is made, the sphere is immobilized and a
new sphere is allowed to move along the direction of
the external force. If the sphere touches another
sphere that has already been immobilized, a decision
must be made as to whether it will stay there or will
continue its trajectory. The criterion is certainly
related to the desired value of the porosity of the
nanopowder, which is determined experimentally as
described above. Immediate immobilization upon first
contact will lead to relatively high porosity values. If
more dense packings are sought, then the sphere is
allowed to roll over the surface of the sphere that it has
encountered until it comes in contact with a second
sphere. At this position (two contact points) a decision
has to be made as above. Depending on the actual
packing density, the sphere may get immobilized or
roll over both spheres until it acquires a third contact
point [29]. The sticking probability is common for all
spheres and is chosen in a way that allows eventually
the desired porosity value to be approached. In the
aforementioned procedure, sorting of the spheres to be
dropped with respect to their size is expected to affect
significantly the outcome of the simulation regarding
the maximum density that can be achieved but also
the homogeneity of the porosity across the recon-
structed nanopowder. More specifically, if the large

spheres are dropped first, a relatively high value of
porosity will be initially obtained, which will be gra-
dually lowered as smaller spheres are dropped and
allowed to penetrate into the void space among the
larger ones. On the other hand, if the small spheres are
dropped first, a relatively dense packing will be for-
mulated that will remain practically unaltered by the
subsequent dropping of the larger spheres. In this case,
density gradient packings will be generated which
may or may not be realistic depending on the actual
physical process of generating the nanopowder.
Alternatively, a Monte Carlo procedure can be
employed to generate random packings [27]: at each
step, a set of N spheres is dropped simultaneously and
only the one that reaches the lowest position is
retained as the new member of the stack. This proce-
dure was found to perform satisfactorily for
sufficiently large N (>105).

To simulate sintering of the nanopowder, which is
usually required to improve the mechanical properties
of the material, mass transfer between touching grains
must be allowed. Different algorithms have been pre-
sented in the literature for the construction of sintered
materials with increased grain sizes (see, for instance,
the work by Roberts and Schwartz [28]). If electron
microscope images of the actual sintered sample are
available, the grain size distribution can be determined
using an image-analysis technique and the number
density of grains per unit area can also be counted.
This information can be used in the following way
[29]. Rather than developing simulators of the mass
transfer at the microscopic scale, a shortcut can be
devised, that allows partial or complete mass transfer
from smaller grains to larger grains provided they are
in contact with each other. The decision as to whether
complete, partial, or no mass transfer will be assumed is
based on the selection of a critical ratio of sizes of the
touching grains, which ensures that eventually the
desired grain size distribution and number density of
grains are recovered. The smaller the critical size ratio
(smaller to larger grain size) for mass transfer to occur,
the more limited the extent of sintering and, hence, the
smaller the effect on the porosity and the grain size
distribution. In order to capture also intermediate
stages of the sintering process for two or more touching
grains, incomplete mass transfer can be assumed to
occur in cases where the size ratios are within a specific
interval of ratio values. To increase the accuracy of the
simulations and to render the whole process more
realistic, the characteristic times of partial or complete
mass transfer can be employed either from experi-
ments or from independent sintering models for
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touching grains. It has been observed that both the
sintering temperature and the heating ramp can affect
the mass transfer process and its kinetics [30]. Such a
shortcut approach circumvents the need to get into the
details of the sintering process, as it is guided by direct
electron microscope images of the sintered material
through a two-parameter procedure. Obviously, sev-
eral variants of this methodology can be formulated but
it is noteworthy that the outcome is in any case a three-
dimensional granular structure with features that are
consistent with the actual ones and can directly lend
itself to flow, mass transport, or sorption computations
without having to resort to any arbitrary geometrical or
topological assumptions.

However, the lack of topologically ordered,
straight conduits of transport in grain models
excludes the employment of the convenient resistor
network technique for the calculation of effective
transport properties. Numerical techniques must be
used for the solution of the differential equations that
describe diffusion, flow, or convective diffusion sub-
ject to the impermeable grain condition that is usually
invoked. If the grains themselves are porous, then a
separate treatment of the transport through them is
required (for instance, Darcy or Brinkman equation)
and the impermeable grain condition is replaced by
the continuity of flux at the grain surface. In addition
to the numerical techniques that discretize the differ-
ential equation (finite differences, for instance), other
techniques can also be used to solve the diffusion and
flow problems in the space among the solid grains,
like the lattice-Boltzmann technique, the Direct
Simulation Monte Carlo (DSMC) technique, and
the transmission probability or mean-square displace-
ment techniques. The advantage of these methods
over the more conventional numerical techniques is
that they can be used also in the case of elevated
Knudsen number, which is of strong interest in
separation applications involving porous membranes.
These techniques are discussed in the next section.

1.03.3.2.3 Fiber models

The use of fibrous materials for the construction of
filters, membranes, and electrodes for diverse appli-
cations is quite common. Reconstruction of such
materials on the computer can be implemented
using either finite-length fibers or infinite length
fibers of distributed diameter in the sense that the
fibers extend across the entire control volume.
Image-analysis techniques can also be used just as
in the grain model case above for the determination
of the fiber length and diameter distributions. Of

particular interest here is the possible correlation of
length to diameter for the same fiber, which may
obviously affect not only the porosity value but also
the transport properties. An additional parameter in
the fiber models is the orientation of the fibers, which
is obviously not an issue in the spherical grain mod-
els. Bundles of parallel fibers in one, two, or three
dimensions can be assumed with the same or differ-
ent number density per unit volume in each
direction. Alternatively, systems of randomly
oriented fibers can be employed with structural char-
acteristics that are similar to those of the
corresponding randomly oriented capillaries. In fact,
it is straightforward to transfer structural properties
from the pore model to the corresponding fiber
model, considering that each of them is the negative
of the other. Porosity in the former is equal to the
solid fraction in the latter; specific surface area is the
same, and so on. Of course, the transport properties of
the two classes of models are quite different since the
fluid will use the pores as conduits of transport in the
pore models and the void space among the fibers in
the fiber models. As a result, the resistor network
approach cannot be applied in the case of fibrous
structures due to the lack of straight conduits of
transport as is the case in the pore models.
Diffusion and flow in fiber models can be described
by the corresponding differential equations in the
continuum limit, which can be solved using some
numerical method (finite differences, finite elements,
etc.). The lattice-Boltzmann technique can also be
employed to this end and can deal with both flow and
convective diffusion problems as mentioned in the
previous section. As the Knudsen number increases,
the continuum approaches can no longer be used as
rarefaction effects must be taken into account. The
molecular trajectory technique is very convenient to
describe diffusion at elevated Kn values and will be
detailed below to a degree that it can be useful for
applications in porous membranes. The same holds
for the lattice-Boltzmann technique, which can also
be modified to account for rarefaction effects. All
these transport phenomena, namely, diffusion of
multicomponent mixtures, flow, and convective dif-
fusion at elevated Kn values, can also be treated by
the DSMC method. These mesoscopic techniques
are discussed in the next section.

1.03.3.2.4 Digitized structure models

If the geometry of the structural features of the
membrane does not resemble that of some classical
shape (cylinder, sphere, ellipsoid, etc.) or if the
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history of the membrane synthesis route (for
instance, preparation of nanopowder, compaction,
thermal sintering etc.) is not known, then a different
class of structure representation techniques can be
used that produce three-dimensional digital arrays of
solid and void voxels. If the actual porous membrane
sample can be mapped onto a discrete array of 1 (for
void) and 0 (for solid), a very convenient representa-
tion of the internal structure can be obtained, that can
be subsequently used directly for the numerical solu-
tion of the transport equations or for the application
of various transport simulation methods. Another
advantage of such reconstruction procedure is that
no explicit assumption regarding the shape or con-
nectivity of the structural features is required. In
addition, in the case of asymmetric membranes,
these techniques can offer distinct digital representa-
tion of each layer separately as it has been already
demonstrated in the literature [31].

A variety of reconstruction techniques have
appeared over the last decade, most of which are
based on much older reconstruction concepts.
However, because of the clear advantage that they
offer compared to pore or grain models on the one
hand and their significance for the accurate repre-
sentation of microstructural features in membrane
science on the other, a tremendous growth of interest
in this direction was noted recently. The serial sec-
tioning or serial tomography technique could
theoretically offer a direct description of the internal
structure of a porous or, in general, biphasic material,
provided that the characteristic size of the structural
features is larger than the distance between succes-
sive sections and than the pixel size that is used to
discretize the image of each section. Although this
technique has been applied successfully to geological
materials (e.g., References 32 and 33) and in diagnos-
tic medicine, resolution issues arise in the case of
membranes. In addition, the need to perform
repeated, physical sectioning (or, rather, polishing)
of the material at equidistant depth levels renders the
technique impractical. A serious additional difficulty
is associated with the need to align the various phy-
sical sections with sufficient precision and with
tolerance that should be only a small fraction of the
pixel size.

The stochastic reconstruction of porous structures
from single images is free of the aforementioned
drawbacks and, therefore, has attracted the strong
interest of investigators in the area. In general, the
procedure involves the following steps. First, an opti-
cal or electron microscope image of some section of

the material is obtained. Obviously, in the case of
membranes, electron microscope images of sufficient

resolution are needed to ensure capture of the smal-
lest relevant size scale. A second requirement is that

this section be representative of the membrane struc-

ture, which, in turn, implies sufficiently large size of
the section and care to avoid nontypical segments of

the material. If the material is suspected to be
inhomogeneous or anisotropic, as is the case of asym-

metric membranes, then multiple images are needed
with different orientation and within each distinct

layer. The second step involves some image proces-
sing and analysis. Specifically, the images are scanned

and saved in electronic form if not directly done so
by the electron microscope software. The image files

are then passed through convolution filters and
through filters that enhance the contrast at the

boundaries between the two phases. The color values

in each pixel are then replaced by the binary values,
1 or 0, that indicate majority occupation of the pixel

by void or by solid matter, respectively. The phase
function of the material is then defined as follows:

( )z x =
1 if x belongs to the void space

0 otherwise
ð30Þ

where x
~

is the position vector. Obviously, the poros-
ity of the material section can be obtained in a
straightforward manner through the expression

" ¼ hzðx
~
Þi

where the averaging process involves all pixels on the
image. Note that the porosity that is obtained in this
way involves both the accessible and the inaccessible
void volumes. Further structural properties of the
binarized structure can be obtained from the calcula-
tion of the n-point correlation function. The 2-point
or autocorrelation function contains already a signif-
icant amount of information concerning the phase
distribution on the particular section as it maps the
distance between two pixels on the probability of
these pixels to share the same value of the phase
function (i.e., to lie in the same domain, void or solid).

The normalized autocorrelation function is given
by

Rzðu
~
Þ ¼

�
ðzðx

~
Þ – "Þzðx

~
þ u

~
Þ – "Þi

" – "2
ð31Þ

and for isotropic structures it becomes one-dimen-
sional as it is a function of the distance u ¼ ju

~
j only.
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Needless to say, higher order correlation functions
contain further structural information regarding the
particular material but at the same time they com-
plicate the stochastic reconstruction process.

The next step is the generation of three-dimen-
sional binary arrays that represent in a discretized

form the biphasic material. The elements of this

array must be such that the porosity and any desired

moment of correlation function are satisfied. The early

efforts in this direction employed conditioning and

truncation of random Gaussian fields [33–35] with

encouraging results regarding both the visual resem-

blance of the reconstructed materials to the actual

ones and the agreement of the calculated transport

properties with the measured ones. However, this

method lacks the flexibility to satisfy further moments

of the correlation function beyond the first two (por-

osity and autocorrelation function). As a result,

biphasic materials with some ordering or correlation

in their interface shape, like granular or fibrous media,

cannot be successfully reconstructed with this method.

A more complicated option would be to include sev-

eral moments of the correlation function, or,

alternatively, other distribution functions that can be

measured or computed on the original actual image

like linear path, chord size etc., in the objective energy

function that is to be minimized. Such a simulated

annealing procedure – in the sense that a minimum

energy configuration is pursued [36] – can lead to

quite satisfactory reconstructions of the material at

the heavy expense, of course, of computational time.
An alternative stochastic reconstruction technique

that exploits only porosity and autocorrelation data

but appears to satisfy implicitly more structural

properties than does the Gaussian field method is a

technique that generates three-dimensional binary

arrays that follow fractional Brownian motion (fBm)

statistics. This method has been applied with con-

siderable success not only to geological media but

also to multilayered ceramic membranes, as dis-

cussed below. Briefly, the main concept is based on

the definition of fBm [37] as a process that satisfies

hBH ðx
~
Þ – BH ðx

~
0Þi ¼ 0

h½BH ðx
~
Þ – BH ðx

~ 0
Þ�2i ¼ jx

~
– x

~ 0
j2H

where H is the Hurst exponent. The term fBm
is indeed relevant if one notes that for H¼ 1/2,
the classical Brownian process is recovered.
Depending on the H value, uncorrelated or

correlated structures can be generated, the degree
of correlation being a monotonic function of the
H value. In the context of transport in porous
media, this technique was first employed to repro-
duce correlated permeability maps for large-scale
geological media but following Kikkinides and
Burganos [38, 39], it can be applied also to the
structure itself replacing the local permeability
value with the binary index of the corresponding
pixel (or voxel) in digitized porous materials. One
first assigns random numbers from a Gaussian
distribution with average 0 and standard deviation
1 to the corners of a cubical domain that is meant
to contain the sample to be reconstructed. An
algorithm that assigns sequential averages to
internal positions of this cube is used, thus
increasing progressively the space discretization.
The value of the Hurst exponent, H, is selected
such that the autocorrelation function that is
determined on the image of the actual, physical
section is recovered to a satisfactory degree.
However, such a reconstruction would contain a
limited number of pores in each realization since
their characteristic size is of the same order of
magnitude as the correlation length. To circum-
vent this problem, the working domain can be
divided into a number of smaller cubes, each of
which becomes the starting cube for the applica-
tion of the fBm process. To ensure smooth
interweaving, the lattice nodes that lie at the
boundaries between these cubes receive contribution
from all immediately neighboring cubes. More
details on this procedure can be found in the articles
by Kikkinides and Burganos [38, 39]. Typical exam-
ples of a reconstructed porous material using the
fBm procedure are shown in Figure 2 for various
values of the Hurst exponent. This technique has
been applied to asymmetric alumina membranes
with very satisfactory results [31]. More specifically,
all the three layers of the membrane have been
reconstructed in three dimensions using only one
image per layer. The generated structures were
found to resemble closely the actual ones and the
calculated permeability values were very similar to
the measured ones. It is expected that the method
can be applied to several other types of membrane
materials, not only porous ones, but also, more gen-
erally, biphasic ones, such as crystalline–amorphous
polymer blends.

The aforementioned reconstruction techniques
can be applied to membrane materials with charac-
teristic pore sizes that can be visible on electron
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microscope images. If the characteristic size is in the
nanoscale range, then an alternative technique can be
used to extract the autocorrelation function.
Specifically, for isotropic materials, small angle
neutron scattering experiments can provide in an
implicit manner the autocorrelation function,
according to the equation [40]

I ðqÞ ¼ 4�2V

Z 1
0

r 2�ðrÞ sin qr

qr
dr ð32Þ

where V is the volume of the material sample,  is the
scattering length density, �(r) is the density fluctua-
tion autocorrelation function, and q is the scattering
vector, given by

q ¼ 4� sin �

	

for isotropic scattering. Applying the inverse Fourier
transform to Equation (32), the density fluctuation
autocorrelation function can be obtained, which, in
turn, can lead to the determination of the two-point
correlation function from [40]

RzðuÞ ¼ �ðuÞ þ "2

Once the autocorrelation function is known, the rest
of the reconstruction procedure can be applied as
described above, provided of course that the porosity
of the membrane is experimentally available.

1.03.3.3 Mesoscopic Transport Simulation

With the exception of some simplified representa-

tions of the internal structure, such as the regular

networks of cylindrical pores, for instance, which

can be treated with continuum flux models, the

majority of membrane reconstructions or structural

models require the employment of some computa-

tional technique for the treatment of the transport

phenomena that take place during separation. This

intermediate scale of study is of key importance for

the understanding and the quantification of the rela-

tionship between the structural features of the

membrane with its end properties. These techniques

can also yield useful estimates of the transport or

sorption properties within finite regions inside the

membrane, which can then be included in local flux

expressions prior to integration toward the macro-

scopic scale. The presentation of the various

transport models and simulation techniques that

follows is focused on the features that are of particu-

lar relevance to porous membranes. These models

assume that the atomic-scale fluid–membrane inter-

actions are lumped into interaction factors that enter

the simulation as boundary conditions, thus avoiding

the need to rescale the window of observation into

and out of the atomic description of the solid phase.

In a later section, such hybrid techniques are also

(a) (b)

(c) (d)

Figure 2 Reconstructions of a porous material using the fractional Brownian motion method: (a) H¼ 0; (b) H¼ 0.1; (c)

H¼0.5; and (d) H¼0.99.
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discussed in the context of multiscale modeling and
simulation.

1.03.3.3.1 Trajectory techniques

If the molecular size is much smaller than the pore
size, one can treat the gas molecule as a mathematical
point (dimension 0) that travels in the pore space of
the membrane. In fact, since as it was mentioned
above the solid surface effects are assumed to be
lumped into effective parameters of reflection only
and affect negligibly the molecular motion in the
bulk, these trajectories proceed in straight paths
between successive collisions in the gas phase or
with the solid walls. The relative frequency of the
two types of collision is a function of the Knudsen
number. Such techniques were first used for the
calculation of the diffusion coefficient in the bulk
phase in the absence of solid surfaces, whereas their
employment in the estimation of effective diffusion
coefficients in porous materials started in the 1980s.
Thanks to their generic character, these techniques
can be directly applicable to porous membranes to
provide tortuosity factor values that can then be used
in the flux models as explained above. In practice,
they can be simplified to account only for gas–wall
collisions given that the pore size in actual mem-
branes corresponds to large Knudsen number (free
molecule flow regime) or to the configurational dif-
fusion regime, which is known to yield sufficiently
high separation factors. One can proceed in two
different ways to calculate the tortuosity factor in a
porous membrane with this type of techniques: cal-
culate the transmission probability using molecular
trajectories or calculate the mean square displace-
ment of a large number of test molecules per unit of
travel time.

Transmission probability method. Let F1 and F2 be the
two opposite faces of the working domain that repre-
sents a portion of a porous membrane sample
(Figure 3) and assume that the concentration of a
gas species is maintained constant at values c1 and c2,
respectively. The concentration drop that is, thus,
created gives rise to diffusion in the x-direction,
which is normal to the two faces. Suppose that a
number of gas molecules are released from the void
part of face F1 per unit of time into the void space of
the working domain. At equilibrium, this rate is
obviously proportional to the concentration c1

according to the kinetic theory. These molecules
will travel in the void space of the sample colliding
with each other and with the pore walls until they

either reach the opposite face F2 (and exit the sample)
or return after some travel to the entrance face F1 and
exit through it. The fraction of molecules that exit
through face F2 will provide a measure of the trans-
mission probability, fT. The effective diffusivity in
the x-direction will then be given by [41–43]

Dx;e ¼
fTLx �u

4

where Lx is the length of the working domain in the
x-direction and �u is the mean thermal speed of the
gas molecules. More rigorously, one should con-
sider the limit of Lx!1 in the above equation to
ensure that the effective diffusivity value is not a
function of the size of the working domain. In prac-
tice, this limit is attained when Lx becomes a few
times larger than the correlation length of the struc-
ture. The precise value of required Lx depends
strongly on the Kn value: if the Kn value increases,
the molecules take longer paths between successive
collisions and reach the exit faces increasingly fast
having increasingly smaller opportunities to explore
the interior of the structure and, thus, to furnish
information about the tortuosity of the available
pathways; as a result, longer samples in the
x-direction are required.

Some interesting features of the molecular trajec-
tories in the pore space are presented next. The
distance, 	9, between successive collisions in the gas
phase is sampled randomly from a Poisson distribu-
tion with mean that is equal to the actual mean free
path, 	, of the gas at the actual pressure and tem-
perature of the process. This is accomplished with
the help of the expression

	9 ¼ –	 ln Rf ð33Þ

where Rf is a random number in the interval (0,1).
At the new position, the molecule is assumed to

F1 F2

Lx

N1 fTN1

Figure 3 Schematic representation of trajectory

approach for the calculation of effective diffusivities in

porous materials.
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suffer a collision with another molecule and con-
tinues its trajectory into a randomly selected
direction. A new free path 	9 is calculated from
Equation (33), and the procedure is repeated until
eventual exit of the molecule through any of the
two opposite faces, F1 or F2. A new test molecule
is injected into the working domain; its trajectory
is computed as described above, and so on, until a
sufficiently large of test molecules has been used
to eliminate statistical errors in the calculation of
the transmission probability, fT, with an accepta-
ble tolerance. If it happens that the molecule
encounters some solid wall prior to reaching the
end of the path 	9, then its path is interrupted
and a molecule–wall collision is allowed to occur.
Typically, a random reflection is assumed in these
simulations, which is compatible with the cosine
law of reflection (diffuse reflection law). In fact, it
has been shown [23] that if a different reflection
law is used, then the effective diffusivity in the
positive x-direction is different from the one in
the negative x-direction, thus inducing sense ani-
sotropy in the diffusion process. If the molecule
hits any of the faces of the working domain that
are parallel to the mean diffusion direction, then
the molecule is allowed to reenter the domain
from the opposite face retaining its direction (per-
iodic boundary conditions).

If the same procedure is repeated in the y- and
z-direction, the values of the effective diffusivity
in these directions are obtained, Dye and Dze,
respectively. To overcome possible anisotropy
difficulties that may arise artificially due to the
finite size of the working domain, the orientation-
ally averaged effective diffusivity is calculated
from

De ¼
1

3
Dxe þ Dye þ Dze

� �

However, although this is quite meaningful for por-
ous materials in general, in the particular case of
porous membranes that are used for, say, a specific
gas separation, structural anisotropy is far from rare
and one should confine the computation of the effec-
tive diffusivity in the direction of the concentration
gradient, provided that the membrane thickness is
much smaller than its width, which is typically the
case in practical applications.

Mean-square displacement method. The transmission
probability method bases the calculation of the effec-
tive diffusivity on the final outcome of the simulated

trajectories of a number of test molecules without any

reference to the time that is required by each mole-

cule to reach any of the opposite faces, either the

entrance (F1) or the exit (F2). Consequently, surface

roughness effects are of no importance in this method

provided that the characteristic roughness scale is

sufficiently small to exclude alteration of the trajec-

tory and to limit its role to the time delay of the

molecular motion only. The mean-square displace-

ment method does account for the time that elapses

during the motion of the test molecules in the inter-

ior of the membrane structure [44–46]. The

molecules are released in this case at randomly

selected positions in the interior of the working

domain and not on some of the external faces. The

trajectory computations are performed in a similar

manner to that in the transmission probability

method except that periodicity is applied to all

faces of the working domain. Thus, the trajectories

are not terminated when crossing any of the external

faces but only when a fixed travel time, t0, has

elapsed, which is common for all the test molecules.

The effective diffusivity in, say, the x-direction is

then calculated from

Dxe ¼ lim
t0!1

�x
2h i

2t0
ð34Þ

where �x is the displacement of a molecule in the x-
direction from its initial position after the time t0 has
elapsed and the average is taken over the entire
ensemble of test molecules used in the simulation.
Time is easily tracked through the speed of the
traveling molecules, which is usually assumed to be
constant and equal to the thermal speed. In fact, it has
been shown that the incorporation of the Maxwell–
Boltzmann distribution of molecular speeds in this
type of simulation has a negligible effect on the value
of the effective diffusivity [47–50]. To ensure that the
effective diffusivity estimate is not a function of
travel time, sufficiently large travel times must be
allowed in the simulation according to Equation (34).
For short travel times, traveling molecules do not
have the opportunity to explore statistically adequate
regions of the membrane structure and the mean-
square displacement is not proportional to the travel
time no matter how many test molecules are used.
This has given rise to some confusion in the litera-
ture as certain investigators have included this
phenomenon of nonlinearity in the more general
notion of anomalous diffusion, which, however, is
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not the case here. The orientationally averaged effec-
tive diffusivity is obtained from

De ¼ lim
t0!1

�2h i
6t0

where � is the displacement of a test molecule from
its initial position after time t0.

Coding of this algorithm is not complicated and
the resulting software can be parallelized to reduce
significantly the computational time, thanks to the
fact that each test molecule is treated independently
of the others. This is not to imply that molecular
interactions are neglected since, as it was mentioned
above, the molecular collision frequency is taken into
account through the fact that the molecular motion is
interrupted at distances that are randomly sampled
from the Poisson distribution of free paths with mean
equal to the mean free path. This technique is also
applicable to, practically, any type of pore structure
that can be generated either with the help of some
geometrical feature (grain, fiber, pore, etc.) model or
through the application of some reconstruction tech-
nique [51]. In the former case, some analytical
function is used to describe piecewise the solid–
void interface and the intersection of the molecular
pathway with it is obtained as the (x, y, z) point that
belongs to both the interface and the line of the
molecular path and is closest to the starting position
for this step. In the latter case, the medium is dis-
cretized into unit cubes (or volume elements, voxels)
and the molecule–wall collision sites are found in a
similar manner. Thanks to the straightforward
applicability of this technique to any pore structure,
it has become possible to study the effects of various
structural features on the tortuosity factor of the
membrane material, including most notably those of
the spatial correlation among pore or grain sizes. In
fact, it has been shown that size correlation leads to
increased diffusion coefficients, the precise degree of
this increase being a function of the degree of corre-
lation, the type of the structural elements, their
ordering and topology and so on [24].

1.03.3.3.2 Direct simulation Monte Carlo

method

The DSMC method is a stochastic process that is
suitable for the simulation of flow and convective
diffusion of gases even at nonzero Knudsen number
values, where the continuum limit is not fully vali-
dated. In essence, it can be considered as smart and
very efficient molecular dynamics with stochastic

Monte Carlo ingredients. It avoids the need to solve
the equation of motion at the atomic scale or con-
struct equilibrium configurations using microscopic
flow fields. It also sidesteps the meaningless integra-
tion of the straight portions of molecular trajectories.
DSMC is an off-lattice pseudoparticle simulation
method, originally suggested and developed by Bird
[52]. The main concept is that instead of attempting
to follow the evolution of the actual number of mole-
cules in a control volume, to monitor the trajectories
of only hundreds of thousands or millions of pseudo-
particles that mimic the trajectories of actual mole-
cules using some lumped parameters.

The state of the system is defined by the positions
and velocities of a set of such pseudo-particles that
travel and collide with each other in a fixed working
domain, which is discretized using a certain number
of cells. The average cell size is of the order of 	/3,
where 	 is the mean free path of the molecules at the
prevailing conditions of pressure and temperature.
This is required in order to be able to resolve large
gradients of pressure in flow problems with realistic
viscosity values. The system evolution is decom-
posed into two relatively uncorrelated subprocesses,
namely, that of molecular translation and that of
intermolecular collisions. Implementation of these
subprocesses involves four distinct steps in the course
of the simulation:

1. Collisionless convection of particles during the time

interval �t. Initially, the particles are assigned
velocities with random orientation and magni-
tudes sampled from the Maxwell–Boltzmann
distribution. The time �t is chosen to be smaller
than the collision time for the particular gas under
the particular pressure and temperature condi-
tions. Since some of the particles will find
themselves outside their own cells or even outside
the working domain, it is required at this point to
impose boundary conditions and also define the
way of calculating macroscopic quantities. This is
also dictated by the fact that some of the particles
will experience a wall collision within this time
interval. The molecule–surface interactions are
modeled through the employment of some
accommodation coefficient.

2. Indexing and tracking of the particles. This is an
important step in the DSMC simulations since a
significant portion of the particles may have
switched cells during the convection step.

3. Intermolecular collisions using a stochastic approach.
During this step, a fraction of the particles will
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suffer collisions with other particles. In contrast to
the molecular dynamics technique, pairs of parti-
cles are chosen randomly and the collision
probability is calculated for each pair. If this prob-
ability, which among others is a function of the
velocities of the two particles, is greater than a
threshold value, the collision is allowed to occur;
otherwise, the two particles assume their convec-
tion-defined positions. To expedite calculations,
the no-time-counter approach is usually adopted
according to which a preselected number of colli-
sions will be allowed to take place, thus avoiding
the tracking of time along the sequence of inter-
molecular collisions. To increase the accuracy of
the computations, the collision frequency is
defined at the cell level but the colliding pairs
are selected within subdivisions of the cells, called
subcells. In this way, pairs of molecules that are in
close vicinity to each other are preferentially
selected to produce a collision.

4. Calculation of macroscopic quantities. During this step
all macroscopic properties of interest are calcu-
lated within the various cells, hence producing a
map of these quantities across the working
domain. These averages can be taken spatially or
temporally depending on the application and on
the role of the corresponding quantities in the
particular process.

Following molecule–surface collisions, the typical
choices for the selection of the new direction are
diffuse (random) and elastic (specular) reflections.
The former results in no-slip flow for dense gases
(Kn.0) but produces some finite slip velocity for rar-
efied gases. Other accommodation coefficients can also
be used but their detailed discussion is beyond the

scope of this chapter. Instead, it is worth noting that
DSMC is a very useful tool for the simulation of

viscous flow of rarefied gases, the application of
which to porous membranes would add significantly

to our understanding and quantification of rarefied
flows in the presence of pore walls. In fact, although
other numerical techniques can also be used in this

context, DSMC is particularly attractive as it can be
easily combined with pixelized media and digital

reconstructions in contrast to certain other numerical
techniques that become quite complicated when it
comes to treat complex boundaries. In addition,

depending on the boundary conditions (pressure and/
or concentration differences) at the two faces of the

membrane, DSMC yields local pressure and concen-
tration fields, velocity fields, permeabilities, and
diffusivities for sufficiently narrow-pore structures

that correspond to elevated Kn values.
An example of the application of the DSMC

method to the flow of N2 in a porous membrane
that is reconstructed using the fBm stochastic recon-
struction technique (H¼ 0.99) is shown in

Figure 4(a). The Knudsen number at the exit is set
to 2.5. For the sake of comparison, the flow field for

the same gas under the same conditions and the same
porosity but H¼ 0 (uncorrelated structure) is shown
in Figure 4(b). The ratio of the permeabilities in

these two cases is equal to 6.23. Note that the perme-
ability ratio at the continuum limit is 9.87. Thus, it

appears that flow simulation techniques, such as
DSMC, that can treat rarefied gases in tight pore

structures may prove extremely useful in the predic-
tion of the actual permeability of porous membranes
and guide the design of new or modified materials

with increased separation factors.

(a) (b)

Figure 4 Flow field in a reconstructed porous material (fBm) using the direct simulation Monte Carlo method. (a) H¼ 0.99
and (b) H¼ 0.
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1.03.3.3.3 Lattice-Boltzmann simulation

of flow in porous membranes

The lattice-Boltzmann technique has historically
evolved from the lattice gas model originally suggested
by Frisch et al. [53] and Wolfram [54]. In the lattice gas,
a set of identical particles is assumed to represent the
actual fluid. These particles are equipped with the
appropriate momenta that will take them from one
site of a regular lattice that spans the working domain
to a neighboring site within a unit time interval. Each
site is either occupied by a single particle or is not
occupied at all. The evolution of the particles in time
and space involves two steps: direction and collision.
The lattice-Boltzmann model is based on an ensemble
average of the evolution equation of the lattice gas
particles so that occupation probabilities or population
densities are considered in place of individual particles.
Depending on the dimensionality of the working
domain, two-dimensional (square, triangular, etc.) or
three-dimensional (usually cubic) lattices are
employed to discretize space.

The evolution of the particle distribution function
fi ðx

~
; tÞ is computed from the equation

fi ðx
~
þ e

~
i ; t þ 1Þ – fi ðx

~
; tÞ ¼ –

1

�
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~
; tÞ – f

eq
i ðx

~
; tÞ

� 	

where e
~

i is the velocity in the i-direction, x
~

is the
position vector, � is the relaxation time parameter,
and f

eq
i ðx

~
; tÞis the equilibrium distribution function.

In this equation, the Bhatnagar–Gross–Krook (BGK)
approximation [55] has been introduced to simplify
the otherwise quite complicated collision operator.
The local density and velocity can be determined
from the expressions
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i

It can be shown that in the limits of Kn! 0 and
vanishingly small discretization elements in space
and time, the Navier–Stokes equation


@u
˜
@t
þ u

~
?ru ¼ –rp þ �r2u

~

can be derived from the lattice-Boltzmann equation,
where � is the kinematic viscosity and p is the pres-
sure. The corresponding isothermal equation of state
is given by

p ¼ cs
2 

where cs is the speed of sound, the precise expression
for which is a function of the discrete velocity set

and, hence, of the choice of lattice used in the parti-
cular application. The kinematic viscosity is related
to the sound speed and to the relaxation time through
the expression

� ¼ cs
2 � –

1

2

� �

The equilibrium density function can be expanded in
the following form:

f
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where A, B, C, and D are numerical coefficients that
are specific to the lattice-type that is used in the
simulation.

The lattice-Boltzmann model offers significant
advantages over the lattice gas model and, conse-

quently, it enjoys increasing use in flow problems.

Technically, it is practically free of the numerical

fluctuations that appear in the lattice gas model.

Galilean invariance is restored in the lattice-

Boltzmann model up to a certain order in wave

number. If one also considers that the viscosity is

easy to adjust and the application to complex geo-

metries, like those encountered in the interior of

porous materials, is rather straightforward, it can be

recognized as an approach with strong potential to

simulate flow in practically arbitrary domains.
Upon collision with the pore walls, which in the

lattice-Boltzmann model corresponds to the propa-

gation of a population density to a site that resides at

the solid–void interface, several options are available

concerning the reflected population. Typically, the

bounce-back condition is adopted which, practically,

results in the inversion of the direction of the local fi
that arrived at the solid site. In the limit Kn! 0, this

reproduces the no-slip condition. Alternatively, the

population that arrives at a solid site may be redir-

ected into a different direction, satisfying either the

specular reflection law (inversion of the normal to

the wall component of the momentum only) or an

intermediate reflection condition (random selection

of any of the directions from the wall into the main

stream). If some slip velocity is prescribed, the values

of the reflected fi ’s can be selected so that the pre-

scribed slip velocity is recovered.
Different choices are also available for the generation

of flow in a certain domain. Specifically, one can either

impose a body force on the population densities in the

direction of macroscopic flow or fix the pressure at the

two ends of the domain, thus maintaining a constant

driving force for flow. In practice, some round off error
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may develop and cause instabilities in the computations
that can usually be prevented through the appropriate
selection of the parameters of the simulation. A typical
example of the application of the lattice-Boltzmann
technique to the simulation of flow in a network of
pores with distributed size is shown in Figure 5. It is
noteworthy that the mean superficial velocity that is
calculated using the lattice-Boltzmann method is
found to be proportional to the pressure gradient for
the same fluid and the same pore structure for relatively
small porosity, thus satisfying the Darcy law for flow in
porous media.

In the case of porous membranes that have suffi-
ciently small pores to make the Knudsen number
finite (larger than 0), this type of lattice-Boltzmann
model is inappropriate to describe the flow in the
porous microstructure. The Knudsen number
becomes a function of position and some modification
to the model formulation is required. Various attempts
have been made in this direction that incorporate the
mean-free-path concept in the model and arrive at

expressions that include the relaxation time � (x
~

) as a
function of position. This is, of course, a direct con-
sequence of the fact that the density acquires a
nonnegligible dependence on position and so does
the kinematic viscosity. Hence, the application of the
lattice-Boltzmann model to such porous membranes
necessitates the calculation of a local relaxation time
parameter, which is a function of time as well. The
dynamic viscosity also changes with the Knudsen
number and can be approximated by the harmonic
mean of the viscosity in the bulk (away from solid
surfaces) and that in the free molecule flow regime just
like in the diffusion case (Bosanquet expression [56,
57]). Interesting and encouraging comparisons of the
prediction of the pressure variation during flow in a
straight slit-shaped pore as provided by modified lat-
tice-Boltzmann simulators to the corresponding
predictions of the DSMC method have been made
[58] that, in general, reveal the need for more accurate
expressions for the viscosity in terms of the Knudsen
number. A second major issue in this context is cer-
tainly the boundary condition at the pore surface and
the appropriate definition and incorporation in the
model of gas accommodation coefficients on the wall.
It is also interesting to note that the use of the con-
tinuum approach to describe flow at elevated Kn

values would necessitate the incorporation of an arbi-
trary slip velocity to complement the Navier–Stokes
equation. However, such an approach suffers from the
usually unsafe employment of first- or higher order
slip boundary conditions that involve parameters
which, in general, cannot be estimated or expressed
in any general form. Even if such slip parameters are
properly adjusted to reproduce some desired slip velo-
cities, the rest of the flow field ceases to remain
comparable, qualitatively or quantitatively, to that
predicted by the DSMC or the lattice-Boltzmann
method. Therefore, one appears to have no choice
but abandon the continuum description and the cor-
responding numerical techniques and resort to
mesoscopic methods such as the ones that are pre-
sented in this section. The areas of micro- and
nanofluidics are of particular interest to membrane
science and it is expected that an increasing amount
of research efforts will be devoted to this type of
models and simulators within the membrane field.

1.03.3.3.4 Pore-scale simulation of

dispersion in porous membranes

The complexity of the pore structure that is usually
encountered in the interior of porous membranes
(except for particular cases that involve straight-

(b)

(a)

Figure 5 Flow field at the inlet (a) and outlet (b) of a porous

membrane, as calculated by the lattice-Boltzmann method.
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through pores for specific applications) gives rise to a
strong heterogeneity of the flow field across the
porous domain. In turn, this gives rise to dispersion
of the solute particles or of the gas species, depending
on the nature of the separation. Additional dispersion
factors that take it away from a given streamline
include the Brownian force, gravity, electrostatic
forces, etc. The result is the dispersion of the species
across some portion or over the entire region of the
membrane structure, depending on the scale of het-
erogeneity, magnitude of the forces on the various
species molecules or particles, and the time scale of
the particular separation process. The mesoscopic
equation that describes dispersion in a porous struc-
ture has the same form as that of convection–
diffusion equation and this fact has repeatedly caused
some confusion regarding the nature of each process
and the differences between them. Except for the
hydrodynamic heterogeneity issue that was men-
tioned above, one also needs to make the distinction
between the scale of strict application of the convec-
tion–diffusion equation that uses the molecular
diffusivity (typically, the pore scale) and the applica-
tion of the dispersion equation, which involves the
local macroscopic velocity and the dispersion coeffi-
cient in place of the molecular diffusivity (scale of a
porous region or of a pore provided that some flow
nonuniformity develops, for instance, Taylor disper-
sion in a tube). Thus, an obvious approach to treat
dispersion in pore networks would be to solve the
convection–diffusion equation in each pore segment
and then integrate the flux expression over the scale
of the working domain using the resistor network
technique. This would still provide a local dispersion
coefficient at the mesoscopic scale and further inte-
gration would be needed to upscale to the
macroscopic level.

In the event that a pore network cannot reliably
represent the void space of the membrane, a reconstruc-
tion technique can be employed that will yield either a
geometric approximation of the structure (granular,
fibrous, etc.) or a stochastic, three-dimensional repre-
sentation of the structure as a binary array of 0 and 1. In
any case, the lattice-Boltzmann or some other method
can be employed to determine the local flow field. To
incorporate convective diffusion or dispersion also, a
modified lattice-Boltzmann method can be used, that
contains two evolution equations, one for the carrier
fluid and one for the solute or, in the gas mixture case,
one for the mixture as an entity on its own and one for
each component of the mixture. The first equation
describes the main flow of the carrier fluid or of the

mixture and the second equation describes the stochas-

tic motion of the solute or of the mixture component,

which travels at the mean mixture velocity but also

diffuses at a rate that is proportional to a diffusive

mobility parameter. Such models have been developed

by Dawson et al. [59], Kumar et al. [60], and other

investigators who adapted them to the specific needs

of the application of interest. The species evolution

equation reads
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where subscript s denotes the solute or the individual
species and all other terms have the same physical
meaning as those used in the classical lattice-
Boltzmann evolution equation. The solute or species
density is now given from
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~
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and the velocity from
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The fact that each species or solute shares
the same mean velocity u, which is the velocity of

the carrier fluid or of the mixture, is reflected on the

constraint
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The following form of the convection-diffusion
equation is recovered using the Chapman–Enskog

procedure

@s

@t
þr? suð Þ –Dsr2s ¼ 0

where the diffusion coefficient, Ds, is related to the
relaxation time of this species through

Ds ¼ cs
2 �s –

1

2

� �

This model has been successfully applied to pore or
fracture intersections for various values of the Peclet

number (Pe), which is a measure of the relative

importance of convection and diffusion in a transport

process [64]. More specifically, Pe is defined in this

context as

Pe ¼ uL

Ds
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where L is some characteristic length of the system,
for instance, the pore length between successive
intersections with other pores or the pore width. It
has been shown that this lattice-Boltzmann convec-
tion–diffusion technique is relatively fast compared
to other techniques for simple pore intersections for
low Pe values. However, it still remains to be seen
how efficient it can prove if applied to complex pore
structures of sufficient size to justify definition of a
dispersion coefficient.

1.03.3.3.5 Particle-tracking method for

dispersion simulation

Once the flow field inside a porous membrane is
made available through the lattice-Boltzmann
method or any other numerical technique, solute
transport can be simulated by a random walk type
of approach. In the absence of any other force but the
hydrodynamic drag and the stochastic Brownian
force, the motion of each particle can be monitored
through the vectorial summation of the displacement
that is caused by these two forces [61–63]. Within a
short time interval, �t, the total vectorial displace-
ment is given by

�r
~
¼ u

~
ðr
~
Þ�t þ ��

~
ð35Þ

where ��
~

is the random vectorial displacement due to
the stochastic thermal motion. The velocity u

~
is the

local velocity of the carrier fluid, which is assumed to
remain unaffected by the motion of the solute. This is
usually justified in the cases of dilute dispersions of
nanoparticles. In all other cases, the distortion of the
flow field by the moving solute must be taken into
account.

The lattice-Boltzmann or other space-discretization
numerical technique that can be used to compute the
main flow field will provide the local velocity compo-
nents at lattice or grid nodes. However, the stochastic
nature of the particle motion will clearly necessitate
the knowledge of the values of the velocity compo-
nents at off-lattice positions. Various interpolation
algorithms can be employed to this end, the presenta-
tion or review of which is beyond the scope of this
chapter. The magnitude of the random displacement,
��, can be calculated from the equation

Ds ¼
��2

6�t
ð36Þ

The physical meaning of the use of this equation is
the following. During the time �t, the solute particle

will have the opportunity to experience a statistically
adequate number of unit steps for a meaningful dif-
fusive process to develop. This, in practice, implies
that the value of �t is much larger than the mean time
between successive free paths. On the other hand, �t

must be sufficiently short to prevent excessively long
steps that would dislocate the particle to a region of
different fluid velocity. That is, the value of �t must
be limited to time intervals that allow very small
steps of the particle to ensure smooth, controlled
variation of the local flow field. According to Salles
et al. [61], a compromise between these two constants
is to use a �t value that allows a total displacement of
the particle of the order of a fraction (say 1=2) of the
pixel size in binarized pore structures. Once the value
of �t is fixed, the value of �� is calculated from
Equation (36) and a hypothetical sphere is generated
with center at the current particle position and radius
equal to ��. Since the assumption is made that the
stochastic part of the process is diffusive and a large
number of intermediate steps is taken before the
displacement �� is achieved, it can be safely assumed
that at the end of the �t interval the particle has
lost its memory from the previous position.
Consequently, a point on the surface of this sphere
can be selected randomly (usually by selecting ran-
dom direction cosines in spherical coordinates) and
identified as the position that the traveling particle
would reach if only the diffusion process were taken
into account and the main fluid flow were neglected.
Then, the vectorial summation of Equation (35) is
performed to determine the next position of the
particle as the result of both convection and diffusion.
Obviously, if a prescribed Pe value is used, the rela-
tive importance of convective and diffusive
displacement is precisely defined: for small Pe values,
the diffusive term is the one that dictates the motion
of the particle in a stochastic manner whereas for
large Pe values, particles follow closely the stream-
lines because of the limited role of diffusion.
However, it must be stressed that even at large Pe

values (e.g., 100 or more) where diffusion is limited,
some small stochastic displacement of the particle
may take it to a different streamline, from this one
to a different one and so on, eventually leading it to
extensive deviation from the original streamline,
especially in the interior of porous membranes with
locally heterogeneous pore structure. This, in turn,
may lead to dispersion coefficients that are quite
sensitive to the precise value of the Peclet number.
It may also have some profound effect on the
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efficiency of the separation of various solutes or dis-

solved species and the conditions under which such
efficiency can be maximized.

Some care is needed to avoid confusion of this
dispersion algorithm with the implementation of the

diffusion simulation that was presented earlier and

consisted in the computation of molecular trajectories.
In that case, each and every individual step of the

molecule is considered following sampling from the

Poisson distribution of paths with mean value that is

equal to the mean free path. The time that elapses

during such individual steps is quite small and, cer-
tainly, much smaller than the time interval �t that is

used in the dispersion simulation. Superposition of the

convective and diffusive motions in the latter case is

made possible if the �t value is sufficiently large for
Equation (36) to be valid. Another basic difference is

that the stochastic displacement, ��, is constant during

the simulation (i.e., of fixed length) in contrast to the

individual molecular paths which are of distributed
length with mean equal to the mean free path.

Snapshots of the evolution of a set of solute par-
ticles that travel in a simulated porous membrane

under the action of a mainstream flow field and a

Brownian field are shown in Figure 6. Note that for

the lower Pe value, the mixing time is of the order of

the flow-through time whereas for the higher Pe

value, the solute particles follow the streamlines
rather closely. However, as it was mentioned above,
even a small random displacement off the streamline
may carry gradually the particle to a different flow

region and eventually lead it to a different pore
segment from the one that was initially selected by
the particle. It is straightforward to envisage much
wider dispersion of solute particles at larger scales
due to the heterogeneity of the fluid flow. These
phenomena can be studied in depth using the particle

tracking or the lattice-Boltzmann convection–
diffusion technique. Recent studies [64] revealed a
satisfactory agreement between the predictions of
these two methods at the scale of a pore intersection.
The interesting difference between the two is that
the particle tracking method is much slower than the
lattice-Boltzmann convection–diffusion method for

low Pe values where diffusion is important but
becomes faster than it in the high Pe range where
flow dominates transport. Thus, depending on the
conditions, one may select one or the other method
to follow the dispersion process and calculate the
dispersion coefficients. In the case of porous filters,
it appears that the longitudinal dispersion coefficient

is of more direct significance than that of the

(a)

Figure 6 (a) Dispersion of a pulse in a reconstructed membrane at Pe¼ 0.1. Time sequence: right and down.
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transverse one since all measurable quantities of
interest are along the mean direction. However, in
the case of cross-flow operation using porous mem-
branes, both longitudinal and transverse dispersion
processes become important and retain their
increased significance along the course of the separa-
tion process due to the gradual entrapment of
particles within the pore space and the concomitant
alteration of the structural features of the membrane
in an asymmetric fashion.

If the pore space of the membrane can be simulated
by a network of individual pores, a resistor-type of
approach can be used to evaluate the flow field in the
interior of the membrane and the pressure at pore
junctions. Once the flow solution is available, disper-
sion at each pore segment can be modeled using the
convection–diffusion equation that will yield the solute
concentration difference across each pore. Using the
resistor analog again, this time for the solute mass
balance, one can obtain the concentration profile across
the entire membrane and from that one can extract the
longitudinal and transverse dispersion coefficients
[65, 66]. Alternatively, a random walk technique can
be used to simulate the motion of test particles through
the pore network using the pore velocities as the main
criterion of selecting the exit-pore from each junction
[67]. Within each pore, the particles can either simply

follow the mean pore velocity or allowed to switch
streamlines, thanks to the stochastic diffusion process.
A more refined algorithm was recently developed
[67a] that accounts also for upstream particle transport
at low Pe values.

1.03.3.3.6 Pore-scale simulation of

membrane fouling

In the previous sections, solute particles were
assumed to travel in the interior of a porous mem-
brane under the action of the hydrodynamic and
Brownian forces. If a particle approaches the pore
wall, particle–surface interactions become significant
and are, eventually, responsible for the capture and
deposition of the particle at the site or its repulsion
back to the main stream. Typical forces of this nature
are the London van der Waals force and the electro-
kinetic (double layer) force. For particles larger than
about 1mm in size, the gravitational force is usually
too significant to neglect, in contrast to the Brownian
force that becomes negligible at room temperature. In
addition, as the particle approaches the wall, a correc-
tion factor must be introduced to the hydrodynamic
drag expression due to the additional hydraulic resis-
tance that is exerted by the liquid body that lies
between the particle and the surface on the traveling
particle. Such correction factors have been calculated

(b)

Figure 6 (b) Dispersion of a pulse in a reconstructed membrane at Pe¼ 100. Time sequence: right and down.
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both analytically and numerically for porous and non-
porous particles and surfaces as discussed earlier in
this chapter (Michalopoulou et al. [10, 11] and refer-
ences therein). If both the particle and the wall are
nonporous, the drag force increases rapidly to infinity
as the clearance decreases to zero and it is only due to
the strongly attractive van der Waals force that the
particle may get captured by the surface. If either the
particle (e.g., an aggregate) or the wall (e.g., a porous
substrate or a particulate deposit in the context of
fouling) is porous, the drag force remains finite even
at contact thanks to the flow that develops in the
interior of the porous body. Obviously, this is also
the case when both bodies are porous. If the particle
approaches the wall in any other direction but the
normal one to it, the drag force gives rise to a hydro-
dynamic torque that is responsible for particle
rotation, which may affect (usually to a small extent)
the precise position of capture. As it was mentioned
above, all these factors have already been taken into
account in simulations of particle deposition in porous
filters and membranes resulting in estimates of the
particle removal efficiency and its dependence on
the magnitude of several parameters (for instance,
Burganos et al. [13]), including most notably fluid
velocity, particle surface interaction constants, pore
shape particle size and density, and flow orientation
for larger particles.

Regarding the algorithm that can be followed to
implement these calculations, one can distinguish
two main types of approach: integration of the parti-
cle trajectory across the entire domain of the
membrane sample or resorting to the resistor net-
work method. The former can be applied to any
structure type and depending on the quantities that
are pursued, the initial positions of the traveling
particles can be at the entrance face (calculation of
removal efficiency, monitoring of fouling) or at ran-
dom positions in the interior of the membrane
(calculations of transport properties such as the long-
itudinal and transverse dispersion coefficients). The
resistor network method can be applied to porous
structures that can be approximated by networks of
individual pore segments. In this case, particle trajec-
tories are confined within each pore segment, the
deposition rate is calculated in each and every pore
in the network, and the population balances written at
each pore intersection are solved for the local pressure
profile and particle fluxes. Then, the overall deposition
rate can be calculated and the filtration efficiency along
the course of the filtration process can be determined.
Recently, some concrete progress on the gradual

deposit built up has been made through the dynamic
simulation of suspension flow in filters [68–70]. More
specifically, the particle trajectories are calculated
leading to estimates of the distribution of the local
deposition rate inside the filter. This information can
be used for the stepwise update of the deposit profile
across the medium and of the concomitant decrease of
the hydraulic permeability, which necessitates the
recalculation of the local pressure profile and local
flow field. At some critical value of shear stress, por-
tions of the deposited material may get reentrained
into the main stream, travel downstream, and redeposit
elsewhere, altering inevitably the flow field and, quite
often, even the available pathways for transport, lead-
ing progressively to fouling. However, it is interesting
to note that the deposit plugs are porous and act as
exceptional filters themselves though increasing con-
siderably the hydraulic resistance. This type of
approach can also be applied to porous membranes
under certain conditions regarding the relative size of
solute particles and pores, the concentration of the
flowing suspensions, the agglomeration tendency, etc.
Note that dense suspensions require a different treat-
ment inasmuch as the assumption of independent
particle trajectories, that is, trajectories that remain
unaffected by the presence of neighboring particles,
becomes invalid just like the assumption of uniform
physicochemical properties throughout the suspension.

1.03.3.3.7 Lattice-Boltzmann simulation

of two-phase flow with phase change

Two-phase flow and phase change processes are fre-
quently encountered during a variety of membrane-
related processes, including membrane preparation,
membrane characterization, and membrane module
operation. Notable examples are the infiltration and
sintering processes, mercury and gas porosimetry,
separation through membrane contactors or perva-
porators, membrane emulsification etc. As modern
technologies require the design of increasingly finer
architectures in the nanosize range and efficient con-
trol of the end properties and of the actual operation,
reliable simulators and fast codes are needed that will
allow better understanding of the phenomena at the
pore scale and provide valuable data to material and
technology developers.

Lattice-gas and lattice-Boltzmann models can be
very useful in the simulation of two-phase flow with
or without phase change, especially if they are to be
applied to porous domains. This is because they are
self-adjusting in complex geometries, such as the
pore structures in the discretized form of binarized
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media or other types of membrane reconstruction.

Thus, if a certain lattice is selected for the applica-

tion of the lattice-Boltzmann model, mapping of the

lattice onto the porous sample will result in a

straightforward labeling of a number of lattice sites

as solid sites, which obviously do not participate in

the process of evolution of the fluid particle popula-

tion. If, in addition, the fluid is assumed to be

nonideal, obeying thus a certain nonlinear equation

of state, some (p,T) region can be found within

which phase transition may occur. Phase coexis-

tence implies the existence of an interfacial region,

the shape and width of which are functions of the

pressure and temperature for the particular fluid.

Such a two-phase system was modeled by Swift

et al. [71] using a lattice-Boltzmann model that

employed a Cahn–Hilliard type of approach for

phase transition. More specifically, the free energy

functional

 ¼
Z
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is used to determine the diagonal term of the pressure
tensor, which for a nonideal fluid reads

p
¼
¼ p�¼þ �rr

where � is a fluid parameter and  is the bulk free
energy density. The diagonal term, p, is given by
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where pf is the fluid pressure and is connected to the
temperature through the equation of state.

In this model, the equilibrium density function
can be expanded in a slightly different form from

that in the ideal case, and reads
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for the moving populations and

f
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for the nonmobile population. It is interesting to note
that the thickness, dI, of the interface is related to the
gas and liquid densities, g and 1, respectively,
through the equation [72]
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The kinematic viscosity of the gas and liquid
phases, �g and �l, respectively, are related to the

corresponding relaxation times through simple equa-

tions of the form

�j ¼
2�j – 1

8

for the 7-bit hexatriangular lattice and

�j ¼
2�j – 1

6

for the 15-bit cubic lattice. Using a mean-field
approach, it can be shown that the fluid density
across a flat interface satisfies the equation

�0ðzÞ ¼ 
ð;TÞ –
eqðT Þ ð37Þ

in which the local chemical potential excess acts as an
external force. The expression [72]
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satisfies Equation (37) with good accuracy. Figure 7
shows the variation of the fluid density across the
interface for three values of the liquid to gas density.
It is easy to see that the density profile is quite
smooth and free of jump discontinuities that are
typically encountered in other types of numerical
approaches. This model was incorporated by
Angelopoulos et al. [73] in two-phase flow simula-
tions of immiscible flow in pore networks.

When the recovery of the mass and momentum
conservation equation was attempted from these

starting equations, it was noticed that the lattice-
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Figure 7 Density profile across a liquid–gas interface in

the nonideal lattice-Boltzmann model.
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Boltzmann derived momentum equation resembles
closely the Navier–Stokes equation except for two
terms that contain density gradients and imply lack
of Galilean invariance. Although such terms may be
negligibly small in the bulk regions of uniform fluids,
they become quite large in the interface region due to
the usually large difference in the densities of the two
phases. To rectify this, a reformulation of the motion
equation and the pressure expression was devised
[74–76] that eventually restored the Galilean invar-
iance. A similar result was obtained by Inamuro et al.
[77] using an asymptotic analysis. Kalarakis et al. [75]
demonstrated the success of the modified model
through simulations of jet break-up and droplet
shearing. The fact that droplet generation can be
simulated with the help of this lattice-Boltzmann
model in a direct manner that allows evolution of
the interface and snap-off upon exit from the orifice
is very encouraging for the employment of this tech-
nique for the simulation of emulsification processes.
It must be mentioned, however, that since this
method pays attention also to the interior of the
interface in order to ensure continuous description
of the density variation from one phase over to the
other, some finite number of lattice sites are inevita-
bly required within the interface itself. This
necessitates the use of relatively thick interfaces if
the overall size of the lattice is to remain reasonably
small for computational reasons. In turn, this corre-
sponds to elevated temperature and, to allow phase
coexistence, to elevated pressure, the exact ranges of
which depend of course on the state equation and the
parameter values that are used. A way to get around
this problem, which is not only confined to the free
energy-based lattice-Boltzmann model but to other
multiphase flow lattice-Boltzmann models also, is to
use adaptive meshes for the discretization of space in
the vicinity of the interface [78].

In addition to the advantages of direct applic-
ability to digitized pore structures and automatic
propagation of interfaces, another interesting fea-
ture of this lattice-Boltzmann model must be
stressed, namely, the straightforward incorporation
of controlled wettability conditions on the solid
surfaces. This can be done in several ways, the
easiest one involving the local assignment of che-
mical potential or density [75] to the solid sites, thus
essentially assigning hydrophilicity, hydrophobi-
city, or any intermediate situation to each site at
the solid–void interface.

The employment of a nonideal fluid in the model
and, consequently, of a nonlinear state equation

allows spontaneous condensation or evaporation,
depending on the prevailing static and flow condi-
tions. This phase transition feature can prove to be
very useful in membrane applications that involve
condensable vapors or volatile liquids. It is also a
valuable tool for the simulation of pore structure
characterization processes like the nitrogen adsorp-
tion/desorption process. Figure 8 shows various
snapshots of such a simulation for a granular med-
ium, for example, alumina powder prior to
compaction and sintering. As the partial pressure,
p, of nitrogen increases, progressive thickening of
the surface film (sorbed fluid) is noticed leading to
condensation in the narrowest interstitial spacing
first, followed by condensation in gradually larger
openings according to Kelvin equation, Equation
(10). Thus, for a given value of the ratio pc/p0, the
pore radius, rp, above which all pores will be empty
of capillary condensate can be calculated.
Adsorption and desorption snapshots are shown in
this figure and the well-known hysteresis can be
inferred easily. It is obvious that such a tool can
greatly facilitate the interpretation of gas adsorp-
tion/desoprtion curves and elucidate the role of the
various structural features of the membrane or its
precursors in obtaining the desired transport and
separation properties of the membrane material. In
addition, the permeability and diffusivity values can
be determined at intermediate stages of the adsorp-
tion/desorption process by hypothetically freezing
the sorption process and applying the corresponding
lattice-Boltzmann flow simulator or the molecular
trajectory approach.

Application of this two-phase lattice-Boltzmann
model to the simulation of membrane-based emul-
sification can proceed in the following manner [79].
A straight-through pore is drilled in an otherwise
solid domain (lattice of solid sites) by changing the
labeling of a set of lattice sites from solid to void. In
the lattice-Boltzmann model this simply means that
these sites are allowed to participate in the loop that
updates the local density functions according to the
lattice-Boltzmann equation. Then, the liquid den-
sity and liquid kinematic viscosity values are
assigned to the liquid sites inside the pore, whereas
the corresponding gas values are assigned to the
sites outside the membrane domain. The surface
tension and interface thickness values are also
selected and some body force is applied to each
liquid site by enhancing the fi values in the direction
of the flow. Gradually, a liquid meniscus is formed
which propagates into the gas region where it is
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subjected to a shear flow, the effect of which on the

liquid can be simulated by the effect of a body force

in the direction perpendicular to the pores. The

time of break-up and the size of the droplet that is

thus generated are functions of several parameters,

including the pore size, the relative magnitudes of

the main and cross-flow velocities, the surface ten-

sion, and the liquid viscosity. Figure 9 shows a set of

snapshots taken during such a simulation using the

free energy-based two-phase lattice-Boltzmann

technique.
In the event that the pores in the interior of the

membrane are nanosized, a modification of the lat-

tice-Boltzmann method is needed to account for

Figure 8 Snapshots of gas adsorption, condensation, and evaporation in a simulated granular material using the two-

phase lattice-Boltzmann model that allows phase transition. Time sequence: right and down.

Figure 9 Snapshots of membrane-based emulsification

using the two-phase flow lattice-Boltzmann simulator.

Mainstream flow is in the direction of the arrows. Time

sequence: right and down.
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rarefaction effects. To this end, the models that were
presented in the previous section can be invoked to
describe flow in the elevated Knudsen number
regime within the bulk of the phases. Development
of a two-phase flow lattice-Boltzmann model away
from the continuum limit is currently in progress and
is expected to find extensive use in membrane appli-
cations involving gas and liquid phases, with or
without phase change, with pores in the submicron
range.

It is well known that liquid droplets at both the
nano- and micron-size scale are subject to coales-
cence with each other forming larger droplets. This
is usually an undesirable event inasmuch as it shifts
the mean droplet size to larger sizes that do not
happen to share the properties of the original emul-
sion. For instance, if microemulsions are pursued for
cosmetic or food applications, coalescence into larger
droplets will have a strongly negative effect on the
end properties of the final product. In addition, if
liposomes of specific mean size and standard devia-
tion are produced by some membrane emulsification
or membrane screening technique, coalescence will
lead to larger sizes with larger deviation. Both of
these changes will reduce the efficiency of the
adsorption of the active ingredient in the pathologi-
cal tissue and increase its adsorption in healthy
tissues thus intensifying side effects of drug adminis-
tration to the patient. Although several techniques
are considered to mediate these effects, droplet coa-
lescence is certainly a phenomenon that requires
reliable simulators with the ability to predict the
correct dynamics of the process within reasonable
computational time.

The two-phase flow lattice-Boltzmann method can
also be employed to study droplet coalescence and its
dynamics. Among its advantages over more traditional
techniques is its ability to simulate coalescence of multi-
ple droplets simultaneously and not only of droplets in
an isolated pair. Another significant advantage is its
direct applicability to droplet coalescence in the
interior of any structural configuration including
digitally reconstructed materials, as described above.
Application of the aforementioned simulator is straight-
forward and coalescence is driven mainly by the action
of the interfacial tension that tends to minimize the
surface area of the liquid bodies. In fact, not only viscous
sintering but also controlled particle sintering can be
simulated with this method, leading to structures that
are more connected than the original ones, with less
surface area and less porosity. Figure 10 shows the
evolution of a granular material during viscous sintering

using the lattice-Boltzmann method. If the particles are

assumed to have a solid core that does not participate in

the mass transfer process, surface controlled sintering

can be simulated and the kinetics of the process can be

delayed at an adjustable rate. The degree of sintering

can be easily controlled if microscope images of the final

product are available. Otherwise, this method can be

employed to produce several structural configurations

at intermediate levels of sintering, which can then be

used as input to transport simulators for the prediction

of diffusivities and permeabilities. In this way, one can

have a set of data on the transport properties of the

Figure 10 Simulated sintering of a granular material using

the two-phase flow lattice-Boltzmann method.
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membrane or support material at different sintering
levels. Obviously, this type of information can be very
useful in the design of improved materials and for
guiding the experimentalists to the optimal set of pre-
paration conditions.

1.03.3.4 Simulations at the Atomic Scale

The need to resort to microscopic- or atomic-
scale simulations originates from at least two
main issues, namely, the control of the separation
process by nanoscale phenomena and the major
role that fluid–solid interfaces play during fluid
transport. In both cases, it is self-evident that
sufficient knowledge of the interactions among
atoms and their reliable simulation are of para-
mount importance for the design of improved
membrane materials and for the identification of
the optimal conditions of operation. In general,
one can first reconstruct on the computer the
configuration of interest at the atomic scale
using some force field description of the interac-
tions among the various constituents of the
system. The parameters and data that are needed
are usually obtained from measurements and ab

initio computations. The next step involves speci-
fic attempts to identify stable versions of the
configuration and suggest modifications at the
atomic scale (ion exchange, hydroxylation, and
functionalization in the general sense) that pro-
mise improvements in the end properties of the
material and its eventual performance during
application in some specific separation process.
Sorption and transport in these structures can
also be simulated at the atomic scale where
needed or at the mesoscopic scale, paying parti-
cular attention to the fluid interaction with the
solid surfaces. Although rather limited in terms of
the time and space scale (�10 ns and �10 nm,
respectively) which they can span, atomistic simu-
lations can provide a vast amount of information
and valuable insight into the competitive transport
of species in microporous membranes and bridge
the gap between quantum mechanical calculations
on the one hand and mean field theories and
mesoscopic simulations on the other. Although
several common features underline the molecular
simulation of inorganic and polymeric membrane
materials, it is more convenient to give separate
presentations of these two types of material and
stress the differences where needed.

1.03.3.4.1 Atomistic reconstruction of

inorganic membrane materials

The structure of various inorganic materials that
have the potential to be used in membrane systems
has been repeatedly studied at the atomic scale using
Monte Carlo techniques or molecular dynamics. The
reconstruction procedure involves, usually, the fol-
lowing intermediate stages. First, positioning of the
atoms of the structure takes place at reference bulk
lattice sites using literature data. A force field is
selected to describe the atomic interactions and cal-
culate the potential energy of the configuration.
Various force fields are available in the literature,
ranging from quick and simple to highly sophisti-
cated ones that, however, pose more severe
computational demands. Such force fields contain a
number of parameters that are usually estimated
from experimental data or ab initio calculations. A
typical example is the general purpose universal
force field (UFF, Rappé et al. [80]), which has been
parametrized for the entire periodic table. It is a
purely diagonal, harmonic force field, the parameters
of which are generated from rules based on the atom
type, hybridization, and connectivity. Both intramo-
lecular (bonded) and intermolecular (nonbonded)
interactions are taken into account in the formulation
of the expression for the potential energy. Among
intramolecular interactions, most notable contribu-
tions are: bond stretching, which is described by a
harmonic term; angle bonding, which is given in
terms of a three-term cosine Fourier expansion; tor-
sion, which is expressed using cosine Fourier
expansion terms with the dihedral angle between
the two phases defined by an atom quadruplet in
their arguments; inversion, which is expressed in a
similar way as torsion is, but using the angle that is
formed by the off-plane bond and the plane that is
defined by the other three atoms in the arguments of
the cosine Fourier terms. The van der Waals inter-
actions are described by the 12-6 Lennard–Jones
potential or the exponential-6 (Buckingham) poten-
tial. Electrostatic interactions are also taken into
account using atomic monopoles and a screened
(distance-dependent) Coulombic term. The next
step involves the setting of boundary conditions,
which can be periodic or of the free surface type.
The final stage is the one that involves the minimiza-
tion of the potential energy of the structure, using
Newton–Raphson, steepest descent, or conjugate
gradient techniques. Modifications of the structure
are also possible at this stage, for instance, cation
addition or ion exchange (particularly useful in

64 Fundamentals of Transport Phenomena in Membranes



designing zeolites, introduction of structural defects,
for example, removal of oxygen atoms from the sur-
face of oxides) and any other hypothetical or actual
alteration that appears promising or interesting from
the scientific or technological viewpoints.

In addition to direct literature data for the various
spatial characteristics of a material at the atomic
scale, valuable input can be provided by X-ray dif-
fraction (XRD) patterns, which can be utilized in an
effort to solve the inverse patterning problem, that is,
to find the structural details that reproduce the
experimentally obtained diffraction patterns. More
specifically, indexing of the X-ray patterns can be
first implemented using a trial reciprocal lattice con-
struction technique (for instance, the ITO method
[81]). Subsequently, refinement methods can be
employed for the optimum determination of the
structure, like Pawley [82] and Rietveld [83] refine-
ments. Initial guesses for such a procedure can be
constructed from the data reported in the literature
followed by an energy minimization step using the
UFF or some other force field that, however, must be
optimized for the particular material under investi-
gation (see also, Navascues et al. [84] for details).

1.03.3.4.2 Simulated annealing

A method to overcome local energy minima and,
thus, maximize the efficiency of the energy minimi-
zation procedure is using the simulated annealing
technique. First, energy minimization of the struc-
ture under consideration takes place using some
force field description of the atom-to-atom interac-
tions and a conjugate gradient technique for the
minimization process. Molecular dynamics is subse-
quently used under conditions of constant number of
atoms, constant volume, and constant temperature
(N, V, and T) until a configuration of atoms moving
with the desired velocity distribution at the specific
temperature is obtained. Then, the temperature is
increased to a different value and the steps of mini-
mization and molecular dynamics are repeated as
mentioned above. This procedure is repeated at sev-
eral temperature levels until a predefined upper limit
is reached, which is usually safely below the melting
point. Then, the same procedure is repeated in the
reverse order, cooling down the system to the initial
temperature. This method can be applied, practi-
cally, to any atomic-scale structure to yield
equilibrated configurations with a global energy
minimum, avoiding entrapment within local energy
minima (see, for instance, Deem and Newsam [85]).
Recent experience with zeolite reconstruction,

namely, NaX faujasite (FAU) crystals [86] revealed
that simulated annealing can also offer much reduced
statistical deviation in energy calculations by almost
two orders of magnitude compared to those in calcu-
lations with the nonannealed structure.

1.03.3.4.3 Simulation of sorption – Monte

Carlo technique

Sorption at the atomic scale inside a microporous
material is known to control the relative permeation
and, eventually, the separation efficiency in numer-
ous membrane-based applications. In fact, selective
sorption of one or more species in cavities may either
facilitate or obstruct selectively the transport of these
species or of the nonsorbed species, depending on
whether pore blocking or pathway clearing takes
place. In the presence of electrostatic interactions, it
is obvious that sorption at the different sites inside
the structure may affect strongly the interaction of
the rest of the species with both the surface ions and
the adsorbed ions.

The thermodynamics of sorption can be calcu-
lated using different techniques. The details of the
dependence of the partition function on the spatial
extent of the system under consideration are incor-
porated in the configurational integral, which for an
N-dimensional vector of coordinates reads

Z ¼
Z

exp – �E r1; r2; . . . ; rNð Þ½ �d3r1d3r2 . . . d3rN

where E is the potential energy, �¼ (kBT)�1, and T is
the temperature at the simulation conditions (see, for
instance, Hecht [87]). Monte Carlo integration is an
attractive method to calculate this integral, which in
practice is estimated from

Z ¼ V

N0

XN0

i¼1

exp½ – �Eðr
~

iÞ�

where V is the volume of the system and N0 is the
number of random configurations that are
constructed.

Although Monte Carlo integration is considerably
more efficient than conventional numerical integra-
tion techniques, it can be further improved to reduce
the generation of configurations that have high prob-
ability of overlapping with the solid structure. This is
increasingly important as the number of degrees of
freedom increases, as is the case, for instance, with
alkane chains [88]. The energy-bias technique is
found to improve drastically the evaluation of the
configurational integral in such cases.
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Properties such as the Henry constant and the
isosteric heat of adsorption can be calculated using

postprocessing of the sorption simulation. The latter

is typically performed under conditions of constant

chemical potential, constant volume, and constant

temperature (
VT), thus allowing fluctuation in the

number of sorbate molecules that are contained

within a fixed control volume. The Henry constant

(KH) is the ratio of the loading of sorbate molecules

(N) to the pressure (p) of the system in the limit of

low pressure:

KH ¼ lim
p!0

<N>

p

Equivalently, it is the slope of the sorption iso-
therm as p!0 and can be calculated from

KH ¼
Ms

RT0

Z

Zig

where Ms is the molecular weight of the sorbate, 0 is
the mass density of the solid, and Zig is the configura-
tional integral for a sorbate molecule in an ideal gas
phase [89]. As pressure is reduced, sorbate–sorbate
interactions become less frequent and at the limit of
p!0, sorbate–surface interactions become dominant
and control fully the value of the Henry constant.

The isosteric heat of adsorption (Hst) is a measure
of the change of the internal energy that is caused by

sorption and is given by

O
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Figure 11 (a) Ball-and-stick representation of CO2 and N2 molecules sorbed inside the NaX faujasite framework. (b) Solid-

free volume in NaX faujasite. Penetrant molecules can use the gray domain only for their sorption and transport, the interior of

which is shown here in blue for easier identification of the internal morphology. The figure was created with the help of the
Materials Visualizer module of the Materials Studio suite by Accelrys Inc.
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Hst ¼ R
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� 	
N

¼ RT –
@ < U >

@ < N >

� 	
T ;V

A limited dependence of Hst on pressure is
indicative of sorbate–surface interaction through dis-

persion–repulsion forces. On the other hand, non-

negligible dependence of Hst on pressure indicates

preferential adsorption near charged surface atoms.

As sorption progresses, additional sorbate molecules

reside far from charged surface atoms at positions of

lower potential energy. Obviously, the precise loca-

tion of sorption sites is very significant in the case of

molecular separations as they are known to affect the

pathways of the rest of the species and, hence, the

separation efficiency. Figure 11(a) shows a snapshot

of CO2 and N2 molecules sorbed in the 12-member

ring of the NaX form of faujasite with Si/Al¼ 1 (see

Krokidas et al. [86] for details). Calculation of the

void volume that is available for sorption and trans-

port through the main cage of this framework is

shown in Figure 11(b): gray color is used to indicate

the external boundary of this solid-free volume and

blue is used to indicate the interior of the free volume

(obtained with the help of Materials Studio�).
The interaction of the sorbed molecules with the

internal structure of the microporous membrane can,

to some extent, distort the solid configuration and,

consequently, have some effect on the sorption capa-

city and transport dynamics. Although the solid

structure is, typically, assumed rigid in Monte

Carlo simulations of sorption, relaxation of this

assumption is computationally feasible and can offer

interesting results concerning the accommodation of

sorbate molecules at different loadings and tempera-

ture levels. This is particularly interesting in the case

of zeolites, which are known to have, among others,

exceptional molecular-sieving properties and find

applications in diverse processes over a wide range

of temperature values. This phenomenon is compli-

cated by the fact that zeolite framework distortion

can also be due to temperature changes in addition to

the distortion caused by sorbate–structure interac-

tions and by the fact that these two sources are,

usually, affected by each other. For instance, some

frameworks have been observed to exhibit negative

thermal expansion coefficient and, hence, contract

upon heating with obvious consequences on their

sorption and selective sorption capacity, on their

sieving performance, and on the mechanical stability

of the membrane-support system (for a recent

review, see Caro et al. [90]). Such effects are already

tractable by molecular dynamics techniques, an
overview of which is given next.

1.03.3.4.4 Simulation of diffusion –

Molecular dynamics

The evolution of a microscopic description in
time can be simulated by equilibrium or none-
quilibrium molecular dynamics. In the absence of
external forces that would lead to measurable
fluxes, equilibrium molecular dynamics can be
very efficient in monitoring the motion of the
fluid and structure atoms (or particles) through
the integration of Newton’s equation of motion
for each and every individual particle. The self-
diffusion coefficient can be calculated with the
help of molecular dynamics and compared
directly with pulsed field gradient nuclear mag-
netic resonance (NMR) measurements as both
methods refer to equilibrated systems. If, on the
other hand, macroscopic mass transport fluxes are
generated under the action of externally applied
composition gradients, nonequilibrium molecular
dynamics can be employed to yield transport
coefficients.

Just like in the case of Monte Carlo simulation of
sorption that was described above, the application of
the molecular dynamics technique to the calculation
of the self-diffusion coefficient requires an equili-
brated structure and a reliable force field for
modeling the interatomic interactions. Considerable
savings in computational time are achieved if short-
range interactions, like dispersive and repulsive ones,
are truncated at a cut-off radius, the precise defini-
tion of which is based on a tradeoff between accuracy
and computational time constraints. In zeolite struc-
tures, cut-off radius between 1.2 and 1.8 nm are
typically used. Energy discontinuities and truncation
errors using cutoffs in periodic systems are usually
treated with dumping functions or Ewald summation
techniques [91, 92]; cutoffs can even be avoided (occa-
sionally) using hierarchical approaches (multipole
expansion methods [93]). If the structure atoms are
held fixed in space, then the computational time can
be severely decreased by constructing look-up tables
for the sorbate–structure interaction data using the
results of interaction calculations for a certain type of
sorbate atoms that need to be obtained only once.

In the classical limit, the equation of motion

m
d2r

˜ i

dt 2 ¼ F
~

i
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must be integrated, where mi, r
~

i , and F
~

i are the mass,
position vector, and force acting on particle i, respec-
tively. The force F

~
i is given by the expression

F
~

i ¼ –rr
~

i
E þ g

~
i

where E is the potential energy of the particle con-
figuration and g

~
i is a force that accounts for all types

of constraints that develop between the site coordi-
nates (e.g., fixed bond lengths) [94].

Once some initial condition is specified in the
form of an initial configuration of particles, the equa-

tion of motion can be integrated using some finite

difference scheme. Thus, if the particle positions,

momenta, and interaction data are available at time

t, updating of these quantities is achieved at time

tþ �t, where �t is small enough to ensure conserva-

tion of the total energy of the system with sufficient

accuracy, yet large enough to allow completion of the

computation within reasonable time. Although sev-

eral integration techniques have been reported in the

context of molecular dynamics, the Verlet algorithm

r
~
ðt þ �tÞ ¼ 2r

~
ðtÞ – r

~
ðt – �tÞ þ �t 2�

~
ðtÞ þ Oð�t 4Þ

where �
~

is the local acceleration vector, is probably
the most popular one since it sidesteps the need for
explicit evaluation of the velocities at each time step.
However, these can be obtained easily from

v
~
ðtÞ ¼

r
~
ðt þ �tÞ – r

~
ðt – �tÞ

2�t
þ Oð�t 2Þ

if needed, for instance, for the estimation of the
kinetic energy. The self-diffusion coefficient can be
calculated from the large travel time limit of the ratio
of the mean-square displacement to 6t:

Ds;i ¼ lim
t!1

h½r
~

iðtÞ – r
~

ið0Þ�2i

6t

The transport diffusivity, Di, is related to the self-
diffusivity through Equation (9).

Another useful quantity that can be provided by
molecular dynamics is the mean residence time

(MRT) of the sorbate molecules, which is defined

as the time that the molecules spend within a speci-

fied region. MRT is usually rendered dimensionless

through division by the total time allowed for the

simulation. This is a particularly interesting quantity

for gas molecules near sensitive layers (e.g., gas sen-

sors [95, 96]) and also for membranes as this sorbate–

surface interaction is the precursor stage to sorption.

The dimensionless MRT is given by

MRT ¼

Z 1
0

transition
NVT ðr

~
N ðtÞ=�zÞdt

Z 1
0

transition
NVT ðr

~
N ðtÞÞdt

where r
~

is the position vector, N is the number of
particles in the canonical ensemble (NVT), and the
vicinity extends to a distance �z from the surface.
This quantity can be calculated at any time step
during the molecular dynamics procedure as a post-
processing calculation and characterizes the
transition of fluid particles from the bulk into the
boundary layer. It can also be associated with a
steady-state adsorption rate constant [97].

Assigning the desired temperature and maintaining it
constant during the simulation are not straightforward

procedures and some interesting features can be pre-

sented here that can be involved in their

implementation. At the first stage of the simulation, the

particles are assigned velocities that are sampled from

the Maxwell–Boltzmann distribution for the prescribed

temperature. This distribution is subject to change dur-

ing the evolution of the simulation and such a deviation

may become significant for systems that have started

from a configuration that was far from the equilibrated

state. Restoring the desired temperature requires dimin-

ishing of such a deviation and production of

configurations that fulfill the constraints of statistical

mechanics. This can be achieved through the use of

the so-called thermostats, like the direct velocity scaling

procedure. Specifically, each time a nonnegligible

deviation is noted during the simulation, the particle

velocities are readjusted according to the relation

vi 9

vi

� �2

¼ Tdesired

Tsystem

where vi and vi9 are the velocities of particle i prior
and after correction, respectively, Tsystem is the tem-
perature of the system as it has been calculated at the
particular time step, and Tdesired is the desired tem-
perature value [97a]. This thermostat is usually
employed in cases where considerable deviations
are obtained and rapid restoring of the correct tem-
perature is needed. Finer, yet, slower adjustments can
be made if this thermostat is followed by a less
aggressive thermostat, like the one suggested by
Berendsen et al. [98] according to which each particle
velocity is corrected by the factor
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vi 9

vi

¼ 1 –
�t

�

Tsystem –Tdesired

Tsystem

� �� 	1=2

where � is some characteristic relaxation time. Such
thermostats can be employed to the simulation of the
membrane structure or of the sorbate molecules or
even of the entire sorbate–structure system.

Finally, it must be mentioned that the technique of
molecular dynamics can be employed in sorption stu-
dies as well, not only at the stage of reconstruction
(thermal effects in the atomic-scale configuration) but
also during the sorption process itself. More specifi-
cally, it has been realized that Monte Carlo
simulations of sorption cannot always capture steric
phenomena associated with the accessibility of the
sorption cages from the ambient. This is easy to visua-
lize in materials like zeolites, where large cavities that
can accommodate a significant amount of sorbate
molecules are not always connected to the rest of the
material, and eventually to the ambient, through
equally wide avenues. On the contrary, it is well
known that narrow pathways must be used by sorbate
molecules to gain access to the larger cages. In the case
of faujasite, for instance, which has the potential to
perform efficient separation of CO2 and light hydro-
carbons, the sodalite cage has an effective diameter of
about 1.25 nm, whereas the access pathways are only
0.74 nm wide. Therefore, the use in Monte Carlo
simulation of sorption of an initial configuration that
involves a certain number of sorbate molecules within
the soladite cages is based on the arbitrary assumption
that these, or further added molecules during the
simulation, have found a way to penetrate into the
cage through pathways that are narrower than the
sorbate molecule size. If the sorption process is simu-
lated in a dynamic way using molecular dynamics,
then the initial configuration can be an empty frame-
work that is exposed to a reservoir of a prespecified
concentration of sorbate molecules. In this way, not
only the accessibility issue but also the concomitant
distortion of the framework can be taken into account
and the sorption capacity can be evaluated in a more
realistic manner.

1.03.3.4.5 Structure and transport

simulation in polymers

Polymeric membranes of relatively large porosity
can, in general, be treated in the way described
above in the context of mesoscopic and macroscopic
techniques. In dense polymeric membranes, the fol-
lowing expression is typically used for the flux, Ni, of
gas species i:

Ni ¼ DeiSi�pi=L

where �pi is the partial pressure drop across the
membrane thickness L, the diffusion coefficient Dei

reflects the mobility of the gas molecules in the
membrane, and the gas sorption coefficient, Si,
reflects the number of gas molecules that are dis-
solved in the membrane. The quantity DeiSi is also
called the permeability, Pi, of the membrane as it is a
measure of the capability of the membrane to allow
permeation of the gas.

For a binary mixture, the membrane selectivity
can be written as

Dei

Dej

Si

Sj

where the first ratio is the contribution to the selec-
tivity of the relative mobility of the two species,
which is strongly effected by the relative size of the
two types of molecules, and the second ratio is the
sorption or solubility selectivity. The two contribu-
tions act, typically, in opposite directions thus
making their study very interesting and useful,
since large polymer molecules typically imply
lower diffusion coefficient and higher solubility.

The diffusivities and solubilities in polymer mem-
branes can be calculated using atomistic simulations

and concepts similar to the ones mentioned above for

inorganic materials. Expressions for the potential

energy that involve bonded and nonbonded interac-

tion terms are used both for the atomistic

reconstruction of the polymer structure and for the

calculation of transport and sorption properties.

Atomistic packing of polymers usually follows the

methodology that was suggested by Theodorou and

Suter [99] and defines the configuration through the

specification of the tacticity of the parent chain, of

three Eulerian angles describing its orientation, and

of the rotation angles of the skeletal bonds. The

motion of united atoms is extensively used in packing

and transport simulations of polymers thus lumping

the behavior of individual atoms of the same polymer

part or penetrant molecule and saving considerable

computational time. An interesting method to predict

the infinite dilution solubility or Henry’s constant is

the Widom’s test particle approach [100] according

to which a ghost molecule is injected at a randomly

selected position inside the polymer structure.

Subsequently, the interaction energy of this molecule

with the surrounding atoms of the polymer matrix is

computed and the excess chemical potential is calcu-

lated in the NPT ensemble. Henry’s constant can
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then be calculated as a function of temperature and of
the excess chemical potential through the equation

KH ¼
V0

RT
expð –�
exÞ

as was recently done by Tsolou et al. [101] for the
sorption of light gases in polyisobutylene, where V0 is
the molar volume of ideal gases at standard condi-
tions of pressure and temperature.

Alternatively to the atomistic simulations, the tran-
sition state theory (TST) after Gusev and Suter [102]
can be used for the calculation of the diffusivities and
solubilities that are required for the prediction of the
separation factor of mixtures. Briefly, the free energy
that is needed for a penetrant molecule to be inserted
in the polymer packing is calculated at fixed grid
positions. These values are used for the generation of
a map of holes that can accommodate sorbate mole-
cules and for the calculation of the probability of
sorbate transition from one hole to another. For suffi-
ciently low loading, the solubility approaches Henry’s
constant, whereas at higher loadings both liquid-like
sorption and gas sorption are expected to take place.

An alternative technique to calculate structural
features and diffusivities in polymers is the one that
is based on the free volume theory and its variants.
Following Cohen and Turnbull [103], diffusion takes
place thanks to the continuous redistribution of the
free volume that creates instantaneous openings for
the dislocation of the penetrant molecules. In this
original chapter, each individual jump was consid-
ered as part of the diffusion process of a single hard
sphere molecule. This theory was generalized later to
binary mixtures by Vrentas and coworkers [104, 105]
in a series of relevant publications (see Duda and
Zielinski [106] for a comprehensive presentation
and discussion) and furnished expressions for the
self-diffusion coefficient in terms of the specific
hole free volumes of the two components that are
required for a jump to occur. Experimentally, the free
volume of a polymer can be characterized using
positron annihilation lifetime spectroscopy (PALS)
[107] whereas, computationally, it can be determined
using grid-based techniques or variants of the small
sphere probing method. Satisfactory agreement
between TST and molecular dynamics calculations
has been observed in a number of polymer studies
(see also the recent work by Heuchel et al. [108] for
polymers with intrinsic microporosity) as much as
between molecular dynamics and free-volume the-
ories [109]. The visualization of free volume
elements in polymer membranes offers a valuable

and direct means for the elucidation of the topologi-
cal and geometrical features of the material.

1.03.4 Concluding Remarks –
Multiscale Modeling

Technical demands of increased performance of
membranes in separation applications have necessi-
tated the development of a variety of theoretical and
experimental techniques that will allow more accu-
rate determination of material and process details as
well as in-depth understanding of the structure-to-
transport interrelationship. Phenomenological
approaches remain certainly of unique usefulness
for the quantification of the intermediate and end
properties of the membranes as they offer convenient
working equations with measurable macroscopic
parameters or coefficients. However, any progress
on the design of improved membrane materials
with tailored properties relies inevitably on the
detailed study and probing of the structure at the
atomic or mesoscopic scale, depending on the nature
of the material and the requirements of the specific
application that is targeted. Passing from the atomic
scale to the macroscopic scale or vice versa involves
several transition steps as described in this chapter. In
fact, the top-down approach that is depicted in
Figure 12 is indicative of a typical framework of
analysis that refocuses itself onto progressively finer
details of the membrane structure. On the other hand,
computation of transport properties starting from the
fundamentals follows a bottom-up procedure and is
the natural way to proceed if sufficient information at
the atomic level is available. Such a multilevel mod-
eling has stimulated the development of coarse-
graining techniques, which are nowadays among the
major challenges of material science and engineering
and have, consequently, attracted the attention of a
great variety of scientific disciplines. At every coar-
sening stage, details of the lower scale are blurred and
some lumping of properties is invoked without losing
valuable information. Matching of the modeling
approaches at the interface of these scales is of critical
importance in this process, requiring, in turn, consis-
tent descriptions of the material properties and
behavior across scales. The united or super atom
approach is the most popular tool for such coarse-
graining as it lumps the properties of individual con-
stituents into effective properties of the system at the
upper level. More sophisticated approaches pursue a
mapping of the system onto a number of variables

70 Fundamentals of Transport Phenomena in Membranes



that can characterize the behavior of the system over

sufficiently large length and time scales.
The aforementioned issue of multiscale modeling

becomes a true challenge in the case of membrane

nanomaterials for a multitude of reasons.

Commercially viable separations require sufficiently

high separation factors that are favored by sieving at

the molecular or individual particle level. As a result,

atomic-scale design of new or improved materials

becomes a major, direct task that creates tremendous

opportunities for envisaging radical structures with,
however, tractable synthesis routes. Because of the
usually strong requirement for thin membrane mate-
rials (to ensure reasonable throughput), improved
sieving properties must be accompanied by adequate
mechanical stability. Additional requirements are
frequently posed by demanding operating conditions
that may involve high pressure or high temperature
or both. Chemically resistant materials may be also
needed depending on the nature of the fluids that will
be handled. This is obviously a heavily complicated
problem that necessitates a combination of different
techniques and an algorithm of design and imple-
mentation routing. Computational techniques can
truly guide investigations in this direction and are
nowadays recognized as indispensable – in combina-
tion with sufficiently accurate experimental
techniques – in a number of design and synthesis
challenges, including zeolite framework modifica-
tions, dense polymers for selective ionic conduction,
pore networking within otherwise dense materials for
controlled two-phase flow operation etc.
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1.04.1 Introduction

The objective of this chapter is to provide the begin-

ning researcher or practitioner a comprehensive

introduction to mass transport in polymeric mem-

branes that will help in digesting and perhaps

extending the vast literature that has developed over

the past half-century and continues to grow rapidly.

The scope is limited to systems where transport occurs

by a solution-diffusion mechanism; this implies that the

membrane has no pores or is fully dense. Of course,

useful membranes are generally complex structures,

but the type of interest here has at least a dense skin

that controls the transport at a molecular level.
A common feature of all membranes processes is

the transfer of one or more species from an upstream

fluid phase through the membrane to a downstream

fluid phase; the fluid phases may be gases, vapors, or

liquids. In the solution-diffusion process, the species

being transported molecularly dissolve in the poly-

mer membrane, diffuse through the polymer

segments, and then leave the membrane at the down-

stream surface to enter the fluid phase there. The

polymer is an active participant in both the solution

and diffusion processes. The sorption is a

thermodynamic process while the transport is a

kinetic process, and in each the polymer comprising

the membrane has to be considered one of the com-

ponents. In many porous membranes, the membrane

material is not an active participant and only its pore

structure matters, not its molecular structure. In the

following sections the relationships that describe

penetrant diffusion in polymers will be described;

these can vary from very simple to complex depend-

ing on levels of approximation that are permissible.

Then the various sorption or solution relationships

that can be operative will be described for the differ-

ent polymeric states that find use as membranes. The

solution and diffusion relationships are then com-

bined in various forms for describing the

permeation and permselectivity of species through

membranes. These relationships are first developed

for binary systems, that is, the membrane and one

penetrant. In most membrane processes, there are

two or more penetrants since the purpose is to sepa-

rate these species. In some cases, the simple binary

relationships give an adequate description even for

multiple penetrants if the penetrants permeate

more or less independently. However, penetrant–

penetrant interactions in both sorption and diffusion
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can occur; thus, the reader is introduced to the con-
siderably more complex ternary relationships.

There are a number of books [1–8] and review
articles [9–16] that the interested reader can consult
for more details and a further introduction to the
literature on membrane processes.

1.04.2 Diffusion in Polymers

Quite often discussion of diffusion in polymers
begins with the following simple relation between
the flux of penetrant and the gradient of its
concentration:

Flux ¼ –D
dC

dz
ð1Þ

where D is the diffusion coefficient. This version of
Fick’s law seems intuitive in its similarity to Fourier’s
law for heat conduction or Ohm’s law for electrical
current flow. In may cases, this is an entirely appro-
priate description of mass transport, but there are
cases where the inherent assumptions implicit in
Equation (1) are not met so it is useful to go back to
more rigorous beginnings and understand when the
simple version is adequate and when it is not.

1.04.2.1 Binary Systems: Fick’s Law

The diffusive flux of a species in a mixture must be
expressed relative to some frame of reference. There
are several ways to deal with this but an easily under-
standable one is to use a fixed frame of reference or
stationary coordinates; this is particularly appropri-
ate for membranes since this means relative to the
membrane itself. The following are two fully equiva-
lent forms of Fick’s law of binary diffusion in three-
dimensional (vector) form [17]:

n1 ¼ w1 n1 þ n2Þ – �D 12rw1ð ð2Þ

N1 ¼ x1 N1 þ N2Þ –CD 12rx1ð ð3Þ

where ni is the mass flux of species i relative to
stationary coordinates, Ni the molar flux, wi the
mass fraction of i, xi the mole fraction, � the mass
density of the mixture, C its molar density, and D 12

the binary diffusion coefficient. Either version can be
converted to the other by simple definitions.
Corresponding relations can be written for compo-
nent 2 by interchanging the subscripts realizing that
D12¼D21. These forms look similar to Equation (1)
except for the terms w1 n1 þ n2ð Þ or x1 N 1 þ N 2ð Þ

that are necessary to express what the diffusion fluxes
are relative to as will become clearer below. Equation
(3) turns out to be more convenient for mixtures of
gases since at constant pressure and temperature, the
total molar density, C, is a constant; for ideal gases
C¼ RT/p, where p is the total pressure. Equation (2)
is more convenient for liquids since the mass density,
�, of such a mixture is more likely to be nearly
constant than C. So how are these relations adapted
to diffusion of a penetrant in a membrane?

First, it is useful to let the membrane component be
identified with the subscript m and the penetrant with
the subscript 1; this is particularly useful for the cases
when there are other penetrants as we can identify them
as 2, 3, etc. In some cases, the binary form of Fick’s
law can be used when there are more than two compo-
nents but not always. Second, since diffusion through
membranes is almost always unidirectional (e.g., the
z-direction), Equations (2) and (3) can be written with-
out vector notation as done for Equation (1). Third, for
all practical cases in steady state, the membrane itself is
stationary so the flux of this component is zero. Finally,
it is important to recognize that for polymeric mem-
branes, molar concentrations and terms like xi or C in
Equation (3) are at best ill-defined and at worst not
meaningful since the molecular weight of the polymer
may not be unique or may even be infinite. The earliest
thermodynamic treatments of polymer mixtures
revealed that mole fractions were not an appropriate
way to express compositions in such systems [18]. Thus,
Equation (2) provides a more useful form of Fick’s first
law for membrane systems. With the simplifications
noted above, it becomes

n1 ¼ –
�D 1m

1 –w1

dw1

dz
¼ –

�D 1m

wm

dw1

dz
ð4Þ

This still does not quite look like the simple form of
Equation (1). First, there is the (1�w1)¼wm term
which arises because of frame of reference considera-
tions or a convection term. As shown later, it is
necessary to include this term in some cases; how-
ever, when the content of penetrant in the membrane
is very small, w1 << 1, then wm

�¼ 1. In addition, when
the mass density of the membrane–penetrant mix-
ture, �, is constant (this will surely be the case when
w1 << 1), then Equation (4) reduces to

n1 ¼ – D 1m
d�1

dz
ð5Þ

where �1 is the mass concentration of species 1 and n1

is the mass flux. Dividing both sides by the molecular
weight of 1 leads to
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N1 ¼ – D 1m
dC1

dz
ð6Þ

where C1 is the molar concentration of 1 and N1 is its
molar flux; in this simple form the flux and concen-
tration can be written in any units so long as they are
consistent. Equation (6) is identical to the familiar
Equation (1) noting that D ¼ D 1m. It is clear what
assumptions are behind Equations (1) and (6) and
why it is necessary to be careful about these details
in order to have D 1m be the same quantity through all
these different forms.

Of course, for all membrane separations there is
always more than one penetrant so the question is

how to formulate a proper diffusion law for a ternary

or multicomponent mixture. Fortunately, in many

cases it is adequate to use a version of Equations (5)

or (6) applied to each component i. This amounts to

assuming that each component diffuses as if the other

were not present; however, there are several ways

such a simplification can fail. A most common situa-

tion is when the presence of component j affects the

diffusion coefficient for component i, that is,

D 1m ¼ f ðCj Þ or plasticization occurs. Another com-

plication is when the penetrant concentrations are

not small enough to use the approximation wm > 1.

A further complication is when the flux of one spe-

cies is dependent on the gradient of concentration of

other species. It is truly difficult to correctly and

accurately sort out all these potential interactions.

The next section gives a logical starting framework

to deal with these effects.

1.04.2.2 Ternary Systems: Maxwell–Stefan
Equations

In some simple cases, ad hoc generalizations of

Equations (2) or (3) to multicomponent mixtures

have been suggested [17]; however, in general, this

approach is not sufficient and leads to obvious pro-

blems [16]. A more sound approach is to begin with

the Maxwell–Stefan equations that were originally

developed to describe multicomponent diffusion in

gas mixtures at low density and can be derived from

kinetic theory [17, 19]. These equations have been

extended with good success to dense gases, liquids,

and polymers [17]; many review papers and books

have discussed uses of these equations [17, 20]. A

general form of the one-dimensional Maxwell–Stefan

equations for isothermal multicomponent mixtures

can be written as

di ¼ –
X
j 6¼i

xi xj

D�ij
vi – vj

� �
ð7Þ

where the D�ij are multicomponent diffusion coeffi-
cients [17], xi is the mole fraction of i in the mixture,
and vi is the velocity of i in the z-direction relative to
stationary coordinates. The term di is a generalized
force (in the z-direction) for component i that causes
it to diffuse relative to other species. Its general form is

CRT di ¼ Ci d�m
i =dz –wi dpm=dz ð8Þ

where

d�m
i

dz
¼ RT

d ln am
i

dz
þ �Vi

dpm

dz
ð9Þ

where C is the molar density of the mixture, Ci is
the molar concentration of i (note xi¼Ci/C), �m

i is
the chemical potential of i in the membrane, am

i in the
activity of i in the membrane, and pm is the pressure
in the membrane. For nonporous-supported mem-
branes, the pressure throughout the membrane is
constant (see References 14, 16, and 21–30) so for
the cases of interest here, dpm/dz¼ 0. As a result,
Equation (7) simplifies to

–
X
j 6¼i

xi xj

D ij

vi – vj

� �
¼ xi

d ln am
i

dz
ð10Þ

The pressure that drives many membrane transport

processes does not enter the picture by the flux law

but comes in via the boundary conditions used in the

integration of these equations.
Equation (10) can be expressed in forms more

useful for describing diffusion in membranes. In

steady state, the velocity or flux of the membrane

material is zero relative to stationary coordinates,

that is, vm¼ nm¼ 0. Penetrant velocities can be con-

verted to fluxes via

ni ¼ wi�v1 ð11Þ

where � is the mass density of the membrane-
penetrants mixture. As noted earlier, use of mole
fractions is not useful for membrane systems; this
issue can be resolved by converting to volume or
mass fractions as discussed in recent papers [16, 31,
32]. Mass fractions and fluxes will be used here, and
the conversion can be accomplished by the following:

xi ¼
M

Mi

wi ; M ¼
X wj

Mj

� � – 1

ð12Þ

where Mi is the molecular weight of i and M is the
number average molecular weight of the mixture. It
could be said that M is ill-defined because of the
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ambiguity of the molecular weight of the membrane
material; however, this potential complication
appears to be resolved by redefining the diffusion
coefficients. In the end, these diffusion coefficients
must be determined experimentally. For a ternary
system, Equation (10) requires three independent
coefficients: D�1m; D�2m, and D�12. With the conver-
sion to mass fractions, it becomes useful to redefine
the diffusion coefficients in the following way:

Dij ¼ Dij

Mj

M
ð13Þ

since they always appear in these combinations [16,
31]; similar redefinitions in terms involving molar
volumes are needed when expressing Equation (10)
in terms of volume fractions [32]. With the above
simplifications, the Maxwell–Stefan equations for the
1–2-m ternary can be reduced to the following equa-
tions (after considerable algebra):

n1 þ
w2n1 –w1n2

wm

� �
D 1m

D 12

� �
¼ –

�w1D 1m

wm

d ln a1

dz
ð14Þ

n2 þ
w1n2 –w2n1

wm

� �
M2

M1

D 2m

D 12

� �
¼ –

�w2D 2m

wm

d ln a2

dz
ð15Þ

The wm ¼ 1 –w1 –w2ð Þ in the denominator of the

right-hand terms in each of the two equations reflects

convection or frame of reference considerations

inherently included in the Maxwell–Stefan equa-

tions. Alternate forms of Equations (14) and (15) can

be written in terms of gradients of concentration or

weight fractions by making use of the definition

D im ¼ D im
@ ln ai

@ ln wi

� �
T ;p

ð16Þ

to get

n1 þ
w2n1 –w1n2

wm

� �
¼ –

�D 1m

wm

dw1

dz
ð17Þ

n2 þ
w1n2 –w2n1

wm

� �
M2

M1

D 2m

D 12

� �
¼ –

�D 2m

wm

dw1

dz
ð18Þ

Equations (17) and (18) can be solved simultaneously

to get independent equations for n1 and n2, but this

adds great complexity [9]. Indeed, this complexity is

why the more rigorous Maxwell–Stefan formulation

is used so infrequently in the membrane literature.

Importantly, Equations (17) and (18) reduce to Fick’s

law, Equation (4), where there is component 2 pre-

sent and likewise, in some cases, where w2 and n2 are

small.

1.04.3 Sorption of Gases and Vapors
in Polymers

Knowledge about the equilibrium sorption of gases
or vapors in polymers is essential for understanding
the process of permeation by the solution-diffusion
mechanism. Thus, considerable effort has been
devoted to measuring and interpreting the sorption
isotherms for small molecules in rubbery, glassy, and
semi-crystalline polymers [4–9, 33–38]. The limiting
cases described below are useful for understanding
the possibilities. In a subsequent section these models
are used to set the boundary conditions for permea-
tion of gas and vapors in polymers.

1.04.3.1 Rubbery Polymers

Consider an amorphous polymer membrane above
its glass transition temperature, Tg, surrounded by a
vapor of component 1 at a partial pressure p1. If the
saturation vapor pressure of 1 is p�1 , then its activity in
the vapor phase is a1 ¼ p1=p�1 . The Flory–Huggins
thermodynamic model for mixing small molecules of
molar volume �V 1 with large polymer molecules of
molar volume �V m combines an estimate for the
entropy of mixing with a measure of the enthalpy
of mixing, expressed in terms of an interaction para-
meter �1, to give the following expression for the
equilibrium sorption [18]:

ln a1 ¼ ln�1 þ 1 – �V1= �Vmð Þ�m þ �1�
2
m ð19Þ

where the �i are volume fractions. Figure 1 shows
example calculations, using Equation (19), of the
amount of sorption of penetrant 1, expressed as �1,
in the membrane at equilibrium versus its activity in
the vapor phase for several values of the dimension-
less interaction parameter, �1. At low activity, the
extent of sorption is proportional to p1; however, the
isotherm shows upward curvature at higher activities.
The degree of curvature increases with the extent of
sorption as the interaction parameter decreases or
becomes more favorable for mixing. If the interaction
parameter depends on the amount of vapor sorbed,
the shape will be altered somewhat but the upward
curvature remains a generally expected shape for
simple systems where sorption can be modeled as a
nearly random mixing process.

In the limit of low activities or small extents of
sorption, a linear approximation to the sorption
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isotherm provides an adequate description; that is,

Henry’s law applies,

C ¼ Sp1 ð20Þ

where C is the concentration of gas or vapor in the
membrane in equilibrium with the gas phase at par-
tial pressure p1, and S is a solubility coefficient. This
limiting case of the Flory–Huggins type of isotherm
is normally used to analyze the behavior of gases in
polymers above their glass transition temperatures.

Figure 2 shows that sorption of CO2 gas at 35 �C in
crosslinked butyl rubber [33] is well described by
Henry’s law up to at least 20 atm. Since the critical
temperature of CO2 is about 31 �C, it is not possible
to define an activity relative to the liquid state, but
simple extrapolation of the vapor pressure curve to
35 �C allows one to see that CO2 at 20 atm has an
effective activity of less than 0.3. If the measurements
in Figure 2 were extended to pressures two to three
times this level, curvature similar to that in Figure 1
would probably be seen. For less soluble gases, such
as O2, N2, and argon, Henry’s law behavior is assured
over a very wide range of pressures. Consequently, it
may be said that linear isotherms are characteristic of
gas sorption in rubbery polymers.

The solubility coefficient S increases with the
condensability of the gas and generally can be corre-
lated with the boiling point, the critical temperature,
or other measures of the cohesive forces between the
gas molecules [8, 9].

1.04.3.2 Glassy Polymers

It is well established that the shape of gas sorption
isotherms in glassy polymers, that is, polymers below
their Tg values, stands in marked contrast to the
forms described above for rubbery polymers. The
sorption of CO2 in poly(phenylene oxide) (PPO) at
35 �C shown in Figure 3 clearly illustrates this [39].
The isotherms for glassy polymers are far from lin-
ear, and the curvature has the opposite sense to that
seen in Figure 1. Such isotherms can be well
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described by a model that is an additive combination

of Henry’s law and a Langmuir isotherm, that is,

C ¼ kdp þ C9Hbp

1þ bp
ð21Þ

where kd, C9H, and b are parameters of the model. This
form implies that there are two mechanisms of sorp-
tion in glassy polymers [9, 36–41]. Many alternatives
to this model and its implied mechanistic aspects
have been suggested over the years [40–55]; how-
ever, this so-called dual sorption model continues to
be widely used for describing sorption in glassy
polymers.

Generally, gases are more soluble in glassy poly-
mers than rubbery ones [9] as may be seen in

Figure 3 by comparing the sorption of CO2 in PPO

versus that in butyl rubber; the dashed line is repro-

duced from Figure 2. Studies have shown that the kD

parameter from the dual sorption model, obtained

from sorption data below Tg, varies smoothly with

temperature through the glass transition forming a

continuous connection with data above Tg, where

simple Henry’s law behavior, that is, Equation (20),

is observed [38]. This, plus other observations, pro-

vide strong evidence that the Henry’s law term in

Equation (21) is physically a manifestation of the

same solubility mechanism operative for gases in

rubbery polymers or organic liquids. Thus, it follows

that the Langmuir term in Equation (21) stems from

the nonequilibrium character of the glassy state, and

this is supported by considerable evidence [9, 55–61].

Additional evidence for this can be seen by examin-

ing the Langmuir capacity term C9H for one gas, CO2,

measured at a single temperature, 35 �C, in a wide

range of glassy polymers; Figure 4 shows that C9H
plotted versus the polymer glass transition tempera-

ture provides a remarkable correlation [56]. It has

been suggested [55] that the Langmuir term arises

from packing of gases like CO2 into the unrelaxed

volume of the glass Vg –Vl

� �
with a liquid-like den-

sity. The unrelaxed volume at any temperature T

may be estimated from thermal expansion coeffi-

cients above and below Tg; that is,

Vg –Vl

Vg
¼ �l –�g

� �
Tg –T
� �

ð22Þ

Since �l –�g

� �
values are quite similar for most

polymers, it follows from this picture that C9H should

be proportional to Tg –T
� �

, as seen in Figure 4. The

support for this interpretation of the Langmuir mode

is the quantitative agreement shown by numerous

sets of experimental observations, including

Figure 4 [57]. From the above, it should be clear

that sorption in glassy polymers will depend on the

material’s prior history as supported by many obser-

vations [60, 61]. The unrelaxed volume of the glass

may decrease with aging time, especially at tempera-

tures just below Tg, leading to decreased sorption

[60]. On the other hand, sorption of gases or vapors

in the polymer may lead to an increased unrelaxed

volume upon desorption that in turn leads to

increased sorption in subsequent experiments [61].

These effects of conditioning are sometimes mani-

fested as hysteresis between sorption and desorption

observations [4].
Sorption of large enough amounts of gases and

vapors in any polymer causes plasticization; one

manifestation of this is a reduction in the glass transi-

tion temperature. Because of this, the sorption

isotherm under certain conditions may exhibit the

characteristic glassy-type shape (see PPO data in

Figure 3) at low pressures and then revert to the

characteristic rubbery-type shape (shown by butyl

rubber in Figures 2 and 3) at high pressures [62].

This can be seen for glassy polymers whose Tg values

are not much higher than the temperature of sorption
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and whose Tg values are lowered by plasticization as
gas or vapor is sorbed such that the original glass
becomes a rubber within the range of pressure over
which the isotherm is measured. Figure 5 shows an
example of this for sorption of CO2 in a polystyrene
containing 3 wt.% of the lubricant, mineral oil [62].

1.04.3.3 Semi-Crystalline Polymers

In most cases, penetrants do not dissolve in the crystal-
line regions of semi-crystalline polymers [63]. The
reason for this is that usually the crystal is significantly
more dense than the amorphous phase; thus, there is
much less free volume to accommodate insertion of
penetrants. However, there are some exceptions
where the crystals are similar in density as the amor-
phous phase in which case there is evidence for
solubility in the crystal phase [64–66]. If there is no
solubility in the crystalline regions, then sorption is
modulated by the extent of crystallinity [63]. The
shape of the sorption isotherm is dictated by whether
the amorphous phase is above or below its Tg.

1.04.3.4 Sorption of Gas or Vapor Mixtures

For membrane separation processes the feed contains
two or more types of gases. In the simplest of cases
when the extent of sorption by all species is quite
small, the individual components sorb as if the others
are not present. However, there can be interactions
between the penetrants or between one or more of

the penetrants and the membrane polymer that cause
more complex behavior; in these cases, mixed gas
sorption data may be needed [67, 68]. The most
typical case is where one component is sorbed to a
rather considerable extent plasticizing the polymer
and, thereby, altering the sorption behavior of other
components. In glassy polymers, there may be com-
petitive sorption effects that can be described by an
extension of the dual sorption model [69].

1.04.4 Permeation of Gases and
Vapors in Polymers

To understand or describe the permeation of small
molecules through polymer membranes by the solu-
tion-diffusion mechanisms requires combining the
results in Sections 1.04.3 and 1.04.4 using only appro-
priate assumptions so that the details of interest can
be captured. Permeation involves transferring com-
ponents from an upstream fluid phase into the
membrane, diffusion through the membrane, and
then transferring these components to a downstream
fluid phase. Basically, the sorption behavior discussed
in Section 1.04.3 defines the boundary conditions for
the diffusion in the membrane discussed in Section
1.04.2. In nearly all cases the surfaces of the mem-
brane are in equilibrium with the fluid phase to
which they are adjacent. Permeability coefficients
are based on the driving force difference between
the upstream and downstream fluid phases while
diffusion coefficients are based on the driving force
difference between the two surfaces but within the
membrane phase.

1.04.4.1 Rubbery Polymers

First, we consider the steady-state permeation of
simple gases in rubbery polymers where Equations
(20) and (6) adequately describe the sorption and
diffusion processes. Assuming D 1m is not concentra-
tion dependent, Equation (6) can be integrated across
the membrane to get

N1 ¼ D 1m
C10 –C1,

,
ð23Þ

where , is the membrane thickness, C10 and C1, are
the concentrations of 1 in the membrane at the
upstream (z¼ 0) and downstream (z¼ ,) surfaces,
respectively. From Equation (20), C10 ¼ S1p10 and
C1, ¼ S1p1,, where p10 and p1, are the partial pres-
sures of 1 in the upstream and downstream fluid
phases, respectively. Thus, Equation (23) becomes
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N1 ¼ D 1m
S1p10 – S1p1,

,
¼ D 1mS1

�p1

,
ð24Þ

where �p1 ¼ p10 ¼ p1,. The permeability coefficient
P1, in general, is defined by

P1 X
,N1

�p1
ð25Þ

but is given by the product D 1mS1 in this case.
If a second gas 2 is also permeating but the con-

centrations of both 1 and 2 are small enough that D im

and Si are the same as if the other gas were not present,
then the permeation in the mixed gas case can be
described by the pure gas coefficients. An often-used
measure of the selectivity of this permeation process is
the ratio of the permeability coefficients:

P1

P2
¼ D 1m

D 2m

� �
S1

S2

� �
ð26Þ

that is the product of diffusion and solubility selec-
tivity components.

Transient permeation experiments are often used
to obtain the P, D , and S coefficients. In this experi-
ment, the membrane is degassed from both sides until
no sorbed gas remains. At time t¼ 0, a certain fixed
pressure is imposed at the upstream surface of the
membrane while the total amount of gas that has
exited the downstream membrane surface until time
t, Qt , is measured. The result will look like the graph
of Qt versus t shown in Figure 6. Eventually, a steady
state is reached where the flux is given by
ð1=AÞ dQ =dtð Þss, where A is the membrane area.

Extrapolation of the linear region of Qt versus t

intercepts the time axis at t¼ �. This time lag, �,

reflects the time it takes for a steady-state concentra-

tion profile to build inside the membrane (see inset in

Figure 6). To describe this unsteady-state situation

requires combining Equation (6) with a differential

mass balance to get Fick’s second law:

@C1

@t
¼ –

@N1

@z
¼ @

@z
D 1m

@C1

@z

� �
¼ D 1m

@2C1

@z2
ð27Þ

The last step is only justified when the diffusion

coefficient does not depend on concentration.

Equation (27) can be solved [70] using the conditions

at the membrane surface described earlier, that is,

C1¼ 0 for all z at t < 0, then for t� 0 C10¼ constant

and C1, = 0. From such a solution, the following

important result can be deduced [70]:

� ¼ ,2

6D 1m
ð28Þ

Thus, by the transient permeation experiment one

measures � and P from which D 1m is obtained from

Equation (28) and S1 from P1 ¼ D 1m S1. Of course, S1

can also be measured directly using sorption experi-

ments. Often, diffusion and solubility coefficients are

deduced from transient experiments when the

assumptions implicit in the above are not strictly

met, for example, a concentration-dependent diffu-

sion coefficient, in which case these coefficients

should be considered apparent values; they may still

have some utility, however.
For rubbery polymers, highly condensable gases

or vapors may no longer follow Henry’s law but

follow relations more similar to those in Figure 1.

In principle, the same methodology described above

can be followed, but certain caveats apply. First, the

solubility coefficient is no longer a constant. Second,

the diffusion coefficient is most likely not constant

due to plasticization. Finally, at high penetrant con-

centrations, the convective terms seen in Equations

(2)–(4) may not be negligible as assumed in

Equations (5) and (6). When there is only a single

penetrant, these problems can be dealt with using

somewhat more complicated mathematical analyses

and more detailed experimental measurements. For

example, Equation (4) can be integrated as follows for

a steady-state analysis:

Z ,

0

n1dz ¼ n1, ¼
Z w10

w1,

�D 1m

1 –w1

� �
dw1 ð29Þ
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Figure 6 Amount of gas that has permeated through a
membrane in time t illustrating a transient permeation

experiment. Inset shows how the concentration profile

develops over time.
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If one knows D 1m as a function of w1, then the
integration can be carried out, at least numerically,
to calculate the flux as a function of the boundary
conditions or the external fluid phase partial pres-
sures, or activities, assuming the sorption isotherm
has been measured. More often than not, the situation
is that n1 has been measured as a function of the
external fluid phase conditions and the issue is to
deduce D 1m (w1) from this information. Often one
assumes a mathematical form for D 1m (w1) such as

D 1m ¼ D 1mð Þ0e – Aw1 ð30Þ

and performs the integration in Equation (29), per-
haps with some simplifications, and fits the resulting
mathematical form to the experimental data to get
the model parameters.

However, when there are two or more penetrants, as
there always is for separations, this problem grows more
complex in several respects. In general, the various
components do not sorb or diffuse as if the others
were not there as in the case for very slightly soluble
gases (e.g., see Equation (26)). Rather, the permeation of
the species may be coupled in various ways. At the very
least, the diffusion coefficient for one species may
depend not only on its own concentration but on the
concentration of all the other species as well. In the
simplest of these cases, all the diffusion coefficients
depend on the total penetrant concentration, that is,
w ¼ w1 þ w2 for the case of two penetrants. Such an
approach has recently been described, and the reader is
referred to Reference 68 for the details.

Coupling at a more subtle level may occur by
the flux of one species depending on the gradient of
the concentration of another species. These issues, plus
the frame of reference terms, are formally considered
in the Maxwell–Stefan equations discussed in Section
1.04.2.2. This level of complexity has rarely been used
in analyzing membrane processes for understandable
reasons. However, a recent paper provides an in-depth
experimental study with the results analyzed by the
Maxwell–Stefan equations as well as Fick’s law [68]. In
this case, the contribution of the extra effects included
by the Maxwell–Stefan approach versus Fick’s law was
of similar order as the experimental uncertainty. It is
premature to judge if this conclusion is general or not.

1.04.4.2 Glassy Polymers

Steady-state permeation of a gas through a glassy
polymer raises the questions of whether there are
two populations of sorbed gas as implied by

Equation (21) and, if there are, do they have different
levels of mobility. A vast body of literature too
numerous to list here has dealt with these questions
[9, 57, 72–77]. Within the context of the dual sorption
idea, the following model for the flux of a pure gas
has been widely used [9, 57, 72, 73]:

Flux ¼ –DD
@CD

@z
–DH

@CH

@z
ð31Þ

where two diffusion coefficients and concen-
trations corresponding to the Henry’s law
population (D¼ dissolved) and the Langmuir popu-
lation (H¼ holes) in Equation (21) are used. At first
glance, Equation (31) would appear to suggest two
parallel and independent pathways of diffusion; how-
ever, Barrer [73] has shown that this model is more
general. A steady-state analysis of Equations (21) and
(31) shows the permeability coefficient, P, to be given
by [72]

P ¼ kDDD 1þ FK

1þ bp0

� 	
ð32Þ

where F ¼ DH=DD;K ¼ C9Hb=kD, and p0¼ upstream
pressure of the permeating gas; the downstream pres-
sure has been assumed to be zero. For clarity,
subscripts denoting the component have been omitted.
Equation (32) indicates that the permeability
decreases slightly as p0 increases as has been observed
repeatedly for glassy polymers [9, 57, 58]. Figure 7
shows data for CO2 permeation in PPO [39] plotted as
suggested by Equation (32); clearly, the experimental
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Figure 7 Permeability of CO2 in poly(phenylene oxide) as
a function of upstream pressure, p0, plotted as suggested

by Equation (32). From Maeda, Y. PhD Dissertation,

University of Texas at Austin, 1985.
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results conform quite well to this theoretical predic-
tion as has been shown repeatedly for glassy polymers
when complicating factors like plasticization are not
important [9, 57, 58, 74–77]. The parameters of
Equation (21) can be deduced by fitting of sorption
data while the parameters DD and F can be obtained by
fitting of permeation data to Equation (32); the data in
Figure 7 give a value of F¼ 0.06 which is typical of
most glassy polymers. The implications are that the
Langmuir part of the sorption processes in glassy
polymers tends to partially trap gas molecules, that
is, their mobility is about an order of magnitude less
than the gas molecules sorbed by the equilibrium or
Henry’s law mode.

An analysis of transient permeation has been made
for the case when Equations (21) and (31) apply
[9, 72] and predicts the time lag � to be a complex
relation of the form

� ¼ ,2

6DD
1þ f K ; F ; bp0ð Þ½ � ð33Þ

where the function f is quite involved [72]. This
relation predicts that � is a decreasing function of p0

as observed experimentally [9, 58]; this is in contrast
to the simple equation (28) where � is independent of
the upstream pressure. Clearly, values of the solubi-
lity, diffusion and permeability coefficients for glassy
polymers computed by the methods outlined in
Section 1.04.4.1 are only apparent values and are
pressure dependent. Nevertheless, such quantities
are useful and widely used in the literature, for
example, Equation (26) continues to be used to assess
what part of the permselectivity (i.e., P1/P2) is due to
solubility versus diffusive selectivity [4, 8].

The above results assume that effects due to plas-
ticization by the sorbed gas are not significant;
however, as the concentration of the gas in the poly-
mer increases to high enough levels due to very high
pressures or high intrinsic solubility (e.g., highly con-
densable gases like CO2 or vapors), plasticization
inevitably occurs and the above analyses no longer
describe the observations. A particularly important
example of this involves separation of CO2 or light
hydrocarbons from high pressure natural gas [4, 7, 8].
Typically, the permeability of glassy polymers to
CO2 will first decrease as the driving pressure
increases as expected from Equation (32) and then
go through a minimum and rise with further
increases in upstream pressure owing to plasticiza-
tion [14–82]. Formally, one can describe such effects
by assigning concentration dependence to the para-
meters in Equations (21) and (31) [78]; however, this

increases the number of parameters and the resulting

analyses become very complex and can be devoid of
physical meaning as a result. Since glassy polymers

are not in equilibrium, the observations also become

time dependent [79, 80] and may show hysteresis as

the pressure is moved up and down [43].
For gas separations by glassy polymers, pure gas

permeation behavior is not always a reliable indicator
of mixed gas behavior. As a result, mixed gas mea-

surements for both sorption and permeation may be

needed [82]. Even in the absence of plasticization,

competitive sorption effects can occur such that the

presence of one component affects the transport of
the other as shown by theoretical analyses and

experiment [83, 84]. These effects can become quite

severe in very high free volume polymers [85]. Of

course, plasticization complicates the behavior even

further [83, 85–87]. An active area of research is the
development of membrane materials that are more

resistant to plasticization [82, 86–89].

1.04.4.3 Semi-Crystalline Polymers

As described in Section 1.04.3.3, the presence of crys-

tallinity in a polymer generally reduces the sorption
of penetrants since usually these molecules do not

enter the crystals. The effects on permeation can be

even more dramatic since the shape of the crystals, in

addition to their amount, affects the diffusion process

owing to the tortuosity effect. In addition, the pre-
sence of crystals may alter the mobility of the

penetrant in the amorphous phase. Further discus-

sion of this complex, but important, behavior will not

be given here since generally semi-crystalline poly-

mers are not used for membranes owing to their
usually lower permeability and issues of processing.

The reader can consult a few key references to begin

exploring this subject [90–92].

1.04.5 Liquid Permeation in
Membranes

There are at least two important membrane pro-

cesses (reverse osmosis [1, 16] and pervaporation

[2]) that operate by a solution-diffusion mechanism

where the feed is a liquid. Here, the latter is dealt
with briefly while the former is analyzed more

extensively.
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1.04.5.1 Pervaporation

In this process, a mixture of liquids, for example,
ethanol and water or aromatic and aliphatic hydro-
carbons, are fed to the upstream side of a dense
membrane while the permeate leaves as vapor; thus,
the term stems from permeationþ evaporation.
This is a very complex process to describe mathe-
matically since interactions of the permeating species
with the polymer and with each other clearly require
the consideration of plasticization, convective terms,
and possibly coupling as treated by the Maxwell–
Stefan equations. There is a vast experimental and
theoretical literature on the topic; it is beyond the
scope here to review this.

Here, we treat the problem in its simplest possible
form where all of the complications mentioned above
are ignored. We assume that the equilibrium uptake
of component 1 by the membrane is w1

� and that the
activity of 1 in the polymer is given by am

1 ¼ w1=w�1 .
Ignoring convective terms, plasticization or interac-
tion issues, the flux of 1 would then be given by [9]

n1 ¼ –
�D 1m

,
w10 –w1,ð Þ ¼ �w�1 D 1m

,
1 – p1=p�1

 �

ð34Þ

since by our assumptions am
1, ¼ w1=w�1 ¼ p1=p�1 . In

the limit of a high vacuum on the downstream side,
the maximum possible flux becomes [9]

n1 ¼
�w�1 D 1m

,
ð35Þ

We will return to this result later. Clearly, the
permselectivity of species 1 relative to 2 is given by
the product of solubility and diffusivity parts as in
Equation (26). Of course, in practice the flux and
permselectivity are described by much more com-
plex relations [2, 71].

1.04.5.2 Reverse Osmosis

Reverse osmosis refers to a process where a solvent
(species 1) and solute (species 2) are fed to the
upstream of the membrane at a high pressure p0

while the permeate stream exits the downstream at
a lower pressure p, (typically atmospheric) as a liquid
with a lower content of solute. The most common
application of this process is desalination of water (1);
however, this technique may be applied to situations
where solvents and solutes other than water and salt
are involved. The main purpose here is to show how
the driving force �p ¼ p0 – p,ð Þ leads to the transport

of solvent across the membrane by a solution-

diffusion mechanism [16].
We begin with the binary form of Fick’s law given

in Equation (4); a similar result comes from Equation

(17) when w2 and n2 are small as assumed here. The

convective term in the denominator, (1�w1), can be

ignored when w1 is small but doing so results in a

redefinition of the binary diffusion coefficient when

w1 is significant compared to unity. Equation (4) is

written in either of the following differential or inte-

grated forms when � and D 1m are independent of

concentration:

n1 ¼ –
�D 1m

1�w1

dw1

dz
¼ �D 1m

, wmh i w10 –w1,ð Þ ð36Þ

The convective term in the denominator of the dif-
ferential form means that the concentration profile,
or w1 versus z, is not strictly linear which complicates
the integration. To retain the expected form of the
integration and its associated physical meaning, it is
convenient to define an average value of 1�w1¼wm

designated as wmh i. The thickness in Equation (36) is
the actual thickness of the membrane with a solvent
gradient which may differ from the dry thickness
when there is no solvent in the membrane or the
uniformly swollen thickness. The details of comput-
ing wmh i and , are given elsewhere [9] and are not
repeated here as it detracts from our main purpose.

The value of w10 –w1, to be inserted in Equation
(36) stems from the thermodynamic equilibrium the

two membrane interfaces have with the upstream and

downstream external phases (see schematic in

Figure 8). Paul et al. described an explicit procedure

for handling this thermodynamic analysis in reverse

osmosis or the so-called hydraulic permeation

μm
1� = μ s

1�

at z = �

μ1

p0

p�

w10

w1�

0 � z

μm
10= μs

10

at z = 0

Figure 8 Chemical potential, pressure, and concentration

profiles in a reverse osmosis membrane.
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[21–30]. The fundamental premise of this approach is
to realize that the conditions of mechanical equili-
brium require the pressure in a homogeneous,
supported membrane to be constant throughout its
thickness at the value imposed upstream, p0, as sche-
matically illustrated in Figure 8. This point, which
was somewhat controversial when first introduced,
now seems to be well recognized [14–16]. For any
species i, or component 1 as shown in Figure 8, the
chemical potentials in the phases on each side of
either membrane-solution interface are equal as
stipulated by thermodynamics. Inside either the solu-
tion or the membrane phases, we can write the
following expression for the chemical potential of i

in terms of activity (or concentration) and pressure as
follows:

�i ¼ �o
i þ RT ln ai þ �Vi p – prð Þ ð37Þ

where pr is an arbitrary reference pressure (we will
take this to be p,) and �o

i is a corresponding integra-
tion constant that depends on the reference pressure
chosen. Equation (37) assumes the membrane or
solution phases are effectively incompressible; and
if this is not the case, the last term can be replaced
by
R p

pr

�V idp. At the upstream interface (z¼ 0) where
the pressure is p0 in both the solution and membrane
phases, thermodynamics connects the activity in the
two phases as follows:

am
i0 ¼ as

i0e – �V m
i0

– �V s
i0ð Þ p0 – p,ð Þ=RT ð38Þ

From this point on, superscripts s and m refer to the
solution and membrane phase. At the downstream
surface (z ¼ ,), the pressure in the membrane phase
is p 0 while that in the solution phase is p, so there is a
pressure discontinuity and the activities on either
side are related by

am
i, ¼ as

i,e – �V m
i,

p0 – p,ð Þ=RT ð39Þ

In general, the partial molar volume of i will be
different in the two phases and will depend on the
concentration in these phases; thus, we need to des-
ignate �V i by both a superscript (phase) and a
subscript for location (z¼ 0). In many cases, we
may regard �V i as a constant independent of composi-
tion which is the same in both phases. In this case,
Equations (38) and (39) reduce to the following more
simple forms:

am
i0 ¼ as

i0 ð40Þ

am
i, ¼ as

i,e – �Vi p0 – p,ð Þ=RT ð41Þ

By a suitable theory or by experiment, the relation-
ship between the concentration of i and its activity in
a given phase can be established. For example, the
Flory–Huggins theory gives a convenient framework
for polymer systems.

We see from Equation (40) that the concentration
of solvent in the membrane at its upstream surface in
hydraulic permeation is the equilibrium swelling,
w10, of the polymer in the pure solvent as

i0 ¼ 1
� �

or
the upstream solution for the general case. On the
other hand, Equation (41) shows that the pressure
discontinuity decreases the activity of solvent
(hence, its concentration) in the membrane at the
downstream surface, that is, solvent is squeezed out
leading to a concentration gradient within the mem-
brane. This is the origin of the diffusional flux
induced by the pressure applied upstream.

The general results above can be expressed in
some commonly used forms by using the definition
of osmotic pressure in the external liquid phases,

� ¼ – RT,nas
1= �V 1, and an assumption of ideality in

the membrane phase, that is, am
1 ¼ w1=w�1 , where w�1

is the equilibrium swelling of the membrane in the
solvent 1; when no solute is present, that is, as

1 ¼ 1.
With these, Equations (40) and (41) become

w10 ¼ w�1e – �V1�0=RT ð42Þ

w1, ¼ w�1 e – �V1�,=RT
� 

e – �V1�p=RT
� 

ð43Þ

Thus, we get

ðw10 –w1,Þ ¼ w�1e – �V1�,=RT 1 – e – �V1ð�p –��ÞRT
h i

¼ w10 1 – e – �V1ð�p –��ÞRT
h i ð44Þ

where �� ¼ �0 –�,. When the exponent is small
enough, a series expansion of the exponential term
is justified such that

w10 –w1,ð Þ ffi w10
�V1 ð�p –��Þ

RT
ð45Þ

Equations (36) and (45) can be combined to get

n1 ¼
D 1mCm

10
�V1 �p –��ð Þ
,RT

ð46Þ

which is the classical result for solvent flux in reverse
osmosis when <wm> � 1 and Cm

1 ¼ �w1 [1, 9].
To develop a relation for solute (salt) flux from

Fick’s law, it has been correctly argued for desalina-
tion purposes that the pressure should have a
negligible effect on salt partitioning into the
membrane; thus, we can write
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n2 ¼ – D 2m
dCm

2

dz
ffi D 2m

�Cm
2

‘
¼ D 2m K2

Cs
20 –Cs

2‘

‘

� �

ð47Þ

where K2 is the distribution coefficient for salt (or
solute) between the solution and membrane phases.
Using the definition of solute rejection

R ¼ 1 –Cs
2,=Cs

20 ð48Þ

and a mass balance, Equations (46) and (47) can be
combined to obtain the familiar result [1, 16]

R ¼ 1þ D 2m K2 RT Cs
1‘

D 1m Cm
1

�V1 �p –��ð Þ

� � – 1

ð49Þ

For our purposes here, it will prove useful to recast
these results in another form by defining permeabil-
ity coefficients as follows:

P2 ¼ K2D 2m where K2 ¼ Cm
2 =Cs

2 ð50Þ

P1 ¼ K1D 1m where K1 ¼ Cm
1 =Cs

1 ffi Cm
1 =�1 ð51Þ

where in the latter the solvent concentration in the
external phase is taken to be the pure solvent density
�1 which is valid for relatively dilute solutions. We
now define a selectivity factor � for solute over sol-
vent in analogy with other membrane terminology:

� ¼ P2=P1 ¼ �S�D ¼
�1K2

Cm
1

� �
D 2m

D 1m

� �
ð52Þ

where �S and �D represent the solubility and diffu-
sivity components.

The limitations of the simple theory embodied in
Equations (46) and (49) have been described previously

[9]. One of these is that the simple linear relation

between Cm
10 –Cm

1,

� �
and the net pressure driving force

given in Equation (46) only holds for small driving

forces. Clearly Cm
1,, or w1,, can, at most, only go to zero

and this occurs at infinite pressure. Thus, the relation

between solvent flux and the pressure driving force

must be nonlinear in the general case. The upper limit

on flux, when �p!1, is given by

n1 !
Cm

10D 1m

‘ wmh i ð53Þ

or the result of Equation (35) when wmh i� 1. Thus,
the limit on solvent flux in reverse osmosis is the
same as that in pervaporation; these connections are
reviewed more extensively elsewhere [14, 16].

For reverse osmosis or hydraulic permeation, one
might ask when do nonlinearities in flux–pressure rela-

tionship become important. First, it is important to

recognize three separate causes for nonlinearities. The

simplest arises when the argument of the exponential

term in Equation (44) is too large to use the truncated

series expansion introduced to obtain Equation (45).

The difference between Equations (44) and (45) is 5%

(typical of the level of experimental sensitivity) when
�V 1ð�p –��Þ=RT ¼ 0:1. For water where �V 1> 18

cm3 mol�1, this requires pressures of the order of

136 atm or 2000 psi; such pressures are usually not

reached in reverse osmosis applications so nonlinearity

from this source would never be expected. However,

for an organic solvent with �V 1> 100 cm3 mol�1, this

5% discrepancy occurs at the much lower pressure of

24.5 atm or 360 psi; such pressures might easily

be required in such a membrane operation. At
�V 1> 300 cm3 mol�1, the pressure is correspondingly

lower at 8.2 atm or 120 psi. Thus, high partial molar

volumes bring these effects into a range where they

may not be negligible; water is a special case because

of its low molecular weight. For highly swollen

membranes, the term wmh i cannot be approximated

as unity and will depend on pressure adding another

potential source of nonlinearity. The final source of

nonlinearity can be the concentration dependence of

the diffusion coefficient.
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1.05.1 Materials and Structures
of Synthetic Membranes

Synthetic membranes show a large variety in their

physical structure and the materials they are made

from. Based on their structure, they can be classified

into four groups:

1. porous membranes,
2. homogeneous solid membranes,

3. solid membranes carrying electrical charges, and
4. liquid or solid films containing selective carriers.

Furthermore, the structure of membranes may be

symmetric, that is, the structure is identical over the

entire cross section of the membrane, or it may be

asymmetric, that is, the structure varies over the cross

section of the membrane.

The materials used for the preparation of mem-
branes include polymers, ceramics, glass, metals, or

liquids; and the materials may be neutral or carry

electrical charges, that is, fixed ions. The membrane

conformation can be flat, tubular, or a hollow fiber.

The schematic drawing of Figure 1 illustrates the

The chapter is based on a series of lectures Prof. Strathmann has

given at ITM-CNR during advanced courses for Ph.D Students and

published in the book ‘‘An introduction to membrane science and

technology’’, Strathmann H., Giorno L., Drioli E., CNR, Rome, 2006.
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morphology, materials, and configuration of some
technically relevant synthetic membranes.

1.05.1.1 Symmetric and Asymmetric
Membranes

As indicated earlier, synthetic membranes may have
a symmetric or an asymmetric structure. In a sym-
metric membrane, the structure and the transport
properties are identical over the entire cross section
and the thickness of the entire membrane determines
the flux. Today, symmetric membranes are mainly
used in dialysis and electrodialysis. In asymmetric
membranes, structural as well as transport properties
vary over the cross section of the membrane. An
asymmetric membrane consists of a 0.1–1-mm-thick
skin layer on a highly porous 100–200-mm-thick sub-
structure. The skin represents the actual selective
barrier of the asymmetric membrane. Its separation
characteristics are determined by the nature of the
material or the size of pores in the skin layer. The
mass flux is determined mainly by the thickness of
the skin. The porous sublayer serves only as a
support for the mostly thin and fragile skin and has
little effect on the separation characteristics or the
mass transfer rate of the membrane. Asymmetric
membranes are primarily used in pressure-driven
membrane processes such as reverse osmosis,
ultrafiltration, or gas and vapor separation, since
here the unique properties of asymmetric mem-
branes, that is, high fluxes and good mechanical
stability, can be best utilized. Two techniques are

used to prepare asymmetric membranes: one utilizes

the phase-inversion process, which leads to an inte-

gral structure with the skin and the support structure

made from the same material in a single process [1],

and the other resembles a composite structure where

a thin barrier layer is deposited on a porous

substructure in a two-step process [2]. In this case,

barrier and support structures are generally made

from different materials.

1.05.1.2 Porous Membranes

A porous structure represents a very simple form of a

membrane, which closely resembles the conventional

fiber filter as far as the mode of separation is con-

cerned. These membranes consist of a solid matrix

with defined holes or pores which have diameters

ranging from less than 1 nm to more than 10mm.

The macromolecular size of the species to be sepa-

rated plays an important role in determining the pore

size of the membrane to be utilized and the related

membrane process. Porous membranes with average

pore diameters larger than 50 nm are classified as

macroporous; those with average pore diameters in

the intermediate range between 2 and 50 nm are clas-

sified as mesoporous; and membranes with average

pore diameters between 0.1 and 2 nm are classified as

microporous. Dense membranes have no individual

permanent pores, but the separation occurs through

fluctuating free volumes. The schematic representa-

tion of such classification is illustrated in Figure 2.

Membrane configuration

Membrane structures

Homogeneous
films

Cylindrical
pores

Porous skin
layer

Homogeneous
skin layer

Sponge-type
structures

Integral asymmetric Composite structures

Homogeneous
skin layer

Membrane materials

LiquidsMetalsGlassCeramicsPolymers

Symmetric Asymmetric

Flat sheet Spiral wound Tubular Capillary Hollow fiber

Figure 1 Schematic drawing illustrating the various materials, structures, and configuration of technically relevant synthetic

membranes.
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In pressure-driven membrane processes, the
separation of the various components is achieved by
a sieving mechanism with the pore diameters and the
particle sizes being the determining parameters. In
thermally driven membrane processes, the separation
is based on the principle of phase equilibrium where
the non-wetability of membrane pores is the deter-
mining parameter. Porous membranes can be made
from various materials such as ceramics, graphite,
metal or metal oxides, and various polymers. Their
structure may be symmetric, that is, the pore dia-
meters do not vary over the membrane cross section,
or they can be asymmetric, that is, the pore diameters
increase from one side of the membrane to the other
typically by a factor of 10–1000. The techniques for
the preparation of porous membranes can be rather
different and include simple pressing and sintering of
polymer or ceramic powders, irradiation and leach-
ing of templates, as well as phase-inversion and
polymer precipitation procedures or sol–gel conver-
sion techniques. Porous membranes are used to
separate components that differ markedly in size or
molecular weight in processes such as micro- and
ultrafiltration or dialysis [3].

1.05.1.3 Homogeneous Dense Membranes

A homogeneous membrane is merely a dense film
through which a mixture of molecules is transported
by a pressure, a concentration, or an electrical poten-
tial gradient. The separation of the various
components of a mixture is directly related to their

transport rates within the membrane phase, which is
determined by their diffusivities and concentrations
in the membrane matrix. Therefore, homogeneous
membranes are referred to as solution–diffusion-
type membranes [4]. They can be prepared from
polymers, metals, metal alloys, or, in some cases,
ceramics, which may also carry positive or negative
electrical charges. Since the mass transport in homo-
geneous membranes is based on diffusion, their
permeabilities are rather low. Homogeneous mem-
branes are used mainly to separate components
which are similar in size but have different chemical
nature in processes such as reverse osmosis, gas and
vapor separation, and pervaporation [5]. In these
processes, asymmetric membrane structures are
used, which consist of a thin homogeneous skin
supported by a porous substructure.

1.05.1.4 Ion-Exchange Membranes

Films carrying charged groups are referred to as ion-
exchange membranes. They consist of highly swollen
gels carrying fixed positive or negative charges. The
properties and preparation procedures of ion-
exchange membranes are closely related to those of
ion-exchange resins [6]. There are two different
types of ion-exchange membranes:

1. cation-exchange membranes, which contain nega-
tively charged groups fixed to the polymer matrix
and

2. anion-exchange membranes, which contain posi-
tively charged groups fixed to the polymer matrix.

10−10 10−9 10−8 10−7 10−6 10−5 10−4

Membrane
type

Membrane
process

Pore or particle
size (m)

Separated
components

Non-
porous

Micro-
porous

Meso-
porous

Porous

Reverse osmosis
Gas separation
Pervaporation

Nanofiltration
Ultrafiltration

Microfiltration

Gases
vapors

Soluble salts

Sugars

Proteins

Viruses

Bacteria

Emulsions

Colloids

Figure 2 Schematic classification of membranes, related processes, and separated components.
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In a cation-exchange membrane, the fixed anions are
in electrical equilibrium with mobile cations in the
interstices of the polymer. In contrast, the mobile
anions are more or less completely excluded from
the cation-exchange membrane because of their elec-
trical charge, which is identical to that of the fixed
ions. Due to this exclusion of the anions, a cation-
exchange membrane permits transfer of cations only.
Anion-exchange membranes carry positive charges
fixed on the polymer matrix; therefore, they exclude
all cations and are permeable to anions only.
Although there are a number of inorganic ion-
exchange materials, most of them based on zeolites
and bentonites, these materials are rather unimpor-
tant in ion-exchange membranes compared to
polymer materials [7]. The main applications of
ion-exchange membranes are in electrodialysis or
electrolysis [8]. They are also used as ion-conducting
separators in batteries and fuel cells.

1.05.1.5 Liquid Membranes

Liquid membranes are mainly used in combination
with the so-called facilitated transport, which is
based on carriers that transport certain components
such as metal ions selectively across the liquid mem-
brane interphase.

Generally, it is no problem to form a thin fluid
film. It is difficult, however, to maintain and control
this film and its properties during a mass separation
process. In order to avoid a breakup of the film, some
type of reinforcement is necessary to support such a
weak membrane structure. Two different techniques
are used today for the preparation of liquid mem-
branes. In the first case, the selective liquid barrier
material is stabilized as a thin film by a surfactant in
an emulsion-type mixture [9]. In the second techni-
que, a porous structure is filled with the liquid
membrane phase. Both types of membranes are
used today on a pilot-plant stage for the selective
removal of heavy metal ions or certain organic sol-
vents from industrial waste streams [10]. They have
also been used rather effectively for the separation of
oxygen and nitrogen.

1.05.1.6 Fixed Carrier Membranes

Fixed carrier membranes consist of a homogeneous
or porous structure with functional groups, which
selectively transport certain chemical compounds.
These membranes can have a symmetric or an asym-
metric structure depending on their application.

Fixed carriers may be not only ion-exchange groups
but also complexing or chelating agents. They are
used today, for example, in co- and counter-current
transport and in the separation of alkane/alkene
mixtures.

1.05.1.7 Other Membranes

Inorganic membranes prepared from zeolites [11, 12]
and from perovskites [13] have been studied and also
applied at the industrial level. The interesting
adsorption and catalytic properties of zeolites can
be well utilized when realized in a membrane
configuration.

1.05.1.7.1 Perovskites

The perovskite systems with their high selectivity for
O2 and H2, related to vacancies in the crystalline
structures, introduce a new transport mechanism
which makes them very promising materials for
potential use as dense ceramic membranes in gas
separation, high-temperature fuel cells, and mem-
brane reactors. Perovskite-type oxides have also
received attention because they combine a high
electronic and ionic conductivity. They have
been already studied as high-temperature super-
conductors, ferro- and piezoelectric materials,
magneto-resistive materials, and oxygen ion and pro-
ton conductors. For practical applications, these
membranes must possess sufficiently high oxygen
permeability and sustainable structural stability to
harsh conditions such as elevated temperature and
high oxygen or carbon dioxide concentrations.
Perovskite membranes can be made as disks or sheets
or tubes by pressing the perovskite powder into the
appropriate form and sintering at temperatures
between 1100 and 1500 �C.

1.05.1.7.2 Zeolite membranes

Zeolites with their interesting molecular sieving func-
tions, large surface areas, controlled host–substrate
interactions, and catalytic properties have always
been considered of interest for being utilized in mem-
brane configurations and operations [14]. Zeolites are
three-dimensional, microporous crystalline materials
with well-defined structures of voids and channels of
discrete size, which is accessible through pores of well-
defined molecular dimensions that contain aluminum,
silicon, and oxygen in their regular framework. They
can be classified into small, medium, large, and ultra-
large pore materials [15]. They can be processed into
symmetric self-supported membranes or asymmetric
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supported membranes [16]. The first type is consti-
tuted by pure zeolitic phase, while the second one
consists of the zeolite thin layer formed on a support.
Zeolites can separate molecules based on size, shape,
polarity, and degree of unsaturation. The combination
of many properties, such as the uniform pore dimen-
sions, the ion-exchange properties, the ability to
develop internal acidity, high thermal stability, and
large internal surface area, makes them unique
among inorganic oxides and also leads to unique
selectivity.

1.05.2 Membrane Preparation

The most important part in any membrane separa-
tion process is the membrane itself. Membranes are
very different as far as their structure, function,
transport properties, their transport mechanism,
and the material they are made from is concerned.
Just as diverse as the different membranes are, so
also are the methods of making them. Some mem-
branes are manufactured by simple sinter
techniques of fine powders, others are prepared by
irradiation and track etching of thin films or by
inversion of homogeneous liquid mixtures or melts
into heterogeneous solid phases. Composite
membranes are prepared by dip-coating techniques,
interfacial polymerization, and plasma polymeriza-
tion. Inorganic membranes are prepared as composite
structures using powder sintering techniques and the
sol–gel method. Liquid membranes with mobile selec-
tive carriers are prepared as emulsions or supported in
porous structures. Fixed carrier and ion-exchange
membranes are prepared by introducing positively
or negatively charged groups into suited polymer
structures.

The selection of a suitable base material and
preparation technique depends on the type of appli-
cation the membrane is to be used in. In some
applications, such as in gas separation or pervapora-
tion, the membrane material used as the barrier layer
is of prime importance for the performance of the
membrane. In other applications, such as in micro- or
ultrafiltration, the membrane material is not quite as
important as the membrane structure.

The most important characteristic of a membrane
is its selective transport properties, selectivity, and
permeability, that is, permselectivity.

The selectivity, combined with a significant
permeability, results from the intrinsic chemical

properties of the material forming the membrane

and its physical properties.
The choice of a given polymer as a membrane

material is not arbitrary, but based on specific prop-

erties, originating from structural factors, such as

molecular weight, chain flexibility, and chain

interaction.
The structural factors determine the thermal,

chemical, and mechanical properties of polymers.

Such factors also determine the permeability.
The molecular weight distribution is an important

property relative to membrane chain flexibility.

Chain flexibility is determined by two factors:

• the character of the main chain

• the presence and nature of the side chains or side
groups

Primary covalent bonds occur in network polymers.

Secondary intermolecular forces (dipole forces

(Debye forces); dispersion forces (or London forces);

and hydrogen bonding forces) occur in linear and

branched polymers.
The permeability of porous membranes is not

very much influenced by the choice of the polymer,

but chemical and thermal stability and also surface

effects such as adsorption and wettability are affected.

On the contrary, for dense nonporous membranes,

polymeric material directly influences the membrane

performance; in particular, the glass transition tem-

perature and the crystallinity are very important

parameters. The permeability is in general much

lower in the glassy state than in the rubbery state.

Transport takes place through amorphous rather

than crystalline regions. The mobility of the poly-

meric chain is very restricted in the glassy state, since

the segments cannot freely rotate around the main

chain bonds. In the rubbery state, the segments can

freely rotate along the main chain, implying a high

degree of chain mobility.
Thermal and chemical stability are favored by

rigid chain, aromatic ring, chain interactions, high

Tg, etc.

Flexible Less flexible

[�C�C�] [�CTC] [�C�CTC�C�] (organic)

[�Si�O�] [�PTN�] (inorganic)

R¼ [�H] no influence on rotational freedom
R¼ [�C6H5] reduces rotational freedom.
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As the stability of a polymer increases, it generally
becomes more difficult to process. The two effects of
stability and processability oppose each other.

Mechanical behavior involves the deformation of a
material under the influence of an applied force. The
mechanical properties of a polymeric membrane can be
improved by suitable supports, although hollow-fiber
and capillary membranes must be self-supporting.

Membrane preparation procedures are often
developed empirically and described in the literature
often as detailed recipes [17, 18, 19, 20].

1.05.3 Preparation of Porous
Membranes

Porous membranes consist of a solid matrix with
defined pores, which have diameters ranging
from less than 1 nm to more than 10 mm. They
can be made from various materials, such as ceramics,
graphite, metal or metal oxides, and polymers. Their
structure may be symmetric, or asymmetric.
Porous membranes are mainly used in microfiltra-
tion and ultrafiltration. They can be classified
according to

• the material they are made of, that is, ceramic or
polymer;

• their structure, that is, symmetric or asymmetric;
and

• their pore size and pore-size distribution.

The membrane material determines the mechanical
properties and the chemical stability of the

membrane. The chemical properties of the material
such as its hydrophilicity or hydrophobicity affect its
performance in a practical application due to specific
adsorption of feed mixture constituents.

The methods used most widely today for making
porous membranes are sintering of powders, stretch-
ing of films, irradiation and etching of films, and
phase-inversion or sol–gel processes. The different
structures, the material they are made from, their
preparation, and their typical applications are sum-
marized in Table 1.

1.05.3.1 Symmetric Porous Membranes
Prepared by Sintering, Track Etching, and
Leaching Techniques

Sintering is a rather simple technique to obtain por-
ous structures from organic as well as from inorganic
materials (Table 2).

A powder consisting of certain size particles is
pressed into a film or plate and sintered just below
the melting point of the material. The structure of a
typical sintered membrane is shown in the scanning
electron micrograph of Figure 3(a). This photo-
graph shows the surface of a porous membrane
made by pressing and sintering a plate of fine poly-
tetrafluoroethylene powder. The process yields a
porous structure of relatively low porosity in the
range of 10–40%, and a rather irregular pore struc-
ture with a very wide pore-size distribution. The
material selection for the preparation of sintered
membranes is determined mainly by the required
mechanical properties and the chemical and thermal

Table 1 Porous membranes, their preparation and application

Membrane type Membrane material
Pore Size
(�m) Preparation process Application

Symmetric porous

structures

Ceramic, metal, polymer,

graphite

0.1–20 Powder pressing and

sintering

Microfiltration, gas

separation

Symmetric porous
structures

Polymer of partial
crystallinity

0.2–10 Extruding and stretching of
films

Microfiltration,
battery separator

Symmetric porous

structures

Polymer, mica 0.05–15 Irradiation and etching of

films

Microfiltration,

point-of-use filter

Symmetric porous
structures

Polymer, metal, ceramic 0.5–20 Template leaching of films Microfiltration

Symmetric porous

structures

Polymer 0.5–10 Temperature-induced phase

inversion

Microfiltration

Asymmetric porous

structures

Polymer <0.01 Diffusion-induced phase

inversion

Ultrafiltration

Asymmetric porous

structures

Ceramic <0.01 Composite membrane

gel–sol process

Ultrafiltration
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stability of the material in the application of the

final membrane. Sintered membranes are made on

a large scale from ceramic materials such as alumi-

num oxides, graphite, and metal powders such as

stainless steel and tungsten. The particle size of the

powder is the main parameter determining the pore

sizes of the final membrane, typically ranging from

0.2 to 20 mm. The lower limit of the pore diameter is

determined by the particle size of the powder.

Sintered membranes can be made in the form of

disks, cartridges, or fine-bore tubes. They are used

for the filtration of colloidal solutions and suspen-

sions. They are also suitable for gas separation and

widely used for the separation of radioactive

isotopes.
Porous carbon membranes are also prepared by

pyrolizing preformed polyacrylonitrile membranes

in an inert atmosphere at 600–800 �C. The mem-

branes are generally coated on a porous ceramic

support or prepared as hollow fibers. Their pore

size is 1–4 nm. The membranes are used for both

ultrafiltration and gas separation. However, they are

very brittle and, thus, difficult to handle in large-

scale practical applications.

Another relatively simple procedure for preparing
porous membranes is the stretching of a homoge-

neous polymer film of partial crystallinity. This

technique is mainly employed with films of poly-

ethylene or polytetrafluoroethylene, which have

been extruded from a polymer powder at tempera-

tures close to its melting temperature coupled with a

rapid drawdown. The crystallites in the semi-crystal-

line polymer are aligned in the direction of drawing.

After annealing and cooling, the extruded film is

stretched perpendicular to the direction of drawing.

This leads to a partial fracture of the film, and rela-

tively uniform pores with diameters of 0.2–20 mm are

obtained. A typical stretched membrane prepared

from polytetrafluoroethylene is shown in the scan-

ning electron micrograph of Figure 3(b). The

membranes can be produced as flat sheets as well as

tubes and capillaries. Because of the hydrophobic

nature of the basic polymer, these membranes are

highly permeable for gases and vapors but imperme-

able for aqueous solutions. They are used in sterile

filtration, blood oxygenation, and membrane distilla-

tion. The stretched membranes made out of

polytetrafluoroethylene are also used as water

Table 2 Sintering method

Schematic of the Process Materials used

Heat Powders of polymers Polyethylene, PTFE, polypropylene

Membrane pore size distribution Powder of metals Stinless steel, tungsten

0.1–10mm Powder of ceramics Aluminium oxide, zirconium oxide
Porosity: 10–20% with polymers Powder of graphite Carbon

80% with metals Powder of glass Silicalite

(a) (b) (c)

Figure 3 Scanning electron micrographs of (a) a sintered membrane prepared from a polymer powder, (b) a membrane

prepared by stretching an extruded polytetrafluoroethylene film perpendicular to the direction of extrusion, and (c) a capillary

pore polycarbonate membrane made by track etching.
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repellent textile. Because of its high porosity, this

membrane has a high gas and vapor permeability,

but it is, up to a certain hydrostatic pressure,
completely impermeable to aqueous solutions.

Porous membranes with very uniform, almost
perfectly round cylindrical pores are obtained by a

process referred to as track etching [21]. The mem-

branes are made in a two-step process, as shown in
Figure 4. A film or foil (polycarbonate) is subjected

to high-energy particle radiation applied perpendi-

cular to the film. The particles damage the polymer

matrix and create tracks. The film is then immersed

in an acid (or alkaline) bath and the polymeric mate-
rial is etched away along the tracks to form uniform

cylindrical pores with narrow pore distribution –

pore size 0.2–10 mm and porosity 10%.
During the first step, a homogeneous 6–15-mm-

thick polymer film is exposed to collimated charged
particles in a nuclear reactor. As particles pass

through the film, they leave sensitized tracks where

the chemical bonds in the polymer backbone are

damaged. In the second step, the irradiated film is

placed in an etching bath. In this bath, the damaged
material along the tracks is preferentially etched

forming uniform cylindrical pores. The pore density

of a track-etched membrane is determined by the

residence time in the irradiator, while the pore dia-

meter is controlled by the residence time in the
etching bath. The minimum pore diameter of these

membranes is approximately 0.01mm. The maximum

pore size that can be achieved in track-etched mem-

branes is determined by the etching procedure and is

�5 mm. The scanning electron micrograph in
Figure 3(c) shows a typical track-etched polycarbo-

nate membrane. Capillary porous membranes are

prepared mainly from polycarbonate and polyester

films. The advantage of these polymers is that they

are commercially available in very uniform films of
10–15-mm thickness, which is the maximum

penetration depth of collimated particles obtained
from a nuclear reactor. Because of their narrow
pore-size distribution and low tendency to plug,
capillary porous membranes made from polycarbo-
nate and polyester have found applications on a large
scale in analytical chemistry and microbiological
laboratories, and in medical diagnostic procedures.
Capillary porous membranes are used on an indus-
trial scale for the production of ultrapure water for
the electronic industry. Here, they show certain
advantages over other membrane products because
of their short rinse-down time and good long-term
flux stability. Because of their surface filter charac-
teristics, particles retained by the membranes can be
further monitored by optical or scanning electron
microscopy.

Other techniques to produce porous microfiltra-
tion membranes are based on micro-lithography and
template leaching. These membranes often have a
narrow pore-size distribution and high fluxes. The
template leaching technique is also applied to pre-
pare membranes from glass, metal alloys, or ceramics
[22]. The preparation procedure for porous glass and
metal membranes is relatively simple: two different
types of glass or metals are homogeneously mixed;
then, one type is dissolved and a network with well-
defined pore sizes of the undissolved material is
obtained. For example, for porous glass membranes,
a homogeneous melt (1000–1500 �C) of a three-
component system (e.g., Na2O–Ba2O3–SiO2) is
cooled and the system separates in two phases, one
consisting mainly of SiO2, which is not soluble, while
the other is soluble. This second phase is leached out
by an acid or base and a wide range of pore diameter
can be obtained. The minimum pore size achievable
is 0.05 mm.

1.05.3.2 Symmetric Porous Polymer
Membranes Made by Phase-Inversion
Techniques

The so-called phase-inversion process, in which a
polymer is dissolved in an appropriate solvent and
spread as a 20–200-mm-thick film on a plate, a belt, or
a fabric support, prepares most commercially avail-
able symmetric microporous membranes. A
precipitant such as water is added to this liquid
film, causing separation of the homogeneous polymer
solution into two phases, that is, a polymer-rich solid
phase and a solvent-rich liquid phase. The precipi-
tated polymer forms a porous structure containing a
network of nearly uniform pores. A microporous

Radiation
source

Polymer film

Membrane with
porous structure

Etching bath

Figure 4 Track-etching method.
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cellulosic membrane made by phase inversion is
shown in the scanning electron micrograph of

Figure 5(a).
Porous phase-inversion-type membranes can be

made from almost any polymer, which is soluble in
an appropriate solvent and can be precipitated in a

nonsolvent. By varying the polymer, the polymer
concentration, the precipitation medium, and the

precipitation temperature, porous phase-inversion
membranes can be made with a very large variety

of pore sizes, from less than 0.1 to more than 20 mm,
and with varying chemical and mechanical proper-

ties. These membranes were originally prepared
from cellulosic polymers by precipitation at room

temperature in an atmosphere of approximately
100% relative humidity. Recently, symmetric micro-

porous membranes are also prepared from various
polyamides, polysulfone, and polyvinylidene difluor-

ide by precipitation of a cast polymer solution in
water. The phase-inversion process is today the

most important technique for obtaining porous struc-

tures. Polypropylene or polyethylene can also be
used for the preparation of porous membranes.

However, since these polymers are not readily dis-
solved at room temperature, the preparation

technique must be slightly varied. Polypropylene,
for example, is dissolved in an appropriate amine at

elevated temperatures. A solution of 20–30% poly-
mer is spread at elevated temperature into a film.

The precipitation of the polymer, however, is not
induced by the addition of a nonsolvent but merely

by cooling the solution to a point where a two-phase
system forms. The resulting open foam structure is

shown in Figure 5(b). The pore size of membranes
depends on the polymer concentration, the solvent

system, the solution temperature, and the cooling
rate. This membrane preparation technique is
usually referred to as thermal gelation.

The symmetric, porous polymer membranes made
by phase inversion are widely used for separations on
a laboratory and industrial scale. Typical applications
range from the clarification of turbid solutions to the
removal of bacteria or viruses, the detection of patho-
logical components, and the detoxification of blood in
an artificial kidney. The separation mechanism is that
of a typical depth filter which traps the particles some-
where within the structure. In addition to the simple
sieving effect, porous phase-inversion membranes
often show a high tendency of adsorption because of
their extremely large internal surface. They are, there-
fore, particularly well suited when a complete removal
of components, such as viruses or bacteria, is desired.
They are suited for immobilization of enzymes to be
used in modern biotechnology. They are also widely
used for culturing of microorganisms in water quality
control tests.

1.05.4 Preparation of Asymmetric
Membranes

Most membranes used today in large-scale separa-
tion processes have an asymmetric structure, which
consists of a very thin, that is, 0.1–1 mm selective
skin layer on a highly porous �100–200-mm-thick
substructure, as indicated in the scanning electron
micrographs of Figure 6, which shows the cross
section of an asymmetric membrane with a so-called
graded pore structure (Figure 6(a)) and an asym-
metric membrane with a finger-type structure

(a) (b)

Figure 5 Scanning electron micrograph of the surface of (a) a porous cellulose nitrate membrane prepared from a

homogeneous polymer solution by water vapor precipitation and (b) a porous polypropylene membrane precipitated by

thermal gelation from a hot polymer solution.
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(Figure 6(b)). The very thin skin represents the

actual membrane. It may consist of homogeneous

polymer or may contain pores. Its separation char-

acteristics are determined by the nature of the

polymer or the pore size in the skin, while the

mass transport rate is determined by the thickness

of the skin. The porous substructure serves only as a

support for the thin and sometimes fragile skin and

has little effect on separation characteristics or the

mass transfer rate of the membrane.
Figure 7 shows the schematic of the equipment

to prepare capillary membrane. A polymer solution

is pumped through the spinneret, where the non-

solvent flowing along the bore forms the lumen of

the capillary (or hollow fiber) membrane as it is

formed in the cogulation bath by phase inversion.
Asymmetric membranes are used primarily in

pressure-driven membrane processes such as

reverse osmosis, ultrafiltration, or gas separation,

as it is here that the unique properties in terms of

high mass transfer rates combined with good

mechanical stability can be best utilized. In addition

to high filtration rates, asymmetric membranes are

very resistant to fouling. Conventional symmetric

structures act as depth filters and retain particles

within their internal structure. These trapped

particles plug the membrane and so the flux declines

during use. Asymmetric membranes are surface fil-

ters and retain all rejected materials at the surface

where they can be removed by shear forces applied

by the feed solution moving parallel to the

membrane surface.
Two techniques are used to prepare asymmetric

membranes. The first technique utilizes the phase-

inversion process and leads to a membrane where the

skin and the substructure consist of the same poly-

mer. This membrane is referred to as integral

asymmetric. In the second technique, an extremely

Polymer
solution

Polymer
solution

Bore liquid

SpinneretGear
pump

Bore
liquid

Pump

Coagulation
bath

Flushing bath

Figure 7 Preparation of capillary membranes by immersion precipitation.

200 μm

(a) (b)

Figure 6 Scanning electron micrographs showing the cross section of (a) an asymmetric reverse osmosis membrane with a

graded pore structure and (b) an asymmetric ultrafiltration capillary membrane with a finger-type structure.
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thin polymer film is deposited on a preformed porous
substructure, leading to the so-called composite
membranes.

The development of the first integral asymmetric
membranes by phase inversion was a major break-
through in the development of ultrafiltration and
reverse osmosis. These membranes were made
from cellulose acetate and yielded fluxes 10–100
times higher than symmetric structures with com-
parable separation characteristics. Today, however,
most reverse osmosis membranes are composite
structures.

1.05.4.1 The Preparation of Integral
Asymmetric Membranes by Phase Inversion

Asymmetric phase-inversion membranes can be pre-
pared from virtually all polymers that are soluble at a
certain temperature in an appropriate solvent or sol-
vent mixture and can be precipitated as a continuous
solid phase by either changing the temperature or the
composition of the system by the following general
procedures [23, 24, 25, 26]:

• cooling of a homogeneous polymer solution,
which separates at a certain temperature in two
phases;

• evaporation of a volatile solvent from a homoge-
neous polymer solution with two or more solvents
of different dissolution capacity; and

• addition of a nonsolvent or nonsolvent mixture to
a homogeneous solution.

All the three procedures result in the formation
of two phases, that is, a liquid phase forming the
membrane pores and a solid phase forming the
membrane structure, which may be either sym-
metric and porous or asymmetric with a more or
less dense skin at one or both surfaces of a
porous bulk phase. The only thermodynamic
presumption for all the three preparation proce-
dures is that the system has a miscibility gap
over a defined concentration and temperature
range.

A phase separation caused by a temperature
change is called temperature-induced phase
separation and a phase separation caused by the
addition of a nonsolvent or nonsolvent mixture
to a homogeneous solution is referred to as dif-
fusion-induced phase separation. In the practical
membrane preparation, combination and certain
variations of the basic processes are used to

produce membranes with tailor-made structures
and properties.

1.05.4.2 The Practical Membrane
Preparation by the Diffusion-Induced Phase
Separation Process

The diffusion-induced phase-separation process
consists of the following consecutive steps:

• a polymer is dissolved in an appropriate solvent to
form a solution,

• the solution is cast into a film of the order of
100–500-mm thickness, and

• the film is quenched in a nonsolvent, typically
water or an aqueous solution.

During the quenching process, the polymer solution
separates into two phases: a polymer-rich solid phase
that forms the membrane structure, and a solvent-
rich liquid phase that forms the liquid-filled mem-
brane pores. Generally, the pores at the film surface,
where precipitation occurs first and most rapidly, are
much smaller than in the interior or at the bottom
side of the film. This leads to the asymmetric mem-
brane structure.

There are different variations to this general pre-
paration procedure described in the literature, for
example, sometimes an evaporation step prior to
the precipitation is used to change the composition
in the surface of the cast film and an annealing step is
applied to change the structure of the precipitated
membrane [27, 28].

The original recipes and subsequent modifica-
tions for preparing asymmetric membranes are
deeply rooted in empiricism. Detailed descriptions
of membrane preparation techniques are given in the
literature [1, 25, 29, 30, 31]. Only after extensive use
of the scanning electron microscope, which provided
the necessary structural information, was it possible
to rationalize the various parameters responsible for
the membrane structure forming processes. It then
became evident that both symmetric and asymmetric
porous structures can be prepared by the diffusion-
induced phase-separation process from a large num-
ber of polymers when the preparation parameters are
chosen correspondingly. The actual phase separation
or phase inversion cannot only be induced by the
addition of nonsolvent but also be induced by the
controlled evaporation of a volatile solvent from a
three-component mixture of solvent/precipitant/
polymer, causing precipitation as the system
becomes enriched in precipitant [24]. Alternatively,
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precipitation of a simple two-component polymer-
solvent casting solution can be brought about by
imbibing precipitant from the vapor phase [20].
This technique was the basis of the original porous
membranes and is still used commercially today by
several companies.

1.05.4.3 The Practical Membrane
Preparation by the Temperature-Induced
Phase-Separation Process

In the temperature-induced phase-separation pro-
cess, the precipitation of a casting solution is
achieved by cooling a polymer solution which
forms a homogeneous solution only at elevated tem-
perature, for example, polypropylene dissolved in
N,N-bis-(2-hydroxyethyl)tallow amine [23]. The
temperature-induced phase-separation process gen-
erally results in a symmetric porous structure. Under
certain experimental conditions, it can also result in
asymmetric structures [32]. The temperature-
induced phase separation is not only applicable to
polymers, but it is also used for the preparation of
porous membranes from glass mixtures and metal
alloys in combination with a leaching procedure, as
indicated earlier.

1.05.5 Rationalization of the
Phase-Inversion Membrane
Preparation Process

Although the recipes given in the literature for the
preparation of porous structures from polymers,
metals, or glasses by phase inversion are very differ-
ent, they are all based on similar thermodynamic and
kinetic parameters, such as the chemical potentials
and diffusivities of the individual components and
Gibb’s free energy of mixing of the entire system.
Identification of the various process parameters is the
key to understanding the membrane formation
mechanism – a necessity for optimizing membrane
properties and structures.

1.05.5.1 Phenomenological Description
of the Phase-Separation Process

A quantitative treatment considering all thermody-
namic and kinetic parameters involved in the
phase-inversion process is difficult. However, a phe-
nomenological description of the process with the aid
of the phase diagram of a mixture consisting of a

polymer, one or more solvents, and nonsolvents at
constant or different temperatures is very useful for a
better understanding of the relation between mem-
brane structure and the different preparation
parameters. It must, however, be realized that the
phase diagram is the thermodynamic description of
an equilibrium state. In the membrane formation
process, the phase separation is also determined by
kinetic parameters, and thermodynamic equilibrium
is generally not obtained on a macroscopic scale. The
quantitative description of the kinetics is difficult.
However, just a general thermodynamic description
of the phase separation based on the phase diagram of
the polymer/solvent/nonsolvent system provides
valuable information concerning the membrane
structures obtained by the phase-inversion process.

The temperature-induced phase separation of a
two-component polymer mixture is illustrated in
Figure 8(a), which shows a phase diagram of a two-
component mixture of a polymer and a solvent as a
function of temperature. The diagram indicates a
miscibility gap over a wide range of composition at
low temperature. Above a certain temperature, the
polymer and solvent form a homogeneous solution at
all compositions. At other temperatures, the system is
not stable at certain compositions and will separate
into two phases. This region is referred to as the
miscibility gap, which is surrounded by the binodale
curve. If a homogeneous polymer–solvent mixture of
a certain composition at a temperature Tl, as indi-
cated by point A in Figure 8(a), is cooled to the
temperature T2, as indicated by point B, it will sepa-
rate into two different phases, the composition of
which is indicated by the points B9 and B0. The
point B0 represents the polymer-rich phase and the
point B9 the solvent-rich polymer-lean liquid phase.
The lines B9–B and B0–B represent the ratio of
the amounts of the two phases in the mixture, that
is, the overall porosity of the obtained porous system.
If the polymer concentration in the polymer-rich
phase has reached a certain value, its viscosity is
increased to such an extent that it can be considered
as solid. The polymer-rich phase forms the solid
membrane structure and the polymer-lean phase
the liquid-filled pores.

The phase separation induced by the addition of a
nonsolvent to a homogeneous polymer solution is illu-
strated in Figure 8(b), which shows a three-component
isothermal phase diagram. The three-component mix-
ture exhibits a miscibility gap over a wide range of
compositions. If a nonsolvent is added to a solution
consisting of polymer and solvent, the composition of
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which is indicated by the point A on the solvent–poly-

mer line, and, if the solvent is removed from the
mixture at about the same rate as the nonsolvent enters,

the composition of the mixture will change following
the line A–B. When the composition of the system

reaches the miscibility gap it will separate into two
phases forming a polymer-rich phase represented by

the upper boundary of the miscibility gap, which is
determined by the binodale and a polymer-lean phase
represented by the lower boundary of the miscibility

gap. When the solvent is replaced completely by the
nonsolvent, the mixture has reached the composition

represented by point B. The point B represents a mix-
ture of the solid polymer-rich phase and a liquid

polymer lean phase of compositions B9 and B99, respec-
tively. Instead of adding a nonsolvent to a polymer–

solvent mixture, phase separation can also be achieved
by evaporation of a solvent from a solvent/polymer/

nonsolvent mixture, which is used as casting solution
for the membrane [24].

The description of the formation of porous sys-
tems by means of the phase diagrams, as illustrated in
Figure 8, is based on the assumption of thermody-

namic equilibrium. It predicts under which
conditions of temperature and composition a system

will separate into two phases. However, it will not
provide any information concerning the size of the

domains of the two phases and their shapes, that is,
the pore size, the pore shape, that is, finger- or
sponge-like, and the pore-size distribution of the

membrane. These parameters are determined by
kinetic parameters such as the diffusivities of the

various components in the mixture, the viscosity of
the solution, and the chemical potential gradients,

which act as driving forces for the diffusion of the
various components in the mixture. As these para-
meters change continuously during the phase
separation, which constitutes the actual membrane
formation process, no transient states of equilibrium
will be achieved. Therefore, the kinetic parameters
are difficult to determine by independent experi-
ments and, thus, they are not readily available. This
makes a quantitative description of the membrane
formation mechanism very difficult.

The phase-inversion process can make both sym-
metric and asymmetric membranes with rather
different structures from a variety of polymers, as
indicated before in the scanning electron micro-
graphs of Figures 5 and 6. Polymers that are used
today on a commercial basis to prepare membranes
by the phase-inversion process for various applica-
tions and processes are listed in Table 3. The
resistance of some of the polymers to organic solvents
is reported in Table 4.

1.05.6 Preparation of Composite
Membranes

In processes such as reverse osmosis, gas separation,
and pervaporation, the actual mass separation is
achieved by a solution–diffusion mechanism in a
homogeneous polymer layer. Since the diffusion pro-
cess in a homogeneous polymer matrix is relatively
slow, these membranes should be as thin as possible,
as indicated before. Therefore, an asymmetric mem-
brane structure is mandatory for these processes.
Unfortunately, many polymers with satisfactory
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Figure 8 Schematic diagram showing the formation of a microporous system by (a) thermal precipitation of a two-

component mixture and (b) addition of a nonsolvent to a homogeneous polymer solution in a three-component mixture

exhibiting a miscibility gap at certain conditions of temperature and composition. A, casting solution; B, membrane porosity;

B9, polymer-lean phase; B0, polymer-rich phase.
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selectivity and permeability for the various compo-
nents in gas mixtures or liquid solutions are not well

suited for the phase-inversion membrane preparation
process. This has led to the development of the so-
called composite membranes. A typical composite
membrane is shown schematically and as scanning

electron micrograph in Figures 9(a) and 9(b). It is
composed of a 20–1000-nm-thin dense polymer bar-
rier layer formed over an approximately 50–100-mm-
thick porous film.

The advantages of composite membranes over
integral asymmetric structures are that different
polymers may be used for the porous support and

the selective barrier layer. This means that poly-
mers, which show the desired selectivity for a
certain separation problem, but are not suited for
preparation into integral asymmetric membranes
because of poor mechanical strength or poor film-

forming properties, may well be utilized as the
selective barrier in composite membranes. On the
other hand, polymers suited for the preparation of
porous structures but without the required proper-

ties for a certain separation task can be used as
support structure. This expands the variety of avail-
able materials for the preparation of membranes
with properties required in a given separation task

considerably.
The preparation of composite membranes

involves two steps: the first is the preparation of a

suitable porous support and the second is the pre-
paration of the actual barrier layer on the surface of
the support structure. The performance of a com-
posite membrane is not only determined by the

properties of the selective barrier layer, but it is
also significantly affected by properties of the por-
ous support.

Although, almost exclusively, the actual barrier
layer determines the selectivity of a composite
membrane, its flux rate is also to some extent deter-
mined by the pore size and overall porosity of the
substructure. The effect of pore size and overall
porosity is illustrated in Figure 10 that shows an
idealized homogeneous barrier layer on a porous
support.

The actual diffusion pathway of the component
through the barrier layer into a pore of the support
structure is always longer than the thickness of
the barrier layer zo but shorter than the longest
path zmax.

If it is assumed that the transport in the support
structure is exclusively through the pores, the effec-
tive path length can be expressed as a function of the
overall membrane porosity, the thickness of the bar-
rier layer, and the radius of the pores in the support
structure by

zeff ¼ !zo þ ð1 –!Þ
1

2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
r 2

1 –!

!

� �s
þ z2

o þ zo

 !
ð1Þ

Here, zeff and zo are the effective diffusion path
length and the thickness of the barrier layer, respec-
tively, r is the radius of the pores in the support
structure, and ! is the surface porosity of the support
structure.

This relationship, which can be obtained by sim-
ple geometric considerations [33], indicates that the
effective diffusion path length z

eff
is strongly affected

by the surface porosity of the substructure.
According to Equation (1), the effective diffusion
length is approximately equal to the thickness of
the barrier layer at relatively high surface porosity
(>50%). However, it increases by an order of mag-
nitude when the porosity is less than 1% if the
barrier layer thickness is assumed to be approxi-
mately the same as the pore radius. Accordingly,
the flux decreases by the same magnitude. The
geometrical consideration expressed in Equation
(1) indicates that the surface porosity of the support
layer significantly affects the membrane flux. The
porosity should always be as high as possible to
achieve optimal flux rates with thin-film composite
membranes. To ensure adequate mechanical
strength, the pore diameter should not be signifi-
cantly greater than the film thickness.

Table 3 Polymers of commercial membranes prepared

by phase inversion and their applications

Membrane material Membrane process

Cellulose acetate EP, MF, UF, RO

Cellulose esters (mixed) MF, D
Polyacrylonitrile (PAN) UF

Polyamide (aromatic, aliphatic) MF, UF, RO, MC

Polyimide UF, RO, GS
Polypropylene MF, MD, MC

Polyethersulfone UF, MF, GS, D

Polysulfone UF, MF, GS, D

Sulfonated polysulfone UF, RO, NF
Polyvinylidenefluoride UF

EP, elctrophoresis; MF, microfiltration; UF, ultrafiltration; RO,
reverse osmosis; GS, gasseparation; NF, nanofiltration; D,
dialysis; MD, membrane distillation; MC, membrane contactore.
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Table 4 Most common polymers used to prepare membrane and resistance to organic solvents

Polymer / Solvent Methanol Amyl alcohol Tetra-hydrofuran Hexane Xylene Toluene Acetone Ethyl ether

Aliphatic polyamide (PA) (nylon-6)

N

H

(CH2)5 C

O

SC LC NC LC - - LC LC

Aromatic polyamide (PA) (nomex)

C N

HO

SC LC NC LC - - LC LC

Polyimide (PI)

O O

C

C C

C

O O

N N

LC - NC - - NC - -

Polypropylene (PP)

CC

H

CH3

H

H

LC LC SC NC SC LC LC LC

Polyvinylfluoride (PVDF)

CC

F H

F H

LC LC LC LC LC LC NC LC

(Continued )



Table 4 (Continued)

Polymer / Solvent Methanol Amyl alcohol Tetra-hydrofuran Hexane Xylene Toluene Acetone Ethyl ether

Polysulfone (PS)

O C O

CH3

SO2

CH3

LC LC NC LC NC NC NC LC

Polyetheretherketone (PEEK)

O O C

O

- - - LC - LC NC -

LC, long compatibility; SC, short compatibility; NC, noncompatible.



1.05.6.1 Techniques Used for the
Preparation of Polymeric Composite
Membranes

The techniques used for the preparation of compo-
site membranes may be grouped into four general
procedures:

• casting of the barrier layer, for example, on the
surface of a water bath and then laminating it on
the porous support film;

• coating of the porous support film by a polymer,
a reactive monomer, or pre-polymer solution,
followed by drying or curing with heat or radiation;

• gas-phase deposition of the barrier layer on the
porous support film from a glow discharge
plasma; and

• interfacial polymerization of reactive monomers
on the surface of the porous support film.

Casting an ultrathin film of cellulose acetate on a
water surface and transferring the film on a porous
support constitute one of the earliest techniques used
for preparing composite reverse osmosis membranes.
However, this technique is no longer used today [34].

Coating a porous support structure by dipping it
into a polymer or pre-polymer solution is today
applied mainly for the preparation of composite mem-
branes to be used in gas separation and pervaporation.
Particularly, polymers such as polydimethylsiloxane,
which are available as soluble pre-polymers and which
can easily be crosslinked by a heat treatment

procedure, thus becoming insoluble in most solvents,

are suited for the preparation of this type of composite

membrane. If the pore dimension in the support mem-

brane is selected properly, the pre-polymer is unable

to penetrate the support, and a rather thin uniform

barrier layer of 0.05–1-mm thickness can easily be

prepared. A typical composite membrane prepared

by dip coating is shown in Figure 9(b), which is the

scanning electron micrograph of an asymmetric poly-

sulfone ultrafiltration membrane that was coated by a

1 wt.% solution of polydimethylsiloxane in an appro-

priate solvent followed by thermal crosslinking [33].
Gas-phase deposition of the barrier layer on a dry

porous support membrane by plasma polymerization

was also successfully used for the preparation of

reverse osmosis membranes. Although reverse osmo-

sis membranes with excellent desalination properties

showing salt rejection in excess of 99%, and fluxes of

1.2 m3 m–1 d–1 when tested with seawater, have been

prepared on a laboratory scale by plasma polariza-

tion, it is not used on a large-scale industrial

production of composite membranes [35].
Today, by far the most important technique for

preparing composite membranes is the interfacial

polymerization of reactive monomers on the surface

of a porous support film. The first membrane pro-

duced on a large scale with excellent reverse osmosis

desalination properties was developed in the early

1970s in the North Star Research Institute under the

code name NS 100 [36, 37]. The procedure for the

Selective layer

Porous support

(b)(a)

Figure 9 (a) Schematic diagram of a composite membrane showing the porous support structure and the selective skin

layer, and (b) scanning electron micrograph of a composite membrane with polydimethylsiloxane as the selective layer on a

polysulfone support structure.
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Figure 10 Schematic drawing illustrating the diffusion path of a component through a selective barrier layer of a composite
membrane (zo represents the shortest and zmax the longest path).
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preparation of this membrane, which exhibited water
fluxes of about 1 m3 m2 d–1 and salt rejections in
excess of 99% when tested with seawater at 6 MPa
pressure, was rather simple [38]. A polysulfone sup-
port membrane was soaked in an aqueous solution of
0.5–1% polyethyleneimine, which was reacted inter-
facially at the membrane surface with a 0.2–1%
solution of toluene diisocyanate in hexane. A heat-
curing step at 110 �C leads to further crosslinking of
the polyethyleneimine. The preparation of compo-
site membranes based on piperazine and trimesoyl
chloride is shown schematically in Figure 11.

The process seems to involve two types of reactions.
In a first step, the piperazine reacts rapidly at the inter-
face with the trimesoyl chloride to form a polyamide
surface skin while amine groups below this surface
remain unreacted. In the second heat treatment step,
internal crosslinking of these amine groups takes place.
Thus, the final membrane has three distinct layers of
increasing porosity: (1) the dense polyamide surface
skin, (2) a thin crosslinked piperazine layer, which
extends into the pores of the support film, and (3) the
actual polysulfone support membrane.

1.05.7 Preparation of Homogeneous
Solid Membranes

The selective barriers of many composite mem-
branes may be considered as homogeneous solid
membranes as discussed earlier. In homogeneous

solid membranes, the entire membrane consists of a

dense, solid, and pore-free structure. They are made

from polymers as well as inorganic materials such as

glass or metal. Because of their high selectivity for

different chemical components, homogeneous mem-

branes are used in various applications, which

generally involve the separation of low-molecular-

mass components with identical or nearly identical

molecular dimensions. The most important applica-

tions are in gas separation.
One of the more important homogeneous solid

metal membranes is the palladium or palladium

alloy membrane used for the separation and purifica-

tion of hydrogen [39]. The permeability of hydrogen

in palladium, palladium alloys, and several other

metals such as platinum, silver, and nickel is several

orders of magnitude higher than that of any other gas.

The permeability of hydrogen in palladium alloy

membranes is highly temperature dependent and

separation is carried out at elevated temperature

of about 300 �C. Membranes generally consist of

10–50-mm-thick metal foils. Because of their high

selectivity, these membranes are used to produce

high purity in excess of 99.99% hydrogen.
Homogeneous silica glass membranes are homo-

geneous structures that show promise as selective

barriers for the separation of helium. Like metal

membranes, glass membranes are employed at ele-

vated temperature. Homogeneous glass membranes

also have a high selectivity for hydrogen ions and are

used as the selective barrier in pH electrodes.

Porous support Impregnation
liquid 1+ reactant A

Immersion
liquid 2 + reactant B

Polymerization Composite
membrane
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N
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Piperazine Trimesoyl chloride

Figure 11 Schematic diagram showing the formation of a composite membrane by interfacial polymerization of piperazine

with trimesoyl chloride.
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1.05.8 Preparation of Liquid
Membranes

Liquid membranes are important in combination
with facilitated and coupled transport, which utilizes
selective carriers, as discussed earlier, to transport
certain components such as metal-ions selectively
and at a relatively high rate across the liquid mem-
brane. Liquid membranes generally consist of a thin
film separating two phases, which may be aqueous
solutions or gas mixtures. The material used for the
liquid membrane should be immiscible with water
and should have a low vapor pressure to guarantee
long-term stability of the membrane. It is relatively
easy to form a thin oil film between two aqueous or
gas phases. It is difficult, however, to maintain and
control this film and its properties during a mass
separation process. Two different techniques are
used today for the preparation of liquid membranes.
In the first preparation technique, leading to the so-
called supported membranes, the pores of a porous
membrane are filled with the selective liquid barrier
material as shown in Figure 12(a). In the second
technique, the liquid membrane is stabilized as a
thin oil film by a surfactant in an emulsion-type
mixture as illustrated in Figure 12(b). In the sup-
ported liquid membranes, the porous structure
provides the mechanical strength and the liquid-
filled pores the selective separation barrier. Both
types of membranes can be used for the selective
removal of heavy metal-ions or certain organic com-
ponents from industrial effluents [40–43]. They have
also been used rather effectively for the separation of
oxygen and nitrogen [44].

The preparation of supported liquid membranes is
extremely simple. To maximize the useful lifetime of
a membrane, the liquid membrane material should
have low viscosity, low vapor pressure (i.e., high
boiling point), and when used in aqueous solutions,

low water solubility. The porous substructure should
have a high porosity and a pore size small enough to
support the liquid membrane phase under hydro-
static pressure; the polymer of the substructure
should be hydrophobic because most liquid mem-
branes are used with aqueous feed solutions. In
practice, liquid membranes are prepared by soaking
a hydrophobic porous membrane made from polyte-
trafluorethylene such as Gore-Tex� or from
polyethylene such as Cellgard� [45], in a hydropho-
bic liquid. The liquid may be a selective carrier such
as an oxime or a tertiary or quaternary amine dis-
solved in kerosene. The disadvantage of supported
membranes is their thickness, which is determined by
the thickness of the porous support structure. The
latter is in the range of 10–50 mm, and therefore about
100 times thicker than the selective barrier of an
asymmetric polymer membrane. Thus, the fluxes of
supported liquid membranes can be low even when
their permeabilities are high.

The preparation of the unsupported liquid mem-
brane is more complex [9]. Here, two immiscible
phases, that is, the hydrophobic oil-type membrane
phase and a water phase, often referred to as stripping
solution, are mixed to form an emulsion of water
droplets in a continuous oil phase, which is stabilized
by the addition of a surfactant. This emulsion is then
added to the second aqueous phase, the feed solution
with the first emulsion forming droplets in the second
aqueous phase. The overall result is the separation of
two aqueous phases by an oil phase forming the
liquid membrane. Ideally, droplets form in this pro-
cess, in which the aqueous phase is surrounded by a
relatively thin hydrophobic phase, the membrane,
which is surrounded by a second continuous aqueous
phase. In reality, several aqueous droplets are found
in a single hydrophobic droplet as shown in
Figure 12(b) and the diffusion pathways become
longer. With another aqueous solution, the

Liquid membranePorous support

Aqueous phases

(a)

Liquid membrane phase

Stripping solution Feed solution

(b)

Figure 12 Schematic drawing of (a) supported hollow-fiber liquid membrane and (b) the preparation of an emulsion-type

liquid membrane.
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component to be eliminated is supplied to the origi-
nal emulsion and passes through the membrane into
the internal solution.

1.05.9 Preparation of Ion-Exchange
Membranes

Ion-exchange membranes consist of highly swollen
gels carrying fixed positive or negative charges. The
properties and preparation procedures of ion-
exchange membranes are closely related to those of
ion-exchange resins. As with resins, there are many
possible types with different polymer matrixes and
different functional groups to confer ion-exchange
properties on the product. Although there are a num-
ber of inorganic ion-exchange materials, most of
them based on zeolites and bentonites, these materi-
als are rather unimportant in ion-exchange
membranes and will not be discussed further.

The types of ion-exchange membranes include (1)
cation-exchange membranes, which contain nega-
tively charged groups fixed to the polymer matrix,
and (2) anion-exchange membranes, which contain
positively charged groups fixed to the polymer
matrix. Moreover, it is possible to laminate cation-
and anion-exchange layers to obtain a bipolar
membrane.

In a cation-exchange membrane, the fixed anions
are in equilibrium with mobile cations in the inter-
stices of the polymer.

The matrix of a cation-exchange membrane con-
tains fixed anions. Mobile cations are referred to as
counterions. In contrast, the mobile anions, called co-
ions, are more or less completely excluded from the
polymer matrix because of their electrical charge,
which is identical to that of the fixed ions. Due to
the exclusion of the co-ions, a cation-exchange mem-
brane permits transfer of cations only. Anion-
exchange membranes carry positive charges fixed
on the polymer matrix; therefore, they exclude all
cations and are permeable to anions only.

For the practical preparation of ion-exchange
membranes two rather different procedures are
used. A quite simple technique is based on mixing
an ion-exchange resin and a binder polymer, such as
polyvinylchloride and extruding the mixture as a
film at a temperature above the melting point of the
polymer. The result is a heterogeneous membrane
with relatively large domains of ion-exchange mate-
rial and no conductive regions of the binder polymer.
To obtain ion-exchange membranes with satisfactory

conductivity the fraction of ion-exchange resin must
be in excess of 50–70 wt.%. This often leads to rather
high swelling and to poor mechanical stability of the
membrane. Furthermore, the size of the ion-
exchange particles should be as small as possible,
that is, <2–20 mm in diameter to be able to make
thin membranes with low electrical resistance and
high permselectivity. Nevertheless, the method is
still used today on a large scale for the preparation
of ion-exchange membranes.

More recently homogeneous ion-exchange mem-
branes are produced either by a polymerization of
monomers that carry anionic or cationic moieties or
by introducing these moieties into a polymer which
may be in an appropriate solution or a preformed
film.
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1.06.1 Membranes for Pressure-
Driven Processes

A more detailed review of membranes and mem-
brane materials has been published before [1]. In

this chapter, first the state of the art of conven-

tional membranes for pressure-driven processes
(reverse osmosis (RO), nanofiltration, ultrafiltra-

tion, and gas separation) will be summarized,

taking into account the most representative exam-
ples currently in application. Thereafter, the

emphasis is placed on recent developments of

advanced polymeric and organic–inorganic mate-
rials for membranes.

Certainly, the most used method for polymer
porous membrane preparation is the so-called

phase inversion, which consists of the induction

of phase separation in a previously homogeneous
polymer solution either by temperature change, by

immersing the casting solution in a nonsolvent

bath (wet process) or by exposing it to a nonsol-
vent atmosphere (dry process). The wet process is

the most common and is at least part of the

industrial production of ultrafiltration, RO, and
gas separation (GS), giving a high permeable and
selective asymmetric structure. Additional thin
coating steps can be further performed to give
the needed selectivity for RO or GS. The prepara-
tion of asymmetric membranes by phase inversion
and the influence of parameters such as casting
solution composition and temperature have been
topics of many reviews [1–6] and will not be
detailed here.

1.06.1.1 RO Membranes

RO is long established as a large-scale industrial
membrane process. The large desalination plants
around the world are running with RO technology.
One of the early materials used for membrane pro-
duction is cellulose acetate (CA), easily prepared by
phase inversion with a solution cast on a nonwoven
and immersed in water. The characteristic structure
of an integral asymmetric membrane is formed with a
selective top layer and pores of increasing size across
the membrane. CA is still being successfully used,
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especially in water treatment (in spiral wound mod-

ules) with relatively high chlorine tolerance and

stability in applications where the feed water has a

high fouling potential, such as in municipal effluents

and surface water supplies. The handicap of CA

membranes is evident for applications in chemical

and pharmaceutical industries when organic solvents

are part of the feed or in processes operating at

temperatures higher than 50 �C or pH lower than 3

or higher than 7. For these conditions aromatic poly-

amides have a much higher solvent resistance and

may be used in a wider pH range (pH 4–11). The

main application is the treatment of brackish water

and seawater. They can be produced in very thin

hollow fibers with large surface area/volume. The

main disadvantage is the very low chlorine tolerance.

Desalination and wastewater treatment need mem-

branes with large flows. A very successful class of

membranes for this application is that of thin film

composites (TFCs), prepared by interfacial polymer-

ization on the surface of a porous support. A very

good review of composite membranes was published

by Petersen and coworkers [7, 8]. TFC membranes

usually allow quite high water flows with low salt

solubility. They consist of an ultrathin layer, usually

of polyamide or polyetherurea, which is polymerized

in situ and cross-linked on an asymmetric porous

support, usually polysulfone. Since the dense selec-

tive layer is very thin, the membranes can operate at

higher flux and lower pressure. The chemical stabi-

lity is very good, although the chlorine tolerance is

low. They can operate in a pH range of between 2

and 11. The membrane preparation consists of

immersing the porous support in an aqueous solution

containing a water-soluble monomer. After that the

support is immersed in a solution of the second

monomer in a nonpolar solvent. Both monomers are

only allowed to react at the interface between organic

and aqueous solution, forming a thin polymer layer

at the surface of the porous support. As soon as

the polymer layer is formed, it acts as a barrier for

the monomer transport and avoids the continuity of

the polycondensation. On the other hand, any defect

on the polymer layer is immediately repaired with a

kind of self-healing mechanism, since monomer

transport and polycondensation is allowed at that

point (Figure 1).
One of the most successful TFC membranes is the

FilmTec FT-30, developed by Cadotte et al. [7, 8]

and now commercialized by Dow Water Solutions.

The reaction involved in the preparation of the

FT-30 is as follows:

NH2

NH2

CO

Interface
polymerization

CI

COCI

CIOC

Figure 1 Thin film-coating membrane preparation.
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The polyamide layer is formed on an asymmetric
microporous polysulfone support cast on a polyester
support web. The polyester web gives the major
structural support, and the polysulfone support with
small surface pores with diameter of �15 nm is the
proper substrate for the formation of a 0.2-mm poly-
amide top layer. The maximum operating pressure of
the FT-30 is �7 MPa with free chlorine tolerance
<0.1 ppm.

Although the membranes for RO are well estab-
lished in the market, new membranes are required for
related emerging fields. This is the case of osmotic
power or pressure retarded osmosis plants, a concept,
which has been independently proposed in the 1970s
by Norman [9], Jellinek [10], and Loeb [11] and is
now becoming a reality in Norway. An introduction
on this technology is given in Reference [12]. The
technology takes advantage of the high osmotic pres-
sure which is built when salt water from the sea meets
water from fjords and rivers (Figure 2).

The pressure is about 29 bar at 20 �C for 35 g
salt l�1 (seawater). The pressure is enough to move
turbines and provide 2.2 MW of energy, working
with water flow rate of 1 m3 s�1. In typically large

rivers, water flows at about 10 000 m3 s�1. For each
MW 200 000 m2 of membrane would be required,
signifying a huge market for membranes. The
requirements for these membranes are high salt
rejection like in RO, however with much higher
water fluxes, as well as much thinner and opener
porous supports (Figure 3).

Membrane performance �5 W m�2 is needed to
make the process economically competitive.
Currently, the best commercial cellulose derivative
membranes have around one-tenth of the needed
performance. The best commercial TFC membranes
for RO would give 0.1 W m�2. Membranes devel-
oped at the laboratory are available for 3.7 W m�2.

1.06.1.2 NF Membranes

While RO and ultrafiltration are long implemented
in several applications, the lack of available mem-
branes with cutoffs between 400 and 4000 g mol�1

has been effectively filled much later with the devel-
opment of nanofiltration membranes. Nanofiltration
is important for water softening, removal of organic
contaminants, concentration and demineralization of

Turbine

Fjord Seawater

Osmotic pressure

Figure 2 Principles of osmotic power.

RO PRO

Higher flow
High rejection
Thin and open

support

Fresh

High flow
High rejection

High compaction
stability

Sea

60–80 bar

11–15 bar

Figure 3 Membrane requirements for reverse osmosis

(RO) and for osmotic power.
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whey, concentration of sugar and juice, etc. An exten-
sive review on principles and applications of
nanofiltration has been published recently [13].

Analogously to the RO membranes, interfacial
polycondensation has been used for the development
of NF membranes. Dow Water Solutions offers a
series of FILMTEC membranes: NF55, NF70, and
NF90 (water flow of NF55 > NF70 > NF90) with
rejection of at least 95% magnesium sulfate. The
top layer is a fully aromatic cross-linked polyamide.
NF270 is composed of a semi-aromatic piperazine-
based polyamide layer on top of a polysulfone micro-
porous support reinforced with a polyester
nonwoven [14]. The membrane is very hydrophilic
and its surface is negatively charged leading to the
repulsion of also negatively charged solutes.
Hydranautics commercializes the ESNA membrane
series, also a TFC with an aromatic polyamide layer.

GE-Osmonics (part of GE Water Technologies)
commercializes the Desal� five nanofiltration
membranes. The membrane has 4 layers, a polyester
nonwoven, an asymmetric microporous polysulfone,
and two proprietary thin films, which might be based
on sulfonated polysulfone and polypiperazineamide [7].
Desal� nanofiltration membranes work also at very low
pH levels.

Another way to obtain nanofiltration membranes is
the modification of RO membrane [15–17], by treat-
ment with acid, triethanolamine or the coating of
ultrafiltration membranes with different polymer
solutions [18, 19] like hydroxyalkyl derivatives of cel-
lulose. A new approach was proposed by Lu et al. [20].
They deposited six-arm rigid star amphiphiles on a
methanol/PVA-conditioned polysulfone membrane
and stabilized the resulting film by stitching the build-
ing blocks. These stars are shape-persistent molecules
with hydrophilic arms and a hydrophobic core, which
could anchor to the support membrane through non-
covalent supramolecular interactions. Rejection of
organic contaminants such as rhodamine and As(III)
was confirmed.

A key issue for nanofiltration today is the
improvement of solvent stability of the available
membranes, since it would open a wide range of
potential applications in the chemical and pharma-
ceutical industries.

SelRO� nanofiltration membranes, later commer-
cialized by Koch Membrane Systems, are examples
of excellent solvent-resistant membranes on the mar-
ket. New material developments will be reviewed.
The MPS-44 and -50 membranes are stable in
alkanes, alcohols, acetates, ketones, and aprotic

solvents. The MPS-44 is a hydrophilic membrane
suitable, for instance, for separation processes in sol-
vent mixtures containing water and organics. Solutes
with molecular weights around 250 g ml�1 can then
be separated or concentrated, while the composition
of the solvent mixture does not change through the
membrane. The hydrophilic MPS-50 is a nanofiltra-
tion membrane for use in a pure organic medium.
The membrane composition is not completely dis-
closed. Patents of the same company, which
introduced them [21, 22], describes the cross-linking
of porous polyacrylonitrile (PAN) membranes by
immersion in metal alkoxide solutions and heating,
leading to insolubility in dimethylformamide (DMF),
N-methyl-2-pyrrolidone (NMP), or dimethyl sulfox-
ide (DMSO). Cross-linked PAN membranes coated
with polydimethylsiloxane have been tested for fil-
tration of oligomers in organic solvents [23]. Coating
with a hydrophilic polymer (e.g., polyethylenimine),
which is later cross-linked, brings the membrane cut-
off to the NF range. Vanherck et al. [24] reported
asymmetric Matrimid�-based polyimide membranes
for nanofiltration, both unfilled and filled with nano-
sized zeolite precursors and cross-linked with aro-
matic p-xylylenediamine. Membranes were then
stable in the aprotic solvents DMF, NMP, dimethy-
lacetamide (DMAc), and DMSO.

1.06.1.2.1 Antifouling

One of the most common issues in pressure-driven
membrane separation processes applied to liquids is
fouling. Most of the polymers used for preparation of
porous membranes have a rather hydrophobic char-
acter, which make them susceptible to adsorption of
organics. Many strategies have been proposed in the
last decades to overcome this problem, varying from
chemical grafting to plasma surface modification [1].
The use of plasma for surface modification of mem-
branes has been reviewed by Kramer et al. [25].
Grafting using plasma has been explored for instance
by Belfort and Ulbricht [26, 27]. Grafting promoted
by ultraviolet (UV)-irradiation [28] is a common
alternative to add quaternary ammonium groups to
the membrane surface, increasing the positive charge
and control fouling. Some new developments on
technologies for water treatment have been recently
summarized by Shannon et al. [29], including mem-
branes with reduced fouling susceptibility. Reducing
operation prices in membrane processes can be
achieved if less cleaning is necessary. Furthermore
multistep production of membranes increases price.
Taking this into account, an interesting approach is
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the use of additives such as comb copolymers with
hydrophobic backbones and hydrophilic side chains,
which can be automatically positioned in the mem-
brane surface and pore walls during the membrane
formation (Figure 4) [30–33].

1.06.1.3 Membranes for GS

Compared to other fields of membrane application,
such as water treatment, food processing, and dialy-
sis, GS still has a limited market. However with the
development of new membranes and with the
increasing need for clean industrial processes and
low emission plants, the importance of GS is con-
stantly increasing. A motivation is the need for
modernization of the energy sector leading to clean
refineries and coal power plants. Although many
processes in this field require high temperature and
therefore favor inorganic membranes, polymeric
membranes can potentially be applied for the treat-
ment of platformer off-gases (H2/hydrocarbon
separation) in refineries and for CO2 separation
from other gases in coal plants. Membranes stable
till 250 �C would also allow the application in
water-gas shift reactors. Developments on mem-
branes for CO2 separation are being reported in the
literature with increasing frequency.

A special class of polymers is constituted by poly-
mers with very high-free volumes, like some
functionalized polyacetylenes, which bridge the gap
between microporous and dense polymeric materials.
The best-known examples for these polymers are
poly(1-trimethylsilyl-1-propyne) (PTMSP) and
poly(4-methyl-2-pentyne) (PMP). Although the
PMP was already synthesized in 1982 [34], its high
gas permeabilities were first published in 1996 by
Morisato and Pinnau [35] at MTR, Menlo Park.
MTR is currently evaluating the performance of
PMP membranes for hydrocarbon separation. An
attractive application of membranes in this field is
natural gas hydrocarbon dew pointing, the separation
of higher hydrocarbons like butane present in natural

gas from methane. The performance of PTMSP and

PMP for hydrocarbon separation is superior to all

other known polymers. The main reason why these

membranes have not been applied in large scale is

their capability to strongly absorb low-vapor-pres-

sure components, leading to a drastically reduced

permeability. Recently, it has been reported that the

flux and even the selectivity of PMP and PTMSP

can be enhanced by the addition of nanoparticles [36,

37]. Merkel et al. [36] added fumed silica to PMP and

observed a simultaneous increase of butane flux and

butane/methane selectivity. This unusual behavior

was explained by fumed-silica-induced disruption of

polymer chain packing and an accompanying

increase in the size of free volume elements through

which molecular transport occurs. Gomes et al. [37]

incorporated nano-sized silica particles by sol–gel

technique into PTMSP and found also for this poly-

mer a simultaneous increase in flux and selectivity. It

has to be studied if physical aging of the polyacety-

lenes is reduced by the addition of nanoparticles.
A new class of polymers with high-free volumes

has been introduced recently by Budd et al. [38]. The

molecular structure of these polymers contains sites

of contortion (e.g. spiro-centers) within a rigid back-

bone (e.g., ladder polymer). The inventors call this

polymer class polymers of intrinsic microporosity

(PIMs), because their porosity arises as consequence

of the molecular structure and is not generated solely

through processing. Recently, the tertiary structure

of these polymers has been confirmed by molecular

modeling [39, 40]. The gas permeation properties of

membranes formed from PIM-1 were investigated at

the GKSS Research Center [41]. With an oxygen

permeability of 370 Barrer and an O2/N2 selectivity

of 4.0, the PIM-1 shows an extraordinary behavior as

GS polymer. However, long-term measurements

revealed a physical aging of PIM-1 analogous to

PTMSP, which resulted in reduced permeabilities.

When the aging problems can be solved, the PIMs

will be a highly interesting polymer class for fabrica-

tion of GS membranes. The research in high-free

volume polymers with intrinsic microporosity will

remain very attractive. Large-scale membrane appli-

cations for gas and vapor separation will emerge.
Membrane separation is an emerging technology

for CO2 capture. With increasing energy costs,

methane purification from biogas becomes more

and more attractive. Large international projects

evaluate the possibility to capture carbon dioxide

from flue gas by membrane separation.

PAN

PAN

–(CH2 – CH2 – O)n–

Figure 4 Membrane preparation with antifouling
characteristics. (Adapted from Ref. [29]).
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Recently, Lin and Freeman [42] have reported an
overview on material selection for membrane pre-
paration to remove CO2 from gas mixtures. CO2

solubility and CO2/gas solubility selectivity in sol-
vents and polymers containing different polar groups
were discussed. It was concluded that ethylene oxide
(EO) units in the polymer appear to be the most
useful groups to achieve high CO2 permeability and
high CO2/light gas selectivity. Homo-poly(ethylene
oxide) (PEO) consists of EO monomeric units, but its
disadvantage is the strong tendency to crystallize and
consequently it presents low gas permeability [43].

Block copolymers containing EO units as
poly(amide-b-ether) have been shown as alternative
material for this purpose. Copolymers of this type are
produced under the trade name Pebax� ARKEMA.
The PA blocks provide the mechanical strength, and
gas transport occurs through the PEO phase. Block
copolymers with immiscible soft and rigid blocks like
Pebax� can form various microphase-separated
structures. Varying the polyamide and polyether seg-
ment, molecular weight, and the content of each
block, the mechanical, chemical, and physical prop-
erties can be conventionally modeled. Pebax� has
been demonstrated as promising membrane materials
for acid gas treatment [44]. Bondar et al. [44] have
studied CO2/N2 and CO2/H2 separation using dif-
ferent grade of Pebax� membranes. They have
reported high CO2/N2 and CO2/H2 selectivity,
which were attributed to high CO2 solubility due to
the strong affinity of the polar ether linkages for CO2.
Kim et al. [45] have also reported high permeability
and high selectivity for CO2 over N2 as well as SO2

over N2, and these properties were attributed to
polarizability of gases due to PEO segments.
Mesoblends of polyether block copolymers and
poly(ethylene glycol) (PEG) were generated by
Patel and Spontak [46] and it was found that CO2/
H2 selectivity can be improved by incorporation of
PEG. The effect of PEG in the polymer chain to CO2

transport properties in different polymer systems was
also described by other researchers [47–51] and it
was proven that EO units influence CO2 transport
in glassy and rubbery polymers. It was shown
recently that blends of low molecular weight with
Pebax� exhibit exceptional properties for carbon
dioxide separation [52, 53].

1.06.1.3.1 Mixed-matrix membranes

Many of the more recent membranes are not only
polymeric but contain an inorganic phase. The
advantage of organic–inorganic materials for

membranes is the possibility of achieving synergetic
effects on permeability and selectivity, as well as
introducing new functionalizations and improving
mechanical and thermal stability. Tailoring innovative
materials with organic and inorganic phases coexisting
in a nanoscale with multifunctionalization is an
appealing approach to control at the same time free
volume and gas solubility.

The most representative examples of introducing
permeable inorganic fillers in a polymeric matrix for
separation purposes are the so-called mixed-matrix
membranes. Not only rather passive particles are
included, but molecular sieves such as zeolites and
also functionalized fillers, which might be much
more active in the separation process. The term
mixed-matrix membrane has been introduced by
Kulprathipanja et al. [54], who performed pioneering
work in the field of polymer/zeolite hybrid mem-
branes. Kulprathipanja showed that the CO2/H2

selectivity of CA could be reversed by the addition
of silicalite. The silicalite-CA membrane had a CO2/
H2 selectivity of 5.1, whereas the pure CA membrane
exhibited a selectivity of 0.77.

te Hennepe et al. [55], from the university of
Twente, proved for the first time that the incorpora-
tion of silicalite in PDMS increased the ethanol/
water selectivity significantly under steady-state
conditions in pervaporation experiments. Later it
was shown by Jia et al. [56] that using the same
approach (silicalite in PDMS), the gas selectivity
could also be changed due to a molecular sieving
effect. However, the effects were too small to be of
any interest for practical applications. One problem
of these membranes was that the permeability ratio
PPDMS/Pzeolite was too high (see Equation (2)).

The formation of polymer chains or networks
with organic and inorganic segments has been used
by different membrane groups. Molecular sieves such
as zeolites have a much higher selectivity for many
gas mixtures than polymeric membranes due to their
well-defined pore sizes. The preparation of defect-
free zeolite layers on a large scale is extremely diffi-
cult. The possibility of incorporating zeolites into a
flexible organic polymer matrix enables the combi-
nation of the superior gas selectivities of these
molecular sieves with the processibility of polymeric
membranes [57].

The estimation of the permeability and selectivity
of membranes with permeable fillers can be done
using the equation derived by Maxwell [58] to cal-
culate the electric conductivity of a metal in which
small spheres of a second metal are dispersed. The
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permeability of the membrane to a defined gas is as
follows:

P ¼ Pc½Pd þ 2Pc – 2�dðPc –PdÞ�=½Pd þ 2Pc þ �dðPc –PdÞ�
ð1Þ

The selectivity for gases 1 and 2 of a membrane
prepared with a continuous phase of permeabilities
Pc1 and Pc2 and a dispersed phase with permeabilities
Pd1 and Pd2 can be calculated therefore by

�eff ¼ �c
1þ 2Prel – 2� Prel – 1ð Þ
1þ 2Prel þ � Prel – 1ð Þ

1
�d
þ 2Prel

�c
þ � Prel

�c
– 1
�d

� �
1
�d
þ 2Prel

�c
– 2� Prel

�c
– 1
�d

� �
ð2Þ

where �c and �d are the selectivity of the continuous
and dispersed phases for the gas pair 1 and 2, and Prel

is the permeability ratio between continuous and
dispersed phase.

From this equation, it can be seen that the selec-
tivity highly depends on the permeability of the filler
and of the matrix. When the polymer permeability is
too high, the selectivity of the mixed-matrix mem-
brane approaches the polymer selectivity. However,
if the permeability of the filler and the matrix is not
too far apart, the properties of the membrane will
have a large contribution from the highly selective
filler. The compatibility between inorganic molecu-
lar sieves and polymers is very important in order to
eliminate gas diffusion pathways at the interface
between them, as discussed by Moore and Koros [59].

1.06.2 Next Generation of Membrane
Materials

The phase inversion membrane manufacture process
is responsible for the breakthrough of the membrane
technology and its implementation in numerous
industrial applications. New advanced filtration pro-
cesses are now conceivable but they require
membranes with much narrower pore-size distribu-
tion and better chemical resistance. A sharp pore-size
distribution can only be obtained with the implemen-
tation of new materials and new manufacture
technologies. Approaches under investigation to tai-
lor pore size include block and graft/comb
copolymers, which self-assemble to form regular
nanopores.

Furthermore, new separation tasks could be ful-
filled if the membrane pores would specifically
respond to different stimuli and act analogously to

biological gates. It is also possible to imagine mem-
branes which are self-cleaning with fouling-resistant
surfaces, as well as self-healing membranes. The most
inspiring source for new developments is nature
itself, which is full of supramolecular chemistry,
self-assemblies, controlled textures, sophisticated
architectures, and functional systems. The following
sections discuss as to how to tailor pores using self-
assembly approaches, how to produce hierarchical
structures using organic–inorganic materials, how to
promote a jump in the current membrane properties
by using nanotubes, and how to manufacture a new
generation of membranes, which react to external
stimuli.

1.06.2.1 Next Generation of Mixed-Matrix
Membranes

There are still manufacturing problems to be
solved, before mixed-matrix membranes are intro-
duced in commercial GS. We see an increasing
number of patents filed by big companies active
in GS [60–63], and it can be concluded that
mixed-matrix membranes are on the brink of prac-
tical application. The development of new mixed-
matrix materials for GS will remain an attractive
research field. Besides classical zeolites and carbon
molecular sieves (CMSs), new selective adsorbants
have to be considered. One candidate, for example,
might be metal-organic frameworks (MOFs), three-
dimensional (3D) nanoporous networks of transi-
tion metal complexes. MOFs have been reviewed
by Kitagawa et al. [64] and Rowsell and Yaghi [65].
A huge number of architectures have been pub-
lished in the last years. The possibility of tailoring
the structures and choosing the right linkers to
build networks with sieve dimensions able to dis-
criminate gas permeants is particularly attractive
for membrane development. Issues such as stability
and reproducibility must however be controlled.
Recent findings suggest that MOFs can revolutio-
nize GS and storage [66]. MOFs are nanoporous
metal-organic soft materials analogous to zeolites,
but with all the chemical diversity of polymeric
compounds. MOFs exhibit a very high porosity
with exactly tailorable pore sizes. One example is
an MOF with manganese atoms, which has been
reported recently [67]. This material, which fea-
tures permanent porosity with pore aperture
diameters of �0.45 nm, sorbs carbon dioxide but
essentially completely excludes methane and
nitrogen. Won et al. [68] recently reported
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membranes made of polysulfone and [Cu2(PF6)
(NO3)(4,49bpy)4] 2PF6?2H2O]n and tested them
for hydrogen/methane separation. Atomically
detailed simulations were used to predict the per-
formance of MOFs as membranes for GSs, using
the separation of CO2/CH4 mixtures by MOF-5 as
an example [69]. A particularly interesting hybrid
framework has been reported by Serre et al. [70],
which is able to swell under external stimuli such
as pressure, temperature, light, gas or solvent
adsorption. The highest reported swelling or
breathing is 40%. Hence, mixed-matrix membranes
containing this MOF might be very attractive for
natural gas and biogas purification. This is just one
example for potential future developments of
mixed-matrix membranes.

1.06.2.2 Molecular Imprinted Membranes

One elegant and very specific way to control pore
sizes is the concept of molecular imprinted mem-
branes. This approach has been explored by
different groups [71, 72]. A nice review on that and
other functional membranes has been published by
Ulbricht [71]. One procedure to prepare imprinted
membranes is the polymerization of a functional
monomer in the presence of an analyte (template),
which will be imprinted in the polymer and later
extracted [72]. The extraction gives a specific recog-
nition site able to selectively bind analogous
molecules. Other procedure is the preparation of
membranes from polymer blends via phase separa-
tion. One polymer has the function of building the
membrane structure and is chosen among those well
investigated for phase inversion asymmetric mem-
branes (e.g., CA, polysulfone, and PAN). The
second polymer is added to provide strong interac-
tion with the small molecules, which are included as
templates. The small template molecules are added
to the casting solution and, after a fast membrane
formation by phase inversion in a coagulation bath,
are extracted, leaving sites which are particularly
favored for accommodating other analogous mole-
cules in a filtration process. Since the sites are
expected to have a certain chemical affinity for the
original molecule, the functional mechanism is simi-
lar to antibodies or enzymes.

1.06.2.3 Block Copolymers

Block copolymers have been proposed for pore for-
mation in membranes for a long time [73–79]. Ishizu

and Amemiya [75] used block copolymers to develop
charge mosaic membranes, polymeric films with
microphase separation containing both negatively
and positively charged phases. Pebax�, a commercial
block copolymer of polyamide and PEO, has been
used for nanofiltration [18] and gas separation [44].
Lee et al. [74] synthesized copolymers with one block
containing isoprene and the second functional silyl
groups. The immiscibility between the two different
blocks led to microphase separation. The dense films
were cross-linked by promoting the hydrolysis and
condensation of the silyl-containing blocks. The
isoprene blocks were decomposed with ozone and
further leached with solvent, creating pores in a poly-
siloxane matrix. The pore size could be controlled by
using copolymers with bocks of different sizes. Phillip
et al. [76] prepared membranes based on triblock copo-
lymer of polylactide–poly(dimethylacrylamide)–
polystyrene (PLA–PDMA–PS). By controlling the
relative block length, spherical domains, lamellae,
and cylinders of PLA coated with PDMA in a con-
tinuum of PS could be obtained. The PLA blocks were
then removed by etching with aqueous base to form
regular pores with diameter 13.7 nm. One of the main
problems is however to establish a method to verti-
cally orient micro-domains and ensure pore
connectivity from one side to the other. One possibi-
lity is the application of external fields [77, 78].
Peinemann et al. [79] prepared integral asymmetric
membranes from diblock copolymer poly (styrene-
b-4-vinylpyridine), PS-b-P4VP in a mixture of high
and low boiling point solvents, observing the forma-
tion of cylindrical porous structure of 40 nm diameter,
perpendicular to the membrane surface. A follow-up
of this work with new forms of self-assembly for
membranes is continuing at KAUST (Figure 5).

500 nm

Figure 5 Membranes prepared from self-assemblies of

PS-b-P4VP block copolymer. From Peinemann, K.-V.,

Abetz, V., Simon, P. F. W. Nat. Mater. 2007, 6, 992–996.
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The volatile solvent starts to evaporate, leading to
a concentration gradient between one side of the
membrane to another. By increasing the copolymer
concentration, conditions for phase separation are
reached, forming the domains, which will later give
rise to the pores, spreading along the gradient and
guiding the growth of the cylindrical domains. Ikkala
and ten Brinke [80] summarized the potential appli-
cation of self-assembly of polymeric supramolecules
as basis for tunable nanoporous materials and smart
membranes. They proposed the use of flow, electric
or magnetic field to align comb-shaped copolymers,
which self-organize in cylinders, aiming the applica-
tion for membranes.

1.06.2.4 Organic–Inorganic Self-Assembly

The concept of molecular self-organization and self-
assembly first from small molecules to supramolecu-
lar structures using a bottom-up strategy has been
explored by Lehn [81]. Barboiu et al. [82] have been
using the self-organization of organic–inorganic
molecules to prepare hybrid membranes by the sol–
gel process. The membranes can function for
instance as an ion-powered adenosine triphosphate
pump. For the membrane formation, molecules con-
taining macrocyclic groups (e.g., crown ether) are
self-organized in solution forming a superstructure
with strong H-bonds, which is later polymerized by
sol–gel, forming a hybrid heteropolysiloxane
material.

Nature can be the best inspiration for new
organic–inorganic materials [83]. Silicic skeletons of
unicellular organisms Radiolaria and diatoms have a
regular complex and finely porous morphology. A
big challenge is to manufacture membranes with
similar pores. In the last years, some approaches
have been made, bringing some possibility in this
direction. The group of Wiesner [84, 85] uses block
copolymers and inorganic precursors to create reg-
ular organic–inorganic structures. An example is the
use of an amphiphilic poly(isoprene-block-EO) block
copolymer (PI-b-PEO) in combination with 3-(gyci-
dyloxypropyl)trimethoxysilane, GLYMO, and
aluminum sec-butoxide, which by sol–gel synthesis
generates an organically modified aluminosilicate
network. A regular porous structure results after
calcination.

Another interesting organic–inorganic nanopor-
ous materials with potential use for membranes are
periodic mesoporous organosilicas with domain
functionality [86, 87]. Organic groups embedded

into pore walls brought a new direction in the
research of mesoporous molecular sieves. These
materials are synthesized using bridged organosilica
precursors ((EtO)3Si-R-Si(OEt)3) in conditions ana-
logous to those for the preparation of mesoporous
silicas. Compared to pure mesoporous silica, the
organic modification allows tuning hydrophobicity
and hydrophilicity of the porous network. In com-
parison with microporous zeolites, they feature
increased pore dimensions and the ability to control
the molecular recognition properties of the porous
network by altering organic functionalities.
Mesoporous silica with –CH2–CH2–/–CHTCH–
bridges and with benzene rings have been reported,
which can be used for further functionalization.

1.06.2.5 Organically Modified Inorganic
Membranes

In this chapter emphasis is given to polymeric mem-
branes and polymeric membranes with inorganic
components. On the other hand, inorganic porous
sieves can be functionalized with organic segments.
The early efforts to graft organic groups into the
micropores of zeolites generally failed, resulting in
the modification of primarily the external surface of
the crystals. The first microporous, crystalline sili-
cates with organic groups covalently bound within
the micropores [88] were made by adding organosi-
lanes [(CH3O)3SiR] to the silicate synthesis gel and
incorporating into the zeolites during synthesis,
yielding organic-functionalized molecular sieves
with potential application for catalysis.

Ordered anodized alumina substrates are available
with very regular pores, which can be functionalized
by using silanes. They can work then as scaffolds with
selective gates on the pores if surface-bound mole-
cules that change conformation with pH are further
attached to the silanes functionalities [89, 90].

1.06.2.6 Membranes with Carbon Fillers

The preparation of carbon membranes has the moti-
vation of high thermal stability (in nonoxidative
environment) and the possibility of operation in the
presence of organic solvents. CMS membranes are
usually obtained by pyrolysis of organic polymers
like cellulose [91] and polyimide [92]. The porous
structure can be tailored by choosing the right poly-
mer precursor, the pyrolysis temperature and
environment, and the time spent at this temperature.
A detailed review of CMS membranes is beyond the
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scope of this chapter. Exotemplating is an alternative
method for the preparation of hierarchically struc-
tured meso-macroporous carbon materials. In this
approach suitable templates such as alumina mem-
branes, zeolites, zirconia, and mesoporous silica are
impregnated with carbon precursors such as sucrose
and carbonized under nonoxidizing conditions. The
templates are then washed out with fluoridric acid.
Carbon porous structures with aligned macrochan-
nels were reported by Su et al. [93].

However, carbon membranes have drawbacks,
which have still hindered their successful industrial
application. They are brittle and the production pro-
cess in large scale is much more expensive and
complex than that of polymeric membranes.
Promising approaches for polymeric membrane
development are being reported in the last years
using different geometries of carbon fillers: CMSs,
fullerenes, and carbon nanotubes (CNTs).

The dispersion of CMSs as filler for Matrimid�

5218 and Ultem� 1000 has been successfully
explored by the group of Koros in mixed-matrix
membranes [94]. It was shown that the CMS particles
produced a membrane having significantly enhanced
effective permselectivities (CO2/CH4 and O2/N2)
and fast-gas permeabilities (CO2 and O2) over the
intrinsic properties of the pure polymer matrix phase
alone. For the CO2/CH4 separation, enhancements
by as much as 45% in CO2/CH4 permselectivity and
200% in CO2 permeability over the corresponding
intrinsic permeation properties of the pure polymer
matrix phases were observed.

Homogeneously fullerene-dispersed membranes
for GS were first prepared using a matrix of poly(1-
trimethylsilyl-1-propyne) [95]. The fullerene in that
case was just physically dispersed. Sterescu et al. [96]
prepared poly(2,6-dimethyl-1,4-phenylene oxide)
(PPO) membranes with covalently attached fuller-
enes (C60). The idea was that their hard-sphere
properties may inhibit molecular polymer-chain
packing possibly resulting in a high-free volume.
The PPO-bonded C60 membranes exhibit signifi-
cantly higher gas permeability (up to 80%) in
comparison to pure PPO, without compromise in
selectivity.

CNTs offer a unique combination of properties:
high aspect ratio/high surface area, electron conduc-
tivity, superhydrophobicity, and frictionless surfaces
to lead to fast fluid flow, simple functionalization, and
dispersion in organic polymers, capability to enhance
mechanical strength with small filler content as well
as the potentially close control of pore dimension at

the nanometer scale [97, 98]. Furthermore, the func-
tionalization can be directed to the entrance of the
CNT, giving an excellent opportunity for develop-
ing gates for separation.

During the CNT growth process, the nanotube size
is set by the diameter of the catalyst particle [99, 100],
offering a practical route for pore diameter control
through well-determined catalyst synthesis. Aiming
membrane application, introducing nanotubes with
well-defined inner core sizes into polymer films shall
enable a fine control of pore dimension at the nan-
ometer scale. These characteristics started to be
explored in membrane applications for gas and liquid
separation [101–105]. Hinds et al. [101] made a pio-
neering contribution, reporting on the preparation of
an aligned CNT membrane for gas permeation and
for transport of RuðNH3Þ3þ6 ions in aqueous solution.
He followed theoretical predictions [101], which sug-
gest that the diffusivity of light gases inside CNTs
with diameter around 1 nm to be orders of magnitude
higher than in other porous structures like zeolites,
due to the inherent molecular smoothness. After the
first simulations [104] of water transport in nanotubes,
experimental results also demonstrated higher than
expected flow rates, making CNT membranes pro-
mising candidates for water desalination with the
possibility of tailoring the tube diameters to retain
salt [106]. Salt rejection coefficients that match or
exceed those of commercially available nanofiltration
membranes, while exceeding their flux by up to 4
times [107].

CNTs have also been proposed for manufacturing
electrodes for water desalination promoting flow
through capacitor [99]. Furthermore, they are con-
sidered as mechanical support for catalysts [100] and
could therefore be an attractive additive in the design
of a new generation of catalytic membranes.

Furthermore by choosing nanotubes with suita-
ble electron conductivity and controlling their
distribution in the polymer electrolyte, an optimum
catalyst–electrode–electrolyte interphase layer
could be tailored [98].

However although the idea of using nanotubes for
membranes is fascinating, there are many challenges
involved. The first challenge is to prepare the poly-
mer composite with aligned CNTs and free of
defects. Another possible issue is the propensity for
fouling given the hydrophobic nature of CNTs.
CNT alignment has been claimed to be advanta-
geous in different membrane applications. Some
authors [108] predicted higher gas permeability
when the CNTs are aligned. Furthermore for the

122 Basic Aspects of Polymeric and Inorganic Membrane Preparation



aligned tubes, superhydrophobicity might be much
more evident. Different alignment strategies have
been reported in literature [103, 109–111]. Nednoor
et al. [109] obtained a vertically aligned array of
multiwalled CNTs grown on quartz by chemical
vapor deposition (CVD). The space between the
tubes was filled with polystyrene and the membrane
was removed from the quartz by treatment with
fluoridic acid. Prehn pressed a carpet of CNTs
grown on silicon wafers against a thin layer of melted
polystyrene, detached it from the silicon substrate,
and further coated the nanotubes with ionic polymer
aiming the use as fuel cell membrane-electrode
assemblies. The styrene was then dissolved making
the CNT tips free for catalyst deposition. Mi et al.
[111] grew vertically aligned CNTs directly on a
porous alumina support and filled the space between
the CNTs with polystyrene as well. Kim et al. [103]
fabricated the membrane by orienting functionalized
single-wall CNTs with a filtration method [112].

A very interesting property of CNTs is the
superhydrophobicity. Once water is inside the
pores, an exceptional flux is observed, exceeding
all the initial predictions. The high flux may be
due to the CNTs’ atomically smooth, hydrophobic
walls allowing considerable slip of water through
the pores [29]. However, for water to wet the nano-
tube membranes, some work is required. Modifying
the surfaces of the membrane, as discussed for nano-
filtration membranes, can alter the surface
properties, and thus potentially decrease the energy
barrier to enter the tubes. Wang et al. [113] studied
the effect of the application of external potential on
the droplet stability and wetting behavior of water
on CNTs and demonstrated that water can be
efficiently wet and pumped through superhydro-
phobic aligned multiwalled nanotube membranes
by application of a small positive direct current
(DC) bias.

Membranes containing CNTs are therefore con-
sidered to have a great potential for water
desalination [105]. As mentioned before, the water
desalination with membranes is an established pro-
cess and some of the currently used membranes have
been developed for decades. According to recent
papers, a new generation of membranes could be
feasible with nanotubes, inspired by biological water
pores, known as aquaporins [114, 115]. The flow rates
of water through nanotubes have been reported to be
exceptionally high and independent of the tube
length. The use of nanotubes in membranes might
make real the dream of mimicking protein ion

channels by precisely gated with selective and rever-
sible chemical interactions. With this idea Nednoor
et al. [109] prepared membranes with aligned CNTs,
after activating the CNT tips to have carboxylic
groups, and further derivatized them with a molecule
that binds to a bulky receptor. The receptor can
open/close the pore entrance. Successful results
were demonstrated by functionalizing nanotubes
with a desthiobiotin derivative that binds reversibly
to streptavidin.

Majumder et al. [116] proposed the use of CNTs
for voltage-gated membranes, taking advantage of
the fact that CNTs are conductors inside an insulat-
ing matrix allowing for the concentration of electric
field at the tips. Modest voltages (100 mV) could then
be applied to control the steric environment of the
channel entrance. Besides the functionalization, tech-
nological challenges for CNT membranes will be the
scaling up, increasing the pore density per area of the
active layer and decreasing the cost of membrane
fabrication. However, the synthesis of CNTs is
becoming less expensive and at least multiwalled
CNTs are already available now in large scale.

1.06.2.7 Responsive Membranes

A concept which leads to new generation of advanced
membranes is that of switchable surfaces. A review on
intelligent surfaces was recently published by Gras
et al. [117].

1.06.2.7.1 Response to temperature

The response of polymers to stimuli has been
known for a long time. Probably, the most-reported
and well-investigated effect of this kind is the con-
traction and expansion of polymer chains in solution
by simply changing the temperature. Heskins and
Guillet [118] published in 1968 their investigation
on poly(N-isopropylacrylamide) reporting that the
system has a lower critical solution temperature
(LCST) at 32 �C. Polymer–solvent interactions in
general can improve or deteriorate as the tempera-
ture increases. Numerous systems are known for
which the thermodynamic conditions for polymer
dissolution improve with the temperature. In this
case, the thermodynamic phase diagram is deter-
mined by upper critical solution temperatures,
below which demixing occurs. This is the case for
many polymers in organic solvents. On the opposite,
the solubility of poly(N-isopropylacrylamide)
increases when the temperature decreases. Above
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LCST water becomes a bad solvent for this polymer

(Figures 6 and 7).
The polymer chains react then by contracting

themselves above the LCST and expanding below

it. In the particular case of this polymer, the expan-

sion is due to strong hydrogen bonds between the

amide groups in the polymer chains and the sur-

rounding water molecules. Water is in this form

retained in the polymer gel. As the temperature

increases above the LCST, the polymer hydrophobic

groups are exposed and the hydrogen bonds with

water are interrupted. The water molecules are

squeezed out of the gel while the polymer chains

shrink [119].
With an LCST near the body temperature, this

system was predestinated for biomedical

applications, being the object of investigation for

drug delivery [120], bioseparation [121], enzyme

immobilization [122], and cell culture for tissue engi-

neering [123].
Another very interesting aspect of analogous sys-

tems is that the LCST can be shifted if additional

factors such as pH or ionic strength are changed.

However, although thermo-responsible gels have

found applications for instance in chromatography,

their application in the membrane manufacture

came much later, since as a film they are not self-

supportable. Different approaches have been used to

overcome this disadvantage, mainly the copolymer-

ization and preparation of phase inversion porous

membranes [124, 125] and the manufacture of
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composite membranes by grafting onto high-strength

polymeric micro-porous films such as track-etched

polycarbonate [119] or PET membrane [126].
Besides temperature there is a large variety of

external stimuli, which can trigger changes in surface

hydrophobicity, including electrical, electrochemi-

cal, and photonic effects.

1.06.2.7.2 Electric and electrochemical

response

By applying voltage to a surface, electric charge is

generated and wettability and even chemical proper-

ties can change [127–136]. Change on wettability

when voltage is applied is illustrated in Figure 8.
This effect is achieved for instance by changing

the redox state. A conceivable membrane could have

redox-active groups attached to its pore walls. The

groups could be oxidized by the electric charge,

forming cations and making the membrane hydro-

philic, analogously to what is observed for

surfactants. After withdrawing the voltage, the

membranes would become hydrophobic again.

Bulky molecules such as rotaxanes can respond to

electrochemical impulses or to changes in proton

concentration nearby by changing their conforma-

tion. They are being considered for potential

application as artificial molecular muscles, but

could also be useful if attached to membrane
surfaces [137].

Electrochemically responsive surfaces, which
could be useful for membranes, could be prepared
by attaching hydrophobic chains with negatively
charged tips. This was demonstrated by Lahann
et al. [138] for mercaptohexadecanoic acid molecules
on gold surface. If electrical potential is applied, the
negatively charged tips (carboxylic groups) are
bended to the surface exposing the hydrophobic
part of the chain.

1.06.2.7.3 Photo-response

It has been reported that molecules such as azoben-
zene suffer reversible isomeric changes of
conformation by illumination with UV light
(Figure 9) [139].

The cis form is more hydrophobic and less
expanded than the trans. The grafting of similar seg-
ments onto membrane pore surfaces would also
selectively change their flow rates. Isomerization
under UV light is also observed for pyrimidine
[140] and spiropyran [141].

1.06.3 Final Remarks

The research on nanotechnology is dramatically
growing in the last years. Many of the innovative
approaches reported for other applications can be
adapted to tailor membrane surface and pore size.
Micro-patterning of membranes has been success-
fully used to increase their surface and flow [142].
Taking into account the different approaches men-
tioned in this chapter and combining other
nanofabrication methods such as photolithography,

V

Figure 8 Electric-responsive surfaces.

UV light

Hydrophobicity

transcis

Figure 9 Photoresponsive materials.
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layer-by-layer assembling [143], and conventional

methods of membrane preparation, it will be possible

to tune pores and surface functionalities. Some years

ago, the membrane field seemed to be stagnated, after

testing a large range of available homopolymers for

manufacture, which in many cases was upscaled and

brought to successful implementation in industrial

separation processes. With the application of recent

achievements of nanoscience, new challenges for

membrane development are now becoming reality

and it is clear that innumerous possibilities are still

open for exploration.
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[13] Schäfer, A. I., Fane, A. G., Waite, T. D., Eds.
Nanofiltration – Principles and Applications; Elsevier:
Oxford, UK, 2005.
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Glossary

Addition polymerization Process of

polymerization of norbornene and norbornadiene

monomers by opening of double bonds and

formation of completely saturated products with

retaining bicycling fragments in the main chain.

Diffusion coefficient or diffusivity D

(m2 s�1) Proportionality constant between the

molar flux due to molecular diffusion and the

gradient in the concentration of the species (or the

driving force for diffusion).

Fractional free volume (FFV) The method that

characterizes free volume in polymers; it is based

on calculation of occupied volume found via van

der Waals volume and determination of specific

volume (reciprocal density) of polymers.

Inverse gas chromatography The method for

investigation of physicochemical (thermodynamic)

properties of polymers; it is based on

measurements of specific retention volumes of

certain solutes in the polymers dispersed in a

chromatographic column.

Permeability coefficient P (Barrer or mol m�1 s�1

Pa�1) Parameter defined as a transport flux per

unit transmembrane driving force per unit

membrane thickness.

Permselectivity Dimensionless parameter

defined as the ratio of the permeability coefficient of

component A to that of component B.

Positron annihilation lifetime spectroscopy

(PALS) The method based on measuring lifetimes

of positrons in polymers and other condensed

phases; it allows an estimation of size and

concentration of free volume elements.

Ring opening metathesis

polymerization Process of polymerization of

strained norbornene and norbornadiene monomers

with formation of unsaturated cyclo-linear

products.

Robeson diagram The correlation of permeability

coefficients Pi and permselectivity Pi/Pj for different

gas pairs in polymers.

Solubility coefficient S (mol cm�3 Pa�1 or cm3

(STP) cm�3 atm�1; STP means at standard

temperature 273.2 K and 1 atm) Parameter which

indicates how much gas is taken up by the

membrane when equilibrated with a given gas

pressure.

Sorption isotherm Dependence of the

concentration of gas dissolved in the membrane on

gas pressure.

1.07.1 Introduction

Norbornene (bicyclo[2.2.1]hept-2-ene) and its deri-

vatives present an unusually interesting group of

monomers. Depending on the choice of catalysts

they can produce a wealth of polymeric materials

with variations of both chemical and spatial struc-

tures, as well as physicochemical and membrane

properties.
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In the presence of the catalysts on the basis of
WCl6, RuCl3, and Re2O7/Al2O3, as well as

Grubbs Ru complexes, strained structure of these

bicycles is prone to ring-opening metathesis poly-

merization (ROMP), which leads to formation of

cyclolinear, unsaturated polymers, as shown in

Scheme 1.
Polymers of norbornene itself and its various

derivatives with side groups, such as CN,

Si(CH3)3, Ge(CH3)3, CF3, and Cl, have been

prepared and investigated as potential membrane

materials. Because of the presence of double bonds

in the main chain, different cis–trans configurations

of the polymer units can be obtained depending on

the choice of the catalysts. It was shown that the

properties of the polymers prepared (such as gas

permeability, free volume, and solubility coeffi-

cients) strongly depend on the nature of the side

groups and the cis-content in the main chains. All

the metathesis polynorbornenes (MPNBs) have

relatively flexible chains; however, the structure

of the side groups results in strong variation of

the glass transition temperatures, which can be

above 200 �C.
However, since norbornenes are cyclo-olefins,

they can also be polymerized via the opening of

double bonds in the presence of Ni and Pd

catalysts. This reaction, addition-type polymeriza-

tion, leads to bulky bicyclic repeat units that do

not contain unsaturated bonds (Scheme 1).

Properties of addition-polymerized polynorbor-

nenes (APNBs) are entirely different from those

of the MPNBs: APNBs, nonsubstituted or with

small side groups, have extremely high glass tran-

sition temperatures.
The chapter presents a survey of the gas per-

meation properties of various norbornene polymers

of both types, as well as a discussion of their struc-

ture based on the application of computer

modeling, and the studies of free volume in these

polymers.

1.07.2 Norbornene Polymers
Obtained via ROMP

Since the 1980s various polynorbornenes (PNBs) of

this type with different side groups were prepared

mainly in the presence of WCl6-based catalysts.

Their gas permeation parameters were character-

ized, and a summary of the results is given in

Table 1. It is known that the glass transition tem-

peratures, Tg, which can serve as a measure of the
stiffness of polymer chains, can affect the gas per-

meation parameters [6]. The relationship among

chemical structure of MPNB, their Tg, and perme-

ability coefficients allows an analysis of this trend

for a big group of polymers having similar

structure.
Appearance of bulky (SiMe3) or small polar

(CN) groups as substituents leads to strong increase

in Tg. However, polymers with longer substituents

due to self-plasticization show much lower Tg: thus,

the polymer with SiMe2CH2SiMe3 side group has

Tg as low as 24 �C, that is, lower than Tg of unsub-

stituted PNB (polymer 1 of Table 1). So low is its
Tg that in many respects this polymer behaves as a

rubber: its sorption isotherms are convex to the

pressure axis (in contrast to those of other, glassy

MPNBs) [2] and the permeability coefficient of

ethane is larger than that of methane [1], which is

typical for rubbers. Similar trends in the variations

of Tg can be noted for CN-containing polymers 6–8
as well as the polymers 10–12 that include alkyl

side groups. The growth of the P values caused by

the appearance of SiMe3 group is approximately the

same independently of other substituents R2 (cf. the

pairs of polymers 1–2 and 5–6).
Although the effects of SiMe3 groups as struc-

tural modifiers are well known for various classes of
polymers [6], Table 1 gives interesting information

on the effects of the introduction of a small and

polar CN group, which behaves in an opposite

manner as compared with SiMe3. For example, a

n

n

n

Metathesis
Polymerization

Addition
Polymerization

Scheme 1
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comparison of the polymers 2 and 6 indicates that

replacement of H atom by CN group results in

significant decreases in the P, D, and S values,

which are accompanied by relatively small tradi-

tional tradeoff increase in selectivity. Much

stronger growth in selectivity is observed for the

pair of the polymers 1–5: CN-containing polymer

is much less permeable but has substantially greater

selectivity.
Returning to the question of the effects of chain

stiffness on permeability, it can be concluded that

there is no unified trend for MPNB presented.

Although in certain cases, an increase in chain

stiffness is accompanied by noticeable growth of

permeability, some polymers with relatively flex-

ible side groups (e.g., polymers 3 and 9) are

characterized by low Tg and relatively large

P(O2) values. In spite of some variations in perme-

ability (by one order) and permselectivity, these

parameters of the considered group of MPNB do

not reach the range of values attractive for practi-

cal application.
Another bicyclic unsaturated compound, nor-

bornadien, is also capable of giving high-

molecular-mass products via ROMP.

Polynorbornadienes differ from PNBs by the pre-

sence of an additional double bond in the five-

member cycle. This hardly affects chain structure
and packing, so the gas permeation parameters of
both groups of polymers are rather similar, as
Table 2 illustrates.

Much more interesting results were obtained for
disubstituted PNBs having hydrogen atoms replaced
by larger groups in positions 5 and 6:

n

1
23

4

5 6

7

It is seen from Table 3 that such polymers have
permeability coefficients larger at least by an order
than those of nonsubstituted PNB. It is also obvious

Table 1 The effects of the side groups of substituted MPNB with the general structure on their properties. (catalyst:

WCl6 with different cocatalysts; transport parameters reported at room temperature)

R2R1

n

No R1 R2

Tg

(�C)
P(O2)
(Barrer)

D(O2) 107

(cm2 s�1)
S(O2) 102

(cm3(STP) cm�3 cm�1 Hg�1) �(O2/N2) Ref.

1 H H 31; 42 2.8 1.5 0.19 1.9 [1–3]

2 H SiMe3 113 30 4.2 0.71 4.2 [1–3]

3 H SiMe2CH2SiMe3 24 16 2.1 0.76 4.3 [1–3]
4 H CH2GeMe3 - 7.7 - - 4.3 [4]

5 CN H 140 0.53 0.70 0.075 6.3 [5]

6 CN SiMe3 211 7.6 1.7 0.15 4.6 [5]
7 CN CH2SiMe3 128 11 1.7 0.65 4.2 [5]

8 CN SiMe2SiMe3 120 4.4 1.2 0.36 4.6 [5]

9 CN SiMe2OSiMe3 88 15.3 6.5 0.23 4.4 [5]

10 CN Et 134 1.7 1.5 0.11 5.2 [5]
11 CN Pr 108 2.0 1.0 0.19 5.0 [5]

12 CN n-Bu 87 2.4 1.8 0.13 4.6 [5]

13 H Cl - 2.3 - - 2.6 [1]

14 H CH2Cl - 0.46 - - 1.9 [1]

Table 2 Permeability coefficients of

poly(trimethylsilylnorbornene) (PTMSNB) and

poly(trimethylsilylnorbornadiene) PTMSNBD: catalyst WCl6/

1,1,3,3-tetramethyl-1,3-disilacyclobutane) [7]

P
(Barrer)

No Polymer H2 O2 N2 CO2 CH4

2 PTMSN 77 21 6.2 79 17

15 PTMSNBD 81 20 4.9 64 8.5

Norbornene Polymers as Materials for Membrane Gas Separation 133



that an introduction of two bulky substituents ren-
ders polymers much more permeable than those that
include only one bulky group (see Table 1). It should
also be noted that increases in permeability are not
accompanied by decreases in permselectivity as it
often takes place (Table 4).

Gas sorption in MPNB was also studied exten-
sively [2, 8, 9]. Sorption isotherms in all glassy PNBs
at room temperature (25–30 �C) have the form con-
sistent with the dual-mode sorption model, that is,
concave to the pressure axis. The only exception is
nonsubstituted PNB, whose low Tg (31 �C) is the
reason for transition to the rubbery state induced by
very small concentration of solute: this results in
sorption isotherms concave to the concentration
axis (Figure 1).

The order of isotherms of various gases is usually
governed by condensability. So the common order
of the sorption isotherms is as follows:

He < N2 < Ar < CH4 < CO2 < C2H6 (see, e.g., [2, 9]).
An unexpected result was obtained in studies of
fluorine-containing polymers 17 and 18 of Table 3

and 4: in these cases, the sorption isotherm of ethane
is located below that of carbon dioxide (Figure 2).

This was, apparently, a first evidence of reduced
solubility of hydrocarbons in fluorine-containing
polymers due to unfavorable interactions between

C–H and C–F bonds of solutes and polymers exten-
sively studied and discussed eventually [10–12].

Free volume in MPNB was experimentally eval-
uated using different probe methods – positron
annihilation lifetime spectroscopy (PALS), spin
probe method (SPM), and inverse gas chromatogra-

phy (IGC).
The simplest and a common way to estimate free

volume in polymers is to use the Bondi method [13]
for the determination of the fractional free volume
(FFV): FFV¼ 1�Vocc/Vsp, where Vocc is the

Table 3 Transport properties of disubstituted polynorbornenes and poly(norbornene

spirocyclopropane)

P
(Barrer)

No Polymer
Tg

(�C) H2 O2 N2 CO2 CH4 C2H6 Ref.

1

n

31 21 2.8 1.5 15.4 2.5 1.4 [1]

16

SiMe3Me3Si
n

167 375 95 25 445 45 30 [7]

17

F
F CF3

CF3 n

169 166 50 17 200 13 6.6 [8]

18

F
F

OC3F7
F n

77 130 55 17 200 18 14 [8]

19

n

- 7.0 1.0 0.3 2.0 0.4 0.2 [1]
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occupied volume that can be calculated via van der
Waals volume of the repeat units and Vsp is the
specific volume or the reciprocal density of the poly-
mers. In MPNB the values of FFV are in the range
0.16–0.20 and do not strongly depend on the struc-
ture of the polymers. The studies of MPNB using the
PALS method indicated that size distribution of free

volume in these polymer is monomodal and the radii
of microcavities R calculated using the Tao–Eldrup
equation [14, 15] are in the range 2.9–4.1 Å, which
corresponds to the volumes of microcavities Vf of
100–290 Å3. A rough correlation is observed between
the R and Vf values and the permeability and diffu-
sivity of these polymers [8].

Table 4 Separation factors �ij¼Pi/Pj of several disubstituted polynorbornenes [1, 7, 8]

Polymer O2/N2 H2/N2 CO2/CH4

n

1.9 14.4 6.3

SiMe3Me3Si
n

3.8 15 9.9

F
F CF3

CF3
n

2.9 9.8 15.4

F
F F

OC3F7
n

3.2 7.6 11
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Figure 1 Sorption isotherms in metathesis polynorbornene at 25 �C [8]. From Yampolskii, Yu. P., Bespalova, N. B.,

Finkelshtein, E. Sh., Bondar, V. I., Popov, A. V. Macromolecules 1994, 27, 2872–2878.
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It is known that the frequency of rotation of stable
free radical 2,2,6,6-tetramethylpiperidine-1-oxyl
(TEMPO) can serve as a measure of the size of
microcavity in polymers [16] (so-called spin probe
method (SPM)). The frequencies of rotation � of
TEMPO in MPNB presented in Tables 1 and 3
were found to be 0.1 10�9 s�1 for 1, 0.5 10�9 s�1 for
2, and 10�9 s�1 for 17. For the two latter polymers the
� values are indicative of fast rotation and, hence, of
relatively large size of microcavity, which is consis-
tent with the results of the PALS method [17].

The IGC method has been used successfully for
characterization of free volume in high-permeability
polymers (see Reference 6, p 191). It was shown [18]
that the volume of microcavity in poly[5,6-bis(tri-
methylsilyl)norbornene] (polymer 16 of Table 3) is
about 820 Å3, which is in agreement with its
relatively high gas permeability.

It is known that the microstructure of polymer
main chains such as tacticity of polyolefins and
cis–trans configuration of the chains of dienes can
influence many physicochemical properties,
including their gas permeability. Since the micro-
structure of the polymers is a result of the
polymerization conditions and nature of the cata-
lysts used, one can control stereochemistry, for
example, by varying temperature, and the type
of solvents and catalysts employed during poly-
merization. Ivin et al. [19] studied the cis/trans-
double bond distribution in ROMP PNBs. They
used a variety of catalysts (WCl6, MoCl5, ReCl5,
etc.) and a number of cocatalysts and additives.

Strong effects of the cis/trans ratio in a polyace-
tylene on its diffusivity were demonstrated by
Morisato et al. [20]. A study of similar effects
in PNB and poly(trimethylsilyl norbornene)
(PTMSNB) were undertaken using three catalytic
systems: Re2O7/Al2O3 promoted with tetrabutil-
tin, WCl6-phenylacetylene, and RuCl3 3H2O
[21, 22]. The Re catalyst induced the formation
of the prevailing concentration of a cis-configura-
tion (70–75%), while the Ru catalyst led to the
formation of a trans-configuration (cis-content of
20–31%). The W catalyst had the poorest stereo-
selectivity: cis-content 55–67%.

Table 5 summarizes the effects of the microstruc-
ture of the two MPNBs. The cis-content was
determined using infrared (IR) spectroscopy. The
intensities of the 750 and 970 cm�1 bands were used
for finding the content of cis- and trans-units, respec-
tively, in the case of PNB; for PTMSNB, the
content of trans-units was calculated via the inten-
sity of the band at 970 cm�1, while the band at
1250 cm�1 (�-Si-CH3) was used as an inner stan-
dard. Somewhat different trends were observed for
the two chemical structures of MPNBs. For PNB,
the cis-content weakly affected the glass transition
temperature, but the permeability coefficients of
the polymers with the smallest cis-content were
markedly lower. An opposite observation can be
made for PTMSNB: a noticeable sensitivity of Tg

to the cis-content and very weak variations of the P

values. Qualitatively similar conclusions can be
made based on the results of Steinhauser and
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Figure 2 Sorption isotherms in poly[5,5-difluoro-6,6-bis(trifluoromethyl)norbornene] at 25 �C [8]. From Yampolskii, Yu. P.,
Bespalova, N. B., Finkelshtein, E. Sh., Bondar, V. I., Popov, A. V. Macromolecules 1994, 27, 2872–2878.
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Koros [23], who used more stereoselective cata-

lysts: ReCl5/EtAlCl2/ethyl acrylate catalyst

allowed obtaining PNB with cis-content >98%

(Tg¼ 67 �C) and IrCl3 xH2O/EtAlCl3 catalyst

that produced PNB (Tg¼ 36 �C) with cis-content

of 12%. It was shown that the polymer obtained in

the presence of the Re catalyst was more perme-

able by a factor of 1.5–3. Some difference between

the results of the works in References 21 and 23

can be explained by tacticity of the polymers pre-

pared in the presence of different catalytic systems:

racemic dyads that correspond to head–head and

tail–tail sequences in one case and atactic (tail–

head and head–tail connections) in other cases. In

this situation, the trans- and cis-double bonds are

not statistically distributed but instead form

microblocks. There is no sufficient information in

the literature to confirm or discard these

statements.
Another interesting group of MPNB was studied

by Mexican researchers [9, 24–26]. These authors

prepared MPNB by polymerization of N-substituted

exo-norbornene-5,6-dicarboximides. As radicals, 1-ada-

mantyl, cyclohexyl, and phenyl were chosen. In

addition, copolymers with norbornene and the product

of hydrogenation of double bonds in the main chain were

prepared and tested. The incentives for these studies

were hopes to obtain polymers with more rigid chains

that would have higher permeability and permselectiv-

ity. The results presented in Table 6 show that indeed

these polymers have much more rigid chains: their glass

transition temperatures are in the range 129–233 �C.

Table 5 Gas permeability coefficients P, Barrer of polynorbornenes (PNBs) and poly(trimethylsilyl

norbornenes) (PTMSNBs) with different microstructure [21, 22]

Catalyst
Cis-content
(%)

Tg

(�C) H2 He O2 N2 CO2 CH4

PNB
Re 70 43 17.7 12.9 3.2 0.80 14.4 1.4

W 55 42 19.4 13.0 2.6 0.75 13.9 1.9

Ru 20 35 7.3 6.0 - 0.20 3.1 0.26

PTMSNB

Re 75 59 51 56 18 4.4 72 9.2
W 67 101 77 58 21 6.2 79 17

Ru 31 85 67 51 16 4.8 66 4.8

Table 6 Transport properties of MPNB with dicarboximide moiety substituted by various groups [24–26]

NO O

R n

P
(Barrer)

R
Tg

(�C) H2 O2 N2 CO CO2 CH4 C2H6

Adamantyl 271 12.8 1.59 0.50 0.51 8.39 0.58 0.07

Cyclohexyl 129 16.1 2.13 0.61 1.04 18.11 1.12 0.13
Cyclopentyl 174 - 1.95 0.45 - 8.8 0.54 -

Phenyl 233 11.0 1.44 0.31 0.52 11.44 0.54 0.09

Phenyla 197 7.22 0.66 0.12 0.21 4.51 0.15 -

a The double bonds of the main chains were hydrogenated.
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However, apparently due to strong interchain
interactions caused by polar dicarboximide groups,
permeability is reduced by one to two orders as
compared with other MPNBs (see, e.g., Table 3).
Permselectivity of this new group of MPNB is,
indeed, somewhat higher than those of other
MPNBs characterized so far (see Table 4), although
the actual values of separation factors reported in
Table 7 are not very attractive if being compared
with polymers of other classes (e.g., polyimides) [27].
This subject is discussed in a more detailed manner
subsequently in this chapter.

So far, main attention was directed to gas permea-
tion parameters of MPNB. However, recently,
pervaporation behavior of hydrogenated poly[5-(N-
carbozoyl methylene)-2-norbornene] was reported
[28]. Polymerization of such derivatives of norbornene
in the presence of Ru catalysts was described earlier
[29, 30]. It was shown that this polymer behaves as a
material of highly selective hydrophilic membrane. In
separation of 90 wt.% aqueous ethanol mixtures, high
degree of enrichment of permeate with water was
achieved. The separation factors of water/ethanol
are in the range 350–600 at 25–55 �C, and it puts this
polymer among the most selective in hydrophilic per-
vaporation. However, the observed permeation rates
of 300–400 g m�2 h indicate that the membranes made
of this polymer are not very permeable. The permea-
tion rates decrease in the series of alcohols C1–C4,
which shows that the process is diffusivity controlled.

1.07.3 Addition-Type Norbornene
Polymers

A possibility of polymerization of norbornene poly-
mers via the opening of double bonds in the presence
of Ni and Pd catalysts has been demonstrated by
several authors [31–33]. These polymers have
entirely different properties: much higher glass tran-
sition temperatures, greater thermal stability, and, in

some cases, larger free volume, which are determined
by bulky, bicyclic structure of their repeat unit (see
Scheme 1).

1.07.3.1 Structure and Free Volume

Three structural features determine the unusual
transport properties of APNB:

• bulky repeat units that are the cause for very rigid
main chains;

• possibility of formation of stereoisomers in the
process of polymerization in the presence of dif-
ferent catalysts; and

• effects of the side groups: the effects here are
stronger that those in the polymers with more
flexible main chains.

It has been shown using the Monte Carlo simulation
[34] that the polymers produced in the presence of
Pd and Ni catalysts have different microstructures. In
the presence of the Pd catalysts, highly stereoregular
2,3-erythro diisotactic structure is formed. In this
configuration, the bridgehead carbons point in alter-
native directions (Stereoarchitecture A). Such
stereochemical assignment was confirmed by nuclear
magnetic resonance (NMR) spectroscopy [35].
The polymers produced in the presence of the Ni
catalyst are atactic materials, which supposedly
includes 2,3-erythro diisotactic units (75%) and
2,3-erythro disyndiotactic units (25%), randomly
distributed throughout the polymer main chain
(Stereoarchitecture B). In the latter configuration,
the bridgehead carbons point in the same direction.
Further modeling work [36] suggested that the poly-
mers with stereoarchitecture A have large gaps
between polymer chains as a consequence of the
long persistence length of helical chains. By contrast,
the polymers with stereoarchitecture B have more
disruption and form more compact clusters. These
assumptions were consistent with the results of the
study of the methyl-substituted APNB using wide-
angle X-ray diffraction (WAXD) and the PALS
method [37]. In particular, it was shown that the
polymer with stereoarchitecture A is characterized
by somewhat larger size of microcavity and, hence,
larger diffusion coefficients.

APNBs were studied in detail using WAXD
[37–40]. In all the cases, completely amorphous struc-
tures were demonstrated with two peaks of amorphous
halo observed in WAXD pattern. This is typical for
high free volume, high-permeability polymers such as
polyacetylenes [41–43] and amorphous Teflons AF

Table 7 Separation factors �ij¼Pi/Pj of MPNB with

dicarboximide moiety substituted by various groups [24–26]

R O2/N2 H2/N2 CO2/CH4

Adamantyl 3.2 25.6 14.5

Hexyl 3.5 26.4 16.2
Phenyl 4.6 35.5 21.2

Phenyla 5.5 60.2 30.0

a The double bonds of the main chains were hydrogenated.
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[42]. For low-permeability polymers, such as polyi-

mides, one peak of amorphous halo is characteristic.

Different interpretations for this behavior can be

found in the literature. Wilks et al. [38] assumed that

low 2� peaks can be attributed to intermolecular inter-

actions (or intersegmental d spacing), while the high

2� peaks are predominantly due to intramolecular

interactions. The summary of WAXD data is given

in Table 8.
The results obtained for substituted APNB with

different side groups allow one to note a distinct effect

of chemical structure onto the observed d spacing

(dB1). The smallest dB1 value is observed for nonsub-

stituted APNB [39]. There is an evident trend in the

dB1 values for alkyl substituents of increasing size: the

largest value is observed for the polymer with hexyl

side chain. It means that larger side groups tend to

push the polymer backbones apart. The largest value

of dB1 is observed for the bulky substituent – SiMe3. A

study of two methyl-substituted PNBs with different

stereoarchitecture did not reveal any difference in the

observed d spacing [37]. It can be added that computer

simulation (molecular dynamics method) provided a

nice agreement with the experimental WAXD data

[38]. All the APNBs are characterized by larger d

spacing than that of conventional glassy polymers,

such as polycarbonates and polysulfones, where the

corresponding values of d spacing (4–6 Å) indicate

more densely packed chains.
The most reliable experimental tool for probing

free volume in polymers is PALS. This method is

based on the measurement of lifetime spectra of

positrons in polymers – lifetimes � i (ns) and corre-

sponding intensities Ii (%). Longer lifetimes �3 (or �3

and �4) (the so-called ortho-positronium (o-Ps)

lifetimes) can be related to the mean size of free

volume elements (FVEs) in polymers using the

universally accepted Tao–Eldrup equation [14, 15].

A single o-Ps lifetime gives a monomodal size distri-

bution of free volume. In highly permeable polymers,

usually two o-Ps lifetimes (�3 and �4) give better

statistical fit, so bimodal size distribution of free

volume results. Table 9 summarizes the results of

the application of this method to APNB.
The largest size of FVEs (microcavities) found by

this method is observed in SiMe3-substituted APNB.

It can also be noted that here bimodal size distribu-

tion of free volume is observed, which is typical of

other highly permeable polymers [44, 45]. In alkyl-

substituted APNB, an increase in the length of the

Table 9 PALS data of APNB

R Catalyst
�3

(ns)
I3
(%)

�4

(ns)
I4
(%)

R3/R4

(Å)
Vf

(Å3) Ref.

H Ni(acac) 2.87 36.4 - - 3.58 (R3) 192 [39]
Me Pd 3.49 32.2 - - 3.95 (R3) 258 [38]

Ni 3.15 33.3 - - 3.74 (R3) 219 [37]

Bu Pd 2.95 32.5 - - 3.60 (R3) 195 [38]

C6H13 Pd 2.77 31.6 - - 3.48 (R3) 176 [38]
SiMe3 a 3 10 7 30 3.7/5.7 212/775 [40]

a [(Nph)2Ni]-methylaluminoxane.

Table 8 X-ray scattering data of APNB with different side groups

d spacinga

(Å)

Catalyst R
2�1

(deg)
2�2

(deg) dB1 dB2 Ref.

Ni(acac)2 H 10 18.5 8.8 4.7 [39]

Pd Me 9.5 18.2 9.3 4.9 [38]

Pd Bu 7.2 18.8 12.3 4.7 [38]
Pd C6H13 6.6 19.2 13.5 4.6 [38]

[(Nph)2Ni]-methylaluminoxane SiMe3 6.5 15.5 13.6 5.7 [40]

a The d spacing is found as the Bragg’s distance dB ¼ �/(2sin �), where � is the wavelength of Cu-K� radiation (1.54 Å).
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side group is accompanied by certain decreases in the
size of FVEs. Apparently, larger substituents partly

fill microcavities that are located along main chains.
It indicates that the WAXD and PALS methods give
independent information: the chains are pushed apart

by larger side groups, but this effect is overridden by
partial filling of FVEs. The values of o-Ps lifetimes

and corresponding radii of FVEs in alkyl-substituted
APNB are of the same order as those in MPNB.

Free volume in the SiMe3-substituted APNB was
also studied using IGC [46]. In this method, the
partial molar enthalpies of mixing �Hs are deter-

mined for a series of molecular probes – n-alkanes
of different size. For glassy polymers, the correlations
of �Hs versus the size of the probes (e.g., the critical

volume Vc or molecular volume Vb at boiling point)
pass through a minimum. It was assumed (see

Reference 6, p 191) that the coordinates of these
minima (Vc(min)) correspond to the average size of

FVEs in the polymer. The values of Vc(min) increase
when gas permeability and diffusivity of the poly-
mers increase. Figure 3 shows such correlation for

the SiMe3-substituted APNB and, for comparison,
for some other silicon-containing polymers.

It is seen that the addition-type polymer is char-
acterized by (1) very large size of FVEs and (2) by
bimodal size distribution of free volume. This type of

size distribution is common in the PALS studies of
high-permeability polymers, so finding it by using an

independent technique confirms those results. The
size of larger FVEs can be estimated as 1260 Å3 if one

assumes that the sorbed phase has the critical density

(Vc as the scaling parameter) and 500 Å3 for the
assumption of liquid density (Vb as the scaling para-

meter). Hence, the observed value of the size of free

volume is qualitatively consistent with the results of
the PALS method. For two other polymers presented

in this figure, the coordinates of the minima corre-

spond to smaller sizes of FVEs, which is in agreement
with their lower gas permeability.

It can be added that the results of the application of
SPM to the investigation of APNB are in agreement

with the data obtained using other probe methods. It

was shown that the rotation frequency of the spin
probe TEMPO was 1� 109 s�1 in SiMe3-containing

APNB and 0.6� 109 s�1 for nonsubstituted PNB [17].
The changes of the FFV as determined using the

Bondi method [13] for APNB with different side
groups are in line with the results of more refined

methods for evaluation of free volume: thus, in non-

substituted APNB, FFV¼ 0.115–0.15 [39, 40]; in Me-

substituted APNB, FFV¼ 0.17–0.18 [37, 48]; and for
the polymer having SiMe3 group as a substituent,

FFV¼ 0.275 [40].
It is interesting that APNB can be used for obtaining

nanoporous materials not only because of intrinsic, loose
packing of their chains but also by means of chemical

transformations. These polymers are distinguished by

good thermal stability (decomposition temperatures in

inert atmosphere are above 350–40 0 �C) [37, 40].
However, graft copolymers with thermally labile

compounds (e.g., polylactide) allow obtaining, after
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performing subsequent pyrolysis at 250 �C, nanoporous
thin films, where thermally stable PNB forms a matrix
(porosity up to 18%) [49].

1.07.3.2 Transport and Thermodynamic
Properties

Table 10 presents permeability coefficients of
APNB that differ by chemical structure and
stereoarchitecture.

The strong effects of the chemical structure on the
observed P values are obvious. Thus, a replacement
of H atoms by Me group results in a drastic (by a
factor of 8–10) increase in permeability. An even
more dramatic increase is observed due to the
appearance of the bulky SiMe3 group: here the per-
meability increases by two orders. The increases in
the length of the alkyl substituents in the series Me,
n-Bu, and n-C6H13 result in a reduction of gas per-
meability. Apparently, it is caused by the self-
plasticization effect (decreases in Tg to 280 �C for
the Bu-derivative and even to 150 �C for the polymer
containing C10H21 group [48]). Such more flexible
chains can be packed better, so a decrease in free
volume is observed. The differences in the stereo-
architecture of the polymers having the same
chemical structure, but obtained in the presence of
different catalysts (e.g., Ni and Pd), are also mani-
fested in permeability coefficients: Me-substituted
polymers, including 2,3-erythro diisotactic
sequences, are characterized by greater permeability
coefficients for all the gases.

The most permeable among the considered group
of polymers is SiMe3-substituted APNB. It is well

known that the introduction of bulky Si(CH3)3 group

in various main chains results in a noticeable increase

in gas permeability [6]. However, the quantitative

effects can be different for various polymer classes.

Thus, in the case of relatively flexible main chain

(vinylic-type polymers such as polyethylene or poly-

styrene) the increases in the P values amount to

usually one order. The same is true for MPNB. For

APNB, the effect is much stronger – P increases by

nearly two orders of magnitude. It can be related to

much more rigid main chains in APNB. However,

the largest separation factors �ij¼ Pi/Pj are observed

for nonsubstituted APNB, so the well-known tradeoff

behavior is also observed for this group of norbor-

nene polymers. (We return to this subject later in this

chapter.)
An important shortcoming of some high free-

volume, high-permeable polymers (e.g., poly(1-tri-

methylsilyl-1-propyne) (PTMSP)) is their tendency

to reduce permeability in time (the so-called aging).

Therefore, all the polymers that have high gas per-

meation parameters should be tested on time stability

of their P values. Corresponding experiments carried

out with the films of SiMe3-substituted APNB

showed that a very weak decrease (<4%) in perme-

ability is observed during 50 days when the film was

subjected to tests at 20–60 �C. For comparison, per-

meability of PTMSP decreased for the same period

by a factor of 2–3 [50].
Since the SiMe3-substituted APNB showed such

a high gas permeability, its transport properties

were studied in more detail [40, 46]. An interesting

feature that can be potentially important from

the practical viewpoint is solubility-controlled

Table 10 Permeability coefficients P, barrer of APNB (at 22–35 �C)a

R Cat He H2 O2 N2 CO2 CH4 Ref.

H Ni(acac)2 - - 10.8 2.7 49.1 - [39]

Nib 29.4 41.5 6.9 1.5 33.6 2.6 [40]
CH3 Pd 309.4 502.1 89.2 24.1 396.3 30.3 [48]

Pd 174.4 - - 12.6 202.1 16.9 [37]

Ni 88.8 - - 4.3 81.1 5.6 [37]
n-C4H9 Pd 66.7 110.7 33.3 11.2 141.9 28.4 [48]

70 - - 9.9 139.7 23.0 [38]

n-C6H13 Pd 36.8 57.2 19.8 6.9 83.8 18.7 [48]

53.4 - - 8.2 109.8 23.1 [38]
n-C10H21 Pd 38.9 62.4 25.3 8.7 111.1 28.1 [48]

Si(CH3)3 Nib 790 1680 780 297 4350 790 [40]

840 1800 980 390 4480 993

a No detailed information on the nature of the catalysts used if not stated otherwise.
b [(Nph)2Ni]-methylaluminoxane; the variation in the values of P corresponds to differences in molecular mass.
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selectivity of this and other high-permeability, high
free-volume polymers revealed in separation of
hydrocarbons according to their molecular mass.
As permeability coefficients can be presented as
the product P¼DS, where D is the diffusion coeffi-
cient and S is the solubility coefficient, the
variations of the P values for the series penetrants
can be ascribed to corresponding trends of the D

and S values [51]. In conventional glassy polymers,
size sieving or mobility selectivity, which is deter-
mined by the variations of the diffusion coefficients,
prevails; therefore, the separation factors reveal
higher permeation rates of lighter components, for
example, �(C4H10/CH4) <1. By contrast, in rub-
bers, the diffusion coefficients only weakly depend
on the penetrant size, so the opposite inequality
�(C4H10/CH4) > 1 is valid, because the solubility
coefficient becomes a parameter more sensitive to
penetrant size and properties. It is important that in
some high free-volume glassy polymers (first and
foremost, PTMSP) solubility-controlled permeation
behavior is observed as well [52].

In this regard, it was interesting to compare
permeability coefficients of APNB with SiMe3

side group and other polymers for n-alkanes C1–
C4 at 1 atm (Table 11). It can be concluded that
this polymer reveals the solubility-controlled
selectivity of separation: permeability coefficient
of n-butane is much greater than that of methane.
This is a common type of behavior of several high
free-volume polymers as the data for some poly-
acetylenes also show (Table 11). It can be ascribed
to open porosity type of free volume typical for
these polymers.

It can be mentioned that another polymer with
bulky units in the main chain has been described –
exo-polybicyclopentadiene (PBCPD).

n

It has also very high glass transition temperature,
above 400 �C. Its transport parameters are shown in
Table 12. The values of the permeability and solu-
bility coefficients of this polymer are similar to those
of alkyl-substituted APNB, whereas the diffusion
coefficients are somewhat lower.

The diffusion coefficients of several gases in sub-
stituted APNB are presented in Table 13. For

substituted polymers, the diffusion coefficients

increase with increasing intersegmental d spacing.

The largest D values are observed for the polymer

containing bulky SiMe3 group. By contrast, for alkyl-

substituted polymers, there is no positive correlation

with the free volume as sensed by PALS: the larger D

values are observed for the polymer with C6H13 side

groups, which is characterized by smaller radius of

FVEs [37, 38]. It is worth noting that for the polymer

with SiMe3 group both WAXD and PALS data are in

agreement with the observed high D values for all the

gases [40, 46].
The second, thermodynamic contribution of per-

meability is the solubility coefficient S. Table 14

Table 11 Permeability of high free volume polymers in

respect of hydrocarbonsa

P
(Barrer)

Polymer CH4 C2H6 C3H8 C4H10 Ref.

APNSi 790 1430 1740 17 500 [40]

PTMSP 15 000 31 000 38 000 - [52]

PMP 2900 3700 7300 26 000 [53]
AF2400 435 252 97 - [45]

a PTMSP, polytrimethylsilylpropyne; PMP, polymethylpentyne;
AF2400, random copolymer of 13% tetrafluoroethylene and of
87% 2,2-bis(trifluoromethyl)-4,5-difluoro-1,3-dioxole.

Table 13 Diffusion coefficients D 108 cm2 s�1 of APNB at

35 �C [37, 38, 46]

Side group Catalyst Ar CH4 N2 CO2 O2

Me Ni 12.3 3.2 7.5 23.2 -

Pd 26 8 24 48 -

Bu Pd 69 27 55 75 -

C6H13 Pd 150 62 201 118 -
SiMe3 Nia - 180 270 320 500

a [(Nph)2Ni]-methylaluminoxane; at 22 �C.

Table 12 Transport properties of exo-PBCPD [54]

Gas
P
(Barrer)

D 108

(cm2 s�1)
S
(cm3(STP)/cm�3 atm�1)

H2 81.8 - -

He 49.5 - -
O2 20.9 44 0.36

N2 5.8 19 0.23

CO2 131 21 4.7
CH4 10.4 8.2 0.96
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shows the S values for substituted addition-type

PNBs. Joint consideration of Tables 10, 13, and 14

indicates that the increases in the diffusion rate is not

the determining factor for the permeability coeffi-

cients for all gases in alkyl-substituted APNB. The

decrease in the P values for methyl- to hexyl-sub-

stituted polymers is a result of a decrease in the

solubility coefficients. The situation is quite different

for the polymer with SiMe3 group: it is distinguished

by the largest values of both S and D (in agreement

with its large free volume). An unusual result
obtained for alkyl-substituted APNB can imply that
solubility-controlled permeation should be charac-
teristic for these polymers (and not only for the
polymer with SiMe3 group). Hence, further studies
of permeation of hydrocarbons C1–C4 in these poly-
mers are highly desirable, as well as more detailed
atomistic modeling of their structure.

1.07.4 Membrane Properties of
Different Types of Norbornene
Polymers

In assessment membrane applicability of different
polymers, it is common to consider the so-called
Robeson diagrams [55] (correlations of the perme-
ability coefficients Pi and separation factors Pi/Pj)
and the position of the data points of certain poly-
mers in those diagrams. Norbornene polymers are
now among the most explored groups of polymers.

Table 14 Solubility coefficients S cm3(STP)cm�3 atm�3 of

APNB at 35 �C [37, 38, 46]

Side group Catalyst Ar CH4 N2 CO2 O2

Me Ni 0.76 1.56 0.41 3.21 -

Pd 0.67 1.30 0.44 2.66 -
Bu Pd 0.27 0.64 0.14 1.42 -

C6H13 Pd 0.11 0.29 0.03 0.70 -

SiMe3 Nia - 3.6 0.91 9.8 1.3

a [(Nph)2Ni]-methylaluminoxane; at 22 �C.
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On the one hand, this permitted elucidation of var-
ious effects of chemical structure of polymers onto
their transport parameters and free volume, which
was the subject of the previous section. On the other
hand, an analysis of their permeability and perms-
electivity seems also to be meaningful. The Robeson
diagrams for MPNB and APNB for several gas pairs
are shown in Figure 4.

It is seen that the cloud of the data points of APNB
is shifted to greater permeability as compared with
that of MPNB. Interestingly, in the diagram for the
CO2/CH4, no obvious tradeoff can be discerned: the
increases in the P values are not accompanied by a
reduction in selectivity. By contrast, an evident tra-
deoff can be observed for the O2/N2 gas pair. The
data points for both types of norbornene polymers
are located below the upper bound of Robeson,
although in some cases they are rather close to this.

Bearing in mind the high permeability of SiMe3-
substituted APNB for n-butane and large selectivity
of this polymer in separation of n-butane/methane
pair as well as strong effects of the solubility coeffi-
cients on P of other APNBs, as has been mentioned
earlier, it is of interest to consider the corresponding
Robeson diagram for this gas pair. Although selectivity
of separation of n-butane/methane was not reported for
other norbornene polymers, some data are available for
polymers of other classes of membrane materials: sili-
con-containing rubbers [56, 57], polyacetylenes [58],
and high free-volume polymers charged with nanopar-
ticles [59]. Analysis of such data indicates that APNB
belongs to the most attractive materials, as can be
judged by the combination of its P(C4) and P(C4)/
P(C1) values obtained in pure gas permeation experi-
ments. If these results will be confirmed in mixed gas
runs, this polymer can be considered as a material for
separation of natural and associated petroleum gas.

1.07.5 Conclusions

Norbornene polymers now form one of the most
explored groups of glassy polymers, potential mate-
rials for gas-separation membranes. An analysis of the
structure–properties relationships provides much
information on the effects of side groups, structure,
and stiffness of the main chains that can be used in
directed search for advanced membrane materials of
other classes. Much more interesting results have
been obtained for addition-type norbornene poly-
mers. Here, significantly smaller number of the
structures has been examined so far, so much is yet

to be done. From the synthetic viewpoint, these
polymers pose a bigger challenge: in contrast to
easy and fast polymerization with ring opening due
to high strain of norbornene ring, here the process of
cyclo-olefin polymerization is often slow and sensi-
tive to impurities in the monomers. By contrast, the
already estimated transport parameters of some of
the polymers of this group are very attractive. They
indicate solubility-controlled permeation rather
unusual in glassy polymers, so addition-type poly-
mers of norbornene derivatives are promising
candidates for separation of hydrocarbon gas
mixtures. Further studies are needed to evaluate
their value as actual materials for gas- and vapor-
separation membranes.
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Glossary

Cytop� Homopolymer of

perfluorobutenylvinylether (Asahi glass).

Galden� Low-boiling perfluoropolyether fluids

(Solvay Solexis).

Hyflon� AD Amorphous copolymer of

tetrafluoroethylene and 2,2,4-trifluoro-5-

trifluoromethoxy-1,3-dioxole (Solvay Solexis).

Hyflon� ion Copolymer of tetrafluoroethylene and

short-side-chain sulfonyl vinyl ether (Solvay

Solexis).

Nafion� Copolymer of tetrafluoroethylene and

sulfonyl vinyl ether (Du Pont).

Teflon� AF Copolymer of tetrafluoroethylene and

2,2-bistrifluoromethyl-4,5-difluoro-1,3-dioxole (Du

Pont).

Nomenclature
Polymers

PFA copolymer of tetrafluoroethylene and

perfluoropropyl vinyl ether

FEP copolymer of tetrafluoroethylene and

perfluoropropene

1.08.1 Introduction

Membranes based on fluoropolymer materials are of

increasingly greater interest in industrial applications

due to a remarkable combination of outstanding prop-

erties. In addition, amorphous perfluoropolymers,

having a high solubility in fluorinated solvents, can be

advantageously used for the preparation of membranes

both by solution and by melt processing. The extre-

mely high thermal and chemical resistance, associated

with other unique physical properties (low dielectric

constant, optical transparency, water and oil repel-

lence, etc.), justifies their use in not only highly

extreme but also profitable areas. With the sustained

price rise of crude oil in the international market,

fluorine products, that previously had a high cost,

have started to show a satisfactory performance/price

ratio and this explains why the demand for fluorinated

products in the market is growing so drastically.

A recent study, published by the US National
Academy of Sciences [1], indicates that carbon diox-

ide emissions from fossil-fuel burning and industrial

processes have been accelerating at a global scale,

with their growth rate increasing from 1% for the

1990–99 period to more than 3% for the 2000–04

period. The growth rate of CO2 emissions is highest

in rapidly developing economies, such as China;

however, developed countries, with less than a

sixth of the world’s population, still contribute

more than two-thirds of the total emissions of the

greenhouse gas.
The complexity of this problem requires different

actions in different areas, for example, the develop-

ment of new sources and systems for energy supply,

including the clean use of coal, advanced nuclear

systems, and renewable energy systems. From an

industrial point of view, the major contribution will

probably be from the introduction of new
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technological processes that can guarantee lower
power consumption. Industrial separation of liquids
and gases is a typical example of a high energy con-
suming process since traditional technologies are
based on condensation, distillation, evaporation, and
drying operations. On the contrary, membrane-
separation processes are much more economical in
terms of energy necessary for the operation, since
they require only less energy consumption pressure
systems. The simplicity of the membrane technology
and the possibility of production of different mem-
branes with different selectivity make them very
promising for a wide range of applications. An impor-
tant process in the topic of clean energy sources, a
way for the production of hydrogen, is the steam
reforming of carbon; however, this process requires
the separation of a mixture of hydrogen and carbon
dioxide and other gases. The membrane technology
represents, in this case, a suitable and economical
alternative to obtain pure hydrogen.

In the market, different types of membranes are
available: ceramic (zeolite), metal (palladium, plati-
num, and nickel), glass, and organic polymeric
membranes. Regarding organic polymeric mem-
branes, the possibility to not only modify the
separation mechanism (adsorption, diffusion, or a
combination of both) but also regulate the selectivity
by varying the porosity and the character of the
membrane (hydrophilic or hydrophobic) makes
them useful for a wide variety of potential applica-
tions. In highly extreme conditions, for example,
reactive chemicals and high temperatures, fluori-
nated membranes are definitely the most valuable
choice. In this chapter, a review of the developments
in the field of amorphous perfluoropolymer mem-
branes, with both hydrophobic and hydrophilic
character, is presented and discussed. Hydrophobic
membranes are often used in the filtration and
separation of gases, since they allow gases and vapors,
which have a low surface tension, to pass while

excluding liquids, such as water, which have a higher
surface tension. They are also finding application in
emerging water treatment membrane processes, such
as membrane distillation. Hydrophilic perfluoropo-
lymer membranes are permeable to water and, for
this reason, they can find application in electroche-
mical electrolyzers (chloro-alkali [2] and HCl
electrolysis [3]), fuel cells (proton exchange mem-
brane fuel cells [2] and direct methanol fuel cells [4]),
energy storage and delivery devices, microfiltration
[5], reverse osmosis and ultrafiltration [5], perva-
poration [5], electrodialysis, diffusion dialysis [6],
and membrane catalytic reactors [7].

1.08.2 Hydrophobic
Perfluoropolymer Membranes

Hydrophobic amorphous perfluoropolymers can be
obtained by the incorporation of bulky groups, for
example, dioxolenic units, into perfluorinated chains
with the aim of avoiding the crystallization and
increasing the glass transition temperature (Tg) of
the material. Amorphous perfluoropolymers have
exceptional properties such as very good mechanical
strength, high thermal and chemical resistance, low
surface energies, low dielectric constant, low refrac-
tive indexes, and high optical transmission across a
broad wavelength from ultraviolet (UV) to near
infrared. As they are soluble in fluorinated solvents,
amorphous perfluoropolymers can be easily pro-
cessed both by melt (extrusion, compression, and
injection molding) and by solution, such as diffu-
sion-induced phase separation (DIPS), casting, spin
coating, and dip coating. Spin coating is used to
obtain an ultrathin, uniform thickness coating on a
flat surface, whereas nonplanar surfaces can be
coated by dipping.

A commercial hydrophobic amorphous perfluoro-
polymer is represented by Hyflon� AD (Figure 1),

OCF3

CF2

(a) Hyflon® AD (b) Teflon® AF (c) Cytop®

CF CF2

n

m
CF2C

OO

CF CF CF2

CF3 CF3

CF2 CF2 CF CF
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m

C

O O CF2

CF2

O

Figure 1 Structure of three commercial perfluorinated amorphous glassy polymers: (a) Hyflon� AD, (b) Teflon� AF, and
(c) Cytop�.
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which is produced by Solvay Solexis by microemul-
sion free radical polymerization of tetrafluoroethylene
(TFE) and 2,2,4-trifluoro-5-trifluoromethoxy-1,3-
dioxole (TTD).

Unlike other fluoropolymers such as
polytetrafluoroethylene (PTFE), copolymer of tetra-
fluoroethylene and perfluoropropyl vinyl ether
(PFA), and copolymer of tetrafluoroethylene and
perfluoropropene (FEP) which are semicrystalline,
Hyflon� AD is completely amorphous when the
TTD molar content is in the range of 25–100%.
Independent from the composition, Hyflon� AD
grades show high glass transition temperatures (Tg),
which are always above room temperature [8]; this
can be explained by considering the presence of the
cyclic units and their steric hindrance which severely
limits chain motion. Increasing the TTD content of
the copolymer concomitantly increases its Tg up
192 �C which corresponds to the Tg of the TTD
homopolymer. Table 1 shows the Tg values for
Hyflon� AD grades with different TTD contents.
In the same table, Tg values for two other amorphous
glassy polymers commercially available from Du

Pont (Teflon� AF) and Asahi Glass (Cytop�) are

shown for comparison [9, 10]. The structures of

these two polymers are also shown in Figure 1. In

addition, for Teflon� AF, the permeability to gases

increases with the Tg of the copolymer.
Teflon� AF is a copolymer of perfluoro-2,2

dimethyldioxole (PDD) with TFE, whereas Cytop�

is homopolymer obtained by cyclopolymerization of

perfluoro-butenylvinylether (BVE) characterized by

a controlled alternating structure with a Tg equal to

108 �C.
The high solubilities in perfluorinated solvents

associated with low solution viscosities make

Hyflon� AD copolymers very attractive for solution

processes membranes preparation [11]. Both features

allow great flexibility in the selection of proper con-

ditions for the preparation of membranes with

different structures. Moreover, low solution viscos-

ities imply greater ease of purification. This aspect is

very important, since, in the polymer and polymeric

solutions, it is often crucial to avoid the presence of

both suspended and dissolved contaminants, such as

dust, or dissolved organic molecules. In fact, this is of

great importance for the preparation of composite

membranes where the permselective layer is extre-

mely thin and no defects are allowed.
Different procedures have been tuned to prepare

various membrane typologies matching different

application requirements. Examples of preparation

methods and conditions for obtaining different mem-

brane structures are presented in Table 2. In these

examples, Galden� HT 110 and Galden� HT 55 are

perfluoropolyether oils [12] with the following

structure:

CF3O�ðCF2�CF2OÞn�ðCF2OÞm�CF3

with normal boiling points equal to 110 and 55 �C,
respectively.

Table 1 Glass transition temperature (Tg) of amorphous

perfluoropolymers at different compositions

TFE TTD PDD BVE

Polymer (% mol) Tg (�C)

TTD homopolymer NA 100 NA NA 192

Hyflon� AD 60 40 60 NA NA 125

Hyflon� AD 40 60 40 NA NA 95
PDD homopolymer NA NA 100 NA 335

Teflon� AF 2400 13 NA 87 NA 240

Teflon� AF 1600 35 NA 65 NA 160
Cytop� NA NA NA 100 108

NA, not available.

Table 2 Examples of preparation procedures for different flat-sheet membrane types obtained from Hyflon� AD 60

Membrane type Symmetric Asymmetric Composite

Method Solution casting Dry–wet phase inversion Spin coating

Solvent Galden� HT 110 Galden� HT 55 Perfluoroeptane
Solution concentration (by weight) 10% 10% 1%

Temperature for solvent elimination 50 �C 25 �C 25 �C
Nonsolvent NA n-perfluoropentane NA

Temperature of coagulation bath NA 12 �C NA
Support Glass Glass PVDF

NA, not available.
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Flat-sheet porous and nonporous symmetric
membranes can be obtained by following the eva-

poration method [13]. Flat-sheet symmetric

membranes can be prepared by following the dry–

wet phase-inversion method, with the Galden� HT

as solvent and n-pentane as nonsolvent [13, 14]. Both

the membranes can be prepared using a Braive

Instruments knife to cast the polymeric film on

glass plates at different initial thicknesses and coagu-

lation bath temperatures. Flat-sheet laboratory

porous and nonporous composite membranes of 1-

mm-thick films on polyvinylidene fluoride (PVDF)

inert supports were prepared by the spin-coating

process [13, 14].
Hyflon� AD copolymers are characterized by

good values of permeability and selectivity to gases

and this makes them suitable for gas-separation pro-

cesses. For example, asymmetric Hyflon� AD

membranes, obtainable by dry–wet inversion phase,

show selectivity values for O2/N2 and CO2/N2

around 3 and 8, respectively, in the pressure range

of 5–7.5 bar in the steady state. The permeance

values of these asymmetric membranes of N2, CO2,

and O2 are presented in Table 3.
Permeability and selectivity values obtained

from composite Hyflon� AD membranes are in

good agreement with values obtained from asym-
metric membranes. Permeance values of N2, CO2,
O2, H2, and CH4 of composite membranes are
presented in Table 4 (1-mm-thick Hyflon� AD
60 on a PVDF support). Since the permselective
Hyflon� AD layer is, in this case, 1 mm thick, these
permeances expressed in graphics processing unit
(GPU) coincide numerically with permeabilities
expressed in Barrer. Permeability values for
Teflon� AF are also presented for comparison in
Table 4 [9], together with the Tg values of the
different polymers.

In addition, the permeation data for various gases
for symmetric self-standing Hyflon� AD membranes
are presented in Table 5.

Examination of these data indicates that, inde-
pendently from the fluoropolymer type and gas, a
linear correlation exists between permeability and
the Tg [14]. In this respect, gas permeation is often
attributed to the presence of voids at the molecular
scale and to their size distribution. Amorphous per-
fluoropolymers show an experimental density lower
than that theoretically expected [9, 14]. Considering
the chemical structure of amorphous perfluoropoly-
mers, the low values of the experimental density can
be ascribed, at least qualitatively, to the different
chain packing due to the low chain mobility and
steric hindrance given by the large dioxole groups. In
other words, the high chain stiffness leads to difficul-
ties in the close packing of chain segments and thus
to nanovoids. Since in amorphous perfluoropolymers
their Tg is mainly related to the macromolecular
chain stiffness, which controls the dimension of nano-
size holes, it follows that increasing Tg increases gas
permeation. The important effect of the dimension of
nanosize holes on permeation is supported by the
above permeation–Tg correlation.

Symmetric porous membranes with pore size
between 30 and 80 nm have shown no permeation
to water at pressures as high as 10 bar. On the other
hand, high permeation to gases, such as O2, N2, and

Table 3 Gas permeances of Hyflon� AD 60 asymmetric

membranes as a function of differential pressure

(1 GPU¼10�6 cm3 (STP) cm�2 s cmHg)

Permeance
(GPU)

�p
(bar) N2 CO2 O2

1 15.3 6

5 1.7 14 5.3

7.5 1.7 14.7 5.3
10 1.8 15.3 NA

NA, not available.

Table 4 Gas permeability data (expressed in Barrer) of amorphous perfluoropolymers with different glass

transition temperatures

Polymer
Tg

(�C) P (N2) P (CO2) P (O2) P (H2) P (CH4)

Hyflon� AD 60 125 17 124 51 202 8

Hyflon� AD 40 95 8 64 26 NA NA

Teflon� AF 2400 240 490 2800 990 2200 340
Teflon� AF 1600 160 NA NA 340 NA NA

NA, not available.
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CO2, was observed. Composite membranes prepared

by casting the polymeric solution (1% weight) on

PVDF supports have shown unique combination of

features:

• excellent organophobicity and hydrophobicity;

• gas fluxes higher than many commercial gas-
separation membranes; and

• high chemical/wear resistance.

Contact angle measurement to distilled water com-

pared with experimental results obtained on self-

supported membranes and other commercial mem-

branes are presented in Table 6. Contact angles of

120� and above for the amorphous perfluoropolymer

membranes demonstrate the high hydrophobic char-

acter of these membranes.
To test the organophobic character of the mem-

branes, contact angles to hexadecane was measured.

In this case, the contact angle is around 65�, which is

a high value compared to other values reported in the

literature (see Table 7). This result confirms the

strong organophobicity of the membranes, which

corresponds to excellent fouling resistance and

inertness.
Oxygen permeation data through Hyflon� AD

porous composite membranes in comparison to

other commercial gas-separation membranes are pre-

sented in Table 8.

Table 5 Gas permeability for symmetric membranes of Hyflon� AD 40 and Hyflon� AD 60 at 35 �C and 50 psig

Gas
Critical volume
(cm3 mol�1)

Permeability
(10�10 cm3(STP) cm cm�2 s cmHg)
Hyflon� AD 40

Permeability
(10�10 cm3(STP) cm cm�2 s cmHg)
Hyflon� AD 60

He 57.3 211 387
H2 65.0 83 182

O2 73.4 25 57

Ar 74.6 15 33
N2 88.6 8 20

CO2 92.9 53 128

CH4 99.4 4 10

NF3 119.0 3 6
C2H4 129.1 3 6

CF4 140.0 0.56 0.9

C2H6 146.7 2.5 3.3

C3H6 181.0 NA 4.3
C3H8 200.8 0.94 1.1

NA, not available.

Table 6 Contact angle to water for different

membranes

Membrane polymer Contact angle to H2O

PMMA 76

PEEK-WC-NO2 80

PES 82
PVDF 90

PE 96

PTFE 118

HYFLON� AD 60 120
HYFLON� AD 60 on PVDF 122

Table 7 Contact angle to hexadecane for different

membranes

Membrane polymer Contact angle to C16H34

PS 1

PTFE 39

CMS-7 on PP 57
HYFLON� AD 60 60

CMS-7 on PS 63

HYFLON� AD 60 on PVDF 65

Table 8 Oxygen permeation data through

Hyflon� AD composite membranes in

comparison to commercial gas separation

membranes

Membrane polymer
Permeance to O2

(GPU)

Generon polycarbonate 7
Permea polysulfone 15

Dow 4-methylpentene-1 90

Ethyl cellulose 100

Gore-TEX 350 (5 bar, 16 �C)
Silicone rubber 500

HYFLON� AD 60 on PVDF 700 (5 bar, 27 �C)

Amorphous Perfluoropolymer Membranes 151



1.08.3 Hydrophylic Perfluoropolymer
Membranes

Perfluorinated polymers with sulfonic pendant

groups are the basic materials used for the prepara-
tion of hydrophilic membranes. These polymers are
generally obtained in a three-step process:

1. free radical copolymerization of TFE and a sulfo-
nyl fluoride vinyl ether (SFVE), whose general
formula can be indicated as CF2¼CF-ORf-SO2F

(where Rf is a perfluoroalkyl a perfluoro oxy alkyl
unit);

2. reaction with an alkaline aqueous solutions at
medium temperature (70–80 �C) to convert the
–SO2F group into –SO3X, where X is a metal

cation; and
3. treatment with a strong acid solution to convert the

–SO3X into –SO3H – the commonly used strong
acids are H2SO4, HCl, and HNO3.

In the second step, the transformation of the polymer
into an ionomer, that is, an ion-containing polymer,
leads to a dramatic change of the physicochemical

properties of these materials due to the formation of
ionic regions (generally referred to as clusters) [15].
As a consequence, ionomers consist of an amorphous
phase, an ionic phase and, if the TFE content is

relatively high, a crystalline phase.
Among the sulfonic perfluorinated polymers,

Nafion� (Du Pont), a copolymer of TFE and an
SFVE of formula CF2¼CF–OCF2CF(CF3)OCF2

CF2SO2F, is the most extensively studied and

used. It was developed in the late 1960s as a poly-
mer electrolyte for fuel cells designed for National
Aeronautics and Space Administration (NASA)

spacecraft missions. Since then, Nafion� and poly-
mers of the same family (Aciplex� from Asahi
Chemical and Flemion� from Asahi Glass) have

found wide application in the chloro-alkali indus-
try, due to their very high chemical inertness.
They are also called long-side-chain (LSC) poly-
mers[15–17] because they contain long pendant

group carrying the ionic functionality.
Starting from the 1980s, increasing efforts were

dedicated to the development of a short-side-chain

(SSC) ionomer [18], obtained by copolymerization of
TFE and CF2¼CF–OCF2CF2SO2F, with the aim of
improving the power output and the working tem-
perature in the fuel cells. In particular, Solvay Solexis

has applied its proprietary fluorovinylether process
for the production of the SSC monomer at the indus-
trial scale with a relatively simple process (Figure 2).

The polymerization of TFE and the SSC mono-
mer is carried out by free radical polymerization
taking advantage of the Solvay Solexis proprietary
microemulsion polymerization process [19]. This

technology, broadly applied to the polymerization
of other Solvay Solexis fluoropolymers, is able to
give very high polymerization kinetics and high-
molecular-weight polymers with accurate control of

the molecular structure. The polymer obtained is
named as Hyflon� ion and its structure is shown in
Figure 3 both in the –SO2F and in the –SO3H form.

When the molar ratio TFE/SFVE in the polymer
is approximately lower than 4, that is, when the
SFVE molar content is higher than about 20%, the
polymer is completely amorphous. On the contrary,

at higher value of TFE/SFVE, a semicrystalline
structure, due to the aggregation of the PTFE
sequences, is observed.

CF2=CF2 + SO3

CF2=CFOCF2 CF2SO2F(a) + CFCI=CFCI

(a)

CF2 FOCF2 CF2SO2FCF2

SO2O

F2

cat.

Addition Dechlorination

Figure 2 Solvay Solexis route for the synthesis of the SSC sulfonylfluoridevinylether monomer.

Hyflon® ion Hyflon® ion H

( () )CF2 CF2CF2 CF
m n

OCF2CF2SO2F

( () )CF2 CF2CF2 CF
m n
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Figure 3 Structure of (a) Hyflon� ion and (b) Hyflon� ion H.

152 Basic Aspects of Polymeric and Inorganic Membrane Preparation



The glass transition temperature of Hyflon� ion is
a function of polymer composition and decreases

from about 50 to 5 �C for SFVE contents increasing

from 10% to 30% (molar) when the polymer is in its

precursor (i.e., SO2F) form. Therefore, amorphous

Hyflon� ion polymer precursors are rubbers at

room temperature and can be dissolved in a variety

of perfluorinated (such as Galden�) [12] or partially

fluorinated solvents (such as H-Galden�) [20]. At

high TFE content, when the crystalline phase

appears, these copolymers become scarcely soluble

in any solvent. In this case, films can be prepared by

taking advantage of the melt processability of the

polymer.
The thermal stability of Hyflon� ion polymers is

very high due to its perfluorinated nature.

Thermogravimetric analysis (TGA) shows 1%

weight losses at temperatures as high as 420 �C
(Figure 4).

Amorphous Hyflon� ion membranes are suitable
for the use in separation processes [21], for example,

in microfiltration, ultrafiltration, and iperfiltration of

aqueous solutions, especially where aggressive reac-

tants require a chemically inert membrane. High

wettability required in these applications is guaran-

teed by the ionic nature of the polymer. These

amorphous membranes can also find applications as

proton exchangers in fuel cells or in membrane reac-

tors [22]. Indeed, it is known that one of the most

important problems for the good functioning of fuel

cells is the membrane drying at the anode side and

the excessive hydration from the cathode side. A

better permeability of the membrane to water allows

to limit these drawbacks and to obtain a lower resis-

tance to proton transport and, as a result, a higher

conductivity of the membrane in the cells. In all of

these applications, semicrystalline ionomer mem-
branes do not perform as well due to the lower
water permeability.

More specifically, in applications such as perva-
poration processes used to dehydrate wet gases,
Hyflon� ion ionomers can be coated on microporous
substrates to obtain ultrahigh wettability membranes
which exhibit high water flux properties and low gas
permeability, particularly when they are in the wet
state. The microporous inert support is generally a
fluorinated polymer, for example, bistretched PTFE.
The technology described in the literature [21] can
allow the incorporation of different amounts of iono-
mer to obtain membranes of different porosities.
Figure 5 shows the surface structure of a Hyflon�

ion membrane obtained by this method starting from
a bistretched PTFE substrate shown in Figure 6.
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Figure 4 Dynamic TGA (in air at 10 �C min�1) of a Hyflon�

ion of EW¼ 900 g mol�1.

Figure 5 Hyflon� ion membrane deposited on a PTFE
substrate.

Figure 6 PTFE substrate used for the preparation of the

membrane with Hyflon� ion.
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Depending on the type of filtration, it is possible
to control the membrane porosity by regulating the

amount of ionomer deposited on the support. For

example, membranes with a high permeability suita-

ble for microfiltration are obtained with an amount of

deposited ionomer from 0.5% to 10% by weight

(referred to the system support and membrane). On

the contrary, when the amount of ionomer is higher

than 30% by weight, the pores are almost completely

occluded and these membranes can be suitable for

iperfiltration processes. Therefore, an entire range of

hydrophilic membranes, particularly useful in water

treatments, can be obtained.
In Figure 7, the permeability of water through the

amorphous membrane (Hyflon� ion with TFE/

SFVE¼ 3) is reported as a function of the ionomer

content on the membrane.
The membrane porosity for liquid flow and the

occlusion of gases can also be modified by cross-

linking of the ionomer [21, 22]. This can be achieved

either by an ionic or by a radical route, by introdu-

cing specific curing comonomers during the Hyflon�

ion polymerization. Cross-linking is normally per-

formed after the Hyflon� ion SO2F precursor is

deposited on the inert support and before the hydro-

lysis steps. The level of cross-linking allows to

control the amount of ionomer on the membrane at

the end of the fabrication process, and thus both the

permeability and the stability of the ionomer coating

on the membrane. If the ionomer is not cross-linked,

high-temperature conditions or exposure to swelling

chemicals (e.g., polar organic solvents) can lead to

leaching out of the amorphous ionomer in time from

the membrane in use. This can result in a loss of

wettability of the membrane, eventually leading to

local or diffuse dewetting, and possible pollution of

the filtrate.
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Glossary

Cobb test A method for measuring the water

absorption of sized paperboard, by determining the

mass of water absorbed through one surface under

a definite temperature, pressure, and time.

Corona discharge A type of localized discharge

that results from high, nonuniform electric fields at

atmospheric pressure, accompanied by ionization

of surrounding atmosphere.

Debye length The scale over which mobile charge

carriers (e.g., electrons) screen out electric fields in

plasmas and other conductors. In other words, the

Debye length is the distance over which significant

charge separation can occur.

Duty cycle The ratio of run time to the total cycle

time.

Electron cyclotron resonance The phenomenon

involving electrons in a static and uniform magnetic
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field moving in a circle due to the Lorentz force. The

circular motion may be superimposed with a

uniform axial motion, resulting in a helix, or with a

uniform motion perpendicular to the field, for

example, in the presence of an electrical or

gravitational field, resulting in a cycloid.

Faraday cage A conductive enclosure that blocks

out external static electromagnetic fields.

Free volume The ratio of empty space between

molecular chains to the total volume of the material.

Ionization degree The ratio of density of ionized

species to the total density of species in a gaseous

phase.

Magnetron A diode vacuum tube in which the flow

of electrons from a central cathode to a cylindrical

anode is controlled by crossed magnetic and

electric fields; used mainly in microwave

oscillators.

Mean free path The average distance traveled by

a particle between collisions with other particles.

Sputtering The physical process whereby atoms

in a solid target material are ejected into the gas

phase due to bombardment of the material by

energetic ions (from a plasma). The ejected atoms

then deposit onto a nearby substrate surface to

form a coating.

1.09.1 Introduction

Plasma processes were initially developed for micro-
electronics in the 1950s. They represent a clean
(producing few or no effluents) and also extremely
flexible technology whose basic equipment, well
adapted to automation, makes it possible to achieve
goals as varied as possible in terms of their specific
properties of use; their costs of operation are more-
over relatively weak. Based on these advantages, they
are used today in many fields of materials chemistry
(particularly in the field of membranes) even if their
industrialization is not very developed, because of
the high cost of the equipment necessary for their
implementation and due to a certain conservatism of
the industrialists reticent to introduce this new
technology, however promising.

The first part of this chapter presents basic aspects
of plasma processes and transport phenomena in
plasma membranes in relation to their structural
properties. The parts following further deal with
state of the art on plasma membranes in their main
fields of application. Only the applications related to
active membranes providing the transport of specific
species are presented, that is, gas or liquid separation
(particularly in environment matters), energy pro-
duction devices, and sensors. Applications using
membranes as barrier materials (especially packa-
ging), for which the use of plasma processes is not
so innovative, are not developed here. For each field
of application, particular attention is paid to the
specificities of plasma membranes in terms of struc-
tural and transport properties in comparison with

more conventional membranes. The last part of this
chapter is devoted to recent studies and prospects for
innovating porous plasma membranes.

1.09.2 Basic Aspects of Plasma
Processes and Related Materials

1.09.2.1 Fundamentals of Plasmas and
Plasma Chemistry

Defined by Crookes in 1879 as the fourth state of
matter, plasma is a partially ionized and overall neu-
tral medium generated by the application of an
electric field to a gas phase at low pressure (<10
Torr) [1–4]. The energy of the applied electric field
is transferred to free electrons which collide with the
gas molecules. Such inelastic impacts make the elec-
trons gain enough energy (up to 50 eV) to induce the
ionization of gas molecules. Such ionized species
(acquiring energies typically in the range of 0–2 eV)
initiate a large number of complex reactions (ioniza-
tion, excitation, neutralization, recombination, de-
excitation, etc.) constituting what is called a glow
discharge. A glow discharge implies a large variety
of species: electrons, negative and positive ions,
radicals, neutral atoms and molecules, and also
photons (emitted by radiative de-excitation) whose
mixture constitutes the plasma state.

Plasma is essentially characterized by its energy
and electronic density. Depending on the values of
both the microscopic parameters, different kinds of
natural or artificial plasmas can be distinguished and
classified into two categories: hot plasmas and cold
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plasmas. Hot plasmas are generated by an arc dis-
charge at a pressure equal to or even higher than the
atmospheric one. Highly widespread in nature (in the
form of comets, galaxies, flashes, lightning), they are
characterized by a high frequency of collision
between electrons and gas molecules and a high gas
temperature reaching many thousands of degrees.
Artificial plasmas, generated by continued or alter-
nating discharge at low frequency (25–450 kHz),
radio frequency (RF) (1–500 MHz), or microwave
frequency (500 MHz to some GHz) at rather low
pressure (10�2–10 Torr), are cold plasmas. Cold plas-
mas are characterized by energy and electronic
density equal to 1–10 eV and 1010 cm�3, respectively.
Their ionization degree is lower than 10�3 so that the
gas phase is mainly made up of neutral species in an
excited state (radicals). A characteristic of these plas-
mas is the absence of thermodynamic balance
between the electronic temperature (several thou-
sands of degrees) and that of the gas (near to the
ambient). Cold plasmas are generally achieved by
means of two types of reactors: (1) a tubular-type
reactor with an external coil or ring electrodes for
excitation by RF discharge and (2) a bell-jar-type
reactor with internal parallel-plate metallic electro-
des. In the latter case, a low-frequency or RF voltage
for discharge excitation is generally used. Microwave
discharges have become widely used as well, with
various methods of application of microwave energy
(the most frequent is the multimode cavity also called
microwave oven mode). Magnetic fields have also
been employed to assist the plasma mode: electron
cyclotron resonance discharge and planar or
cylindrical magnetrons.

The interaction between cold plasma and
a material placed within it (substrate) results in
several types of effects occurring simultaneously
or consecutively. Four major effects are generally
distinguished:

1. Etching. This occurs by a combination of reac-
tive species of the gas phase with atoms or
groups of atoms of the substrate leading to
the creation of active sites on the surface of
the substrate (ablation of surface) and to the
formation of volatile species which diffuse in
the gas phase.

2. Functionalization. It occurs by the fixing of reactive
species of the gas phase on active sites of the sur-
face of the substrate.

3. Crosslinking (in the case of a polymeric substrate).
This occurs due to the opening (under the action

of the reactive species of plasma) of the bonds
between atoms of the surface of the substrate
allowing them to reorganize (by bridging between
the macromolecular chains).

4. Formation of a deposit on the surface of the substrate.
This occurs by a recombination of the reactive
species adsorbed on the surface of the substrate.

The prevalence of one of these effects on the
others is directly related to the nature of the gas
subjected to the electric discharge. In the case of
plasmas involving noncondensable gases (monoa-
tomic or diatomic gases), the three principal
effects are etching, functionalization, and cross-
linking. The substrate undergoes only surface
modifications; the related plasma processes are
referred to as plasma treatments. In the case of
plasmas involving condensable gases (organic,
inorganic, or organometallic compounds), the
dominating effect is the formation, on the surface
of the substrate, of a deposit made up of a three-
dimensional matrix formed from fragments of the
reagent gas combined in a random way. The
related plasma process is called plasma-enhanced
chemical vapor deposition (PECVD) or plasma
polymerization in the particular case of gases of
organic compounds.

The nature of the gas subjected to the electric
discharge is not the only plasma parameter. Many
other parameters have a high influence on the effects
undergone by the substrate:

1. Geometrical nature. The size and shape of the reac-
tor chamber, location, nature, and morphology of
the electrodes, localization of the gas(es) inlet(s),
and pumping outlet;

2. Phenomenological nature. The frequency of the elec-
tric discharge (which controls the kinetic energy
of the charged species), power of the electric
discharge (which controls the degree of fragmen-
tation of the species), gas(es) reactivity and flow
rate(s) (controlling the residence time of the spe-
cies in the plasma), ratio of different gases,
working gas pressure (which controls the resi-
dence time as well as the average energy of the
electrons, the mean free path of the species, and
the density of the gas), and temperature of the
substrate (controlling the mobility, the absorption,
and the desorption of the reactive species on the
surface of the substrate).

The manufacture of a tailor-made material requires
the rigorous control of all these parameters.
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1.09.2.2 Plasma Treatments

Plasma treatments are mainly used for the surface
modification of polymers or metals. The predomi-
nant surface effect is directly related to the nature of
the gas subjected to the electric discharge.
Chemically reactive gases, such as ammonia (NH3),
nitrogen (N2), oxygen (O2), carbon dioxide (CO2),
water vapor (H2O), tetrafluoromethane (CF4), etc.,
especially, support the reactions of functionalization:
grafting of amine-type or amide-type functional
groups in the case of NH3 or N2, grafting of peroxide
or hydroxide functions in the case of O2 or H2O,
grafting of C¼O, C–OH, and C(¼O)OH functions
in the case of CO2, and grafting of CFx functions in
the case of CF4. Hydrogen (H2) gas primarily sup-
ports the phenomenon of crosslinking. Chemically
inert gases, such as rare gases (argon (Ar) and helium
(He)), mainly support the effect of etching.

In the field of membranes, the implementation of
plasma treatments has grown rapidly in the last dec-
ade. Plasma treatments have been especially applied
for improving the wettability, printability, adhesion,
or biocompatibility of conventional polymer mem-
branes, modulating their transport properties (by
changing the hydrophilic/hydrophobic balance, pro-
viding the grafting of specific functional groups, or
crosslinking the surface chains) or reinforcing their
mechanical, thermal, and chemical stability (essen-
tially under the effect of crosslinking). However, it is
generally known that, in the case of some specific
polymer membranes, the effect gained in such mod-
ifications may disappear or significantly diminish
during storage. Moreover, plasma treatments can
sometimes alter the physico-chemical properties of
material, particularly polymer surfaces. An efficient
way to overcome this limitation is the implementa-
tion of a process named plasma-induced graft
polymerization or plasma grafting. In this process,
plasma is used only to create on the polymer surface
functionalities that are able to initiate conventional
polymerization of monomers containing multiple
bonds. The reaction may be carried out in two
ways: in the vapor phase of monomer or in solution.
Its principle is the following. Plasma treatments can
induce radical formation on polymer surface through
ion bombardment and ultraviolet (UV) radiation.
The radicals formed on the surface of the treated
polymers can be very stable in vacuum but react
rapidly on exposure to a reactive gas. So if the
vapor phase of an unsaturated monomer is intro-
duced into a plasma reactor just after the surface

treatment of a polymer substrate, the radicals formed
on the surface of the polymer substrate immediately
cause the polymerization of the monomer. The pro-
cess can also be implemented in solution. In this case,
the polymer substrate is released from the reactor
after the plasma treatment and then exposed to atmo-
sphere. In the presence of oxygen or air, peroxides
and hydroperoxides are created on the polymer sur-
face; such functions may initiate the polymerization
of a desired monomer in solution. In both cases
(vapor-phase route or solution route), grafting den-
sity and the length of grafted brush can be regulated
to some extent by plasma and grafting parameters.
One primary advantage of this technique is the abil-
ity to modify surface properties of the polymer
substrates permanently without affecting the bulk
mechanical and chemical properties.

1.09.2.3 PECVD or Plasma Polymerization

1.09.2.3.1 Deposition mechanism

The PECVD or plasma polymerization process is
mainly used in the preparation of inorganic, hybrid,
or polymer-like thin layers. In the field of mem-
branes, most of the plasma deposits are prepared
using organic precursors; in this case, the deposition
process is referred to as plasma polymerization in
preference to PECVD. Plasma polymerization has
little in common with classic polymerization. Many
side reactions occur during film deposition. This can
be understood by the poor selectivity of the breaking
up of chemical bonds in plasma. The mechanism of
deposition is not yet well understood. This difficulty
arises from the complexity and variety of active
species, reaction steps, and the dependence on var-
ious plasma parameters. Several kinetic models of
plasma polymerization have been proposed. The
most popular ones are the models of Lam et al. [5],
Poll et al., [6], and Yasuda [1]. These models involve a
competitive ablation and polymerization (CAP)
mechanism which gives an account of the rather
complicated and interrelated influences of fragmen-
ted elements in the deposition of plasma polymers
(PPs). It is important to mention that chain-growth
polymerization cannot occur in vacuum. This is sim-
ply because there are too many chain-carrying
species but not enough monomers with a well-
defined chemical structure capable of chain-growth
polymerization. With the occurrence of fragmenta-
tion of the monomer structure, the situation becomes
even worse. The way in which a PP is formed in
plasma has been explained by the rapid step-growth
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polymerization mechanism (Figure 1). The essential
elementary reactions are the stepwise recombination
of reactive species (free radicals) and stepwise addi-
tion or intrusion via hydrogen abstraction by
impinging on free radicals. It is important to
recognize that these elementary reactions are essen-
tially oligomerization reactions that do not form
polymers by themselves. To form a polymeric
deposition, a certain number of steps must be
repeated at the surface. As the plasma polymerization
proceeds, the activated species may attack the grow-
ing polymer layer. This attack can decompose the
polymer, extend the crosslinking of the polymer, or
cause the elimination of deposited polymer (ablation
process). These polymerization and ablation
processes proceed competitively, and the overall
plasma deposition rate is dependent on the
plasma-polymerization parameters.

Among the numerous plasma-polymerization
parameters, the ones having a direct effect on the
fragmentation of the monomer are logically the
most influent. Three parameters have a particularly
pronounced effect: the nature of the precursor repre-
sented by its molecular weight M, the power of the
electric discharge W, and the precursor flow rate F.
The energy-input level manifested by W/FM (given
in units of J kg�1, or energy per mass of monomer),
introduced by Yasuda [1], is the predominantly
important factor determining the extent of fragmen-
tation. Low W/FM values are related to operating
conditions where the activated species have a far
lower concentration than monomer molecules intro-
duced into the plasma; in such a range of W/FM

values, called the monomer-sufficient region, the

number of activated species, and consequently the
PP deposition rate, increases with W/FM. For med-
ium W/FM values, corresponding to the competition
region, the quantity of monomer molecules intro-
duced into the plasma is exactly the quantity likely
to be activated; in this case, the film deposition rate is
invariable as a function of W/FM. For high values of
W/FM, corresponding to the monomer-deficient
region, the material deposition rate decreases with
W/FM due to lack of monomer molecules likely to be
activated (Figure 2).

For membrane applications, plasma polymeriza-
tion is usually performed on a highly porous
substrate whose only role is to mechanically support
the thin PP. Nevertheless, plasma polymerization can
also be applied on a dense or poorly porous substrate
being already an active membrane; in this case, it
could achieve the same effect as plasma treatment
(in other words, modification of surface characteris-
tics of the membrane substrate) with additional
advantageous characteristic features of the nan-
ometer film of PP. Moreover, a special kind of
plasma polymerization that has received increased
attention in recent years is the preparation of PPs
by RF sputtering from polymeric targets. The max-
imum attention has been paid to fluorocarbon PP
films sputtered from polytetrafluoroethylene
(PTFE) using magnetrons [7]. The main advantage
of this innovative process is that the deposition rate
and the organization of the chains of the material
structure are much higher than in the case of classical
PPs. While the activation mechanism is very differ-
ent from that of the classical plasma polymerization,
the deposition mechanism is not.
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Figure 1 Schematic representation of plasma polymerization.
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1.09.2.3.2 Structural properties of PPs
PPs, noted PP–X (X being the monomer), are not
formed by the repetition of a monomer unit like
classical polymers. They are disorganized thin films,
with short and branched chains (randomly termi-
nated with frequent crosslinks) often not reminders
of the monomers they come from. In terms of mate-
rial properties, PPs present a great number of
advantages when compared to films synthesized, on
the one hand, by other techniques of vacuum deposi-
tion and, on the other hand, by liquid-route synthesis
methods:

1. Like all vacuum-deposition techniques, plasma
polymerization makes it possible to produce very
thin films with thicknesses of few nanometers to
few microns (Figure 3), which is impossible with
conventional polymerization. The deposition rate
can be high (several mm min�1) [8, 9], making the
process ideal for industrial applications.

2. One of the major interests in this technique is the
possibility of depositing materials at ambient tem-
perature on substrates sensitive to heat such as
conventional organic polymers (which is not pos-
sible with conventional chemical vapor deposition
(CVD) – chemical plating in pyrolytic phase
vapor). The polymeric supports constitute glasses,
semiconductors, ceramics, and metal surfaces –
the large variety of substrates on which plasma
deposits have good adherence.

3. The materials deposited by plasma polymeriza-
tion are generally dense, amorphous, strongly

crosslinked, and present a low density of defects
and holes compared with those obtained by other
vacuum-deposition techniques such as evapora-
tion or sputtering.

4. The three-dimensional and highly crosslinked
structure of the plasma deposits is at the origin
of a number of very specific properties of these
materials, properties that one does not find in their
counterparts worked out by conventional ways:
chemical inertia, good thermal stability, anticor-
rosive character, and barrier properties with
respect to oxygen and water vapor in particular.

5. Plasma polymerization makes it possible to adjust
the chemical composition and the microstructure
of deposited materials, and thus modify the
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Figure 2 Domains of plasma-polymer deposition.

Figure 3 SEM micrography of a plasma polymer

deposited onto a porous carbon substrate.
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physical and chemical properties of these materi-

als by a simple variation of the parameters of the

process, and this is a field much broader than the

other deposition techniques. If, from a technolo-

gical point of view, this requires a rigorous control

of the parameters of the process, the complexity

and variety of active species and reaction steps

directly related to the plasma parameters offer a

high degree of flexibility in prepared materials

properties.

The microstructural properties of deposits depend
mostly on the parameters of plasma polymerization,

particularly on the W/FM parameter. In the mono-

mer-sufficient region (low W/FM values), monomer

molecules are subjected to less fragmentation for

plasma polymerization and PPs with less rearrange-

ment and a small loss of some groups such as

hydrogen, methyl, hydroxyl, and carbonyl groups

are formed. Under such soft synthesis conditions,

plasma polymerization retains more of the molecular

structure of the monomer; PPs are more organic, less

highly crosslinked, and thus resemble more conven-
tional polymers – they are said to be polymer-like
materials. In the monomer-deficient region (high
W/FM values), monomer molecules are subjected to
heavier fragmentation, and PPs with much more
rearrangements and a larger loss of some groups
(especially carbon-based ones) are formed. Under
such drastic synthesis conditions, PPs are harder,
more inorganic, and more highly crosslinked; they
are said to be ceramic like. For intermediate values
of W/FM, a wide range of hybrid materials can be
manufactured. Figure 4 [10] depicts the influence of
the Yasuda parameter on the plasma materials struc-
ture in the case of hexamethyldisiloxane (HMDSO),
widely used as monomer in plasma polymerization.
For a single monomer, W/F can be used instead of
W/FM as the main process-control parameter. In soft
plasma conditions, the plasma film synthesized from
HMDSO has a structure close to that of the HMDSO
monomer and also polydimethylsiloxane (PDMS),
which is the closest conventional polymer, as shown
by Fourier transform infrared (FTIR) spectroscopy;
this plasma film is thus called PDMS-like PP; its
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Figure 4 PECVD extreme conditions to obtain a polymer-like or an amorphous silica film from the same precursor HMDSO.
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density is quite low, equal to 1.1. In hard plasma

conditions, the obtained plasma film is similar to

amorphous hydrogenated silica with a density of 2.2;

it is denoted as a-SiO2:H (a for amorphous, :H for

hydrogenated); dilution with an oxidative gas such as

O2 or N2O in the plasma reactor enables to achieve

this silica structure at lower W/F values. Mass spec-

trometry (MS) is a very useful technique to reveal the

low fragmentation of the monomer in soft plasma

conditions, and in contrast, it also reveals the forma-

tion of many light species due to strong fragmentation

in highly energetic plasmas. Figure 5 shows the sche-

matic structures relative to a PDMS-like PP (and

a conventional PDMS polymer as reference) and an

amorphous hydrogenated silica.
Although considered as dense materials, PPs are

characterized by a free volume comparable to ultra-

microporosity (spaces between chains lower than

0.7 nm). Changing the plasma parameters in the pre-

paration of films enables the tuning of this free

volume as well as the chain flexibility. The

approaches that may achieve enhanced free volume

and chain flexibility can be summarized as follows:

(1) minimization of the W/FM parameter; (2) pulsing

of the RF field to reduce the plasma-on time; (3) use

of a Faraday cage around the substrate; (4) position-
ing the sample downstream from the plasma zone
(postdischarge configuration); (5) use of monomers
containing polymerizable double bonds; and (6) use
of a cold substrate. It is possible to further increase
free volume and change it into micro- (pore diameter
between 0.7 and 2 nm) or meso- (pore diameter of
some nanometers) porosity by adding a porogen in
the plasma reactor as comonomer and then eliminat-
ing it from the prepared film by thermal or UV
posttreatment [11, 12]. The porogen approach is
mainly applied to polymer-like plasma films.
Indeed, ceramic-like plasma materials are usually
required for their highly dense structure; neverthe-
less, they sometimes contain some microporosity
naturally due to chain breakage caused by very
high degrees of crosslinking [13].

1.09.2.3.3 Transport properties of PPs

The high degree of flexibility in free volume and
chemical structure of prepared materials makes
them good candidates for use as membrane materials.
PPs have been used as membrane materials since the
1980s; the first reported study was by Yasuda [14].
Their main advantages in such an application field
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are their high degree of crosslinking giving them high

separation efficiency as well as high chemical and

thermal stabilities, and their small and easily tunable

thickness enabling a modulation of their permeation

ability. As PPs are not self-supportive, they must be

deposited onto a symmetric or an asymmetric sup-

port with a surface pore size and a surface roughness

that is in agreement with the deposited thickness.

This support primarily acts as a mechanical support.

The plasma polymerization technique cannot deposit

thin films on the pore walls inside porous substrates

as can be done by counterdiffusion CVD, but plasma

polymerization is able to modify the mouth of the

pores at the surface of substrates, especially if the

latter are macroporous (pore diameter above

50 nm). In this case, the final membrane properties

depend both on the PP and on the starting support as

the duration of the applied plasma polymerization

process is not enough to make a complete and

homogeneous layer. In the case of a complete homo-

geneous layer, transport properties will be mainly

governed by the intrinsic separation properties of

the PP.
The first developed plasma membranes were

intended for gas permeation or retention and also

pervaporation; more recently, plasma membranes

have been prepared for liquid-separation processes

(nanofiltration and ultrafiltration, essentially). For

gas or liquid separation, membranes providing high

fluxes of penetrants are required. Polymer-like

plasma films are more suitable in this case. If the

plasma film does not totally plug the porosity of its

support, the transport properties across the mem-

brane will be controlled by the viscous flow. If the

plasma film constitutes a complete homogeneous

layer at the surface of its support, the transport prop-

erties of the membrane will be mainly governed by

solution-diffusion, microporous surface diffusion, or

molecular sieving mechanisms inherent to the PP.

Being highly crosslinked in essence, polymer-like

plasma materials are generally not as permeable as

conventional membranes. In order to enhance their

permeability, the easiest solution consists in reducing

their thickness, to the detriment of their mechanical

stability. Another solution is to increase their free

volume and/or chain flexibility to make them resem-

ble more conventional polymers. For gas retention

(packaging application essentially), membranes pro-

viding low fluxes of penetrants are required.

Ceramic-like plasma films are more suitable in this

case; their transport properties are rather controlled

by the molecular sieve mechanisms as in the case of
classical crystallized ceramics.

The development of polymer-like plasma films
has been more recently applied to fields using ion-
conducting membranes such as electromembrane
processes (electrodialysis in particular), electroche-
mical sensors, or, more broadly, energy-production
devices (fuel cells, Li-ion batteries, etc.). Such appli-
cations require the use of materials having a good
swelling in water and containing specific functions,
often charged, distributed in an ordered manner in
order to form effective channels of ionic conduction.
Obtaining such materials by plasma polymerization
is particularly challenging and requires delicate
research in the choice of the precursor(s) and the
adjustment of plasma parameters.

1.09.3 Plasma Membranes for Gas or
Liquid Separation

1.09.3.1 Gas Permeation

Studies on permselective efficiency of gas-permeation
membranes subjected to plasma treatment with
a noncondensable gas, that is, without any deposition
of new material, have been very few in the past 5–10
years. Recently, Kumasawa and coworkers studied
the gas permselectivity of polyethylene [15] and
polypropylene [16] membranes after a 5-min long
N2 or NH3 plasma treatment. They found that nitro-
gen was not significantly incorporated into the
polymer network and that CO2 permeability coeffi-
cients slightly increased after plasma treatment
whereas N2 ones were not affected, which gives
these plasma-treated polymer membranes an edge
over classical glassy polymers like polyimides, in
terms of CO2 separation factor.

Most authors were interested in the preparation of
PPs on porous substrates. Gas permeabilities of
plasma membranes prepared, using HMDSO or octa-
methylcyclotetrasiloxane (OMCTSO) are presented
in Figure 6 according to their deposition conditions
[13]. Gas-transport properties in such membranes
were mainly controlled by the diffusion mechanism.
Indeed, for soft plasma conditions, gas permeabilities
increased with W/FM because the number of flexible
siloxane bonds rose (as could be shown by chemical
composition analysis not depicted here); for hard
plasma conditions, gas permeabilities decreased
with W/FM due to densification of the materials:
chain crosslinking was the limiting factor in this
region. Whatever the monomer might be, H2 (the
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lightest gas) should logically show the highest per-
meability. Nevertheless, the sorption phenomenon
was also influential (particularly for PPs synthesized

in soft plasma conditions) as shown by the high
permeability coefficients of CO2 in PP–HMDSO

and CH4 in PP–OMCTSO.
Inagaki and coworkers tested several hydrocar-

bon-based and fluorine-based precursors for the

preparation of plasma-polymerized membranes
intended for the separation of oxygen from nitrogen.

An ideal selectivity up to �(O2/N2)¼ 5 could be
reached [17] and was strongly dependent on the

C–CFn concentration in materials [18] (Figure 7).
In these 300–500-nm thick membranes, it was
assumed that the less-fluorinated carbon units played

an important role in the oxygen/nitrogen separation.
Polymer-like plasma membranes could be further

treated (by plasma-ion bombardment and pyrolysis)

in order to increase the H2/N2 ideal selectivity up to

45 keeping a high hydrogen permeance:

2� 10�6 mol m�2 s�1 Pa�1 at 150 �C [19].
In drastic plasma conditions and starting with a

silazane vapor precursor, thin silicon carbonitride

plasma membranes were deposited onto an asym-

metric mesoporous alumina support whose average

surface pore size was 5 nm [20]. Such membranes

allowed separating light gases from heavier ones

without a strong reduction in permeability due to

their low thickness in the range 50–150 nm. Due to

their high thermal stability, these membranes were

especially adapted to hydrogen separation in the

presence of water at intermediate temperatures.

Figure 8 presents the evolution of the nitrogen

and helium permeability coefficients and the

helium–nitrogen ideal selectivity as a function of

the synthesis conditions. This selectivity was
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strongly dependent on the plasma parameters. The
x-axis in Figure 8 corresponds to the dilution of
hexamethyldisilazane (HMDSN) in ammonia to
obtain silicon carbonitride layers: X¼ [HMDSN]/
([HMDSN]þ[NH3]). At X¼ 1 (pure HMDSN),
the material was flexible enough, allowing the
heaviest gas to permeate. When increasing the
ammonia dilution, the material became more
rigid and selective. The ideal selectivity He/N2

could be over 30. At low X, the growth of the
inorganic-like plasma material became columnar
with defects, which explained the increase in the
permeability coefficients and the decrease in the
ideal selectivity of He/N2.

1.09.3.2 Pervaporation

Vilani and coworkers [21, 22] studied polyurethane
membranes used to separate methanol from methyl-
t-butyl ether by pervaporation after an acrylic acid
vapor plasma treatment. They showed that a short
time modification with a high plasma input power
(100 W) allowed the increase of selectivity factor
from 5 to 30 and also the permeate flux (Figure 9)
[21]. They attributed these evolutions to an increase
of C¼C contribution and a loss of C–N content that
might result in crosslinking at the surface due to
decrease in surface free volume and chain flexibility.

Upadhyay and Bhat [23] proved the strong
efficiency of a nitrogen plasma treatment
(Figure 10) compared to oxygen or air plasma

treatments of nonporous polyvinyl alcohol-based
membranes. The extremely high selectivity of the
nitrogen-treated membranes toward water mole-
cules (over 1200 in isopropyl alcohol (IPA)–water
mixture with IPA weight fraction below 0.8) could
be attributed to surface crosslinking whereas air
and oxygen plasma-etched amorphous regions
decreased the swelling of the treated membranes
and their selectivity to water.

Yamaguchi and coworkers [24] used the techni-
que of plasma-induced graft polymerization to
modify the surface of porous high-density polyethy-
lene with acrylate for the removal of dissolved
organics from water. The argon plasma power was
10 W, the pressure in the plasma reactor was
0.1 mbar, and the reaction time was 60 s. A series of
acrylates (same concentration and same temperature)
was used; the monomer which had the longest chain
showed the lowest reaction rate. Pervaporation of
dilute aqueous solution of 1,1,2-trichoroethane was
very efficient. More recently, Li and coworkers [25]
changed the surface of PTFE by plasma-induced
grafting polymerization of acrylamide in order to
increase the pervaporation performance for the
dehydration of aqueous alcohol solutions
(Figure 11). The water contact angle of such
PTFE–g–PAAm membranes was 50� and their
water permeation rate could go up to 373 g m�2 h�1.
An accurate argon plasma exposure time to polymer-
ize the grafted AAm had to be applied to prevent any
etching of the PTFE surface.

0

5

10

15

20

25

30

S
el

ec
tiv

ity
 fa

ct
or

 (
α)

10 20 30 40 50 60 70 80 90 100
0

5

10

15

20

P
er

m
ea

te
 fl

ux
 ×

 m
em

br
an

e
th

ic
kn

es
s 

(k
g 

μm
/m

–2
h–1

)

Plasma power (W )

Figure 9 Effect of the acrylic acid plasma power on the permeate flux and selectivity factor in plasma-treated polyurethane

membranes. Treatment time: 1 min.

Plasma Membranes 169



In the experiment we conducted, thin plasma-
polymerized films made by using HMDSO or
OMCTSO were tested as pervaporation membranes
for the recovery of organics (phenol, chloroform,
pyridine, and methylisobutylketone) from aqueous
streams [26]. More drastic conditions in the prepara-
tion of films induce an increase in the quantity of
organics and water permeabilities, and therefore a
decrease in selectivities, directly related to the den-
sification of the membrane structure. In soft plasma
conditions, selectivities are close to those of PDMS
but permeabilities are three orders of magnitude
lower. Yet, performances are comparable due to the
small thickness of plasma-polymerized layers.

1.09.3.3 Liquid Separation

Membranes intended to cause liquid separation are
porous membranes. Depending on their pore width,

they are referred to as macroporous membranes (for
pore diameter higher than 50 nm), mesoporous mem-

branes (for pore diameter between 2 and 50 nm), or
microporous membranes (for pore diameter lower

than 2 nm). These are more suited for reverse osmo-
sis (using micropores), electrodialysis (also using

micropores), nanofiltration (using mesopores with
pore diameter lower than 10 nm), ultrafiltration

(using big mesopores or small macropores), or micro-
filtration (using macropores). Conventionally,

various kinds of materials and structures are used
depending on the aimed application.

The main conventional membrane materials
used for filtration of noncharged species (reverse
osmosis, nano-, ultra-, and microfiltrations) in

aqueous solutions are polysulfone (PSU), poly-
ethersulfone (PES), polyacrylonitrile (PAN),

polypropylene, polyurethane, polyimide, PDMS,
polyvinylidene fluoride (PVDF), PTFE, and
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poly(ethylene)terephthalate. With regard to

shapes, flat, in the form of a tube, or hollow

fiber membranes can be envisaged. These mem-

branes generally present good bulk properties

such as thermal stability, mechanical strength,

and solvent resistance. Nevertheless, their filtra-

tion properties are weak and some of them

(especially microporous ones used for proteins

separation) are likely to suffer from fouling due

to their high hydrophobic nature. Plasma modifi-

cation can provide a solution to these problems

via plasma treatments using air, Ar, He, N2, NH3,

CO2, or water vapor, plasma-induced graft poly-

merization, or plasma polymerization. The aim of

plasma modification is to obtain specific function-

alities (acidic, amphoteric, or basic) at the surface

of the membrane making it more hydrophilic. In

the case of the separation of water from hydro-

phobic liquids (oil, diesel, etc.) by ultrafiltration,

of great importance in petroleum, pharmaceutical,

cosmetics, and nutritional oil industries, the sur-

face of commonly used conventional membranes

(porous materials such as filter paper or polyester

textile) is, on the contrary, too hydrophilic.

Plasma polymerization using fluorine-based or

organosilicon monomers is a promising technique

to make these membrane surfaces turn

hydrophobic.
The membranes used for the separation of

charged species by electrodialysis are ion-exchange

polymer membranes. Such membranes can suffer

from chemical instability in some aggressive acidic

or alkaline media; moreover, their ion selectivity is

not always very good. The deposition of a highly

crosslinked PP on their surface can enhance their

chemical stability as well as their ion selectivity.

1.09.3.3.1 Hydrophilic nature enhancement

by plasma process for filtration applications

Plenty of work has been devoted to PSU membranes
widely used in microfiltration or ultrafiltration pro-
cesses, in particular for low protein adsorption in
serums and plasma. There have been several reports
on hydrophilization of PSU surfaces after plasma
treatment by noncondensable gases, plasma-induced
graft polymerization, or plasma polymerization.
Some of them are as follows:

• Plasma treatments. PSU as well as PES have been
widely treated by CO2 plasmas. Wavhal and Fisher
[27, 28] used a reactor equipped with an additional
cylindrical glass membrane holder (Figure 12). The
membrane, first cleaned in methanol, was then
oriented perpendicular to the gas flow. This arrange-
ment allowed the penetration of the plasma through
the depth of the membrane. The pressure in the
reactor was set to 150–160 mTorr, the RF power
(13.56 MHz) was ignited at 5, 10, and 20 W (for
PSU membranes) and in the range 20–35 W (for
PES membranes). The treatment time varied from
10 to 300 s for PSU membranes and from 0.5 to
15 min for PES ones. Microstructural characteriza-
tions by FTIR and X-ray photoelectron spectroscopy
(XPS) displayed the effect of CO2 plasma treatments
of PES films. After a 24-h exposure to air, the –OH
stretching band (3200–3700 cm�1) and the C¼O
absorption band (1700–1800 cm�1) on FTIR spectra
significantly changed. Thereafter, only small changes
were observed. XPS elemental compositions of both
sides of the PES membranes were determined before
and after plasma treatment. For a plasma treatment of
30 s, both sides were equally modified: the oxygen
concentration increased by 47%. For longer treat-
ment times, the composition of both sides did not
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change even when both the plasma power and treat-

ment time increased. High-resolution XPS C1s, O1s,

and S2p spectra are discussed in Reference 28.

Contact-angle measurements were performed on

both sides of PSU and PES membranes. The main

conclusion was that the enhanced wettability of the

treated membranes did not change even after storage

in air for 6 months. The authors discussed the pene-

tration of the reactive plasma species inside the depth

of the membranes. Stacking up two membranes (open

side 1–tight side 1/open side 2–tight side 2) allowed

one to explore the depth of the plasma treatment

through the membrane. As the treatment time

increased, the four surfaces became more hydrophi-

lic. This means that the plasma reactive species

penetrated the depth of the membranes. The pene-

tration depth was estimated to be approximately

150–300 mm which was consistent with the Debye

length estimated to be 100–200 mm under the chosen

plasma conditions. This was in accordance with pre-

vious results from the same authors concerning H2O

plasma treatment applied to PSU and PES

membranes [29, 30].

Gancarz and coworkers worked on the modifica-
tion of PSU membranes in a microwave(2.45 GHz)-

pulsed CO2 plasma discharge. The plasma conditions

(gas flow rate, total pressure, power, duty cycle, and

time of treatment) are described in Reference 31.

Surface tension, dispersive, and polar components

were determined. The results showed a rapid

increase in hydrophilicity (polar and dispersive com-

ponents were equal). The surface reactions occurred

during the first minute of treatment and no change in

the measured parameters was observed after 1 min of

plasma treatment. The storage of the samples for 24 h

in air caused a small decrease in the polar component

but the total surface tension still remained relatively

high. Figure 13 shows the dependence of contact-

angle measurements of PSU membranes before and

after CO2 plasma versus pH of water solution.

Although the contact angle of the nonmodified PSU

was independent of pH up to 13, that of the modified

PSU decreased for pH > 7. These results confirmed

the acidic character of the PSU surface after the CO2

plasma modification which was as predicted by

Shahidzadeh-Ahmedi and coworkers [32].
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In other papers, Gancarz and coworkers [31, 33]
showed that plasma treatment had an influence on
the pore size of the PSU membranes. They estimated
the pore size with an assumption distribution using
dextran standards. It was clearly seen that the pore
size became larger after plasma modification due to
ablation (Figure 14(a)). Consequently, the filtration
properties of the PSU membranes changed: the water
flux through them showed a minimum after 2 min of
plasma treatment and then increased (Figure 14(b)).
The water-flux decrease for plasma treatments
shorter than 2 min could be ascribed to the prefer-
ential ablation of hydrophilic groups making the pore
surface more hydrophobic, thereby inducing water
retention; this effect produced an increase in the pore
size. After a 2-min treatment, increase in the pore size
became the main effect and the water flux increased.

In the same research group, nitrogen and ammo-
nia plasma were also used to modify the surface of
PSU membranes and improve their filtration proper-
ties. The effect of N2 plasma was an increase in
hydrophilicity during the first 2 min of treatment;
the polar component was a little higher than the
dispersive contribution [34]. For longer treatments,
a slow increase in surface tension was observed. The
storage of membranes in air for 1 day resulted in a
decrease in the total surface tension and the polar
component. This could be due to the mobility of
surface functionalities or sorption of hydrophobic
moieties of laboratory air. The treated membranes
were kept in double-distilled water. The total surface
tension decreased in the first week and was stable
after that; at the same time, the dispersive contribu-
tion increased while the polar component decreased.
Pore-size distribution of PSU membranes after 2-
and 10-min N2 plasma treatment is shown in
Figure 15. The average pore size became slightly

larger and the distribution wider, a proof of equili-
brium between etching and grafting of nitrogen
functions. NH3 and NH3/Ar plasma caused an
increase in pore-size diameter and the effect was
not dependent on treatment time [35].

CO2, N2 and NH3, and NH3/Ar plasma-treated
PSU membranes were tested for protein filtration.
Fluxes of buffer (Jb

0), bovine serum albumin (BSA)
solution (Jp), buffer after BSA filtration (Jb

f ), and
buffer after cleaning (Jb

c) for two different pH
values (3 and 9) are shown in Figure 16. From
these values, fouling index (FI), flux recovery
after cleaning (FR), reduction of flux in filtration
(RF), and protein retention (SR) are reported in
Reference 36 (Figure 17). Considering the best
results as corresponding to lowest FI and RF (less
intensive fouling) and highest FR (best flux recov-
ery), the best performances were obtained with
CO2 and N2 plasma treatments. The indices for
the membrane modified with NH3/Ar plasma
were not as good as those for NH3. In all cases,
there were no significant differences at various
values of pH. This means that the modified mem-
brane surface had an amphoretic character.

Unfortunately, plasma treatments can alter the
physico-chemical properties of materials, particu-
larly polymer surfaces. In the particular case of
PSU membranes, plasma treatments can lead to
photodegradation. Gesner and Kelleher [37] showed
the most susceptible bonds for degradation
(Figure 18); Poncin-Epaillard and coworkers [38]
compared the degradation effects of plasma treat-
ments to those of radical photooxidation. FTIR
spectra of the surface were recorded using attenu-
ated total reflectance (ATR) technique in order to
obtain information about the structural change of
the membranes after plasma treatment. Intensities
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of few bands characteristic of the membranes

increased showing the reaction between the surface

and the stable radicals created by the plasma.

A large number of new absorption bands appeared

in the spectra just after plasma treatment; subse-

quently, some of them decreased during the first

48-h storage in air. Photodegradation mechanism

of membranes was deduced from FTIR observa-

tions. Scission takes place at every bond except the

aromatic C–C and C–H bonds. Several steps may

be distinguished: creation of free-radical sites due to

surface bombardment by species in the plasma,

chain cleavage with loss of volatile species, further

gas-phase reactions of the primary volatile products

in the plasma, reaction of the free-radical sites on

the polymer, and reaction of the residual free

radicals with oxygen and nitrogen after exposure

to the air.
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• Plasma-induced graft polymerization. Plasma treat-
ment of membranes with gases such as CO2,
nitrogen, ammonia, or oxygen increases the hydro-
philicity of the asymmetric ultrafiltration
membranes but the hydrophilicity can decrease
with aging in air; moreover, the etching effect of
the plasma treatment can be detrimental for

membrane integrity [39]. Plasma-induced graft
polymerization can be a convenient technique
for durable pore filling and hydrophilicity
enhancement without alteration of the mem-
branes. Some studies have been devoted to graft
polymerization by immersion of the plasma-acti-
vated membranes in the monomer solution to be
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grafted; acrylic or methacrylic acids were grafted

on PAN and PSU [40], and N-vinyl-2-pyrroli-

done was grafted on PAN [41]. Graft
polymerization was also implemented in vapor

phase: acrylic and methacrylic acids on PAN

and PSU [40, 42], styrene on PAN [43, 44], 2-

hydroxy-ethyl methacrylate [40] or sodium vinyl-

sulfonate on PTFE [45], N-vinyl-2-pyrrolidone

on polypropylene [46], and allylamine or diami-

nocyclohexane on PVDF [47]. In all these

studies, an equivalent plasma activation was
used: the membrane was irradiated with an inert

gas (He, Ar, N2, O2, etc.) in a plasma reactor for

10–300 s and then, either exposed to air for 5–

10 min before grafting in the case of liquid-phase

grafting, or put in contact with the monomer

vapor to be grafted (in the plasma reactor) in

the case of vapor-phase grafting. Generally, an

RF generator (13.56 MHz) was used in a capaci-

tively coupled reactor, and the input power
varied between 20 and 100 W at a total pressure

of 0.1–0.5 mbar. The postexposure to air, or/and

the presence of water vapor in the plasma reactor,

generated the formation of peroxides at the sur-

face of the membranes. After grafting, membranes

were finally rinsed in de-ionized water and dried.

We report here the results of Zhao and coworkers

[42] related to grafting of acrylic acid on PAN

membranes. XPS measurements proved the pre-

sence of acrylic acid grafted on the substrate. The

field effect scanning electron microscopy

(FESEM) photographs showed the smooth sur-
face and the pore filling of the membranes. The

pore size decreased with the irradiation time in

the first step and then increased for plasma acti-

vation longer than 60 s (Figure 19). The effect of

graft polymerization was a continuous decrease

in the pore size and the enhancement of hydro-

philicity. As a result of pore filling of PAN, the

water-permeation flux through the membranes

decreased with plasma input power and graft

reaction time. Saccharose solution filtration ver-

sus graft reaction time was studied. The retention

of saccharose reached about 75% after 15 min of

plasma-induced graft polymerization. Similar
results were obtained by the same team with

plasma grafting of styrene [40, 42]. The pore-

size distribution showed a decrease from 14 to

8 nm with an increase of plasma input power and

graft reaction time. Such plasma-grafted poly-

merized PAN membranes were effective in de-

waxing the lube oil stock by mixing a de-waxing

solvent (methyl ethyl ketone or toluene). The

membrane exhibited a rejection of oil up to

73% in de-waxing solvent. Flux and rejection

increased with grafting time.

In the case of plasma amino-functionalization of

PVDF, plasma-induced graft polymerization using

allylamine or diaminocyclohexane as monomer to
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be grafted was compared to continuous and pulsed

plasma polymerization using nitrogen–hydrogen

mixture or ammonia as plasma monomer [47].

A higher degree of functionalization with diamino-

cyclohexane was achieved when the grafting method

was applied.

• Plasma polymerization. Acrylic acid deposited by
plasma polymerization was compared to that

which was plasma grafted on PSU membranes

[48]. Plasma polymerization was performed with

a microwave (2.45 GHz) plasma discharge. Pulsed

plasma (pulse frequency of 125 Hz and 25% of

duty cycle) and postdischarge techniques were

applied. A low-powered plasma (30 W) resulted

in a plasma-polymerized film very similar to

conventional poly(acrylic acid). The polymeri-

zation yield was similar for both approaches:

34 mg cm�2 for graft-polymerized (GP) and

20 mg cm�2 for plasma-polymerized films. The

pore-size distribution of plasma-polymerized

membrane was a little wider than that of the

GP one; however, the average pore size was

smaller. A dramatic decrease of water flux

through modified PSU membranes was observed

with the degree of grafting in the case of GP-

modified membranes, while plasma-polymer-

ized-modified membranes showed a linear

decrease of water flux (Figure 20).

Protein filtration used the same procedure as pre-

viously described in Section 1.09.2.2. Parameters FI,

FR, RF, and SR were compared for GP and plasma-

polymerized membranes for two pH values. The

results are given in Table 1. Compared to untreated

PSU membrane, modified membranes displayed bet-

ter performances in basic solution than in the acidic

solution of BSA: lower FI (fouling index) and RFF

(reduction of flux in filtration), higher FR (flux

recovery after cleaning) and comparable SR (protein

retention). No significant differences appeared

between GP-modified and plasma-polymerized-

modified membranes.

1.09.3.3.2 Hydrophobic-nature

enhancement by plasma polymerization
for filtration applications

Selective membranes for the separation of water from

hydrophobic liquids can be obtained by depositing a

hydrophobic plasma-polymerized thin layer on por-

ous materials such as filter paper or polyester textile.

Organosilicon and fluorine-based compounds can be

used as plasma monomers. Bankovic and coworkers

[49] used HMDSN or HMDSN–n-hexane mixture

as monomer. The contact-angle values obtained with

water for the treated surface ranged from 135 to

155 � . Aging did not affect the membrane perfor-

mance. Water adsorption measured by Cobb test

decreased from values ranging from 300 to

9000 g m�2 for nontreated surfaces to values ranging

from 0 to 20 g m�2 for treated ones. These surface

treatments were suitable for obtaining selective

membranes to separate water from organic-polar

(ethanol, 2-propanol, carbon tetrachloride, phenol,

etc.) and nonpolar (n-hexane, cyclohexane, heptane,

dodecane, benzene, etc.) compounds of different

chain lengths.
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1.09.3.3.3 Selectivity enhancement by

plasma processes in electrodialysis

application

The only study that reported selectivity enhancement
of membranes in electrodialysis was by Vallois and
coworkers [50]. To improve the ionic selectivity of
cation-exchange Nafion� (perfluorosulfonated poly-
mer commercialized by Du Pont de Nemours) and
sulfonated polyimide (sPI) membranes for the recov-
ery of acid from solutions containing metallic salts, a
thin film of polyethylene imine (PEI) was deposited
on the membrane surface by two techniques. The first
one was a plasma preetching of membranes by a 50%
O2–50% Ar plasma discharge followed by a classical
electrodeposition of PEI in solution. The second
technique was plasma polymerization involving an
ethylene–ammonia mixture. PEI-electrodeposited
membranes led to a reduction in transport number of
copper (in a solution containing protons and copper
ions) by 65% and 26% when compared to pristine
membranes, for Nafion� and sPI respectively.
PEI-plasma polymerized membranes led to a greater
reduction of 74% and 59%. So the plasma polymer-
ization method appeared to be more effective than the
conventional electrodeposition of a positively charged
polyelectrolyte to increase the ionic selectivity of ion-
exchange membranes.

1.09.4 Plasma Membranes for
Energy-Production Devices

1.09.4.1 Rechargeable Batteries

Batteries are still irreplaceable and are used in a large
variety of applications wherein their favorable elec-
trical properties, excellent reliability, and low
maintenance are of importance. In batteries, electri-
cal energy is generated by conversion of chemical
energy via redox reactions at the electrodes. In its
elementary construction, a battery cell comprises two

plates (anode and cathode), a battery separator, and
an electrolyte. When a load is applied to the battery,
electrons are generated at the anode (by its oxida-
tion), pass through the load, and then return to the
battery cell at the cathode, which is then reduced
[51–53]. Separators play a key role in all batteries.
They make a physical barrier between the positive
and negative electrodes incorporated into most cells
to prevent flow of any electric current between them.
On the other hand, they have to allow for rapid
transport of the ionic charge carriers that are needed
to complete the circuit inside the battery during
charging and discharging of an electrochemical cell.
This means that the separator must be a good electric
insulator and at the same time a good ionic conduc-
tor. Moreover, the separator is the smallest (by
volume) and the weakest part of the battery and, as
a rule, the cycle life of the cell and its performance
are limited by failure of the separator. So, in addition
to a minimal electrolytic resistance (good conductiv-
ity of ions) and electric insulation, the important
requirements for a good separator include the follow-
ing: good mechanical properties and chemical
resistance to degradation by electrolyte or the active
electrode materials. A manufacture at low cost would
be another advantage. In most batteries, the separa-
tors are made of either woven and nonwoven fabrics
or microporous polymeric films. As electric noncon-
ductors with a high degree of porosity, such materials
usually meet both requirements of electric insulation
and good ionic conduction. Nevertheless, these
materials are often not very mechanically and che-
mically resistant in aggressive media like the way
batteries are. Plasma processes (treatment or deposi-
tion) can be promising for overcoming this problem.

1.09.4.1.1 Nickel–cadmium (Ni–Cd)

batteries

One of the application fields for Ni–Cd batteries is
military and civil aviation service. In addition to the
general requirements presented before, Ni–Cd
batteries must be very reliable and in some cases
must exhibit high power factor; it means that all
constituents of the unit cell, including the separator,
must be of highest quality. Separators in sealed
Ni–Cd (and also nickel metal-hydride) batteries
have to be highly permeable to gas molecules for
overcharge protection and act as an electrolyte reser-
voir. In these batteries, the separators are generally a
bilayer system made of a polypropylene membrane
with porosity of 50%, or more, and a nonwoven
fabric mat. Separators in open or valve-regulated

Table 1 Comparison of parameters for graft-

polymerized and plasma-polymerized membranes

pH¼3 pH¼9

PSU GP PP PSU GP PP

FI 59.9 66.1 65.7 53.5 40.7 41.6

FR 53.2 42.2 45.1 68.4 80.0 76.5

RFF 82.5 77.2 82.2 72.9 53.6 64.3

SR 95 76 93.6 98.6 92.6 97.1

178 Basic Aspects of Polymeric and Inorganic Membrane Preparation



high-power Ni–Cd cells should have very low thick-
ness (in the current technology, 25.4 mm seems to be
the standard thickness) with minimal electrolytic
resistance. In these specific batteries, the separators
used are made of either cellulose (Cellophane) or
microporous polyolefine films. Unfortunately, all of
these separator materials have some drawbacks. In
particular, porous polypropylene membranes show
very high electrolytic resistance and poor wettability
by KOH solution. Several ways are described in the
literature to overcome this disadvantage. The
method most often used for this purpose includes
the application of surfactants or priming of the
membranes with certain solvents; unfortunately,
such a method does not enable permanently stable
surface hydrophilization and the achievement of
minimum electrolytic resistance of the membrane.
Other methods include treatments by flame, corona
discharge, photons, electron beam, ion beam, X-rays
and �-rays, and above all plasma, which can provide
the polymer with a new, stable, and monofunctional
surface. The most noteworthy papers dealing with
plasma processes concern poly(acrylic acid)-grafted
or -deposited 25-mm polypropylene microporous
films [54, 55]. The first method implemented by
Ciszewski and coworkers [54] was plasma polymer-
ization of acrylic acid in the presence of Ar giving
rise to the deposition of a poly(acrylic acid)-like
plasma polymer at the surface of the polypropylene
membrane. The second method was plasma-induced
graft polymerization with acrylic acid [54, 55]. An
argon plasma (using a pulsed-microwave discharge)
was first applied to the polypropylene film in order to
generate activated sites on its surface, and then the
film was put in contact with acrylic acid, either in
vapor phase in the plasma chamber once the dis-
charge was off or in liquid solution at elevated
temperature or under UV irradiation. With both
methods, presence of uniformly grafted poly(acrylic
acid) on the polypropylene surface was confirmed
by XPS, SEM, and FTIR–ATR methods.
Polypropylene films grafted in solution under UV
irradiation are those that exhibit the best perfor-
mance. The electrolytic area resistance of such
membranes is very low (around 60 m� cm2 at room
temperature), stability is very good (100 cycles with-
out any change), and the performance of real Ni–Cd
cells with the separator (2000 W dm�3 at 0.6 V) is
comparable with cellulose membrane, considered to
be the best commercial separator. Furthermore, the
grafted polypropylene does not have the disadvan-
tages of Cellophane. It is then a good candidate for an

inexpensive and safe separator in rechargeable high-
power Ni–Cd batteries.

1.09.4.1.2 Redox-flow batteries

Redox-flow batteries generally consist of two solu-
tions divided by a separator. Each solution contains
redox cations (e.g., Fe2þ/Fe3þ, Cr2þ/Cr3þ), protons,
and anions. The overall performance of redox-flow
batteries is strongly dependent on the separator
permselectivity among ions of the same polarity.
Indeed, the transport of the redox ions through the
separator decreases the cell efficiency and cyclicity.
Although an anion-exchange membrane might be
suitable as a barrier against the redox cations, its
electrical resistance is generally too high compared
to that of conventional cation-exchange membranes.
Furthermore, some anionic complex ions containing
the redox species may permeate through anion-
exchange membranes. Cation-exchange membranes,
on the other hand, generally exhibit lower electrical
resistance, but are readily permeated by the redox
cations. Taking into account these considerations, the
best separator would be a cation-exchange mem-
brane (classically, Nafion�) having a high proton
permselectivity. Unfortunately, the selectivity of
Nafion� among different counterions is generally
low. The deposition of an anion-exchange membrane
on the surface of Nafion� can be the solution. The
principle of the enhancement of monovalent cation
permselectivity is given in Figure 21. Due to the
electrostatic repulsion from the fixed anions in the
cation-exchange membrane, the anion cannot
permeate through the membrane. Similarly, the
transport of monovalent cations and multivalent
cations is also suppressed by the electrostatic repul-
sion from the fixed cations in the thin anion-
exchange overlayer. However, since the repulsion
exerted on monovalent cations from the fixed cations
is weaker than that on multivalent cations, monova-
lent cations can be preferentially transported. A high
fixed cation density in the thin anion-exchange over-
layer will give rise to a high permselectivity of
monovalent cations. This enhancement will be
achieved, however, at the expense of membrane con-
ductance. Plasma polymerization is a useful method
for forming an ultrathin uniform layer which tightly
adheres to Nafion�. A thin layer having groups con-
taining nitrogen (e.g., pyridine rings or amines) is
required so that it could behave as an anion-exchange
layer once the groups containing nitrogen have been
positively charged (or quaternized) in acidic or
methyl halogenide solution.
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Ogumi and coworkers were the only researchers
interested in using plasma polymerization in the field
of redox-flow batteries (in the period 1989–95). First,
they performed classical plasma polymerization; they
used 4-vinylpyridine as monomer, with argon as dilut-
ing gas, in an RF plasma reactor with postdischarge
configuration [56–59]. Nafion� 117, pretreated with
oxygen plasma for the best adhesion of the 100–300-
nm thick plasma polymer, was used as supporting
cation-exchange membrane. Quaternization of the
plasma polymer was performed by immersion of the
bilayer membrane in 1-bromopropane–propylene
carbonate solution. Microstructural characterizations
showed that the plasma-polymer deposition rate was
consistent with the CAP mechanism (highest value:
1000mg h�1 cm�2) for input powers and pressures in
the range 5–10 W and 10–40 Pa, respectively. The
preservation of the pyridine rings was favored at low
input power and high pressure. The cation perms-
electivity of the bilayer membrane was evaluated
measuring the Fe2þ transport number in HCl/FeCl2
or LiCl, CH3COOLi, and CH3COOH/FeCl2
solution. The lower the Fe2þ transport number, the
higher the cation permselectivity. It could be
observed that the lowest Fe2þ transport numbers
were obtained for plasma polymers synthesized at
high input power, low pressure, and high layer

thickness; in the best synthesis conditions (50 W,
10 Pa, 300-nm thickness), it was as low as 10�2

(whereas it is equal to 0.6 for pristine Nafion�), but
at the cost of high membrane resistance equal to
15 � cm2 (whereas it is equal to 0.5 � cm2 for pristine
Nafion�). High resistance could be ascribed to
the existence of an interfacial layer formed by
penetrating nitrogen-containing species in Nafion�,
that quaternized forming a tightly bonded ion
pair between the sulfo group of Nafion� and the
quaternized amino or the pyridil groups. Some years
later, the same research team performed plasma-
induced grafting polymerization of 4-vinylpyridine
or 3-(2-aminoethyl)aminopropyltrimethoxysilane
onto Ar or O2 plasma-activated Nafion� 117
[60, 61]. Quaternization of the overlayer in the
1-bromopropane–propylene carbonate solution was
the final step of the bilayer membrane preparation.
The cation permselectivity of the bilayer membrane
was evaluated measuring the Fe2þ transport number
in a LiCl, CH3COOLi, and CH3COOH/FeCl2 solu-
tion. The argon plasma activation was more beneficial
to the cation permselectivity than the O2 plasma
activation, due to the fact that radicals formed by O2

activation compete with amino radicals to fix on the
surface of activated Nafion�. The use of 3-(2-ami-
noethyl)aminopropyltrimethoxysilane as grafting

Cathode
Cation-exchange

membrane

A– C++
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C+

+–

Anion-exchange
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Figure 21 Principle of the enhancement of monovalent ion permselectivity through a cation-exchange membrane.
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compound was more beneficial to the cation perms-
electivity than the use of 4-vinylpyridine because the
number of amino groups fixed from the first com-
pound was higher than from the second. For the best
plasma gas-grafting compound couple, Fe2þ transport
number and membrane resistance as low as 7.5� 10�3

and 6 � cm2 could be measured respectively. Here,
the resistance is not too high as in the case of plasma-
polymerized overlayers because nitrogen-containing
cationic species was absent in the plasma and the
interfacial layer between Nafion� and the overlayer
did not form.

1.09.4.1.3 Lithium ion (Li-ion) batteries

In recent times, considerable attention has been
focused on the preparation of solid-state Li-ion bat-
teries utilizing solid polymer electrolytes, instead of
traditional corrosive liquid electrolytes. Several Li-
ion conducting polymer/salt complexes, especially
polyethers with alkali metal salts, have been shown
to be promising candidates as solid electrolytes
owing to their relatively high ionic (Liþ) conductiv-
ity (10�6–10�8 S cm�1) at low or even room
temperature. Since these solid polymer electrolytes
generally have lower ionic conductivity than liquid
electrolytes (10�4–10�6 S cm�1), ultrathin films are
required to decrease actual film resistance. However,
it is not easy to prepare an ultrathin film of solid
polymer electrolyte because the thinner the film, the
easier the generation of pinholes by conventional
techniques. Plasma polymerization is an attractive
method for providing an ultrathin uniform polymer
layer strongly adhering to battery electrodes.

Among polyethers, those containing siloxane units
are attractive because it is known that the introduction
of siloxane units into the polymer leads to a low glass
transition temperature, which favors the enhancement
of the ionic conductivity of the solid polymer electro-
lyte. Ogumi and coworkers published many papers in
this field during the period 1988–90. Their approach
was based on the hybridization of a plasma polymer
formed from an organosilicon compound with a
lithium-based compound and eventually a third com-
pound, polyethylene oxide (PEO) or polypropylene
oxide (PPO), whose polarity increases the ionic
conductivity. As a first strategy, they prepared a
PDMS-like plasma film using an RF discharge, then
soaked the plasma polymer in a lithium salt solution,
and lastly dried it. First, they used OMCTSO as a
single monomer and a mixture of PPO and LiClO4 in
butanol as the impregnation solution, and studied the
influence of the RF input power and the lithium salt

concentration on the microstructural and transport
properties of the prepared films [62–64]. Whatever
the input power may be, plasma films were thin (1–
3mm), very highly crosslinked (density: 1.45), and
characterized by a uniform distribution of ClO4

� and
Liþ species. In accordance with the CAP mechanism
described earlier, the polymer deposition rate exhib-
ited a maximum (170mg h�1 m�2) for a medium value
of input power (10 W); in such plasma conditions,
plasma polymers were closed to conventional
PDMS. For higher values of input power, methyl
group elimination and Si–O–Si crosslinking reactions
made the films resemble the structure of silica.
Consequently, the film’s lithium conductivity was all
the more high as the input power in the preparation of
materials became lower. Concerning the influence of
the LiClO4 concentration, two regions could be dis-
tinguished: in the low concentration range (<4 wt.%),
an increase in salt concentration increased the number
of ionic carriers inducing an increase in the conduc-
tivity; in the high concentration range (>4 wt.%),
crystallized domains of LiClO4 appeared on the films
decreasing the conductivity with decrease in lithium
salt concentration. Electrochemical measurements
showed that the films were made up of a microheter-
ogeneous structure (OMCTSO segments–PPO
segments) in which the PPO segments were those
mainly contributing to the ionic dissociation of
LiClO4. In best operating conditions, a rather good
conductivity of 2.6� 10�6 S cm�1 (resistance: 40
� cm2) at 60 �C could be achieved. Tests on the cells
revealed a fairly good rechargeability (cycling at
10–40mA cm2) but a large internal resistance, certainly
due to lack of a close contact between the membrane
and the electrodes due to the formation of a resistive
layer at the interface. With the aim of having one
single mobile species (only Liþ) on the films, more
favorable to high ionic conduction than two mobile
species, Ogumi and coworkers [65] added methyl
methanesulfonate or methyl benzenesulfonate in the
OMCTSO plasma discharge in order to obtain
PDMS-like plasma polymers containing –SO3R
groups. Such materials were successively soaked in
LiI–propylene carbonate and butanol–PEO solutions
to get hybridized PDMS-like (containing –SO3Li)/
PEO films. Microstructural characterizations showed
a better efficiency of methyl benzenesulfonate rather
than methyl methanesulfonate for the introduction of
–SO3R groups into the polymer matrix. Uniform dis-
tribution of –SO3Li and good attachment of these
groups on the polymer matrix were demonstrated. In
best operating conditions, a rather good conductivity
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of 1.3� 10�6 S cm�1 (resistance: 80 � cm2) at 60 �C
could be achieved. As a second strategy, Ogumi and
coworkers prepared a poly[tris(2-methoxyethoxy)-
vinylsilane]-like plasma membrane using an RF
discharge, then sprayed the plasma polymer with
a lithium salt solution, deposited a second layer of
plasma polymer on top of the sprayed solution,
and lastly dried the multilayer structure so that
the lithium salt solution could uniformly diffuse
through both the polymer layers. First, they used
tris(2-methoxyethoxy)vinylsilane (TMVS) as the
only monomer and a methanol–LiClO4 mixture as
the sprayed solution whose uniform diffusion in mate-
rials was demonstrated [66, 67]. A good conductivity
of 4.4� 0�5 S cm�1 (resistance: 2.3 � cm2) at 100 �C
and a good rechargeability when integrated in a Li-ion
battery were obtained. Nevertheless, the problem of
large-cell internal resistance previously observed for
PDMS-like plasma films was also observed for
poly(TMVS)-like membranes. In order to overcome
this problem, Ogumi and coworkers [68] added
methylacrylate in the TMVS plasma discharge in
order to obtain co-poly(TMVS)-poly(methylacry-
late)-like plasma polymers containing –COOR
groups, then sprayed LiI–propylene carbonate solu-
tion before a second deposition of plasma polymer,
and a final drying. Microstructural characterizations
showed a uniform distribution of –COOLi and a good
attachment of these groups on the polymer matrix.
Nevertheless, only a very low conductivity of
10�8 S cm�1 at room temperature could be achieved
even for materials synthesized in best operating con-
ditions, which may be ascribed to the weak acidity of
carboxylic acid groups. A bit later, in the middle of the
1990s, Kwak and coworkers [69] reported for the first
time the preparation of a lithium-conductive plasma
membrane using the combination of plasma polymer-
ization with plasma sputtering. The implementation of
an RF discharge in a chamber containing C2H4 as
hydrocarbon monomer (introduced with a diode
gun), Ar and O2 as diluting gases, and Li3PO4 target
(placed on a magnetron) as lithium source enabled to
obtain thin lithium-conductive composite plasma
films. Such films were found to be randomly
crosslinked alkanes with sporadic distribution of unsa-
turated C–C bonds. In addition, the films were found
to contain various functional groups resulting from the
reactions with the process gas species in the plasma: in
particular, C–O–C, –OH, and C¼O groups. The ele-
ments originating from Li3PO4 target were found to
incorporate into both the polymeric backbone and the
dispersed inorganic phase. The film deposition rate

was consistent with the CAP mechanism; the amount
of inorganic phase was tunable with the operating
conditions. The ionic conductivity was found to
increase with the amount of inorganic phase in films
(highest value: 2.7� 10�9 S cm�1 at 40 �C), while the
activation energy (0.8–0.9 eV) was found to depend on
the crosslinking and coordination site densities in the
polymer backbone. Authors pointed out that highest
conductivities would have been obtained with single-
phased macromolecules which could be produced
using a pulsed discharge or a single monomer source
containing all the desired elements (hydrocarbon
groups and lithium). More recently, Choi and cow-
orkers [70] were interested in electrospun PVDF
nanofiber webs as base materials for ion-conductive
membranes. The ion conductivity of the polymer
electrolyte formed using these nanofiber webs and
LiN(CF3SO2)2 electrolyte solution embedding the
porous polymer matrix was up to 2.0� 10�3 S cm�1

at room temperature. Despite being highly conduc-
tive, the clogging of pores of these membranes is
necessary so that they could be used as a separator in
Li-ion batteries. To serve this purpose, Choi and
coworkers deposited a polyethylene-like plasma
layer (from ethylene monomer subjected to a
plasma discharge) onto the PVDF nanofiber webs
before impregnating them with lithium salt.
The ethylene plasma-treated mat performed the
role of a shutter by melting the polyethylene-type
layer grafted on the PVDF nanofibers. In our group,
lithium-ion-conductive membranes made up of
octamethylcyclotetrasiloxane-based plasma films
impregnated with LiPF6 were prepared. Satisfying
conductivities of 10�6 S cm�1 were measured
(nonpublished results).

1.09.4.2 Fuel Cells

A better control of natural resources needs the devel-
opment of technologies for energy production that
causes less potential environmental impacts. Fuel
cells are often perceived as being one of the possible
solutions to provide clean energy. Their operating
principle is generally described as an electrochemical
and controlled combustion of fuel (hydrogen, metha-
nol, etc.) and oxygen with simultaneous production
of electricity, water, and heat. This combustion takes
place within a structure, usually called fuel-cell core,
mainly composed of two catalyzed electrodes (the
anode where the fuel is oxidized and the cathode
where the oxygen is reduced) separated by an elec-
trolyte. The electrolyte plays two key roles: on the
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one hand, it forms a physical barrier between both
electrodes preventing contact between the fuel and
oxygen; on the other hand, it provides the transport
of ions produced at one electrode and consumed at
the other. Among the different kinds of fuel cells, the
ones using a polymer membrane as an electrolyte are
at present more widely studied. These fuel cells have
numerous advantages: they are less sensitive to car-
bon dioxide than the others; they present a low
working temperature (in the range 80–100 �C)
enabling a quicker starting, a higher operating flex-
ibility, and a better thermal management than other
kinds of fuel cells; moreover, they are of multiple
uses (stationary, transport, and portable applications),
and cover a large power range (0.1 W–10 MW). For
the specific market of portable electronic devices
(mobile phones, microcomputers, cameras, small
robots, etc.) requiring fuel cells in a microscale, poly-
mer electrolyte fuel cells are particularly promising.
Two different types of polymer electrolyte fuel cells
can be distinguished depending on the acid or basic
nature of the electrolyte. Those using an acidic
polymer electrolyte are called proton exchange
membrane fuel cell (PEMFC) (Figure 22(a)), or
more generally, solid polymer fuel cell (SPFC)
which includes direct methanol fuel cell (DMFC)
and direct ethanol fuel cell (DEFC); their power
density is up to 500 and 100 mW cm�2 for PEMFC
and DMFC, respectively. Fuel cells using an alkaline
polymer electrolyte, very recently conceptualized,
are called solid alkaline membrane fuel cells
(SAMFCs) (Figure 22(b)). Due to their simple hand-
ling, high safety, and high energy density, alcohols,

especially methanol, are preferred to hydrogen to
supply fuel cells on a microscale.

1.09.4.2.1 Acidic fuel cells

The electrolyte of PEMFC and DMFC is an acidic
ion-exchange membrane, typically made up of a per-
fluorinated polymer matrix on which proton-
exchange groups such as phosphonic acid (–PO3H),
carboxylic acid (–COOH), or more often sulfonic
acid (–SO3H) are grafted. The main role of this
electrolyte is to provide the transport of protons
from the anode where they are produced by the
oxidation of fuel to the cathode where they are con-
sumed by the reduction of oxygen into water
(Figure 22(a)). Until now, research relative to the
development of electrolyte membranes for PEMFCs
or DMFCs has essentially focused on the Nafion�

membrane known as a good proton-exchange mate-
rial (proton conductivity: 0.01–0.1 S cm�1) with quite
high chemical stability. Nevertheless, the Nafion�

membrane has many drawbacks which highly limit
the competitiveness of acidic polymer electrolyte
fuel cells, notably a high cost (800Em�2), a conduc-
tion ability highly dependent on its water content
limiting its use at temperatures lower than 100 �C,
and a high methanol permeability in DMFC
((2.5–3)� 10�6 cm2 s�1). The methanol permeability,
which causes not only a mixed potential at the cath-
ode but also a considerable amount of fuel loss
[71, 72], is a very limiting feature. This methanol
crossover phenomenon results from the large perco-
lation size of the water-swollen Nafion� membranes.
Although their large percolation size is the main
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Figure 22 Schematic principle of PEMFC-type (a) and SAMFC-type (b) fuel cells.
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reason for the high proton conductivity of Nafion�

membranes, it unfortunately allows the methanol
molecules to penetrate through the membranes at
the same time [73, 74]. As other handicaps, the low
mechanical strength of Nafion�, due to the lack of
intermolecular crosslinkage between the polymer
skeletons, and the difficulty in reducing its thickness
limit its use in micro-fuel cells. So, recent research
efforts concentrate on the development of new kinds
of membranes which could be advantageous alterna-
tives to Nafion�. Main studies have been performed
with the goal of developing alternative membranes,
focusing on the reduction of methanol permeability.
Studies were generally divided into two categories.
The first was to modify the Nafion� membranes by
blending them with other polymer/inorganic materi-
als or by surface modification. The second was to
develop new synthetic polymeric membranes that
have ionic clusters with a small percolation size.
Among many methods, plasma processes are promis-
ing techniques for contributing toward both
approaches:

• Surface modification of Nafion� by plasma processes.
Implementation of plasma processes on Nafion�

aims at reducing the methanol crossover as a prior-
ity and also reinforcing the mechanical, thermal,
and/or chemical resistance. A simple efficient
approach consists in plugging the pores at the sur-
face of Nafion� by palladium deposition using
argon plasma combined with sputtering of a palla-
dium target. The methanol permeability of Nafion�

could be divided by a factor 1.5 [75, 76], but at the
cost of proton-conductivity decrease (30% reduc-
tion) [76] leading to an unchanged or slightly
improved fuel cell performance at low current den-
sity (where the effects of proton conductivity and
methanol crossover on fuel cell performance are
both important), and unfortunately, a worse fuel
cell performance at high current density (where
the effect of methanol crossover is generally quite
negligible). Bae et al. [77] used the plasma-induced
graft polymerization to deposit a sulfonated poly-
styrene layer on the surface of Nafion�. After
activation of the surface by argon plasma, the
Nafion� was soaked in a styrene or
styrene–divinylbenzene (DVB) (as crosslinking
agent) solution for grafting reaction, and then
soaked in a acetic sulfate–1,2-dichloroethane mix-
ture for sulfonation reaction. It was shown that
increasing the DVB concentration in the grafting
solution induced a reduction of the grafting

reaction rate and consequently, a reduction of the
thickness, degree of swelling, ionic cluster size, and
water uptake of the grafted layer. The methanol
permeability of the modified Nafion� decreased as
the DVB concentration was increased up to
5 mol.% (due to reduction of the degree of swelling,
ionic cluster size, and water uptake of the grafted
layer) and then reached a plateau at about 2� 10�6

cm2 s�1 (83% of that of Nafion�) above 5 mol.%
(under the tradeoff effects of the reduction of the
grafted layer thickness and the reduction of the
degree of swelling, ionic cluster size, and water
uptake of the grafted layer). As the acidity of sul-
fonic acid groups attached to styrene is lower than
that of sulfonic acid groups in Nafion�, the proton
conductivity of the modified Nafion� was lower
than that of pristine Nafion�. This proton conduc-
tivity showed an opposite trend toward methanol
permeability; it increased as the DVB concentration
was increased up to 5 mol.% (under the effect of
the reduction of the grafted layer thickness) and
then reached a plateau at about 0.03 S cm�1 (90%
of that of Nafion�) above 5 mol.% (under the tra-
deoff effects of all microstructural features).
Other authors were interested in the deposition of a
plasma polymer onto the surface of Nafion�. Walker
and coworkers [78–81] used a hexane–H2 mixture or
tetrafluoroethylene (TFE) as precursor(s) in a pulsed
microwave discharge; polyethylene-type or PTFE-
type plasma films with thicknesses in the range 200–
300 nm were deposited on Nafion� 117, respectively.
The methanol permeability could be reduced by a
factor of 15 and 20, respectively, due to the low
methanol sorption ability of plasma films. In return,
the proton resistance increased by a factor of 7 in the
case of the polyethylene-type plasma film (no pub-
lished value in the case of the PTFE layer) [80]. Kim
and coworkers [82] deposited a silica-like plasma
layer on Nafion� 115 using tetraethoxysilane plasma.
For plasma films with thickness lower than 10 nm,
the methanol permeability was reduced by 40%
without simultaneous decrease of proton conductiv-
ity, inducing a fuel cell performance increase of 20%.
Finsterwalder and Hambitzer [7] deposited a 370-nm
thick sulfonated PTFE-like plasma film on Nafion�

112 using the plasma sputtering of a PTFE target
under the effect of an argon plasma combined with
the plasma polymerization of a sulfonated monomer
(SO2, CF3SO3H, or ClSO3H). The CF fragments
stemming from the PTFE sputtering combined with
the sulfur components coming from the sulfonated
monomer fragmentation to form a coherent thin film.
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In the case of SO2, the sulfur components were smal-
ler than for other sulfonated monomers; thus, the
resulting monomer was made up of shorter chains
and was consequently more highly crosslinked; so the
reduction of the methanol permeability was more
pronounced: by a factor of 10 when compared to
the pristine Nafion�. In return, the proton resistance
was multiplied by 20, due to the inability of SO2 to
form sulfonic acid groups in the plasma layer. In the
case of CF3SO3H or ClSO3H, giving rise to less-rigid
plasma polymers containing sulfonic acid groups, not
only was the reduction of the proton resistance less
(factor 4) but methanol permeability was reduced as
well (factor 5). Very recently, Prakash and coworkers
[83] prepared phosphorus-doped silicate glass (PSG)
films as a proton-conductive overlayer on Nafion�.
Silicate glasses with adequate proton conductivity
are ideal because they are inexpensive, reliable,
easily fabricated by PECVD over a wide range of
thicknesses, and can serve as a methanol barrier layer
to lower the fuel crossover rate in DMFCs. The
magnitude of the ionic conductivity in phosphor-
ous-doped silica glasses depends on free volume
and pore surface area (for ion transport), chemical
structures in the glass (e.g., –Si–OH and –P–OH
concentration), intermediate range order, and the
local bonding environment in the glass network. A
glow discharge of a mixture of SiH4, PH3, and N2O
gave rise to 2–3 mm thick films showing proton con-
ductivity up to 2.5� 10�4 S cm�1 in the best
synthesis conditions, that is, at low substrate tem-
perature (100 �C) favorable for the incorporation of
phosphorus and silanol into the films, at high input
power increasing the silanol defect sites, and at mod-
erate pressure enhancing the defect density of the
films. Polarization experiments with pristine
Nafion� and PSG-coated Nafion� indicated that
the presence of the PSG film significantly improved
cell performance (the open-circuit voltage was
increased by approximately 65 mV and the current
density at 0.4 V was nearly tripled).

• New synthetic polymeric membranes mixing conventional

and plasma materials. The development of mixed con-
ventional-plasma membranes aims at obtaining new
synthetic polymeric membranes being cheaper than
Nafion� and/or having ionic clusters with a smaller
percolation size for a low methanol crossover and also
high mechanical, thermal, and/or chemical stability.
Won and coworkers [84] focused on cost reduction;
they used sulfonated polystyrene-block-poly(ethylene-
ran-butylene)-block-polystyrene (sSEBS), much
cheaper than Nafion�, as the proton-conductive

membrane. As sSEBS is less stable and more permeable
to methanol than Nafion�, they deposited onto it a
plasma-polymerized layer using maleic anhydride as
precursor and then soaked it in two successive solu-
tions: first a NaOH–NaHCO3–H2O solution to change
succinic anhydride groups into carboxylic acid salt
groups and second in a HCl solution to get proton-
conductive carboxylic acid groups. Increasing the flow
rate of maleic anhydride monomer decreased the
methanol permeability down to 1.4� 10�6 cm2 s�1 at
the cost of reduction of proton conductivity (down
to 6 � 10�3 S cm�1) in spite of the presence of pro-
ton-conductive groups in the plasma layer. With the
same aim, Lue and coworkers [85] used GEFC� as a
proton-conductive membrane and deposited onto it a
perfectly adherent and mechanically stable polyfluor-
oethylene-like plasma layer using perfluoroheptane
diluted in Ar as monomer. A parametric study showed
that the input power in the plasma discharge was the
most dominant factor; at highest input power, it gives
rise to the plasma layer with the highest hydrophobic
nature and crosslinking degree together with the low-
est water uptake and ionic exchange capacity, the
methanol permeability was minimal, being 3.3� 10�8

cm2 s�1 (smaller by a factor of 73 when compared to
that of GEFC�) at the cost of a minimal proton con-
ductivity (1.1� 10�4 S cm�1, smaller by a factor of 50
compared to that of GEFC�). Other authors imple-
mented the concept of pore-filling electrolyte
membrane which consisted in filling a porous polymer
(chosen for its low cost, its mechanical, thermal, and
chemical stability as well as for its rigidity unfavorable
to methanol crossover) with an ion-conductive grafted
polymer – grafting being performed via plasma
activation. Using this technique, the grafted polymer
can grow from the pore surface via covalent bonds
and fill the entire substrate porosity; its mobility
(in particular its ion conductivity) is high as it is a
linear polymer. Yamaguchi and coworkers [86] imple-
mented this technique using PTFE as porous substrate,
argon plasma as grafting activation source, and acrylic
acid as grafting monomer. The pore-filling electrolyte
membrane showed low methanol permeability (10
times lower than that of Nafion� up to 130 �C) and
high durability up to 180 �C. On the same principle,
Bae and Kim [87] used polypropylene as porous sub-
strate, argon plasma as grafting activation source, and
styrene as grafting monomer; a post-sulfonation was
realized soaking the membrane in a acetic sulfate–1,2-
dichloroethane mixture. Small grafting and sulfonation
times induced low methanol permeability (down to
8.6� 10�7 cm2 s�1) and also low ion-exchange
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capacity (1–1.5 meq. g�1) and low proton conductivity
(3� 10�3 S cm�1), leading to the lowest fuel cell per-
formance (16 mW cm�2 at best) when compared with
Nafion� (21 mW cm�2), ascribed to de-lamination
between the membrane and catalyst layers. Finally,
another strategy consisted in impregnating a porous
stable polymer with Nafion� solution, the porous
polymer being first fluorinated on the surface and in
the pores by plasma treatment in order to increase the
soaking amount of Nafion� and its interfacial stability
with the porous polymer. Bae and coworkers [88] used
this strategy with porous polypropylene as substrate
and Freon-116 as plasma gas; methanol permeability
ten times lower than Nafion� (at cost of proton con-
ductivity 103 times lower) at room temperature could
be measured.

• Plasma ion-conductive membranes. All studies pre-
viously described, used plasma as the grafting
activation source or as the means of modulating the
transport properties of conventional ion-conductive
polymers. These studies showed that, because
methanol transport and proton conductivity have a
kind of tradeoff relationship in conventional poly-
mers, it is difficult to selectively reduce one without
affecting the other and vice versa. As the mass trans-
port and especially the ionic transport mechanism is
very different in plasma polymers, ion-conductive
membranes made up of only plasma materials could
overcome this limitation. Many research teams were
interested in preparing plasma ion-conductive mem-
branes. The main required criteria for a good ion-
conductive membrane are: high water content when
immersed in electrolytic solution, a large quantity of
ionizable functional groups favorably distributed in
the polymer matrix, and a small thickness. The man-
ufacture of ion-conductive membranes by plasma
polymerization is a real challenge. Indeed, high
water content implies plasma polymers made up of
sufficiently airy and flexible chains. Now plasma
polymers are known to be naturally highly cross-
linked. To overcome this lock, it is necessary, first,
to choose a precursor with long and flexible chains or
at best containing spacers in its structure (e.g., phenyl
groups) and then initiate the synthesis process with a
soft plasma discharge in order to preserve the con-
stitutive elements of the precursor likely to
constitute the skeleton of the final material. The
second required criterion (large quantity of ionizable
functional groups favorably distributed in the poly-
mer matrix) is also very challenging. Indeed, plasma
polymers are generally composed of nonionized and
randomly distributed groups. The choice of a

precursor containing the required ionizable func-

tional group in its structure and the implementation

of a soft plasma discharge may enable producing a

material rich enough in ionizable groups.

Nevertheless, control of the arrangement of these
groups in the polymer matrix remains utopian.

Inagaki and coworkers [89–91] used a mixture of
fluorocarbon compound (perfluorobenzene (PFB),

pentafluorobenzene (PnFB), or tetrafluorobenzene

(TFB)) and SO2 (as source of sulfonic acid groups)

or CO2 (as source of carboxylic acid groups) as
monomers in an RF plasma discharge. The highest

deposition rate (14 mg cm�2 min�1), ion-exchange

capacity (1.3 meq. g�1), and proton conductivity

(4.3� 10�5 S cm�1) were obtained for the TFB–

SO2 (75 mol.%) mixture. Ogumi and coworkers

implemented an RF- or low-frequency-plasma poly-

merization using methyl benzenesulfonate (MBS),

benzenesulfonyl chloride (BSC), benzenesulfonyl

fluoride (BSF), or trifluoromethanesulfonic acid

(TFMS) as a source of sulfonic acid groups mixed

with 1,3-butadiene, trifluorochloroethylene

(TFCE), hexafluoropropene (HFP), or octafluoro-

cyclobutane (OFCB) as monomer for the matrix
edification; argon was used as the diluting gas. In

the case of the MBS–butadiene mixture [92, 93], the

200-nm thick plasma polymers were soaked in a LiI–

butanol solution to hydrolyze the sulfonic ester

groups into lithium sulfonate ones. For low-input-

power values (enabling the preservation of sulfonic

ester groups during the plasma polymerization),

synthesized plasma polymers showed the highest

ion-exchange capacity (1.4 meq. g�1), yet the lowest

proton conductivity (1.8� 10�4 S cm�1) due to high

crosslinking, but low proton resistance (0.04 � cm2)

when compared with Nafion� due to its very small
thickness. In the case of the BSC– or BSF–butadiene

mixture [94, 95], the plasma polymers were soaked

in a NaOH–H2O–methanol solution to hydrolyze

the sulfonic halide groups into sodium sulfonate

ones. For BSF, sulfonyl fluoride groups were intro-

duced into the plasma polymers, whereas BSC

tended to decompose during plasma polymerization.

This difference was discussed based on results

obtained by in situ mass spectrometry and molecular

orbital calculations. For BSF, the parent ion

([C6H5SO2F]þ� was the major species which intro-

duced the sulfonic fluoride groups into the plasma

polymers because S–F bond cleavage was difficult.
However, the parent ion of BSC was unstable in the

glow discharge plasma and cleavage of the S–Cl
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bond was facile and produced Cl radicals. For low-
input-power values, plasma polymers from BSF
showed the highest ion-exchange capacity (1.5
meq. g�1) when compared with Nafion�. In the
case of the TFMS–TFCE mixture [96], plasma
polymers containing sulfonic acid groups were
directly obtained. Increasing the concentration of
TFMS in the plasma reactor induced an increase of
the sulfonic acid group content and consequently an
increase of proton conductivity up to
5� 10�5 S cm�1. Although intrinsically less conduc-
tive than Nafion�, plasma polymers exhibited the
same proton resistance (2 � cm2) due to their small
thickness. From the same monomer mixture but
using TFCE as carrier gas for TFMS instead of
argon, Brumlik and coworkers [97] obtained con-
ductivities ten times higher (6� 10�4 S cm�1) at
room or at higher temperatures. Plasma polymers
containing sulfonic acid groups could also be
obtained from TFMS–HFP or TFMS–OFCB mix-
tures by Ogumi et al. Under the best plasma
conditions (low input power, high pressure), HFP-
based plasma polymers showed the lowest ion-
exchange capacity (0.7 meq. G�1) and the lowest
proton conductivity (1.8� 10�4 S cm�1) when com-
pared with Nafion� due to their highly crosslinked
structure [98, 99]; OFCB-based plasma polymers
exhibited the best proton conductivity
(10�4 S cm�1) when water vapor (more effective in
preserving the sulfonic acid groups than argon) was
added into the plasma discharge [100]. The sulfo-
nated polytetrafluoroethylene-like plasma film
deposited on Nafion� 112 by Finsterwalder and
Hambitzer [7] (described previously) from PTFE
and SO2, CF3SO3H, or ClSO3H was also used as
single plasma membrane. The highest ion conduc-
tivity (>10�4 S cm�1), water uptake capacity (c. 8.5
mmol g�1), and ion-exchange capacity (c. 0.15 mmol
g�1) exhibited membranes polymerized with
ClSO3H. Finsterwalder and Hambitzer proposed an
explanation for the poor conductivity of plasma
polymers containing sulfonic acid groups. This
poor conductivity is probably attributed to its sec-
ondary structure. While in Nafion�, flexible
backbone and side chains allow the sulfonic acid
groups to agglomerate into a polar cluster, the mobi-
lity of sulfonic acid groups, and thus the extent of
phase separation, was drastically reduced in the rigid
crosslinked plasma polymers. The rigid matrix of
the plasma polymers hampers an effective ionic-
communication network via ion channels, and sulfo-
nic acid groups remain isolated from each other,

thereby not contributing to the proton transport.
Water-uptake measurements indicate that the num-
ber of water molecules per sulfonic acid group is
higher in the plasma polymers in Nafion�, so that
the hydration water is more bulk like and Grotthus
transport (the apparent jumping of protons from
water to adjacent water molecules through the mem-
brane) is favored. The effect of higher hydration
could thus compensate for the little extent of phase
separation. Nevertheless, this compensation is
generally not important enough. The only compen-
sation very profitable to plasma polymers is their
low thickness which makes them as competitive as
Nafion� in terms of ion conduction despite their low
intrinsic conductivity.

Such observations could also be made in our
group which has been working for some years on
the preparation of sulfonated polystyrene-type
plasma membranes from styrene/trifluoromethane-
sulfonic acid (CF3–SO3H) precursor mixture in an
RF capacitively coupled plasma reactor [101–107].
Styrene was used as a polymerization agent giving
rise to the formation of a carbonaceous matrix con-
taining aromatic spacing groups (preventing too
highly crosslinked structures), and trifluoromethane-
sulfonic acid as a sulfonation agent to promote
protonic conductivity. The recent use of a pilot-
scale reactor equipped with a pulsed power source
and sophisticated monomer-injection devices [107]
enabled the synthesis of very uniform plasma mem-
branes with thicknesses of some tens of microns for a
deposition duration of some hours (optimal growth
rate: 160 nm min�1) and a structural stability of up to
140 �C in air. In such optimized membranes, the
proportion of sulfonic acid groups was much higher
than in Nafion� and the protonic conductivity
reached 1.7� 10�3 S cm�1. Although these conduc-
tivities were 40 times lower than that of Nafion�
(7� 10�2 S cm�1 measured in the same cell), the
protonic transport ability of plasma membranes was
not less competitive thanks to very small thicknesses.
Low crossover to methanol (2.3� 10�5 mol m�2 s�1),
40 times lower than that of Nafion� (10�3 mol m�2

s�1) was also demonstrated. Such plasma membranes
were then integrated in a cell comprising two elec-
trodes made up of commercial E-TEK on which Pt
catalyst was deposited by plasma sputtering [108];
the obtained membrane–electrode assembly
(Figure 23) showed perfect interfaces between all
layers promising high cell performance (work in pro-
gress). In the future, the outcome of this work would
be the development of such devices entirely
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composed of plasma materials (diffusion layers pre-
pared by PECVD from a hydrocarbon-based
monomer) in a single integrated plasma process.

Although less acidic than sulfonic acid groups,
phosphonic acid ones (–PO3H) present the advan-
tage of higher chemical and thermal stability. Mex
and coworkers [109, 110] worked on the preparation
of highly thermally stable (up to 200 �C in air) pro-
ton-conductive plasma membranes containing
phosphonic acid groups using a mixture of TFE
and phosphonicvinyl acid (PhVA) as monomers.
Both monomers exhibit �-bonds, which permitted
plasma polymerization to be achieved without frag-
mentation of the phosphonic acid groups, and
ensured a chemical binding of these groups into
the polymeric backbone of the membrane. When
prepared at low input power, plasma membranes
showed very high proton conductivity (up to 0.56
S cm�1 at 30 �C) and very promising fuel cell
performance. Replacing PhVA by water vapor
(intended to incorporate –OH� as proton exchanger
groups) decreased the proton conductivity (0.14
S cm�1 at 30 �C in the best synthesis conditions)
but increased the cell performance, thanks to lower
fuel permeability directly related to higher degree of
crosslinking [111].

Lastly, a recent original study by Gruber and
Müller [112] has to be mentioned; their work con-
sisted in enhancing PEMFC performance by
introducing additional thin layers to sputter-depos-
ited Pt catalyst in order to improve accessibility of
hydrogen to catalyst sites which are not directly
adjacent to the micropores of the gas diffusion layer.
The introduction of a H2-permeable PDMS-like

plasma membrane (prepared from HMDSO) under-
neath the anode catalyst layer improved the PEMFC
performance by about 18%.

1.09.4.2.2 Alkaline fuel cells

The development of solid alkaline fuel cells
(SAMFCs), as a new class of promising fuel cells in
terms of performance and low cost, has very recently
been investigated. The operating principle of
SAMFCs is a hybrid concept between that of both
DMFCs and classical alkaline fuel cells (AFCs) used
in spatial applications (since Gemini programs in
1965) (Figure 22(b)). The electrolyte of SAMFCs is
an alkaline ion-exchange membrane, typically made
up of a hydrocarbon-based polymer matrix on which
hydroxyl-exchange groups as quaternary amines (–
N(CH3)3

þ) are grafted. The main role of this electro-
lyte is to provide the transport of hydroxyl ions from
the cathode where they are produced by the reduction
of oxygen into water to the anode where they are
consumed by the oxidation of fuel. The expected
advantages of SAMFCs, when compared to classical
AFCs, are the possibility of easy handling and stocking
fuel (in this case, methanol) and the easy control of
carbonation due to the solid nature of the electrolyte
(in this case, a membrane instead of an alkaline solu-
tion in AFCs). When compared to DMFCs, the
expected advantages of SAMFCs include decrease of
methanol crossover due to the basic nature of the
electrolyte and the possibility of using a less-expensive
nonprecious metal catalyst. For such fuel cells, one of
the main challenges is the development of hydroxyl-
exchange membranes showing high anionic conduc-
tivity, low fuel permeability, and high chemical
stability. The chemical stability of anion-exchange
membranes in strong basic media is particularly pro-
blematic due to the well-known Hofmann degradation
of quaternary amine groups in concentrated alkaline
solutions [113, 114]. Very few studies have been
devoted to the development of membranes for
SAMFCs yet; these membranes are generally made
up of a conventional polymer matrix (based on ethy-
lene oxide, epichlorhydrin, hydrocarbon, or
fluorocarbon chains) on which are grafted aliphatic
or aromatic hydrocarbon side chains containing qua-
ternary amine groups. To our knowledge, only two
groups have been working on the development of such
membranes by plasma polymerization: Ogumi’s group
and our team. Ogumi and coworkers [115] studied the
plasma polymerization of 4-vinylpyridine post-qua-
ternized with 1-bromopropane. In best synthesis
conditions, the prepared plasma polymers had

Plasma-polymerized membrane

Catalyzed electrode

Catalyzed electrode

30.0 μm× 1.50 k

Figure 23 SEM micrography of a fuel cell core whose

membrane and catalyst are synthesized using plasma
processes.
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a thickness of 10mm, a hydroxyl conductivity of
5.4� 10�4 S cm�1 and a related resistance of
1.9 � cm2. When compared to commercial membranes
(e.g., ADP Morgan� from Solvay, AHA from
Tokuyama Co.), these plasma membranes were intrin-
sically ten times less conductive (due to their highly
crosslinked structure) but as competitive due to their
low thickness. Used as an interfacial layer between a
commercial AHA membrane and an E-TEK anode,
such a plasma-polymerized film led to an improve-
ment of the anodic triple point; an increase of the
anodic current by a factor 4.5 was measured. In our
group, hydroxyl-conducting polyethylene-type
plasma polymers containing amine groups were pre-
pared by plasma polymerization of triallylamine
(N-(CH2–CH¼CH2)3) in a pulsed RF discharge
[104–106, 116]. The choice of triallylamine as precur-
sor was related to the assumption that the
implementation of a very soft plasma discharge should
enable to the polymerization of triallylamine via its
double bonds and therefore preserve the tertiary
amine entities –NR3 in the final materials. In order
to get highly conductive materials, plasma polymers
coming out of the plasma reactor were put in contact
with a methylhalide compound (ICH3, 30% in acet-
onitrile) with the aim of changing –NR3 groups into
quaternary amine functions –NR4

þwell known to have
very efficient anion-conductive functions. In fact, only
amine functions at the upper surface of plasma films
were really quaternized. Synthesized materials before
or after methylation were uniform, very adherent on
any substrate, and with thicknesses ranging between
10 nm and 10mm. In best synthesis conditions
(low input power and high pulse frequency), plasma-
polymerized membranes before methylation showed a
hydroxyl conductivity of 4� 10�5 S cm�1 and
a related resistance of 0.7 � cm2 (close to that of
conventional membranes). Conduction ability of
plasma-polymerized membranes after methylation
was not significantly higher as expected by the low
impact of the quaternization reaction. The integration
of these plasma membranes into fuel cells is now in
progress.

1.09.5 Plasma Membranes for
Sensors

Plasma polymerization is an attractive technique for
providing novel, thin, highly crosslinked, strongly
adherent, and active membrane materials for sensors.
Two big families of sensors can be distinguished:

ion-sensitive sensors such as electrochemical biosen-
sors or ion-selective electrodes and gas sensors.

1.09.5.1 Ion-Sensitive Sensors

All studies presented in the part devoted to energy-
production devices concern plasma membranes
whose ionic conduction, strong adherence, and high
stability properties make them also suitable for use in
ion-sensitive sensors. In addition to these studies,
others dealing specifically with membranes for sen-
sors can be mentioned.

Some groups worked on the preparation of ion-
selective electrodes. Kurosawa and coworkers [117]
deposited a fluorinated membrane containing sulfo-
nyl groups on a Millipore� filter by plasma
polymerization, using a mixture of perfluorobenzene
and SO2. After impregnation with dioctylphthalate,
the prepared plasma membrane showed an
essentially Nernstian response for tetraphenylpho-
sphonium, typical lipophilic cation, at a
concentration in the range 10�2–10�5 M (same
range as for Nafion�) and had long life time. Zeng
and coworkers [118] reported the deposition of an
ultrathin anionic exchange layer on Nafion� by
plasma polymerization of ethylene and ammonia.
The proton-selectivity coefficient of the plasma-
modified Nafion� membrane was measured and the
results showed that a linear Nernst response was
exhibited and the selectivity of proton was enhanced.

Other groups dealt with the manufacture of elec-
trochemical biosensors. Such biosensors consist of
ionic-conductive membranes (active layers) depos-
ited onto electric conductive supports (electrodes).
Phosphonic-acid-containing plasma polymers can be
good candidates for active layers of biosensors,
thanks to their ionic conductance, strong adherence,
permselectivity, and biocompatibility. Danilich and
coworkers succeeded in the preparation of plasma
copolymers from perfluoroallylphosphonic acid
(PAPA) alone or mixed with argon as carrier gas,
pentafluoroallyldiethylphosphonate with or without
argon as carrier gas, or a mixture of PAPA with
chlorotrifluoroethylene. In all cases, lightly fluori-
nated, highly crosslinked materials containing
phosphonic acid groups could be obtained in opti-
mized synthesis conditions; such materials showed a
strong adherence to gold electrodes in aqueous
media and exhibited a good ionic conductivity up
to 4.2� 10�3 S cm�1 [119]. Highest deposition rates
(up to 40 nm min�1) could be obtained using PAPA
diluted by argon [120].
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1.09.5.2 Gas Sensors

Studies that present different integrated sensors pro-
duced using microelectronic fabrication techniques
such as PECVD or plasma-etching techniques with-
out dealing with the interaction between the active
plasma material and the detected gas are not treated
here. Two aspects, more related to gas transport or
affinity, are presented in this part: first, some results
on transducers to convert specific gas concentrations
and traces into an electromagnetic signal using a
plasma-polymerized active layer, and second, few
results on plasma-polymerized membranes used to
enhance the selectivity of gas sensors.

1.09.5.2.1 Resistive-type sensors

Inagaki [121] developed resistive-type humidity sen-
sors from PECVD thin films synthesized using
organosilicon precursors containing nitrogen (e.g.,
trimethylsilyldimethylamine (TMSDMA)) and then
quaternized with methyl bromide. Figure 24 shows
the drastic decrease of electrical resistance of the
quaternized PECVD thin film when humidity
increases.

Another resistive-type sensor was studied by Dai
[122] for trimethylamine (TMA) gas detection. The
sensor consisted in a double layer of TiO2 and Fe2O3

obtained in an inductive coupled reactor from TiCl4
and Fe(CO)5 gas precursors. Figure 25 shows the
sensitivity of such a sensor to different gas traces as
a function of operating temperature.

1.09.5.2.2 Plasma materials combined

with quartz crystal microbalance

Numerous groups have studied the combination of a
mass-type sensor, quartz crystal microbalance (QCM),
with a PECVD selective layer. The PECVD depos-
ited layer is used as a preconcentrator for organic
compounds. Plasma polymers of organosilicon com-
pounds have been proved to strongly solubilize
organic compounds. QCM analyses using such plasma
polymers were carried out to characterize the solubi-
lity of simple gases [13] and hydrocarbon vapors [123]
and diluted organic liquid-like chloroform in water
[124]. Figure 26(a) presents the solubility of the first
six saturated hydrocarbon vapors in two organosilicon
composite membranes (synthesized using octamethyl-
trisiloxane (OMTSO) or hexamethylcyclotrisiloxane
(HMCTSO)), measured by QCM. Figure 26(b) evi-
dences the frequency shift due to the diluted
chloroform when a PP–HMDSO film was deposited
on the quartz compared to that of pristine quartz.

1.09.6 Recent Studies and Future for
Innovating Porous Plasma Membranes

1.09.6.1 Tubular Plasma Membranes

The growth of a plasma-polymerized membrane by
PECVD inside a long tubular support was recently
possible with the setup shown in Figure 27(a) [125].
The setup consisted of a full concentric reactor with
a noncondensable/reactive plasma top zone. The
oxygen plasma was moved from this zone toward

the inner surface of the support up to the deposition
zone where the condensable (organosilicon) precur-
sor exited from a capillary. The capillary diameter
was small enough to avoid any deposition inside,
even if the capillary was crossing the full plasma
top zone. Figure 27(b) shows the local deposition
profile of a plasma-polymerized film at the bottom
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end of the capillary. To obtain a regular thin layer

(Figure 27(c)) deposited on the inner side of a com-

mercial macroporous alumina tube, the support was

moved along its axis. Figure 28 presents the hydro-

gen and nitrogen permeance evolutions as a function

of (T/M)0.5 (T being the temperature in kelvin, M

being the gas molecular weight) for a plasma-poly-

merized tetramethylsilane membrane showing that,

at low temperatures a possible effect of the adsorp-

tion on the PECVD micropore surface can not be

totally neglected [126].

1.09.6.2 New Coupled Methods

New methods to produce porous silica or hybrid

silica membranes by PECVD have been recently

studied. They are based on the use of two vapor

precursors: an organosilicon one to form the silica-

based skeleton and the other one, generally a

hydrocarbon compound with a low thermal stabi-

lity (often called porogen), intended to form the

porosity or initiate a high roughness leading to a

porous film. As a first approach, the two precursors

were codeposited by PECVD. A further thermal or

UV treatment was applied to remove most of the

organic part that issued from the porogen plasma

polymerization [11]. Open mesoporosity was then

created [12]. As a second approach, depositions of

the two precursors were sequentially and cyclically

applied, changing the energetic plasma conditions

at each sequence: hard plasma conditions were

chosen for the deposition of an inorganic a-

SiO2:H layer from the organosilicon precursor;

soft plasma conditions were implemented for the

deposition of a polymer-like a-C:H film from the

porogen compound. During sequences under dras-

tic conditions, both deposition of a-SiO2:H and

etching of a-C:H simultaneously took place.

Porosity and pore size could be controlled by the

PECVD deposition times during each cycle [127].

These hybrid and porous materials that have good

thermal and chemical stabilities are promising for

applications in liquid filtration in drastic condi-

tions, where conventional polymers cannot be

used.
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1.09.7 Conclusions

The potentialities of plasma processes in modifying
or depositing thin layers on materials surface are
exceptionally broad, hence their increasing interest
in the membrane field since the 1980s.

Plasma treatments from noncondensable gas(es)
are especially applied for improving the wettability,
printability, adhesion, or biocompatibility of conven-
tional polymer membranes, modulating their
transport properties (by changing the hydrophilic/
hydrophobic balance, providing the grafting of spe-
cific functional groups, or crosslinking the surface
chains) or reinforcing their mechanical, thermal,
and chemical stability (essentially under the effect
of crosslinking).

PECVD or plasma polymerization using conden-
sable precursors makes possible the deposition of thin
layers whose physical and chemical properties can be
largely tuned by the simple variation of the para-
meters of the process, and this is a field much broader
than other deposition techniques. If, from a techno-
logical point of view, this requires a rigorous control
of the parameters of the process, the complexity and
variety of active species and reaction steps directly
related to the plasma parameters offer a high degree
of flexibility in prepared materials properties. This
high degree of flexibility makes them good candi-
dates as membrane materials. Their main advantages
in such an application field are their high degree of
crosslinking giving them high separation efficiency as
well as high chemical and thermal stabilities, and
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their small and easily tunable thickness enabling a

modulation of their permeation ability.
The first developed plasma-modified or plasma-

polymerized membranes were intended for gas per-

meation or retention and also pervaporation; more

recently, since the 1990s, plasma membranes have

been prepared for liquid-separation processes (nano-

filtration and ultrafiltration, essentially). The

development of polymer-like plasma films has been

more recently applied to fields using ion-conducting

membranes, such as electromembrane processes

(electrodialysis in particular), electrochemical sen-

sors, or, more broadly, energy-production devices
(fuel cells, Li-ion batteries, etc.). For all these appli-

cations, plasma processes have enabled promising

breakthroughs due to their high versatility in terms

of prepared materials. In the current environmental

context, plasma processes which represent a very

clean technology are all the more promising. Owing

to these advantages, industrialists should be con-

vinced to introduce it and secure more markets in

the future decade.
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Glossary

Binodal curve Curve defining the region of

composition and temperature in a phase diagram

for a mixture across which a transition occurs from

miscibility of the components to conditions where

single-phase mixtures are metastable or unstable.

Interaction parameter It is employed in the Flory–

Huggins theory, to account for the contribution of

the noncombinatorial entropy of mixing and the

enthalpy of mixing to the Gibbs energy of mixing.

Spinodal curve Curve defining the region of

composition and temperature for a mixture across

which a transition occurs from conditions where

single-phase mixtures are metastable to conditions

where single-phase mixtures are unstable and

undergo phase separation by spinodal

decomposition.

Nomenclature
� interaction parameter

1.10.1 State of the Art

Polymeric membranes can be used for several indus-

trial applications [1–3], such as gas separation,

reverse osmosis, ultrafiltration, microfiltration, cata-

lytic reactions, drug controlled release, and tissue

engineering. Each application requires specific char-

acteristics for membrane material and structure. In

the case of microfiltration and ultrafiltration, the pore

size and the porosity of the membrane determine the

efficiency of the filtration. For gas separation, the

permeability and the selectivity of the membrane

determine the efficiency of the operation. For cata-

lytic reactions and controlled release, the distribution

of the catalyst (or of the drug) along the membrane

structure and an appropriate porosity are

fundamental.
Majority of membranes are prepared by con-

trolled phase separation of polymeric solutions into

a polymer-rich phase and a polymer-lean phase.

Phase separation of polymer solutions can be induced

in several ways; the two main techniques are
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thermally induced phase separation (TIPS) and sol-
vent-induced phase separation (SIPS) [4]. The
performance of the membranes obtained by these
processes strongly depends on the morphology
obtained during phase separation and subsequent
solidification.

To analyze the membrane formation mechanism,
phase diagrams are frequently used and can indicate
membrane morphologies that will be formed. Binary
phase diagrams provide information for the TIPS
process, whereas ternary isothermal phase diagrams
are useful for the prediction of the phase transitions
that can occur when phase separation is induced by a
nonsolvent (i.e., SIPS). This type of analysis is also
useful to describe supercritical-induced formation of
membranes.

1.10.1.1 Solvent-Induced Phase
Separation

This process presents many analogies with the one
assisted by supercritical fluids (SCFs). In SIPS, a
polymer solution is cast as a film on a support or
extruded through a die, and is subsequently
immersed in a nonsolvent bath. The second solvent
(or antisolvent) is a good solvent for the solvent in the
solution but the polymer is not soluble in it.
Therefore, the solvent in the polymer solution is
solubilized by the nonsolvent and a solid-phase pre-
cipitates. At least three components are involved and
complex diffusion and convection processes can play
an important role. The possible combinations of the
three components can be plotted in a triangular phase
diagram. The corners represent the pure compo-
nents, the axes of the three binary compositions,
and points in the triangle a ternary composition.

The phase diagram is, as a rule, divided into a
homogeneous region and an area representing a
liquid–liquid (L–L) demixing gap. The boundary of
the L–L demixing gap is usually called the binodal
curve; usually the L–L demixing is subdivided into a
region of spinodal demixing, bounded by the spino-
dal curve, and two regions of nucleation and growth
between the binodal and the spinodal curves [5, 6].
The point where the binodal and the spinodal coin-
cide is called the critical point. A metastable area
exists between the spinodal and the binodal curve
at low polymer concentration, an unstable area is
surrounded by the spinodal curve, and a second
metastable area exists at higher polymer concentra-
tions. The size and the location of the demixing gap
depend on the molar volumes of the components, the

polymer–solvent interaction parameter, the poly-

mer–nonsolvent interaction parameter, and the

solvent–nonsolvent interaction parameter [7].
All transitions, different from L–L demixing, are

usually referred to as gel transitions in the literature.

These include viscosity transitions and transitions

due to solid–liquid demixing and vitrification. For

amorphous polymers, membrane structures can be

stabilized by vitrification, whereas semicrystalline

polymers can exhibit crystallization (solid–liquid

(S–L) demixing) concurrently with L–L demixing.

At high polymer concentrations and low nonsolvent

concentrations, the polymer crystallizes from solu-

tion; at moderate polymer concentrations and with

moderate nonsolvent concentrations, L–L demixing

occurs without the interference of S–L demixing; at

higher nonsolvent concentrations, L–L demixing

interferes with S–L demixing.
This process suffers various limitations that

induced some researchers to find new preparation

processes. In particular, it involves the use of two

solvents that must be expensively removed from

the membrane with posttreatments, since residual

solvents can cause problems for the use in several

applications. Moreover, relatively long formation

times and a limited versatility characterize this

process, due to the reduced possibility to modulate

cell size and membrane structure once the polymer–

solvent–nonsolvent system is fixed.

1.10.2 Preparation of Membranes by
SCF-Induced Phase Separation

In this technique, a SCF replaces the liquid nonsol-

vent used in SIPS. A SCF is a substance at a

temperature and pressure above its thermodynamic

critical point (i.e., the highest temperature and pres-

sure at which the substance can exist as a vapor and

liquid in equilibrium). SCFs are suitable as substi-

tutes for organic solvents since they can show liquid-

like solvent power, gas-like diffusion, and zero sur-

face tension. In addition, close to the critical point,

small changes in pressure or temperature result in

large changes in density, allowing many properties to

be tuned. As a rule, CO2 has been chosen as the SCF

because it is safe, readily available, and has a low cost.

It also allows supercritical operation at relatively low

pressures and at near-room temperatures

(pc¼ 7.21 MPa, Tc¼ 31.1 �C).
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Compared to the SIPS method, supercritical CO2

phase-separation process can have several
advantages:

1. SC-CO2 can form and dry the polymer membrane
rapidly, without the collapse of the structure due
to the absence of a liquid–vapor interface when
the supercritical mixture solvent–nonsolvent is
formed. Moreover, the membrane can be obtained
without additional posttreatments because the
polymer solvent is completely extracted.

2. It is easy to recover the liquid solvent, since it
dissolves in SC-CO2 and can be removed from
gaseous CO2 by depressurization, in a separator
located downstream of the membrane formation
vessel.

3. SC-CO2 allows one to modulate the membrane
morphology, as well as cell and pore size by sim-
ply changing the pressure and temperature that
produce different solvent powers and diffusivities.

1.10.2.1 Preparation of Membranes

In the majority of the published papers, polymeric
membranes are prepared in a laboratory apparatus
equipped with a high-pressure vessel, in which
SC-CO2 contacts the polymer solution in a single
pass. An example of experimental apparatus is sche-
matically reported in Figure 1.

Membrane casting process is similar to the tradi-
tional procedure. Homogenous solutions of polymer
are prepared by stirring the solution that is then
placed in a membrane formation cell, on which it is
spread to control the thickness of the film. The cell is
rapidly placed inside the membrane preparation ves-
sel (D) to avoid evaporation of the solvent. The
vessel is then rapidly closed and filled with
SC-CO2, up to the desired pressure using a high-
pressure pump (C).

CO2 flows from a tank (A) and passes through a
chiller (typically, a glycolic bath: B) to be sent to the
pumping system as a subcooled liquid to avoid cavi-
tation. After the pump, a preheater is usually placed
to warm CO2 above its critical temperature.
Thereafter, SC-CO2 flows into the vessel (E) and
contacts the polymeric solution. Usually, the pro-
cess can be divided in two parts: (1) the operation is
performed in batch mode up to the final set pres-
sure; and (2) a valve (F) is opened and the operation
is performed in a continuous mode delivering a
constant SC-CO2 flow rate in the membrane forma-
tion vessel. Pressure and temperature are held
constant and, during this step, the phase-separated
membrane is also dried; then, the vessel is
depressurized.

1.10.2.2 Characterization of Membranes

Various characterizations of membranes obtained by
SC-CO2-assisted process have been presented in lit-
erature. In particular, scanning electron microscopy
(SEM), porosity, cell and pore size, differential scan-
ning calorimetry (DSC), X-ray diffraction pattern
(XRD), mechanical tests, solvent residue, N2, and
water flux analysis have been performed. A detailed
description of the results is reported in the following
section.

1.10.3 Experimental Results

A schematic representation of the results until now
obtained in literature is reported in Tables 1and 2.
We summarized these results considering the
polymer used, the parameters analyzed, the char-
acterizations performed, the morphologies
obtained, and the possible industrial applications.
In the following, we analyze the results presented
and the possible trends in the research on the
formation of membranes by SC-CO2-assisted
phase inversion.

F

E

D

C
B

A

Figure 1 Schematic drawing of a typical SC-IPS apparatus:
(A) CO2 tank; (B) chiller; (C) high pressure pump for CO2;

(D) CO2 preheater; (E) high pressure vessel; and (F)

micrometric valve.
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Table 1 Representation of the parameters analyzed in literature regarding the SC-IPS process

Polymer

Analyzed

parameters Solvents

Polymer concentration

(% (w/w))

Temp. range

(�C)

Pressure range

(MPa)

Depress. rate

(min)

Addition of another compound

(% (w/w))

Nonsolvent

modification Ref.

Flat membranes

Cellulose

acetate

S, C, T, P Acetone

Methylacetate

1,3-dioxolane

2-butanone

5–40 45–65 10–20 - - - [8, 9]

Nylon-6 C, P TFE 15 - 10.4–17.3 - - - [10]

PEEK-WC C, P, T NMP 10–20 45–65 8–20 - - - [11]

PLLA S, C, P, DR, N Chloroform

THF

20–25 - 13–16 2–30 - THF-CO2

0:100–2:98

[12, 13]

PMMA C, S, P, T DMSO

Acetone

THF

1–25 35–65 15–25 - - - [14]

PolystyreneC,

T, P

Toluene 15–30 25–70 8–16 - - - [15]

Polysulfone C, T, P, S, DR, PCL

Conc.

Chloroform

NMP

MP

DMF

DMA

DMSO

DMPA

2–30 35–65 10–20 1–60 PCL content 0–50 - [16–18]

Polycarbonate T, P, PEG Conc. DCM 16 30–60 11–19 - PEG content 0–30 - [19]

PVA C, T, P DMSO 1–35 35–55 10–20 - - - [20]

PVDF C, T, P, PMMA

Conc.

Acetone

DMAC

1–20 35–65 8–20 - PMMA

Content 1.5–7.5

- [21–23]

Loaded membranes

PMMA/

amoxicillin

C, T, P, Drug Conc. DMSO,

acetone

10–40 35–65 15–25 - Drug content 0–30 - [24]

Membranes for scaffolding applications

PLLA C, T, P DCM 10–30 35–65 10–23 - - - [25, 26]

C, polymer concentration; P, pressure; T, temperature; S, solvent; DR, depressurization rate.



Table 2 Summary of the results obtained in literature regarding the SC-IPS process

Polymer Characterizations Morphologies Mechanisms Possible applications Ref.

Flat membranes

Cellulose acetate SEM, WP Cellular L–L demixing Microfiltration [8]
Cellulose acetate SEM, QTD Cellular, bicontinuous, microparticles L–L demixing Filtration [9]

Nylon-6 SEM, QTD Cellular, sponge-like L–L and S–L demixing Filtration [10]

PEEK-WC SEM, N2 flux Dense, cellular, sponge-like L–L and S–L demixing Filtration [11]
PLLA SEM, X-ray, PM Dense, cellular L–L demixing Gas separation

Microfiltration

[12]

PLLASEM Cellular L–L demixing Microfiltration [13]

PMMA SEM, QTD Cellular, bicontinuous, microparticles L–L demixing Filtration [14]
Polystyrene SEM Cellular L–L demixing Filtration [15]

Polysulfone SEM, QTD Cellular, bicontinuous, microparticles L–L demixing Filtration [16]

Polysulfone SEM, QTD, WP Cellular L–L demixing Microfiltration [17]

Polysulfone/PCL CA, WP, MS Cellular L–L demixing Microfiltration [18]
PC SEM, TS Cellular L–L demixing Microfiltration [19]

PVA SEM, QTD, DSC, X-ray Dense, cellular, bicontinuous, microparticles L–L demixing Filtration [20]

PVDF SEM, X-ray, DSC, TGA Sponge-like L–L and S–L demixing Microfiltration [21]
PVDF SEM, QTD, DSC, X-ray Sponge-like L–L and S–L demixing Microfiltration [22]

PVDF SEM, DSC Sponge-like L–L and S–L demixing Microfiltration [23]

Loaded membranes
PMMA/amoxicillin SEM, DSC, DR Cellular L–L demixing Controlled release [24]

Membranes for scaffolding applications

PLLA SEM Cellular and sponge-like L–L and S–L demixing Tissue engineering [25]
PLLA SEM, SR, MS Sponge-like Gel drying Tissue engineering [26]

SEM, scanning electronic microscopy; WP, water permeability; QTD, qualitative ternary diagram; PM, polarized microscopy; TS, tearing stress analysis; DSC, differential scanning
calorimetry; X-ray, X-ray analysis; TGA, thermogravimetry analysis; DR, dissolution rate; SR, solvent residue analysis; MS, mechanical stress analysis; CA, contact angle analysis.



1.10.3.1 Flat Membranes

1.10.3.1.1 Effect of the operative

parameters

The effect of the operative parameters in the SC-

induced phase-separation (SC-IPS) process has been

investigated by several authors [8–23]. The most

relevant parameters in the formation of membranes

by SC-IPS include: polymer concentration, pressure,

temperature, and type of solvent. In some cases, other

process parameters have also been investigated such

as the depressurization rate and the addition of

another polymer in the starting solution. In the fol-

lowing, we report an organized summary of the

results obtained.
�Effect of polymer concentration. Various ranges of

concentration have been investigated depending on

the polymer–solvent system used; polymer

concentrations with a minimum of 1% w/w and a

maximum of 40% w/w have been processed.
Depending on the process conditions and on the

type of polymer used, four main morphologies were

observed as a result of different polymer concentra-

tions. Examples of SEM images of these

morphologies are reported in Figures 2(a)–2(d): a

dense structure (Figure 2(a)–polyvinyl alcohol

(PVA)), a cellular structure (Figure 2(b)–polymethyl

methacrylate (PMMA)), a bicontinuous structure

(Figure 2(c)–cellulose acetate), and a particulate

structure (Figure 2(d)–PVA).
In the traditional phase inversion, the mass trans-

fer of the nonsolvent in the cast solution and of the

solvent in the coagulation bath is responsible for the

modification in the composition of the polymer–

solvent–nonsolvent system. The possible paths can

be schematically reported in a ternary phase diagram

(b)(a)

(d)(c)

100 µm Mag: 250×

20 µm Mag: 1000× 10 µm Mag: 5000×

100 µm Mag: 500×

Figure 2 Different membrane morphologies obtained starting from a different polymer concentration: (a) dense structure

(polyvinyl alcohol (PVA)), (b) cellular structure (polymethyl methacrylate (PMMA)), (c) bicontinuous structure (cellulose
acetate), (d) particulate structure (PVA).
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indicating them as the composition paths. In

Figure 3, a qualitative ternary phase diagram is pre-

sented in which an L–L demixing gap, divided into a

region of spinodal demixing, two regions of nuclea-

tion and growth located between the binodal and the

spinodal curve, and a gelation region are schemati-

cally reported.
The arrows numbered from 1 to 4 report the

different composition paths that can occur during

the formation of membranes:

1. The concentration of the polymer in the ternary
system increases because the outflow of the solvent

from the solution is faster than the inflow of the

nonsolvent; the phase inversion does not occur and

the polymer molecules solidify by gelation and/or

crystallization into a dense structure (Figure 2(a)).

This situation is also possible in the case of a super-

critical nonsolvent, when the system is very

concentrate and the diffusion of the nonsolvent is

very reduced. The formation of dense structures

has been observed, for example, for the system

PVA/dimethyl sulfoxide (DMSO)/SC-CO2 [20].
2. The ternary polymer solution becomes meta-

stable; nucleation and growth of droplets of the

polymer-lean phase occurs with solidification of

the polymer-rich phase, leading to a cellular

structure (Figure 2(b)); in this case, both porous

or dense skins can be obtained depending on the

polymer–solvent–nonsolvent system processed.

This morphology has been frequently observed

in the case of SC-CO2-IPS, for example, for the

system PMMA/DMSO/SC-CO2 [14].
3. The ternary polymer solution becomes unstable;

spinodal phase separation with the subsequent

solidification of the polymer-rich phase takes

place, leading to the formation of a bicontinuous

structure (Figure 2(c)); in this case, porous skins

are usually obtained. This morphology has also

been observed in the case of SC-IPS, for example,

for the cellulose acetate/acetone/SC-CO2 system

[8].
4. In this case, nucleation and growth of droplets of

the polymer-rich phase is obtained, followed

by solidification of the polymer-rich phase; a

bead-like (particulate) structure is obtained

(Figure 2(d)). Besides, this kind of morphology

has been obtained by SC-IPS, as in the case of

PMMA/DMSO/SC-CO2 [14] system.

In the case of dense structure (Figure 2(a)), starting

from the highest polymer concentration, the compo-

sition path can enter in the upper part of the ternary

phase diagram (path 1) due to both the high concen-

tration of the system and the slow diffusion of the

SC-CO2. In this manner, the accumulation of the

polymer due to the outflow of the solvent occurs

before the phase separation of the solution causing

the dense layer formation.
In the region in which cellular structures are

produced (path 2), as the polymer concentration in

the starting solution is increased, the cell diameter

usually decreases, as in the example reported in

Figure 4. In the case of polysulfone membranes

[16], increasing the polymer percentage from 15%

to 30% w/w, the mean diameter of the cells

Solvent

1

Nonsolvent

Polymer

Binodal

Spinodal

3

2

1

Gel

4

2 3 4

Figure 3 Ternary phase diagram of a generic polymer/
solvent/nonsolvent system with various composition paths

indicated by arrows and numbers; the typical membrane

structures related to the composition paths are also

reported.
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Figure 4 Cell size distribution at different polysulfone

concentrations in N-methyl-2-pyrrolidone (NMP), obtained
operating at 45 �C and 20 MPa.
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decreases and reduces from about 20 to 3 mm; corre-
spondingly, the cell size distribution sharpens.

An explanation of this result has been presented in
Figure 5 considering again a qualitative ternary dia-
gram. Three different compositions paths, starting at
three different polymer concentrations (15%, 20%,
and 30% w/w), show that the nucleation and growth
of the droplets of the polymer-lean phase, with
further solidification of the polymer-rich phase, can
be the controlling mechanism. Increasing the poly-
mer concentration in the starting solution, that is,
passing from point 3 to point 1, the operative point
(the intersection between the tie-line and the com-
position path) shifts toward the polymer-rich phase.
Therefore, using the lever rule, we can observe that
the quantity of the polymer- lean phase decreases. As
a consequence, there will be a smaller amount of
polymer-lean phase (smaller cells) inside a fixed
volume of membrane.

Decreasing the polymer concentration, it is possi-
ble to fall in the spinodal decomposition region of
Figure 3 (path 3). In this case, a complete connection
among the cells is obtained and high-porosity mem-
branes are produced (Figure 2(c)) with porous skins.

Starting from dilute solutions, the operative point
can lie in the region characterized by the fourth mass
transport mechanism (path 4 in Figure 3) and, as a
consequence, more or less networked microparticles
can be produced (particulate structure). An explana-
tion of this morphology is possible considering the
existence of a second concurring mechanism of poly-
mer precipitation under the action of SC-CO2. At
very low concentrations, the process driven by
SC-CO2 can be very fast and a part of polymer-rich

phase can form microparticles. At lowest concentra-
tions, this mechanism can become dominant and only
microparticles can be obtained. These results agree
well with those obtained in the case of cellulose
acetate [8] and PVA [20] membranes. The process
is substantially the same that it is obtained during
batch supercritical antisolvent (GAS) experiments
devoted at the production of microparticles [27]. In
this type of experiments, a polymer solution at low
concentration is placed inside a vessel and CO2 is
rapidly pumped to reach the final pressure and acts as
a nonsolvent for the polymer. Therefore, it is possible
to assume that, when the percentage of polymer in
the solution is very low, the liquid solution is rapidly
dried by SC-CO2, the polymer precipitates as single
or connected microparticles, and the continuous
solid structure (membrane) is not formed. A contri-
bution to the formation of these morphologies can
also be attributed to the viscosity of the samples.
When the viscosity of the sample increases (high
percentage of polymer), a slower demixing is
obtained and the polymer can rearrange to form the
semisolid structure during the contact with SC-CO2.
On the contrary, at low viscosities (low amount of
polymer), the process is very fast, the porous struc-
ture is not formed, and the polymer tends to form
microparticles as in GAS experiments.

For crystallizable polymers, for example, poly-
vinylidene fluoride (PVDF) [21–23], S–L demixing
can also take place during the phase-inversion pro-
cess. In this case, the resulting membrane will exhibit
characters from both types of phase demixing. The
S–L demixing occurs in the crystallizable segments
of the polymer to form membranes consisting of
interlinked crystalline particles (leafy morphology).
As crystallization is a slow process compared to L–L
demixing, a crystallization-dominated membrane
structure is difficult to prepare. An example of
PVDF–hexafluoropropylene (HFP) membrane
obtained by SC-CO2 phase-separation process is
reported in Figure 6. It is possible to observe that a
cellular structure is obtained, but cell walls are not
smooth; they are characterized by a leafy
substructure.

In addition, in this case, it is possible to use as a
reference the traditional phase-inversion process to
explain these results; depending on the solvent and
nonsolvent combination used, it is possible to obtain
membranes with a structure either largely dominated
by L–L demixing (cellular, bicontinuous, or bead-
like morphology) or related to S–L demixing (leafy
morphology). The application of these

NMP CO2

Polysulfone

1

2

3

Binodal

Spinodal

Figure 5 Hypothesized phase diagram for the ternary

system polysulfone/N-methyl-2-pyrrolidone (NMP)/

supercritical CO2. Composition paths: (1) 30% w/w, (2) 20%
w/w, and (3) 15% w/w of polysulfone.
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considerations to the phase-inversion method
assisted by SC-CO2 indicates that, in the case of
PVDF–HFP membranes, L–L demixing is the domi-
nant mechanism during the precipitation process;
indeed, cellular structures have been obtained. On
the other hand, the leafy morphology observed on
the walls of cellular structures suggests that an S–L
demixing (i.e., the crystallization process) occurs too.
Therefore, both the demixing mechanisms (L–L and
SL) concur to the formation of PVDF–HFP mem-
branes and a competition between L–L and S–L
demixing has to be taken into consideration.

The crystallization occurring during the forma-
tion of PVDF–HFP membranes process confirms
the presence of a gelation region, delimited by a
gelation line. The position of this line strongly
depends on the nature of the solvent–nonsolvent
system used [21]. Therefore, according to the results
obtained and to the general knowledge on the for-
mation of PVDF–HFP membranes, it is possible to
hypothesize a qualitative ternary diagram for PVDF–
HFP/solvent/SC-CO2 system in which the gelation
line is very close to the solvent apex [21]. As a
consequence, the polymer solution contacts
SC-CO2 and its composition continuously changes
by diffusion of SC-CO2 in the liquid phase; at the
beginning, the gelation line is crossed inducing an
S–L demixing that causes the formation of the leafy
morphology. Then, the composition pathway con-
tinues its trajectory inside the ternary diagram
moving toward the pure polymer apex since it falls
in a region characterized by one of the solidification
mechanisms typical of L–L demixing. As a conse-
quence, a solid structure caused by the superposition

of the S–L and L–L phase-separation mechanisms is
obtained.
�Effect of SC-CO2 density (pressure and temperature).

SC-CO2 density depends on the process pressure and
temperature and largely determines the solvent
power of the antisolvent. Indeed, by increasing pres-
sure and/or decreasing temperature it is possible to
increase the SC-CO2 solvent power and, as a conse-
quence, to influence the phase-separation process.

An example of the effect on the final membrane
morphologies is observable in the case of PVA
membranes [20]. Experiments were performed start-
ing from 1% w/w PVA–DMSO solutions. Various
sets of process parameters from 10 MPa, 55 �C
(329 kg m�3) to 20 MPa, 35 �C (866 kg m�3) were
explored. As shown in Figure 7, for this system, the
morphology completely changes by increasing
SC-CO2 density: at 10 MPa and 55 �C, a membrane
with a cellular structure is obtained (Figure 7(a)); at
15 MPa and 45 �C, the structure becomes bicontin-
uous (Figure 7(b)) and is formed by filaments and
crosslinked microparticles; and at 20 MPa and 35 �C,
a membrane is not formed but well-defined spherical
submicroparticles are generated with a diameter
ranging between 0.2 and 0.7 mm (Figure 7(c)).

It is possible to explain these results considering
the kinetic aspect of the SC-CO2 phase-separation
process [20]. When the pressure is high (20 MPa) and
the temperature is low (35 �C) (i.e., high SC-CO2

solvent power), the outflow of the solvent from the
solution is limited and the trajectory of the pathways
moves toward the pure antisolvent vertex, leading to
the formation of microparticles (Figure 7(c)); by
decreasing pressure (15 MPa) and increasing tem-
perature (45 �C), the process becomes slower and
the pathway enters in the central region of demixing
gap (part of the solvent is lost by outflowing), leading
to bicontinuous structures (Figure 7(b)). A further
decrease of pressure (10 MPa) and increase of tem-
perature (55 �C) produce an increase of the outflow
of the solvent and the pathway enters inside the
upper demixing gap (between spinodal and binodal
curves), leading to a cellular structure (Figure 7(a)).
Decreasing the SC-CO2 solvent power again, the cell
size decreases because the operative point shifts
toward the polymer-rich phase.

Another example of the effect of pressure and tem-
perature on membrane morphologies is reported in the
case of polysulfone membranes [16]. In this case, the
trend observed was the same; however, differently
from PVA membranes [20], the thermodynamic
aspects of the process were considered. Indeed, the

10 µm Mag: 5000×

Figure 6 Leafy substructure of the cell walls of

polyvinylidene fluoride–hexafluoropropylene (PVDF–HFP)

membranes obtained at 20 MPa, 55 �C, and 20% w/w.

Preparation of Membranes Using Supercritical Fluids 207



authors considered that the shape and size of the mis-

cibility curve vary with pressure (and with

temperature). Three possible binodal curves, related

to the different pressures tested, were proposed [16].

The enlargement of the miscibility gap with a pressure

reduction is in accordance with the studies on the fluid

phase behavior in ternary systems containing dense

CO2 [28] which explains the results obtained (i.e.,

cellular structure is obtained and cell size decreases

with the SC-CO2 solvent power). Indeed, for a fixed

polymer concentration, the enlargement of the binodal

curve causes an increase of the polymer-lean phase/

polymer-rich phase ratio generating a larger amount

of polymer-lean phase (larger cells) inside a fixed

volume of membrane. It is possible to suppose that an

increase of temperature causes an effect similar to the

decrease of pressure since in both cases a reduction of

the SC-CO2 density is obtained; as a consequence, the

affinity between SC-CO2 and the liquid solvent

decreases and the cell size increases due to the forma-

tion of a larger quantity of the polymer-lean phase.
�Effect of the liquid solvent. The use of different

solvents influences the demixing process that is

related to the demixing gap in the phase diagram

[29] and the diffusion kinetics such as the exchange

rate between nonsolvent and solvent [30]. The posi-

tion of the binodal curve is influenced by the nature

of components in the mixture, particularly by the

interaction parameters [4]. According to van de

Witte et al. [4], it is possible to define three interac-

tion parameters among polymer (1), solvent (2), and

nonsolvent (3):

1. polymer/solvent (�12),
2. polymer/nonsolvent (�13), and
3. solvent/nonsolvent (�23).

�13 is constant when the polymer and the nonsolvent

are fixed, whereas �23 and �12 vary with the solvent

used. A couple polymer/solvent with a low mutual

affinity (i.e., high �12) produces an increase in the

magnitude of the demixing gap, especially at very

low values of �23 (i.e., high solvent/nonsolvent affi-

nity), whereas a low compatibility of the solvent–

nonsolvent mixture (i.e., high �23) results in large

differences in solvent/nonsolvent ratio at equilibrium.

The determination of the interaction parameters is

difficult, but a rapid indication for these values can be

obtained by the solubility parameter approach [31–35].

Indeed, interaction parameters are inversely propor-

tional to the difference between the solubility

parameters of compounds. The solubility parameters

represent the attractive strength between the mole-

cules of the compounds and have been defined as the

square root of the cohesive energy density (J cm�3)1/2.

Usually, the smaller is the difference of the solubility

parameter value, the higher is the compounds misci-

bility (i.e., mutual affinity) [31].

(a)

(b)

(c)

10 µm Mag: 5000×

10 µm Mag: 5000×

500 nm Mag: 20000×

Figure 7 Effect of supercritical CO2 density on membrane

morphology and cell size at 1% w/w polyvinyl alcohol (PVA) in

DMSO, operating at: (a) 10MPa, 55 �C (329kg m�3); (b) 15MPa,
45 �C (741kg m�3); and (c) 20MPa, 35 �C (866kg m�3).
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When the casting solution is immersed in a
coagulant bath, the exchange of solvent and nonsolvent
across the interface of the polymer solution causes the
phase inversion at a different exchange rate that
depends on the solubility and diffusion parameters of
the nonsolvent. In a process that uses SC-CO2,
the diffusion process is very fast and, consequently,
the exchange rate is probably controlled by the differ-
ence between solubility parameters. When SC-CO2 is
used as the nonsolvent, it is also necessary to take in to
account that its solubility parameter varies with the
operative conditions; for example, an increase of the
operating pressure produces an increase of miscibility
between SC-CO2 and the liquid solvent. The contin-
uous variation of the affinity between solvent and
nonsolvent is one of the key steps in the flexibility of
the supercritical-assisted phase-inversion method. The
solubility parameter for SC-CO2 can be calculated, at
different operative conditions, using the empirical
equation of state (EOS) of Huang et al. [33]. The differ-
ence between solubility parameters of liquid solvents
and SC-CO2 modifies with a similar trend for all
solvent–SC nonsolvent couples. Considering the case
of PMMA membranes [14], the difference between
solubility parameters of DMSO and SC-CO2 is larger
than between tetrahydrofuran (THF) and SC-CO2; this
indicates that, at the same operative conditions, THF
has a higher miscibility with the nonsolvent than
DMSO. Therefore, during membrane formation,
SC-CO2 can diffuse into PMMA–THF solutions
quicker than into PMMA–DMSO solutions, making
the solution faster to phase-separate, resulting in higher
membrane porosity (high interconnectivity). It has been
reported [36–38] that smaller membrane cells are
associated with faster diffusion of the coagulant through
the casting solution. To confirm this consideration, it
is possible to observe in Figure 8 that, at the same
operating conditions, cells of PMMA membranes pre-
pared using THF as solvent are smaller than those of
the membranes prepared using DMSO.

The increase of cell size with the decrease of
mutual affinity between solvent and nonsolvent can
be explained considering that, when the mutual affi-
nity is low, the outflow of the solvent into the SC-CO2

phase is slow as well. This means that there is time
enough for the polymer-lean phase, formed by the
phase separation, to grow leading to the formation
of larger pores. Another consequence is that, when
experiments with low PMMA concentrations (3%
and 5% w/w) were performed, membranes with
cellular structure were obtained in DMSO (i.e., slow
process), whereas, using acetone or THF (high

affinity), the process was faster and PMMA precipi-

tated as networked microparticles (particulate

structure).
�Effect of the depressurization rate. An example of the

effect of depressurization rate on the membrane

morphologies has been reported by Temtem et al.

[17] for polysulfone membranes. They verified that

higher depressurization rates produce larger pores.

Similar trends were obtained with all solvents used.

These observations are divergent from the results

obtained by Xu et al. [13] in the preparation of

poly-L-lactic acid (PLLA) membranes that found no

changes in membrane structure with different

depressurization rates. In any case, according to

Temtem et al. [17], when the depressurization is

performed, the polymer precipitation is already

occurred due to the continuous extraction of the

solvent. In a slow depressurization, the CO2 diffuses

slowly out of the polymer phase without affecting the

polymer structure. A quick depressurization of the

large amount of CO2 dissolved in the polymer should

result in a slight deformation of the existing pores

and, consequently, in the increase of the mean

diameter of the pores. The analysis of SEM images

of the membrane surface produced by these authors

confirms the above-mentioned explanation: fast

depressurizations tend to increase surface porosity

and promote the appearance of fissures in the mem-

brane top layer. Water flux through the membranes

increases by increasing the rate of the depressuriza-

tion. These results have not found confirmations in

other works; however, it is possible to suppose that

for some polymers SC-CO2 can also act as a foaming

agent during the depressurization. Indeed, it is

known from literature on SC-CO2-assisted foaming
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Figure 8 Polymethyl methacrylate (PMMA) cell size
distributions obtained operating at 35 �C, 25 MPa, and 25%

(w/w) and using different solvents.
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processes [39] that, if the depressurization tempera-
ture is above the actual glass transition temperature
of the CO2/polymer mixture, nucleation and growth
of gas bubbles inside the polymer can occur. This
phenomenon can also interfere with the final mem-
brane morphologies adding some different
peculiarities to the post-phase-separation structure.
�Effect of the addition of another polymer. Many studies

in the traditional phase-inversion process assume
that the incorporation of another polymer in the
casting dope is an effective method to manipulate
the morphology of the formed membrane and
thereby to modify the membrane properties. An
interesting example of investigation about this para-
meter for SC-IPS process is the one reported by
Huang et al. [23] in the case of formation of PVDF
membranes. They investigated the effect of PMMA
content in the casting solution on the membrane
structure. The casting solution was prepared by dis-
solution of polymer (PMMA and/or PVDF) in
dimethylacetamide (DMAC) to form a solution con-
taining 15% w/w of polymer.

By increasing the PMMA content in the starting
solution, the cell shape ceases to be spherical and the
cell wall structure changes significantly. For pure
PVDF membranes, the cell wall is composed of
uniform spherulite particles. When PMMA concen-
tration in the solution is above 4.5% w/w, the cell
wall is composed by a continuous matrix. The mem-
branes generated at 1.5% w/w of PMMA are
intermediate between these two cases; that is, the
cell wall is composed of a continuous matrix in
which many spherulite particles are embedded.
Moreover, as the PMMA content in the dope
increases, the cell size becomes less uniform. In addi-
tion, for the membrane produced from the solution
containing 4.5% w/w of PMMA, both the cell size
and the porosity are larger than those of the mem-
branes formed at other PMMA concentrations.
Although PVDF content in the casting dope decreases
with the increase of PMMA content, crystallization
still occurs in the late stage of the phase-inversion
process. This is evident from the DSC thermograms
of the membranes prepared from the casting dopes at
different PMMA/PVDF mass ratios [23]. The melting
point (Tm) of PVDF crystals decreases with increasing
PMMA content in the dope. With the addition of
PMMA at 7.5% w/w in the casting dope, the crystal-
linity decreases to 30%, indicating the inhibition of
crystallization. Such a dramatic decrease in crystalli-
nity is related to the good miscibility between PMMA
and PVDF. These authors also found that when

PMMA content is below 4.5% w/w, the crystallinity
of PVDF in all the membranes is higher than that of
original PVDF powder, indicating the occurrence of
CO2-induced crystallization.

Another example of incorporation of a second
polymer in the starting solution is the one reported
by Kim and Lee [19] for formation of polycarbonate
(PC) membranes. They investigated the effect of
polyethylene glycol (PEG) concentration on poros-
ity and tearing stress of PC membranes. These
authors found that porosity increases (from 65% to
72%) and the density of membranes decreases (from
1.19 to 1.14 g cm�3) with an increase of the initial
PEG concentration from 10% to 30% w/w.

1.10.3.1.2 Application of the SC-IPS to

water-soluble polymers

The major drawback of the SC-CO2-assisted phase-
inversion technique is the very limited affinity
between CO2 and water at the ordinary process con-
ditions; as a consequence, this process cannot be used
to produce membranes of water-soluble polymers
(i.e., the majority of biopolymers). To remove these
limitations, Reverchon and Cardea [40] proposed the
phase inversion of water-soluble polymers using
liquids expanded by SC-CO2. A SC-CO2 expanded
liquid is a mixture that shows intermediate physical
properties between liquids and SCFs obtained oper-
ating at conditions above the CO2 critical point but
below the mixture critical point. This process has
been applied to the production of PVA membranes
using expanded ethanol. In this manner, it is possible
to take advantage of the capability of the organic
solvent to solubilize large quantities of water and of
the presence of SC-CO2 to confer near-critical prop-
erties to the solution, even operating at very low
temperatures with respect to the critical temperature
of the liquid solvent.

The feasibility of this process was demonstrated and
the analysis regarding the effect of process parameters
on formation of PVA membranes and morphology was
performed. Several ethanol:CO2 ratios (from 20:80 to
80:20 w/w), PVA concentrations (from 10% to 30%
w/w), temperatures (from 35 to 65 �C), and pressures
(from 15 to 25 MPa) were tested. The obtained PVA
membranes were characterized by open cellular struc-
tures with cell size ranging between 0.5 and 4 mm; dense
or porous skins were obtained at different process con-
ditions. An example of a membrane section obtained is
shown in the SEM images given in Figure 9. These
results add further flexibility to the SC-IPS process,
opening the process to the production of biopolymeric
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membranes. Moreover, the selection of solvent/CO2

ratio as a process parameter gives one further possibility

of modulating the membrane morphology.

1.10.3.2 Loaded Membranes

PMMA porous membranes have been prepared using

the SC-IPS process and then they have been loaded

with an antibiotic, amoxicillin, using two different

techniques: dissolving it in the same organic solvent

used to solubilize the polymer or suspending the

drug in the organic solution formed by polymer and

solvent [24]. The obtained porous membranes, pro-

duced at various drug loading, were characterized by

SEM to study the morphology and cell size, and by

DSC to analyze the interaction of drug–polymer in

the structure.
The presence of the suspended drug does not

interfere with the structure morphology (i.e., a

cellular structure is obtained as in the case of pure

PMMA [14]). Probably, it depends on the fact that

amoxicillin dispersed in the solution does not influ-

ence the type of mass transport mechanism occurring

during the phase separation. At larger drug percen-

tages, a relevant increase of cell size is observed. This

result can be related to two concurring effects: (1) the

increase of drug percentage is accompanied by a

decrease of the polymer percentage in the solution;

therefore, the quantity of polymer-rich phase

decreases (i.e., larger cells are obtained); (2) the pre-

sence of the drug influences the polymer-rich phase

solidification acting as an obstacle in the organization

of the solid phase.

The drug, initially dispersed, remains in this form
during the membrane formation process, since the

SC-IPS is an extremely fast process. SEM images of

these membranes support this hypothesis (Figure 10).
Indeed, surfaces and cell walls present a distributed

irregularity (roughness) that was not observed in pure

PMMA structures. This result is due to the presence

of the drug; that is, amoxicillin is encapsulated inside

the polymeric structure. As the drug percentage

increased, the surface roughness also increases.
Another important confirmation of the hypothesis

of drug encapsulation is obtained by DSC analysis.

Indeed, DSC can give qualitative and quantitative

information about the physicochemical status of the

drug in the polymeric structures. The thermograms

100 µm Mag: 500× Mag: 5000×10 µm

Figure 9 Cross section of a polyvinyl alcohol (PVA) membrane obtained at P¼20 MPa, T¼45�C, C¼10% w/w, and with an

ethanol:CO2 ratio of 60:40 w/w.

10 µm Mag: 5000×

Figure 10 High magnification of a polymethyl

methacrylate (PMMA) structure prepared using acetone,

containing 30% w/w of amoxicillin, (20 MPa, 45 �C, and
80% (w/w) acetone); cell wall roughness is evident.
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of PMMA membranes obtained from acetone and

containing percentages of amoxicillin varying from

0% to 30% w/w are shown in Figure 11. The DSC

of pure amoxicillin is also reported for comparison.

The lowering of the melting temperature and

enthalpy of amoxicillin suggests an interaction due

to the formation of a physical mixture.
DSC analysis suggests some interesting considera-

tions: first, it confirms the encapsulation of amoxicillin

inside the structure; second, it shows evidence that

polymer and drug maintained their physical charac-

teristics in the membranes; that is, the system behaves

as a physical mixture of two components and substan-

tially confirms the results of SEM analysis.
The same authors also prepared solutions with

DMSO and a mixture formed by PMMA and amox-

icillin. Moreover, in this case, PMMA-connected

porous structures were successfully obtained. They

show a uniform yellow color that is characteristic of

amoxicillin, whereas, in the experiments with the

amoxicillin suspension, the color of the membrane

remained white. However, cell surfaces are smooth

for all drug concentrations tested. The DSC analysis

has been used again to compare the thermograms of

the PMMA membranes obtained from DMSO and

containing percentages of amoxicillin varying from

0% to 30% w/w. In this case, even at higher amox-

icillin percentages, the characteristic peak of

amoxicillin is not present in the thermograms.
The membrane characteristics observed (color,

cell surface, and DSC analysis) show evidence that

the two procedures lead to totally different interac-

tions. In particular, when amoxicillin is dissolved

together with PMMA in the starting solution, it is
homogenously distributed inside the polymeric
matrix, forming a solid solution. These authors also
performed some drug release experiments to verify
the efficiency of SC-CO2-assisted encapsulation pro-
cess and to study the effect of the collocation of drug
in the structure on the release kinetics. They per-
formed experiments using the PMMA porous
membranes, obtained by starting from dissolved and
dispersed amoxicillin with a content of 10% and 20%
w/w of amoxicillin. Untreated amoxicillin dissolves
completely in 10 min, whereas they observed an
amoxicillin prolonged release of 20 h in the case of
the dissolved drug PMMA membranes. No burst
effect was observed; that is, no initial fast release of
the drug has been verified, which means that no drug
is present in the outer layer of the structure. These
results agree with the previous considerations on
SEM and DSC analysis confirming that amoxicillin
forms a solid solution with PMMA.

In the case of dispersed drug, it dissolves comple-
tely in 3 h. Moreover, an initial burst release was
observed (from 0 to 25 min) indicating that, probably,
in this case, part of the drug molecules are exposed at
the surface of polymer structure.

1.10.3.3 Membranes for Scaffolding
Applications

Another possible application of polymeric mem-
branes is related to tissue engineering. Indeed,
several tissues show a membrane-like structure.
However, the substitution of different biological
materials requires different scaffold characteristics
and they share a series of common peculiarities that
have to be simultaneously obtained [41, 42]:

• A high regular and reproducible three-dimensional
(3-D) structure (macrostructure) similar to the one
of the tissue to be substituted.

• A porosity exceeding 90% and an open pore
geometry that allows cell growth and reorganiza-
tion; indeed, porosity and pore interconnectivity
directly affect the diffusion of nutrients and the
removal of metabolic wastes.

• A suitable cell size depending on the specific
tissue to be replaced. For example, in the regen-
eration of bone tissues, cell sizes ranging between
200 and 400 mm and up to 500 mm are commonly
indicated.

• High internal surface areas. The scaffold should
be not only highly porous and interconnected but
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Figure 11 Thermograms of polymethyl methacrylate
(PMMA) structures containing different percentages of

suspended drug: (a) PMMA, (b) 10% amoxicillin, (c) 30%

amoxicillin, and (d) amoxicillin.
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should present nanostructural surface character-

istics that allow cell adhesion, proliferation, and

differentiation. The cells of different tissues, such

as bones, tendon, cartilage, cardiac valves, and

blood vessels, are submerged in a collagen matrix

with a fibrous structure having diameters ranging

between 50 and 500 nm. As a consequence, a

fibrous structure should be formed on the walls

of the scaffold to allow cell growth.

• Mechanical properties to maintain the prede-
signed tissue structure. The correct values

depend on the organs to be repaired; for example,

a bone temporary scaffold should present a com-

pressive modulus of the order of 100 kPa.

• Biodegradability, biocompatibility, and a proper
degradation rate to match the rate of the neo-

tissue formation. For this reason, the choice of

the polymer is very important because the bio-

degradability of the various polymers largely

varies from one polymer to the other.

Porous structures of PLLA were prepared using the

SC-IPS method by Tsiventzelis et al. [25]. The

uniform cross sections and the cellular pores of the

final samples indicated the occurrence of an L–L

demixing process, followed by crystallization of the

polymer-rich phase, as the dominant mechanism of

the phase separation and pore production. The aver-

age pore size decreased with the increase of CO2

density either by increasing the pressure or by

decreasing the temperature, whereas the average

pore diameter decreased with the increase of the

initial polymer concentration.
The structures obtained using this approach have

various limitations. Indeed, it is very difficult to

obtain complex 3-D structures (i.e., usually films or

hollow fiber membranes are generated) and the pre-

sence of the rough nanofibrous internal structure,

which should mime the natural extracellular matrix

necessary to obtain a good cell adhesion and growth

(smooth cell walls are usually obtained).
For these reasons, Reverchon et al. [26] tested a

new SCF-assisted technique for the formation of 3-D

PLLA scaffolds, which consists of three subprocesses:

the formation of a polymeric gel loaded with a solid

porogen, the drying of the gel using SC-CO2, and the

washing with water to eliminate the porogen.
The PLLA scaffolds produced using this process

have the following characteristics:

1. Adequate internal structure. These properties are
conferred to the scaffold by the original fibrous

nanometric substructure that is characteristic of
the polymeric gel. The very porous structure
obtained should also aid in the efficient removal
of the porogen.

2. Accurate reproduction of the shape and 3-D struc-
ture of the tissue to be substituted.

3. Controlled and large porosity (> 90%).
4. Very large connectivity at micronic and nano-

metric levels.
5. Very short processing time.
6. Absence of solvent residues.

When PLLA gel drying is performed by SC-CO2, the
supercritical mixture formed during the process
(solvent þ CO2) has no surface tension and can be
easily eliminated in a single step by the continuous
flow of SC-CO2 in the drying vessel. The major
problem in gel drying is the possibility of gel collapse.
In this case, the absence of surface tension avoids this
problem preserving the nanoporous structure. On the
other hand, large interconnected cavities necessary
to mime the tissue to be replaced are completely
missing.

For this reason, the authors evaluated the possibi-
lity of superimposing a microporous structure in the
aerogel to obtain a scaffold. They proposed a hybri-
dization of the supercritical drying process with the
particulate leaching. Indeed, it is possible to produce
large cells inside a polymeric matrix using a porogen,
an insoluble compound, which is introduced into the
polymeric solution before the gelation. They
successfully processed large and complex 3-D gel
structures (i.e., bone-shaped gels), confirming the
possibility of producing scaffolds with a specific geo-
metry without size limitations and characterized by
porosity of about 95%. Moreover, the overall process
time is about 4 h, whereas the traditional process (i.e.,
freeze-drying) requires approximately 7 days.

Then, they optimized interconnection among the
cells, increasing the pore connection by pressurizing
at 1 MPa the suspension liquid polymer þ porogen,
before gelation. This pressure is sufficient to induce
the contact among the porogen particles (i.e., fructose)
that produces interconnection among the cells in the
scaffold preserving the structure integrity. SEM
images are reported in Figure 12. In these images, it
is possible to observe the cellular structure (induced
by porogen inclusion) and the nanofibrous substruc-
ture (produced by the polymeric gel) characterizing
not only the polymeric network, but also the cells wall.
In particular, fibers ranging between 50 and 400 nm
add further porosity and interconnectivity and
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produce the wall roughness that should be the key

factor for cellular adhesion and growth.
Figure 12(b) is particularly significative in repre-

senting the structure of the cell walls. This image

confirms that the presence of porogen particles

during the gelation process did not influence the

nanoporous structure formation also on the surfaces

in contact with the porogen.
The solvent residue present in the produced scaf-

folds obtained after 4 h of drying was 263 ppm, which

is lower than the limit of USP 467 Pharmacopea. By

increasing the drying process time up to 8 h, as

expected, solvent residue sensibly decreased down

to a minimum of < 5 ppm.
The compressive modulus of some of the scaffolds

obtained was measured to verify if mechanical resis-

tance was compatible with the one required for bone

scaffolding application. Stress–strain analysis indi-

cated compressive modulus up to 81 kPa obtained

for 15% w/w PLLA scaffolds.

The inclusion of hydroxyapatite particles inside the
polymeric structure can modify the scaffold resistance
and improve the formation of an environment suitable
for bone cells growth; indeed, hydroxyapatite forms
more than 30% of the natural bones and can behave as
a support for the structure, increasing the compressive
modulus. It also allows one to create an environment
that better mimes the extracellular matrix. For this
reason, the authors loaded hydroxyapatite nanoparticles
inside the starting solution before the gelation.

As it is possible to observe from SEM image reported
in Figure 13, a modification of the scaffold morphology
is evident if compared to unloaded PLLA scaffold.
Hydroxyapatite nanoparticles appear on the surface of
polymeric fibers of cell wall, forming a hybrid particle–
fiber cross-linked structure. Moreover, the scaffold
compressive modulus, as expected, increases.

1.10.4 Conclusions and Perspectives

The SC-IPS process has substantially maintained the
promises demonstrating to be fast and capable to
produce membranes whose morphology can be
tuned through the proper selection of the process
parameters. Organic solvents used in the process
have been rapidly and completely eliminated.

In the near future, we expect that SC-IPS will be
extensively applied to hydrosoluble polymers and
polymer blends that have, at present, only been
demonstrated in terms of feasibility. Loaded mem-
branes and scaffolds obtained by SCF-assisted
processes are also promising applications that still
require a large experimentation.

(a)

(b)

100 µm Mag: 250×

200 nm Mag: 50 000×

Figure 12 Scanning electron microscopy (SEM) images

of the same part of a poly-L- lactic acid (PLLA) scaffold

obtained at different magnifications: (a) image of cavities;
(b) enlargement of part of a cavity.

2 µm Mag: 10 000×

Figure 13 Scanning electron microscopy (SEM) image of

a hydroxyapatite loaded scaffold cell wall.
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Comprehensive characterization of SC-IPS mem-
branes is also required together with the targeting of

the various membranes toward specific industrial

applications. The scale-up of the process should

then be performed.
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Glossary

Calcination Thermal treatment of a green product

at relatively low temperature (typically <600 �C) in

order to remove the organic additives.

Critical thickness Maximum thickness limit to

form a defect-free thin inorganic layer on top of a

porous support. Above the critical thickness,

tensile stresses cause defects in the layer.

Electroless plating A nongalvanic method to form

a metal or metal alloy coating on a substrate

(without the use of external electrical power). In the

process, the substrate is submerged in an aqueous

solution of metal ions. A reducing agent (typically

hydrated sodium hypophosphite) is used to react

with the metal ions and to deposit metal.

Extrusion A wet inorganic shaping technique in

which a stiff plastic paste of an inorganic powder

and suitable additives is forced by high pressure

through an orifice or die, in order to form long

tubular-type shapes (the cross section does not

need to be circular).

Foam A sponge-like, very open porous structure

with pores typically in the range of a few hundred

micrometers up to a few millimeters.

Green product A dry article consisting of

inorganic particles shaped in a certain form, with

the aid of organic additives, before thermal

treatments. The mechanical strength of the green

shape is limited.

Phase inversion A wet shaping technique specific

for polymer and inorganic membranes suitable for

producing hollow fibers, capillaries, and flat sheets.

In the phase inversion process, a viscous

suspension consisting of a polymer powder,

organic additives, and eventually an inorganic

powder in a suitable solvent, is first shaped in the

desired form, and subsequently contacted with a

nonsolvent for the polymer. In the nonsolvent bath,

polymer-rich and polymer-poor phases are formed,

leading to a consolidation of the wet shape.

Replica technique A method in which an

inorganic replica is made from a polymeric shape,

by immersion of the polymeric shape into a

concentrated inorganic suspension, and

subsequent burning out of the polymer by a

suitable thermal treatment.

Shaping The fabrication step in which powders

are formed into useful shapes with the aid of

organic additives.

Sintering Thermal treatment of a green product at

relatively high temperature, leading to surface

diffusion of solid matter and neck formation

between the inorganic particles and to a partial or

complete densification.

Slip casting A versatile inorganic shaping

technique in which an aqueous slip of an inorganic

powder is poured into a porous mold (mostly

plaster), and left to dry.

Sol–gel process A process for forming

mesoporous and microporous inorganic layers,

converting a solution (sol) containing small

inorganic particles (colloidal sol) or inorganic

polymeric structures (polymeric sol) into a gel, by

removal of the solvent in the solution through

evaporation or through contact with a porous

support. The sol is formed by hydrolysis and

condensation of alkoxide or salt precursors in an

organic solvent with an appropriate amount of

water.

Solid-state reaction A reaction in which a mixture

of solid inorganic reactants is heated in order to

produce a new solid composition.

Tape casting A wet inorganic shaping technique

in which a pseudo-plastic suspension of an

inorganic powder and suitable additives is spread

out over a moving carrier with the aid of a blade or a

knife, in order to form thin flat shapes.
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1.11.1 Introduction to Inorganic
Membranes

Inorganic membrane science and technology is the
latest developed field of membrane separation tech-
nology, which, until recently, was dominated by the
earlier developed polymer membranes. As is com-

mon for recent developments, the field of inorganic
membranes is still undergoing rapid change and
innovation. The strong evolution and growth of the
field account for the success of the dedicated

International Conference on Inorganic Membranes
(ICIMs), initiated in 1989 in Montpellier, France,
organized biannually, and alternately in the US,
Europe, and Asia. The proceedings of these confer-

ences give a good overview of the field: the latest
developments, innovative ideas, new potential appli-
cations, bottlenecks, state of commercialization,

industrial interest, etc.
For most users, inorganic membranes are a rela-

tively new product. However, in fact, their

development started in the 1940s in order to enrich
uranium for the Manhattan Project in World War II
and for the subsequently constructed nuclear power
plants [1]. This extensively used technology led to

the first commercialization of inorganic membranes
in the early 1980s and involved membranes with
pores in the micrometer range, dedicated for micro-
filtration of liquids. Today, a wide variety of

inorganic membranes exist in the market, covering
not only the whole range of liquid filtrations,
including pervaporation, but also a whole range of
materials from different ceramics, over glass to

metals. The latest commercializations are a titania
nanofiltration membrane with pores just below 1 nm
and a Linde type A (LTA) zeolite membrane with

pores of 0.4 nm [2] (NF membranes commercialized
by the German company HITK e.v. under the
tradename Inopore�). Current research and devel-
opment (R&D) efforts will lead to new membranes

in the market, on both sides of the pore-size spec-
trum. On the one hand, there is a new R&D
focusing on developing high-quality gas-separation
membranes, mainly driven by the trend toward sus-

tainable energy production. Among the potentially
interesting membranes are dense ion-conducting or
metal membranes, and zeolite and microporous car-
bon membranes. On the other hand, macroporous

foams are developed intended for rough filtration
applications, as bone scaffolds, or as efficient catalyst
supports.

So far, commercialized membrane applications
have been strongly (liquid separation) or exclusively
(gas separation) dominated by polymer membranes.
The share of inorganic membranes is currently esti-
mated to be about 12% [3]. However, inorganic
membranes will have their share of the future growth
of membrane technology, if their strong points, being
advantages over the polymeric alternatives, can be
used:

• Their relatively high thermal stability, compati-
ble with high-temperature operations, and
suitable for real reaction–filtration integration,
allowing therefore, for example, a shift of the
reaction equilibrium as in membrane reactors.

• Their relatively high chemical stability and good
corrosion resistance, compatible with highly aggres-
sive media, allowing filtration in, for example,
aprotic solvents that dissolve all currently exist-
ing polymeric membranes; in addition, allowing
very aggressive cleaning, opening even econom-
ical implementation of ceramic membranes in
drinking water production from difficult surface
waters.

• Their biocompatibility facilitating their use in
highly certified industries such as the pharmaceu-
tical and food industry.

• Their noncompactability under high pressure,
allowing application at more moderate pressures
and without lengthy pretreatments.

• Their mechanical strength.

• Their long lifetime.

However, inorganic membrane production is
intrinsically more expensive and complicated.
Inorganic membrane applications will therefore
mainly be found in those fields where polymer
membranes cannot or do not perform well. It is
also to be expected that the more aggressive situa-
tions (temperature and chemicals), in which
inorganic membranes have great potential, will
also call for clever solutions for suitable module
construction (e.g., higher surface-to-volume ratio)
and appropriate sealing (e.g., high-temperature
gas-tight sealing).

1.11.2 General Principles of
Inorganic Membrane Synthesis

Despite the wide pore-size range of all existing
inorganic membranes, their synthesis shows some
common aspects.
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All synthesis starts from suitable powder prepara-
tion from precursor material. Subsequently, these

powder particles are packed in a green product with

a certain shape (flat or tubular). This can be done by

wet or dry shaping techniques, facilitated by using

one or more organic additives (in the role of binders,

dispersants, and plasticizers). After shaping, the

synthesis involves one or more heat treatments. A

temperature treatment at relatively low temperature

is required in order to remove the organic additives

(calcination), and to consolidate the particle packing

in the green product by initial neck formation

between the particles (presintering). The pore size

that can be obtained in this processing depends on

the particle size of the starting powders, and is there-

fore limited to a minimum of about 0.1 mm. For

denser membranes, a treatment at higher tempera-

tures (sintering) follows, thereby causing serious

material movements leading to a partial or complete

densification of the green product. This sintering

process gives the shaped article also its full mechan-

ical strength.
As a result of these synthesis steps, in principle,

membranes with a wide variety in pore sizes can be

made. However, to make both porous and dense

membranes suitable for real applications, all com-

mercial and commercially interesting membranes

always consist of a multilayer composition in which

a coarse-porous support provides the necessary

mechanical strength, and the porous or dense top

layer is responsible for the separation aimed at. One

or more intermediate layers between support and top

layer take into account a gradual decrease of the pore

size in the multilayer composition. Figure 1 shows a

scanning electron microscopy (SEM) picture

revealing the typical multilayer structure of an inor-

ganic membrane. In this manner, the membranes can

combine a high flux and a high separation factor. The

coarse-porous supports are fashioned as described

above. The dense or fine-porous membrane layers

coated on the porous supports are produced using

other specific techniques. Layers with big mesopores

can be produced from colloidal powder suspensions,

whereas layers with meso- and micropores are pro-

duced by sol–gel techniques or chemical vapor

deposition (CVD). Particular techniques exist for

microporous carbon and zeolite layers. The dense

or fine-porous membrane layers also require a tem-

perature treatment similar to that of the coarse-

porous supports in order to consolidate their

microstructure.
In specific cases, the formed inorganic membranes

are further functionalized by chemical modification

of the membrane surface. This functionalization is

used in order to either change the affinity of the

membrane surface, or obtain catalytically active

membranes.
This general scheme for inorganic membrane

synthesis, which also clarifies the structure of this

chapter, is shown in Figure 2.
This chapter gives a concise but broad overview

of the different aspects of the state-of-the-art inor-

ganic membrane synthesis. For more extended

treatments in the literature, the reader is referred to

three excellent books: Inorganic Membranes

Characterisation and Applications [4], Fundamentals of

Inorganic Membrane Science and Technology [5], and

Inorganic Membranes for Separation and Reaction [3].

Other interesting references are provided as well.

However, this chapter also focuses particularly on

Polymeric toplayer
(anatase)

Colloidal interlayers
(anatase)

Main support
(α-Al2O3)

Figure 1 Scanning electron microscopy (SEM) picture of a titania nanofiltration membrane showing the typical multilayer

structure of an inorganic membrane. Reproduced with permission from Van Gestel, T., Vandecasteele, C., Buekenhoudt, A.,

et al. J. Membr. Sci. 2002, 207, 73–89.
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the new trends, the recent developments, and the
innovations related to membrane preparation in this
highly evolving field.

1.11.3 Powder Preparation

1.11.3.1 Introduction

The starting powders for inorganic membranes are
high-purity specialty chemicals. Powder preparation
is a crucial step in the fabrication of inorganic
membranes. High-purity, submicrometer powders
with controlled physical characteristics, such as
particle size, and, preferably, narrow particle-size
distribution, are required for good membrane
preparation. The characteristics of the inorganic
powders used have a significant effect on the subse-
quent processing route and on the quality of the final
membrane. Therefore, the proper choice of a powder
synthesis method is an important task, especially for
fine-porous or dense membranes.

The particle size (and, to some extent, the mor-
phology) is an important parameter in membrane
preparation, because it affects the porosity (or den-
sity) and the pore size of the final membrane. For
porous membranes, when only neck formation

between the packed particles takes place, the ratio
of pore size to grain size is about 3 (the exact ratio
depends on the particle shape). For dense mem-
branes, small-size starting particles with an
appropriate size distribution, which lead to a max-
imum packing density and final density, are essential
to give complete densification in the sintering step.
Moreover, as explained in Section 1.11.5, the
required sintering temperatures to achieve complete
densification in the case of small particles are much
lower. Densification can also be improved by intro-
ducing sufficiently small-sized particles into a
packing of large particles.

To obtain high-quality top layers, the particle size
and particle-size distribution of the support are
important as well. The pore size of the support
must be adapted to the grain size of the layer to be
deposited. The presence of large pores on the surface
of the support could lead to penetration of the grains
into the support and thus, to defects in the subse-
quent membrane layers. Defects can equally be
formed by extra-large particles present on the surface
of the support.

1.11.3.2 Milling

Good powder preparation commonly involves one
or more mechanical milling steps in order to
provide the breakdown of agglomerates and to adjust
the particle size and particle-size distribution.
Currently, a variety of mills can be used, including
ball mills, roller mills, and attrition mills [6]. The
most widely used are ball mills, utilizing the energy
of balls which move in a jar and crush the agglomer-
ates. Ball mills can, in turn, be categorized depending
on the method used to impart the motion to the balls
(e.g., vibration, tumbling, and agitation). The main
advantages of this method include low cost and
applicability to different kinds of membrane
materials, whereas the main disadvantage is the
incorporation of impurities from the mill and
the milling medium into the powder. This can be
avoided by the use of fluid-energy mills, where
the powder is entrained in two impinging streams
of high-velocity air so that particles are broken up by
impact. Incorporation of impurities can also be
reduced by lining the mill chamber with a plastic or
ceramic material and by using ceramic stirrers and
grinding medium.

In recent years, there has been growing interest in
new techniques such as high-energy milling (also
named mechano-chemical synthesis or mechanical

Powder preparation

Shaping

Pressing
Slip casting
Extrusion
Tape casting
Suspension spinning
Foam techniques
Leaching techniques
Techniques for straight pores

Functionalization
Hydrophobization
Catalytically active coating

Powder suspensions layers
Sol–gel layers
Template-mediated layers
Chemical vapor deposition
Carbon layers
Zeolite layers
Metal layers

Layer deposition

Temperature treatment

Drying
Calcination
Sintering

Milling
Chemical powder preparation

Figure 2 General scheme for the preparation of inorganic

membranes.
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activation) [7]. It involves high-intensity vibratory
milling for an extended period of time, leading to
chemical interactions between the components and,
as such, the formation of the final product having the
desired composition and particle size at the same
time. This method is most suitable for producing
materials that are otherwise difficult to make
(e.g., silicides and carbides). The incorporation of
impurities is, however, much more severe than for
conventional milling.

1.11.3.3 Chemical Powder Preparation

A variety of chemical methods is being used for the
preparation of high-quality inorganic powders.
Several reviews of the subject are available in the
literature [6–8]. With respect to inorganic mem-
branes, the solid-state reaction route and synthesis
from liquid solutions (precipitation and sol–gel
methods) are considered to be the most appropriate.
The most important methods are described in the
following subsections.

The production of inorganic membrane powders
by vapor-phase reaction is less frequently used. In
this process, reactant gases are mixed and heated to
nucleate and grow particles from the gas phase. For
the reaction, a number of different heat sources can
be used, such as a direct-current or induction-
coupled plasma, a laser, or a furnace.

1.11.3.3.1 Solid-state reaction

The solid-state reaction route involves chemical
decomposition reactions, in which a mixture of
solid reactants is heated to produce a new solid
composition and gases. This method is commonly
used for the production of complex oxides from
simple oxides, carbonates, nitrates, hydroxides, oxa-
lates, alkoxides, and other metal salts. Usually, the
procedure includes several annealing steps with mul-
tiple intermediate milling steps to increase the
homogeneity of the mixture, and to decrease the
particle size of the powder. Extra milling also
makes the powder more active in the subsequent
heat-treatment steps (i.e., more sinter active). The
solid-state route is relatively inexpensive and
requires simple apparatus. Moreover, large volumes
of powder can be prepared in a relatively simple
manner. However, compared to the wet powder pre-
paration routes described below, the obtained
powder shows relatively high agglomeration, and,
therefore, relatively large particle size as well as
relatively limited homogeneity.

1.11.3.3.2 Wet powder preparation

The disadvantages of the solid-state reaction can be
overcome by using liquid preparation methods, gen-
erating powders either by precipitation or by sol–gel
processes. These methods offer a better control of the
purity, chemical composition, and, in particular, the
particle size. They involve a solvent removal step
(e.g., filtration, centrifugation, and evaporation) and,
eventually, a heating step to achieve the desired crys-
tallinity. The production cost of these methods is,
however, relatively high, and large-scale production
is difficult.

Usually, the precipitation of metal cations is per-
formed using oxalate, hydroxide, carbonate, citrate,
acetate, or cyanide ions from aqueous solutions. The
choice of the precipitating agent depends on the
composition of the target material, taking into
account the solubility of the precipitates. In addition
to conventional precipitation, a number of other
precipitation processes can be used, including pre-
cipitation under pressure (hydrothermal) and
simultaneous precipitation of more than one cation
(coprecipitation). Hydrothermal precipitation (often
from hydroxides) can produce mixed cation precipi-
tates and can precipitate oxides directly, whereas
conventional precipitation usually produces hydro-
xides or salts, which must be heat treated to form
oxides. Coprecipitation is used for many advanced
multication powders to obtain more intimate mixing
of the cations than can be achieved by mixing oxides
or salts of the individual cations. Because of the
intimate mixing produced by coprecipitation, the
temperature required to produce the desired crystal-
line phase in the powder is usually lower than for
mixtures of individual oxides.

In case fine particles and, especially, a good che-
mical homogeneity are required, a few methods
utilize the formation of a gel or a high-viscosity
resin from liquid precursors as an intermediate step
in the synthesis of ceramic powder. Sol–gel proces-
sing may include the formation of a polymeric gel by
the hydrolysis, condensation, and gelation of a metal
alkoxide solution, followed by drying and grounding
to produce the powder. In the Pechini method, from
starting materials, the metal ions are complexed in an
aqueous solution with carboxylic acids, such as citric
acid; subsequently, they undergo polyesterification
under heating with a polyhydroxy alcohol, and,
after the removal of the excess liquid, form a resin.
The resin is then heated to decompose the organic
constituents, ground, and heat treated to produce the
desired powder. The citrate gel method includes the
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formation of a viscous liquid containing polybasic
chelates between metal cations and citric acid, heat-
ing in vacuum to form an amorphous solid, and
subsequent pyrolysis in air at elevated temperatures
to produce a crystalline powder. The glycine–nitrate
process is one of the general classes of combustion
methods for the preparation of ceramic powders. A
highly viscous mass formed by evaporation of a solu-
tion of metal nitrates and glycine is ignited to
produce the powder. In this case, a short exposure
to high temperatures during the ignition step pro-
vides the very fine size and crystalline nature of the
powder.

Preparation of membrane materials in a fine par-
ticulate form can also be achieved by special thermal
treatment of a precursor liquid solution, for example,
spray drying or plasma spray drying [9] and spray
pyrolysis [10] or freeze drying [11].

1.11.4 Shaping

1.11.4.1 Introduction

The fabrication step in which powders are formed
into useful membrane shapes is called shaping or,
alternatively, green forming. A wide variety of pro-
cesses, wet and dry, can be used for shaping. Many of
them are common techniques in the production of
traditional or other advanced inorganic materials,
and are useful for all different inorganic material
types, namely, ceramics, metals, and glasses.

In all these techniques, organics, in large or small
quantities, are added to the powder to facilitate the
shaping process. In the wet-shaping techniques, a slip
or paste is first formed by adding solvents (water or
others) and other organic additives to the powder.
The amount of organic additives is kept as low as
possible. Additives are required to obtain the desired
dispersity of the powder particles in the slip/paste,
and the desired rheology of the slip/paste, and to
avoid deflocculation. Binders are used to provide
cohesion between the powder particles, to give ade-
quate green strength, and to avoid crack formation.
The pH of the slip/paste is often controlled in order
to steer the degree of flocculation of the powder.
Moreover, the slip/paste has to be mixed carefully,
and subsequently degassed to remove any entrapped
air before fabrication in order to avoid flaws formed
on the surface of the final product. The slip/paste
preparation is crucial for every shaping process and
requires optimization of a number of factors, includ-
ing viscosity, solid content, slip/paste stability,

casting rate, drying rate, and drying shrinkage. All
this involves an understanding of the surface chem-
istry of the particles in the slip. Since each powder
reacts differently, good slip/paste preparation is a
very empirical process. Moreover, it is important to
notice that, although all the organic additives are
removed in the subsequent thermal treatments and
the powder of choice is the only remaining constitu-
ent in the final product, these organic ingredients,
nevertheless, codetermine the final quality of the
membrane formed. In order to optimize the final
membrane material, a good characterization of the
slip/paste can be of importance. Different techniques
such as particle-size measurements, zeta potential
measurements, and viscosity measurements can be
used.

After shaping, the subsequent thermal treatments
determine the final porosity of the membrane (see
Section 1.11.5). In the case of low-temperature calci-
nation and presintering, the particle size of the
powder used determines the porosity. If the particles
are packed densely and only necks are formed
between the particles by the heat treatment, the
pore size is typically about one-third to one-fifth of
the particle size (the exact factor depends on the
particle shape). Consequently, the pore size is typi-
cally limited to about 0.1 mm, although nanopowders,
in principle, could lead to nanometer pores [12]. The
formed coarse-porous bodies are commonly used as
supports for further coatings and subsequent forma-
tion of finer-porous or dense membranes (Section
1.11.6). In case the temperature treatment involves a
carefully performed high-temperature sintering, the
green products can also be turned into fully dense
membranes (see Section 1.11.5). However, as the
so-formed dense membranes are, in most cases, rela-
tively thick, these membranes are mainly used for
laboratory tests and are of no commercial interest.

It has become very clear that the surface quality of
the support is very important in order to be able to
form high-quality multilayer membranes. This is due
to the fact that defects or irregularities in the support
usually produce defects in the layers coated on top of
it. The necessity of a good-quality support is most
important when microporous or dense membranes is
the final product. Defects can be extra-large pores or
broken out grains. Surface irregularities causing sur-
face roughness are detrimental, although some
roughness can be flattened by sufficiently thick
layers.

In the following subsections, a short overview of
the shaping techniques that are currently used for
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membrane fabrication is given, the details of which
can be found in References 3–5. For recent adapta-
tions of the described methods and innovative
approaches, the reader is referred to the published
literature cited elsewhere in the text.

1.11.4.2 Pressing

Powder pressing (or die pressing or compaction, uni-
axial pressing or compaction of powder or granules)
is a cheap industrially important process, already
used for a longtime, and used as a production step
for many classes of materials. As such, powder press-
ing is a shaping technique that is also applied for the
fabrication of ceramic and metallic membranes. It is
believed that there is still scope for improvement,
for example, by computer modeling of the powder-
compaction process [13, 14].

Powder pressing uses a metal die (mostly har-
dened steel or eventually a more wear-resistant
alloy) to compact dry or slightly humid powders.
Disks, pellets, and cylinders are the most-used die
geometries. The pressures applied strongly depend
on the powder or mix to be compacted, and can vary
from a few tens of MPa to several hundreds of MPa.
The use of high pressure not only ensures the
strength of the green body but also reduces shrinkage
during the subsequent heat treatments. The presence
of a few percent of water allows one to work with
reduced pressures, compared to completely dry
pressing. Often, a little amount of binder is added in
order to reduce friction, minimize the wear of tool-
ing, and give a more homogeneous density
distribution as well as a higher quality of the green
compact.

The maximum obtainable ratio of height to dia-
meter of a compact is recognized to be a major
limitation of standard powder die compaction. This
is due to pressure differences and resulting inhomo-
geneous density distribution for relatively long die
cavities. Uneven pressure distribution is also a reg-
ular cause of cracks in pressed bodies. One way to
circumvent all these bottlenecks is by using cold
isostatic pressing (CIP). In CIP, the loose powder is
placed in a flexible rubber mold (with eventually a
steel mandrel in its center in order to make tubular
shapes). The rubber mold is submerged in the liquid
in a thick-walled pressure vessel. Characteristic to
applying the pressure through the fluid is that the
forces applied to a submerged body is equal in all
directions.

Powder pressing (standard pressing and CIP) is
used in the fabrication of both fully dense membranes
and porous membranes, depending on the subse-
quent temperature treatment (Section 1.11.5). The
porous membranes can also be used as supports for
further coating (Section 1.11.6). Porous membranes
have also been made by compaction of a mixture of
an inorganic powder and a pore former (e.g., graphite
or starch). By applying a two-step process, pressing
can also be used to form asymmetric membranes
consisting of a dense top layer on a porous support
that can be cosintered [15].

However, pressing has mainly been used to make
membranes for laboratory coating and other labora-
tory tests; it has not been used for the fabrication of
commercial membranes.

1.11.4.3 Slip Casting

Slip casting is a very economical and traditional
shaping process for ceramics, in which the starting
powders are suspended in water to form the slip.
From the slip, green shapes are formed by pouring
the slip into porous molds mostly made of plaster.
The capillary action of the porous mold draws water
from the slip and forms a solid layer on the inside of
the mold. After pouring out the excess slip, the
formed part is partially dried in the mold to cause it
to shrink away from the mold and to develop ade-
quate rigidity for further handling. The final strength
and porosity are reached by subsequent thermal
treatment (Section 1.11.5).

Although many complex shapes are possible with
slip casting (e.g., main process to form sanitary ware),
in the inorganic membrane synthesis, this process is
mainly used to form flat or single tubular ceramic
membranes (dense as well as porous, depending on
the subsequent thermal treatment).

As mentioned before, in case the resulting green
shape after thermal treatment is used as a support for
further coating (Section 1.11.6), the quality of the
surface is very important. Surface irregularities caus-
ing surface roughness can hinder the coating of a
defect-free and thin top layer. In order to obtain
better supports with smoother surfaces, the method
of slip casting can be combined with centrifugation,
specifically for tubular supports. The result of this
centrifugal slip casting is a much better packing of the
powder in the support layer [16]. In this method of
centrifugal casting, a cylindrical mold is filled with
the slip, and rotated around its central axis. The
particles will then start to move toward the cylinder
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wall and form a cast with increasing thickness. The
centrifugal forces cause the largest particles to move
to the mold wall first, followed by the smaller parti-
cles. The quality of the outside surface of the tube is
determined by the surface quality of the mold, while
the inside surface quality is determined by the slip
quality and consists of the smallest particles in the
slip. In order to combine the high surface quality of
the tubes with good strength and high permeability,
the particle size of the used powder and the tempera-
ture treatment is important. For further optimization,
a multilayer centrifugal casting or the casting of a slip
using a mixture of powders with different particle
size can be used [17].

1.11.4.4 Extrusion

Extrusion is a green-forming technique used to form
tubular shapes. It has been used for all inorganic
materials (e.g., metals, ceramics, and glasses) and to
form a wide variety of tubular shapes: single tubes,
multichannel tubes, monolithic honeycomb tubes,
and capillaries. Extrusion is a process in which a
stiff plastic paste is forced by high pressure through
a suitably shaped orifice or extrusion die. The plas-
tic paste is strong enough to maintain its physical
integrity after shaping by the die, even in the green
state (before drying and thermal treatment). It is
also possible to extrude a double-layer structure
where the two layers are made of particles of differ-
ent sizes in one step.

The final strength and porosity of the shaped
tubes are again determined by the subsequent ther-
mal treatments (Section 1.11.5). Likewise, both fully
dense membranes and porous membranes or supports
can be produced in this manner.

Extrusion is the common process used to make
the supports of all commercially available tubular
inorganic membranes. Figure 3 gives an overview
of some of the different tubular designs that are in
use today. As regards materials, mainly �-alumina
is used, and some cordierite (2MgO?2Al2O3?5SiO2),
mullite (3Al2O3?2SiO2), silicon carbide, silicon
nitride, etc., as well as metals, such as stainless
steel, are used. In the past decade, some titania
supports also have become available [18, 19] due
to their extra-high corrosion stability and high
biocompatibility.

Extrusion can also be used to make tubes with
small diameters: capillaries [20]. The term capillary
is normally used for tubes with a diameter between
0.5 and 5 mm. Tubes with a inner diameter smaller

than 0.5 mm are commonly called hollow fibers.
However, both terms (hollow fibers and capillaries)
are not always used as consequently as described
here. With their small dimensions, the small-diameter
tubular designs are also extra valuable for membranes,
since they give the potential of high packing
densities, or, in other words, they lead to very high
surface-to-volume ratios (>1000 m2 m�3) of mem-
brane installations, which is also the reason for the
high success of capillary and hollow fiber polymer
membranes. Capillaries can also be made by using
suspension-spinning techniques, which are exten-
sively used in polymer membrane synthesis as well.
This technique is described briefly in Section 1.11.4.6,
and the difference with the extrusion technique is also
explained.

1.11.4.5 Tape Casting

Tape casting, also known as the doctor blading
technique, has been advanced since the end of
World War II as the best way to form thin, flat,
large-area ceramic or metallic articles. Tape casting

(a)

(b)

Figure 3 Overview of some of the different tubular

designs for inorganic supports, in use today. (a) The tubular

designs as produced by HITK e.v. (b) The tubular designs as

produced by Tami Industries.
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is a well-established practice for making ceramic
substrates in microelectronics [21]. The possible

thicknesses are in the range of 0.01 to a few milli-

meters. Such parts can impossibly be obtained by

pressing or extruding. It is a wet-shaping technique

that uses a tape cast suspension with mostly pseudo-
plastic properties. The suspension is constituted from

the inorganic powder chosen, several organic addi-

tives, and a liquid medium.
A typical tape casting process is depicted in

Figure 4. The heart of the process is the so-called

doctor blade that acts as a knife, spreading out the
tape cast suspension over a moving carrier film. After

spreading over the carrier film, a drying installation

is foreseen. The drying rate can be crucial to the

success of making a crack-free membrane. In the

process, two major forces act upon the suspension.
First, there is gravity-inducing pressure flow: the

height of the liquid column in the reservoir behind

the doctor blade forces the suspension to flow from

the gap underneath the blade. This flow is also

known as pressure flow. Second, and more impor-
tantly, the moving carrier film leads to drag flow. In

typical conditions of tape casting, this force exceeds

the pressure flow by one order of magnitude.

Therefore, next to the suspension properties, the

gap height under the doctor blade and the speed of
the carrier relative to the doctor blade are important

variables in a tape cast process.
Tape casting can be used not only to make self-

supported thin shapes, but also to coat on top of a

previously formed support. Again, both porous and

dense supports and layers can be fabricated. For
instance, tape casting is typically used to make both

the dense electrolyte layer, and the porous anode for

solid oxide fuel cells [22].
In the past decade, much effort has been made on

developing water-based tape casting using water and
natural products as alternatives for the frequently

toxic solvents and binders, driven by environmental

concerns. However, from the viewpoint of process
control, solvent-based tape casting is often considered
to be a better choice over water-based tape casting.

1.11.4.6 Suspension Techniques Coupled
to Phase Inversion

As described in Section 1.11.4.4, tubes with a small
diameter (<5 mm), commonly called capillaries and
hollow fibers, can be fabricated by extrusion.
However, there is another versatile technique to
make these small-diameter tubes, that is, suspension
spinning coupled to phase inversion. This method is
a variant of the commonly used method to make
polymer hollow fiber and capillary membranes (see
Chapter 1.05). It has the potential of making tubes
with much smaller diameter than extrusion: hollow
fibers with outer diameters <0.5 mm can be easily
produced. For making ceramic membranes, this
method is useful for making porous membranes
[23]. In order to make dense membranes, the
technique was first used by our institute (Flemish
Institute for Technological Research (VITO)), pri-
marily to make high Tc superconducting wire [24],
and, a few years later, to make ionic-conducting
dense membranes [25, 26]. Currently, the method is
used in many laboratories.

In spinning, a viscous suspension of the inorganic
powder and organic additives (and not a stiff plastic
pasted) as used for extrusion is shaped into a capillary
or hollow fiber. Analogous to extrusion, the suspension
is forced through a die, typically a tube-in-orifice
called spinneret. Figure 5 shows a scheme of a typical
spinning apparatus, and a schematic representation of
the spinning head. The spinning rate of the suspension
is controlled by nitrogen pressure or a gear pump,
commonly extra adjustable by a valve. Due to the
relatively low viscosity of the suspension used, the
green fiber after the shaping is very fragile and the
shape is only properly consolidated in a nonsolvent

Figure 4 Schematic representation of a typical tape casting process.
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coagulation bath by a phase-inversion process. This is
in contrast to the standard extrusion process where the
green extruded tape has substantial physical integrity
by itself. Due to the inadequate strength of the green
tubular shape, it is also necessary to run a liquid
through the inside opening of the spinneret (bore
liquid) while the small-diameter tubes are formed, in
order to create a hydrostatic pressure on the inside of
the tube and to prevent collapse of the tube. Usually, a
coagulating liquid is used as bore liquid.

Because of the necessity of the phase-inversion
process, the spinning suspension contains specific cou-
ples of polymer and solvents giving rise to a phase-
inversion process in a specific nonsolvent. During the
phase-inversion process, a solid polymer-rich phase
forms the membrane structure and a liquid polymer-
poor phase forms the pores. These are the typical
polymer/solvent/nonsolvent trios used in polymer
synthesis, which are used for producing inorganic

membranes. One such very useful trio is the combina-
tion polysulfone/N-methyl-pyrrolidone/water. From
this, it is clear that the organic additives typically
used in extrusion are very different from the organic
additives used in suspension spinning.

Another difference between suspension spinning
and extrusion products is their morphology. The
green shapes made by the extrusion process possess a
homogeneous structure over the cross section of the
hollow fiber or capillary. In contrast, the green shapes of
the spinning process can show both a homogeneous
structure or a very asymmetric structure containing
large finger-shaped pores on the one side, and a thin
dense layer on the other side, as can be seen in Figure 6.
The exact microstructure depends on the details of the
spinning process. The asymmetric structures are typical
for the spinning process and are also commonly seen in
polymeric hollow fibers. The possibility of producing
asymmetric structures in one step can be a great advan-
tage for membrane preparation. Indeed, in this manner,
a multilayer structure is prepared in one step. Of course,
for commercially interesting membranes, mechanical
stability is also important, and the finger-shaped pores
can be undesirable, in which case a more homogeneous
structure will be preferred.

All aspects important in suspension spinning of
inorganic membranes, that is, the preparation of
good spinning suspension, the parameters important
for the spinning process and the phase-inversion
process, and possible pore structures of the final
products, are extensively explained in Chapter 1.12.

This same method can also be used to make flat
membranes [25, 26]. In this case, a doctor-blade shap-
ing technique, as in tape casting (see Section 1.11.4.5), is
used in combination with phase inversion in a coagu-
lating bath. The same technique is also extensively

Coagulation bath

Nonsolvent

Air

Pump

Suspension

Suspension
Lumen liquid

Spinning head

Rinsing bath

Figure 5 Scheme representing a typical spinning

apparatus to make hollow fibers and capillaries using a

phase-inversion technique.

(a) (b)

10 μm 100 μm

Figure 6 Scanning electron microscopy (SEM) pictures of inorganic hollow fibers made by suspension spinning coupled to

phase inversion. (a) A microstructure with finger-shaped pores; (b) a homogeneous microstructure.
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used to make flat polymer membranes on a commercial

scale. The suspension is similar as for the shaping of

hollow fibers and capillaries. This suspension is again

different from the paste that is normally used for tape

casting. The differences are similar to the differences

between an extrusion paste and a spinning suspension,

as previously described in this section.

1.11.4.7 Foam Techniques

Foams are very open porous structures with pores

typically in the range of a few hundred micrometers

up to a few millimeters. Foams can also be made

of inorganic materials as ceramics. They are

lightweight materials which can be described as a

three-dimensional (3D) network of struts made of a

ceramic material and hollow polygons with or with-

out windows. Such a network of cellular structures is

characterized by a number of parameters, such as cell

size and morphology, strut thickness and length, and

porosity and type of porosity (open vs. closed). As

such, these materials combine properties related to

their cellular structure and the ceramic material

making up the struts. By choosing the proper ceramic

materials and processing methods, the ceramic foams

can combine their very high porosity with a relative

high mechanical strength, and, being ceramics, have

the additional advantage of chemical inertness and

high-temperature resistance. Moreover, due to their

low density, low thermal conductivity, thermal shock

behavior, and large surface area, such materials are

highly desirable for a wide range of other engineering

applications next to membranes [27, 28].
Ceramic foams are rather recent membrane

types. They have specific potential for filter appli-

cations in molten metals to filter out inclusions, as

particle (e.g., soot) filter trapping the particles in the

depth of the whole porous structure, and as support

of catalysts with high and easily available specific

surface [29–32].
As for other inorganic membranes, the synthesis of

ceramic foams, in general, comprises three process

steps: the appropriate powder preparation, shaping of

a powder suspension, and temperature treatment. A

wide range of specialized shaping routes has been

developed. Basically, two main techniques are used

with a series of variations on the basic theme: the

replication of a polymeric template and direct foam-

ing of a ceramic slurry. Some less spread techniques

are summarized under Section 1.11.4.7.3.

1.11.4.7.1 The replication of a polymeric

template

The replica technique (or polymeric sponge method)

[33–36] consists of the immersion of a polymeric

sponge in a ceramic or metallic suspension with a

solid content usually between 50 and 70 wt.%. The

impregnated polymer support is removed from the

slurry and the excess material is squeezed out by

means of a rolling mill. After drying and a thermal

treatment that will burn out the polymer and other

organic substances (at about 500 �C), the particles are

sintered and the ceramic skeleton is obtained. The

skeleton thus obtained will be a close replica of the

polymeric template, considering the shrinkage linked

to the firing step. A reticulated polyurethane (PU)

foam is mostly used; however, other polymers, such

as polyvinylchloride, polystyrene, and cellulose, can

be used as well. Figure 7 shows an example of a foam

structure produced with this technique.
The main benefit of the PU replica technique is

the wide variety in structural parameters of the cera-

mic foam, with pore-size distributions that vary

between about 300 mm and up to several millimeters,

as well as structural uniformity. Nevertheless, the

relatively low mechanical strength of foams manu-

factured with the replication method is caused by the

formation of hollow struts after calcinations of the

polymeric substrate, and the presence of residual

cracks. In order to overcome this intrinsic disadvan-

tage, some strategies have been developed [37–39]:

the use of a stronger ceramic material (e.g., reaction-

bonded aluminum oxide (RBAO)), repeated coating,

and infiltration of the struts with liquid metal.

Figure 7 Picture of a typical ceramic foam prepared by
the replication technique of a reticulated polyurethane.

Reproduced with permission from Snijkers, F., Mullens, S.,

Buekenhoudt, A., Vandermeulen, W., Luyten, J., Materials

Science Forum 2005, 492–493, 299–304.
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A variation on the replication process is the
pyrolysis and CVD coating of the polymer foam. In

this technique, a resin-impregnated thermosetting

foam is pyrolyzed to obtain a carbon skeleton. This

reticulated carbon skeleton is then coated by a CVD

process with the specific ceramic layer. In addition, the

cellular structure of wood can, after pyrolysis, be used

as a template to produce ceramic foams. Different

types of porous ceramics can then be obtained by

liquid or gas infiltration of the open biocarbon

template [40].
An example of another template method is the

so-called hollow beads method [41]. The basic idea

is to prepare structures that are built up by ceramic

hollow building blocks which are in the second

stage of the procedure, connected together. The

ceramic hollow beads are produced using a sacrifi-

cial coating technique. As cores, materials widely

varying in origin and shape can be used, including

styrene granules, seeds, peas, and nuts. After the

beads are packed in a mold, they are joined together

using a second slurry coating, then calcined and

sintered. In this manner, lightweight materials,

with densities as low as 10% of the theoretical

density, can be obtained. Figure 8 gives some

examples of components processed by the hollow

beads method.

1.11.4.7.2 Direct foaming of a ceramic

slurry

This technique relies on the foaming of a stable cera-

mic slurry by mechanical agitation, injection, or in situ

evolution of gases [42–46]. A surfactant is required to

reduce the surface tension of the gas–liquid interface,

and, further, a mechanism is required for the long-

term stabilization (solidifying) of the foam, for exam-

ple, gelling of the foamed suspension. This approach

probably yields the widest range of cellular structures

and, hence, properties; however, they are generally

less open than the replicated foams.
Gel casting is one of the frequently used solidifi-

cation processes. When heavily stirred, the

suspension transforms into a foam structure and can

be poured into a mold. The following step includes

the gelling of the (liquid) foam, resulting in the crea-

tion of gel-like foam. Different gelling agents have

been used: chemical monomers (mostly based on

acrylamides) and several environment-friendly

hydrocolloids (gelatin, agarose, etc.). Again, calcining

and firing result in the final ceramic porous material.
Compared to the replica technique, gel casting

produces foam structures with solid struts, greatly

augmenting the mechanical strength. In addition, by

using this method, it is feasible to obtain foams with

smaller average cell sizes (<300 mm), which are more

(a) (c)

(b)

Figure 8 Some examples of ceramic foams processed by the hollow beads method. (a) Shows tubes, (b) elongated

spheres, and (c) consecutive layers made from different spheres. Reproduced from Luyten, J., Mullens, S., Cooymans, J., De

Wilde, A., Thijs, I. Adv. Eng. Mater. 2003, 5, 715–718.
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difficult to produce by the replica technique. The
density ranges from 10% up to more than 50% of
the theoretical density. These foams are mechani-
cally stronger due to the dense struts, but are less
flexible in the variation of the cell sizes. Figure 9
shows the hollow struts of a foam manufactured by
the replica technique and the dense ones of a foam
produced by the gel-cast method [48].

1.11.4.7.3 Miscellaneous techniques

Another technique for the synthesis of ceramic foams
uses the incorporation of pore formers or large grains
[47]. This technique relies on the incorporation of
sacrificial additives in the form of beads or related
materials. Depending on the quantity added, the
foams can be predominantly open or closed in nature.
The structures produced by this method have limited
pore-size distributions and porosity values. Another
way to produce macroporous ceramic materials is to
work with large grains, which are sintered together
with a small fraction (5–10%) of fine, sinter-active
powder. Again, there are limits for the porosity and
pore sizes which can be obtained.

3D periodic porous structures as ceramic foams
can also be manufactured by rapid prototyping meth-
ods that are currently developed, such as 3D printing,
fused deposition, stereo lithography, robocasting, and
laser sintering [48–51]. 3D fiber deposition (3DFD) is
one of the very versatile rapid prototyping technol-
ogies that offers the ability to design and rapidly
fabricate ceramic materials with complex 3D struc-
tures. The technique involves materials assembly
through a layer-by-layer deposition of highly viscous
ceramic pastes. The almost-unlimited freedom in

design, the highly structural uniformity, the moldless
manufacture, and the possibility to create graded
functionality make this an emerging and promising
topic in ceramic shaping technology.

1.11.4.8 Leaching Techniques

Besides ceramics and metals, glass is another mate-
rial interesting for membranes. Two well-known
glasses are Pyrex and Vycor, both containing SiO2,
B2O3, and Na2O. In the ternary phase diagram of
these three oxides, various miscibility gaps can be
observed. When a homogeneous melt at high tem-
perature (1300–1500 �C) is cooled down, phase
separation occurs at certain compositions. One of
these compositions, consisting of 70 wt.% SiO2,
23 wt.% B2O3, and 7 wt.% Na2O, is located in
what is called the Vycor glass region. During cool-
ing (at temperatures between 500 and 750 �C),
demixing occurs into two phases: one phase consists
mainly of SiO2 and is not soluble in mineral acids;
and the other phase is richer in B2O3 and can be
leached out of the structure by a strong acid, result-
ing in a porous matrix with pores in the
micrometer-to-nanometer range [52]. A careful
control of the conditions used in the phase-separa-
tion process can reduce the pore size to
approximately 0.5 nm [53, 54]. A disadvantage of
these glass membranes is their poor mechanical
stability and chemical resistance. The chemical
instability is due to the very active silanol groups
on the surface, which are very susceptible to reac-
tions with different components that can be present
in the feed solution, especially at high temperature.

(a) (b)

Figure 9 Picture comparing the hollow struts of a foam manufactured by the replica technique (a), and the dense struts of a
foam produced by the gel-cast method (b). Reproduced with permission from Luyten, J., Cooymans, J., De Wilde, A., Thijs, I.,

Key Eng. Mater. 2002, 206–213, 1937–1940.
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This has been overcome partially by surface treat-
ment (e.g., by means of chemical agents) of the
internal pore structure which makes the surface
hydrophobic. These easy modification possibilities
of the glass membrane surface can also be used for
other functionalization of the membrane (see
Section 1.11.7). The advantage of glass membranes
is that capillaries and hollow fibers can be easily
formed. Hollow glass fiber technology is well
established.

In a similar manner of heat treatment followed by
leaching with a strong acid, base, or hydrogen per-
oxide, porous metal membranes can be synthesized.

1.11.4.9 Techniques for Making Straight
Pores

To complete this section, two methods are described
to produce membranes with straight pores: the track-
etch technique and anodic oxidation. Membranes
with nearly straight pores have been attractive to
many researchers as a model system for fundamental
transport studies. However, these membranes have
remained merely a laboratory curiosity and have
been of no commercial interest.

Pores with a very regular, linear shape can be pro-
duced by the track-etch method. Here, a thin layer of a
material is bombarded with highly energetic particles
from a radioactive source. The track left behind in the
material is much more sensitive to an etchant in the
direction of the track axis than perpendicular to it.
Therefore, etching the material results in straight
pores of uniform shape and size, with pore diameters
ranging between 6 and 1200 nm. To avoid overlap of
pores, only 2–5% of the surface can be occupied by the
pores. This process has been applied on polymers and
on some inorganic systems such as mica.

Pores with a linear form can also be produced by
the so-called anodic oxidation process. Here, one
side of a thin high-purity aluminum foil is anodically
oxidized in an acid electrolyte. A regular pattern of
pores is formed. The pore size is determined by the
voltage used and by the type of acid. The process
must be stopped before the foil is oxidized comple-
tely and also to avoid closure of pores. The
unaffected part of the metal foil is subsequently
etched away with a strong acid. The membranes so
obtained consist of amorphous alumina and are not
stable under long exposure to water, and are suscep-
tible to acid and base attack. The stability can be
improved by hydrothermal treatment in hot water
or in a base, or by turning them into polycrystalline

alumina by a careful calcination at temperatures
above 850 �C. Alumina membranes with very narrow
pore-size distributions in sheet and tubular form have
been produced by this process. Pore diameters in the
10–250-nm range, pore densities between 1012 and
1015 m�2, and membrane thickness up to 100mm
have been obtained.

1.11.5 Temperature Treatment

1.11.5.1 Drying

Drying is, in most cases, an important first step in
the temperature treatment of the green membrane
shapes or the membrane layers. The drying tem-
perature is mostly below 100 �C, and is often only
room temperature. Since the organic additives used
to shape the membranes have a much higher
decomposition temperature, only water is elimi-
nated during the drying stage. The first step
corresponds to the elimination of interstitial water
filling up the space between the particles. This leads
to a first shrinkage of the green membrane. This
shrinkage can be up to 10–20%, and is coupled to a
weight loss of the same order of magnitude. The
second step involves the removal of adsorbed water
molecules (bonded via van der Waals forces). This
happens without shrinkage but affects the pore
structure. In the first step of the drying, when
shrinkage occurs, the drying rate must be suffi-
ciently low in order to avoid the formation of
cracks and other defects, and enough time has to
be reserved. Conversely, drying should be fast
enough to prevent particles from settling out and,
consequently, segregating in the green product.
When the shrinkage is completed the drying rate
can be increased without damaging the ceramic. In
order to manufacture membranes reproducibly, the
drying step should be carefully controlled.

In many cases, green membrane shapes are dried
in normal air at room temperature.

1.11.5.2 Calcination

Calcining is, after drying of the wet membrane shape,
the thermal treatment in which the organic constitu-
ents of the green product, such as binders,
plasticizers, and dispersants, are combusted. The pro-
cess is also called thermolysis. Calcining is mostly
performed in air to make complete combustion of the
organics possible, and to minimize the presence of
residual carbon in the final product. In such cases,
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complete combustion of organics is supported by
calcining in pure oxygen.

Combustion of the organic additives typically takes
place in the lower-temperature region situated
between room temperature and 600 �C. In this region,
commonly used binders are completely burned. In
order to define the appropriate calcinations tempera-
tures, investigation using thermogravimetric analysis
(TGA) or differential thermal analysis (DTA) in a
thermobalance, in most cases, combined with differ-
ential scanning calorimetry (DSC), delivers valuable
information. Required calcination temperature and
consequent weight loss of the sample can be deduced
from these measurements.

Thermal analysis studies have shown that during
the lower temperatures of the calcinations the
remaining part of moisture, which was not removed
during the drying step, will be removed. This
remaining water includes water chemically bonded
on the particle surface, and/or crystallization water
in the formed inorganic phases. This highly bonded
water may persist in the membrane up to a tempera-
ture exceeding 200 �C.

Calcination must be done sufficiently slowly, and
with low heating rates, in order to remove the
remaining moisture and the gases from the decom-
position of the organic additives, without crack
formation and damaging of the final product. In
addition, this is the more important factor; the
finer the inorganic particles, the higher the organic
content in the green membrane shape. In the first
case, this is due to the lower permeation rate for the
formed gases out of the shape. In the second case,
this is due to the higher amount of gases formed
during calcination.

In the case of silicon or aluminum nitride and
carbide ceramics, calcination is done in an inert
atmosphere such as nitrogen. Due to the absence of
oxygen, some residual carbon can be expected. This
residual carbon usually removes the oxygen adsorbed
on the surfaces of the inorganic particles and serves as
a sintering aid in carbide and nitride ceramics.

Calcination is mostly carried out in a separate
calcination furnace. Only if the amount of organics
to be burned off is small, calcination is done as the
first part of the temperature profile of a combined
calcining–sintering treatment.

1.11.5.3 Sintering

Typical processing of inorganics includes a step dur-
ing which the green shape can develop a stable

microstructure and sufficient mechanical strength.

This step involves heating at high temperatures and

is characterized by firing or sintering. Sintering pro-

cesses have been studied for longtime in order to

understand the important changes that occur in the

material during the process. These changes are due

to the serious mass transport that is caused by the

high-temperature treatment. This mass transport

first leads to neck formation between neighboring

particles. In the later steps of the sintering, grain

growth occurs followed by real densification. The

mass-transport phenomena that contribute are

solid-state diffusion (i.e., surface, grain boundary,

and bulk diffusion), viscous flow, plastic flow, and

evaporation coupled to recondensation. In all cases,

the driving force for these sintering phenomena is a

decrease of the surface energy (Gibbs free energy) of

the system with mass transport moving from areas

with relatively high energy, that is, large convex

curvature, to areas with relatively small energy, that

is, small concave curvature.
In the first step of the sintering process (also

called presintering), at relatively low temperatures,

the surface of the particles in the calcined particle

compact smoothens, grain boundaries are formed,

and necks grow between the particles. This is

mainly due to surface and grain boundary diffusion.

In this process, a strong interconnected porous

microstructure forms with enhanced mechanical

stability.
At sufficiently high temperatures, grain growth

will occur. In the grain-growth process, the larger

grains will grow at the expense of the smaller grains:

the smaller grains will be consumed by the bigger

ones. This results in an increasing mean pore size, but

a decreasing porosity since particle centers will

approach each other. The temperatures required for

grain growth are below, but close to the melting point

of the metals or ceramics used (0.5–0.9� the melting

temperature). Consequently, they vary with the

materials involved. However, the required tempera-

tures also depend on the inorganic particle size. The

smaller the particle size, the higher the driving

forces for mass transport, and, therefore, the higher

the sinter activity and sintering rate. The same

effects are then visible at lower temperatures.

This is the case when sintering fine-porous top

layers. As a result, it is also possible to make

dense top layers while leaving the supports suffi-

ciently open-porous, even if they consist of the

same inorganic material.
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When the sintering is done at sufficiently high
temperature and for sufficiently long duration, the
grain growth continues, up to complete densification
of the inorganic material. Only a small amount of
closed porosity remains, of the order of a few percent.
Dense ceramic membranes or dense membrane
layers are thus produced.

It is clear from the above description that sintering
determines the final pore structure of the membrane,
and the sintering process is definitely important to
make good, dense membranes. However, in commer-
cially interesting porous membranes, where a high
flux and, therefore, a high porosity are also impor-
tant, serious grain growth and the related clear
porosity decrease are avoided. In these porous mem-
branes, the pores are mainly determined by the
particle size of the inorganic powders used, or by
the size of the inorganic structures used in the fine-
porous layer deposition, and less by the sintering
process.

Finally, the membrane system must be cooled
down from the sintering temperature to room tem-
perature. In the case of sintering of a multilayer
system, this can result in stresses due to eventual
mismatch of the thermal expansion coefficients
between the layer(s) and the support. This enhances
the risk of cracking or even delamination of the
layer.

1.11.5.4 Thermal Stability of Membranes

Thermal treatment is the final step during the pre-
paration of inorganic membranes. This affects the
thermal stability of the final membranes. As men-
tioned above, calcination and sintering lead to a
specific grain size and related pore size of the final
membrane. When the material is kept long enough at
the last thermal treatment temperature, it can be
assumed that the material approaches an equilibrium
structure. Therefore, the structure of the membrane
will not vary when it is exposed to temperatures of
100–150 �C below its calcination/sintering tempera-
ture, since the reaction rates and driving forces for
the sintering process will be too low at this point.
However, when the material is heated to higher
temperatures, it acts similar to any other inorganic
material, indicating that sintering and grain-growth
processes start afresh, leading to a new equilibrium.
Therefore, in order to prevent the membrane from
changing its pore structure during application, sinter-
ing has to be avoided or suppressed.

The thermal treatment process not only affects
the pore size of the final membranes but also deter-
mines the final phase composition of the inorganic
material. Indeed, for some materials, phase transi-
tions occur during the heating up to the sintering
temperature. These phase transformations are
accompanied by an increase of the sintering activity,
causing an extra-enhanced pore growth. For the
thermal stability of an inorganic membrane, it is
therefore very important that the material is in a
thermodynamically stable phase and does not show
any phase transformations below its working tem-
perature. Here, it is important to state that phase
transition temperatures depend on the exact prepara-
tion procedures of the inorganic powders or
structures (in case of top-layer material) used. For
granular material with sufficient grain size, the tem-
peratures of the phase transitions are fixed. However,
for fine-granular powders with grain sizes on the
nanometer scale, transition temperatures generally
decrease [55].

The thermal stability of the membrane and how to
enhance this by specific doping of the inorganic
membrane materials (e.g., La in �-alumina or titania)
are well described in Reference 56.

1.11.5.5 Thermal Treatment of Layers

The intermediate layers and top layers on top of the
support also require a similar cycle of thermal treat-
ments. In order to obtain the final microstructure,
drying, calcination, and sintering are done. The
same phenomena occur as for the thermal treatment
of the support, as described in the previous subsec-
tions. However, in some cases, specific comments
related to the thermal treatment of layers are impor-
tant. They are compiled in this section.

After their formation, layers are first dried. This
process should be controlled even more carefully
than in the case of bulk green shapes. During the
drying process, water is removed form the wet
layer. The presence of the coarse-porous support or
the porous asymmetric composition below the layer
causes capillary forces. As a consequence, stresses
occur due to shrinkage along the depth of the layer,
which have to be released in some way. If a critical
stress is exceeded, cracks are formed in the supported
membranes. This occurs at a critical thickness. The
exact value of the critical thickness depends on the
support, the forming conditions of the layer, and on
the morphology of the inorganic particles used.
While shrinkage and, therefore, stresses are higher

Basic Aspects in Inorganic Membrane Preparation 233



for layers with smaller pore size, the critical thick-
nesses for these layers are relatively low; for instance,
the critical thickness for sol–gel layers (Section
1.11.6.3) is typically on the order of 1–10 mm.
Experiments have shown that the production of rela-
tively thick defect-free membranes is easier for plate-
shaped particles than for spheres, that is, their critical
thickness is higher [57]. This explains the wide use of
sol–gel �-alumina intermediate layers (although its
chemical stability is low), instead of sol–gel titania or
zirconia intermediate layers, especially in the case of
fine-porous or dense membranes.

The support has an important effect on the sinter-
ing process of a layer. It acts as a constraint and
decreases the diffusion rate of the membrane-layer
material and, therefore, retards the sintering process.
As such, the support has a negative effect on the
densification rate of the layer. This is consistent
with the lower pore size of supported membrane
layers compared to unsupported membrane layers
(flakes made in the same manner as the membrane
layer) [58]. For thick layers, the sintering stresses are
relatively high (as the drying stresses), inducing ten-
sile stresses in the film, which can result in cracks and
even delamination of the layer from the support.
When the membrane layers are thin enough, these
tensile stresses lead to a decrease in the sintering rate.

Consideration should also be given to the calcina-
tion or sintering temperature when the layer material
differs from the support material: the sintering tem-
perature of the support should be higher than that of
the layer. Moreover, it is essential that the thermal
expansion coefficients of the layer and the support
materials are closely matched in order to avoid dela-
mination and cracking of the multilayer system
during the fabrication, as well as during the
application.

The support not only retards the sintering but can
also increase the temperature of the phase transitions
[58]. As the support clearly reduces the rate of sinter-
ing, and increases the temperature of the eventual
phase transitions of the membrane material, it defi-
nitely increases the thermal stability for sufficiently
thin layers.

1.11.6 Layer Deposition

1.11.6.1 The Multilayer Architecture

To make both porous and dense membranes suitable
for real applications, all commercial and commer-
cially interesting membranes always consist of an

asymmetric multilayer configuration. A picture of
such a multilayer membrane structure can be seen
in Figure 1. The multilayer composition provides a
convenient way to combine a high flux and high
selectivity in the final membrane.

In the multilayer structure, a good support shows a
high pore size and porosity, and, at the same time, can
provide the necessary mechanical strength. The high
porosity causes a negligible fluid resistance over the
membrane support. Pore sizes of currently commer-
cially used membrane supports are on the order of a
few micrometers. In the early steps of membrane
development, flat laboratory-made supports, generally
prepared by slip-casting, are used. These supports
have pores on the order of 50–100 nm. These supports
have a much higher fluid resistance, but show a much
lower surface roughness and a smaller amount of
defects. Commonly used materials for the support
are porous stainless steel, carbon, or ceramics.

The porous or dense top layers in the multilayer
structure are responsible for the separation. They
contain the desired pore size for the necessary
separation and are of high quality (e.g., a minimum
amount of defects and preferably none) in order to
provide the desired selectivity. Good top layers are
also sufficiently thin to provide a permeability that is
as high as possible. The main challenge for high-
quality top layers is to avoid defects in the layer.
Indeed, these defects will decrease the final selectiv-
ity. It is obvious that this requirement is more
stringent for microporous and dense membranes,
than for more open-porous membranes.

One or more intermediate layers between the
support and the top layer(s) take into account a
gradual decrease of the pore size in the multilayer
composition. Multiple interlayers are normally used,
especially when a pore-size difference of micrometer
to nanometer (or even no open pores) has to be
bridged. The intermediate layers are also useful in a
gradual reduction of the surface roughness of the
membrane. Inevitable large surface irregularities
and defects in the supports can be properly covered
by the successive intermediate layers. Intermediate
layers should be as thin as possible to maximize the
flux of the final membrane, but, at the same time,
sufficiently thick to smoothen the membrane surface
enough for defect-free top-layer coating. The thick-
ness of each layer is typically about 100–1000 times
the pore diameter of the layer. The porosity of the
intermediate layer is in many cases also designed so
as to prevent any appreciable penetration of the finer
particles or structures of the following intermediate
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or top layer into the pores of the underlying support
layer. In this manner, the fluid flux through the
membrane will be maximal. It has recently been
shown that making an intermediate layer by coating
several identical thin layers on top of each other,
instead of coating one thick intermediate layer,
gives a significant improvement in the defect quality
of the intermediate layer, and thus of the total
membrane system [59].

Good supports are produced by the wet synthesis
methods described in Section 1.11.4, followed by
appropriate thermal treatments as described in
Section 1.11.5. The intermediate layers and the fine-
porous or dense top layers coated on the porous sup-
ports are produced using other specific techniques.
These will be explained in this section. Layers with
macropores or big mesopores can be produced from
(colloidal) powder suspensions. Layers with meso- and
micropores are produced by sol–gel techniques or
CVD. Particular techniques exist for microporous
carbon and zeolite layers. The dense or fine-porous
membrane layers also require a temperature treatment
similar to that of the coarse-porous supports, to
consolidate their microstructure.

1.11.6.2 Powder Suspension Layers

1.11.6.2.1 Introduction

As mentioned in Section 1.11.4.2, the formation of a
dense or porous layer on a support can be obtained
by simply pressing a sufficiently fine powder on top
of a precompacted green support, and cosintering the
composition. However, the formation of layers from
suspensions containing appropriate powders allows
more freedom, since a variety of techniques become
possible for layer formation. Moreover, powder sus-
pension layers are more appropriate for large-scale
production.

The use of powder suspensions is most appropri-
ate for the first porous inorganic layers on a porous
support. This technique is suitable to obtain (inter-
mediate or top) layers with pore sizes of a few tens of
micrometers. The wet suspension layer on the sup-
port will be further dried and treated thermally in
order to consolidate its microstructure. The porosity
of the formed layer depends primarily on the shape
and particle size of the powder particles in the sus-
pension. The pore size in the final layer is typically
one-third of the particle size, and is therefore limited
to a minimum of about 100 nm.

Powder suspensions generally contain more than
one polymeric compound used as surfactant, binder,

and plasticizer, as is the case in slips or pastes used for
shaping of the support (see Section 1.11.4). The inter-
action between all these components determines the
suspension behavior and the microstructural devel-
opment during coating, drying, and heat treatment.
Sufficient mixing, deaeration, and deagglomeration
(e.g., chemically or by ultrasonification) of the sus-
pension are important for the formation of high-
quality layers (the same aspects that are also
important for good slip or paste preparation in the
shaping process, see Section 1.11.4).

1.11.6.2.2 Dip and spin coating

Different methods are available for applying the
layer from the suspension onto the support. The
most-applied methods are dip or spin coating. In
both cases, some mechanical means (such as pumping
and/or spinning) are provided to bring the suspen-
sion in direct contact with the support in a uniform
manner. For example, the inner cavity of a porous
support tube is filled with the suspension by dipping
or pumping for a few seconds to a few minutes before
being emptied. In spin coating, the suspension is
spread over the support by a rotating head moving
with a specific rotational speed. Rotation speeds up to
about 1500 rotations per minute are commonly used.
Centrifugal forces determine the distribution of the
suspension over the support. Dip and spin coating
can be applied to a broad range of materials, and
are extensively used not only for metal oxides, but
also for silicon carbide, silicon nitride, and glass
compositions.

Dip coating is the dipping and subsequent with-
drawal of the support from the powder suspension.
When a porous support is withdrawn from a powder
suspension, capillary forces cause the infiltration of
the suspension liquid into the support pores. This
drives the powder particles to the interface. If the
support is not permeable for the particle, that is, if the
particles are sufficiently large compared to the sup-
port pores, the particles concentrate at the surface
and a compact layer is formed. However, in addition,
drag forces exerted by the support during withdrawal
from the suspension can be important. The relative
importance of both capillary forces and drag forces
depends on the contact time, the withdrawal speed,
and the particle loading in the suspension. It deter-
mines the thickness of the formed layer (typically
20–100 mm). Moreover, the rheological properties of
the powder suspension, determined by interactions of
all particles in the suspension (e.g., van der Waals,
electrostatic, and polymer–particle interactions),
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play an important role in the dip-coating process.
This is particularly true when the size of the particles
involved is on the order of 1 mm or less. Powder
suspensions are also called colloidal suspensions or
sols, and colloid science comes into play. Stable sus-
pensions give rise to more homogeneous and more
densely packed layers. Although it has been studied
extensively, the whole dip-coating process is not yet
fully understood.

Normal dip coating is done with an empty mem-
brane to provide for the necessary capillary forces, in
which case, the capillary forces are dominant in the
layer-formation process. However, in some cases, the
capillary forces are reduced by filling the pores of the
support with a liquid, with a small difference in sur-
face tension compared to that of the used powder
suspension. In other cases, the pores of the support
are even rendered completely nonwettable for the
suspension liquid. This can be obtained by forming a
hydrophobic pore-wall surface on the support in the
case of an aqueous coating suspension. The support
surface is treated with, for example, organic silanes
(see also Section 1.11.7). In this case, layer formation
is dominated by the drag forces of the support in the
withdrawal process, and layers can be made from
suspensions with particles smaller than the pores of
the support. The disadvantage of a decreased capil-
lary action in the formation of a layer is the
diminished adherence of the support and the layer.

1.11.6.2.3 Alternative coating methods

As an alternative for the dip-coating method, the first
porous layers on an inorganic support can also be
formed by filtration of the powder suspension, using
the support as a filter. This can be done using an
external pressure on top of the layer. Alternatively, a
rough vacuum underneath the support can be used.
This is called vacuum suspension (or alternatively
slip or slurry) coating (or alternatively casting) [22].

Next to dip and spin coating and filtration of the
suspension over the support, some other less-popular
methods can be used to make the first layers on the
support. A low-viscosity suspension can also be
sprayed on a support through a nozzle from a pres-
surized container. Controlled movement of the spray
gun enables the formation of a homogeneous powder
layer. This is called spray coating or wet-powder
spraying. Suspended particles with positive or
negative charged surfaces can be deposited by elec-
trophoretic deposition on either the anode or cathode
by application of an electric field between the two
electrodes. Electrically conducting materials are

required for this method. Yet, powder particles can
also be deposited on an electrical insulating material
by positioning the insulator in between the electri-
cally conducting electrodes. Screen-printing
techniques require that the particles be dispersed in
a highly viscous paste with a viscosity that is typically
situated between 50 and 2000 Pa s. A paste is trans-
ferred to a screen and spread out by a metal blade or
rubber squeegee. Screen printing is used abundantly
in the preparation of the porous anode and cathode
layers in the fuel cell technology [22].

1.11.6.3 Sol–Gel Layers

1.11.6.3.1 Colloidal and polymeric sols

In order to produce membrane layers with pore sizes
smaller than 100 nm, suspension techniques are inap-
propriate and other methods need to be used. One of
the most important methods used today in ceramic
membrane preparation is the sol–gel process. One of
the most used references in this respect is the book
Sol–Gel Science – The Physics and Chemistry of Sol–Gel

Processing [60]. Basically, sol–gel is a general process
which converts a colloidal or polymeric solution
called sol to a gelatinous substance called gel. It
involves the hydrolysis and condensation of alkoxide
or salt precursors in an organic solvent with an
appropriate amount of water. Fine-porous membrane
layers have been prepared by the sol–gel process
with a variety of metal oxides and composite oxides.
There are two main routes in the sol–gel preparation
of membrane layers: the colloidal route and the
polymeric route (see Figure 10).

In the colloidal sol–gel route, the alkoxide precur-
sors are hydrolyzed and condensed (or peptized) in an
excess of water. The water causes a fast hydrolysis
and condensation. The rapid condensation causes the
formation of medium-sized nanoparticles of the order
of 20–100 nm in solution, that is, the colloidal sol.
Reproducible and stable colloidal or particulate sols
can be obtained by the precise control of the hydro-
lysis and condensation reaction conditions and/or by
adding acids or bases as hydrolysis catalysts and/or as
stabilizers. In order to form high-quality membrane
layers, the colloidal sol is commonly mixed with
typical binder materials such as polyvinyl alcohol or
hydroxypropyl cellulose. The sol is subsequently dip-
or spin-coated (see Section 1.11.6.2.2) on the already-
formed multilayer structure with top layer pores in
the order of the sol particles. It is the porosity of the
support that leads to the removal of the sol solvent
and to the gelling of the sol, similar to the forming of
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the powder suspension layers discussed in Section
1.11.6.2. All aspects of the previously mentioned dip-
coating process are also relevant for sol–gel layers.
The gel layer is then carefully dried and calcined at
an appropriate temperature. The pore size of the
formed layers depends on the details of the hydrolyz-
ing/condensation process and of the calcination
temperature. Pore sizes can be varied between a few
nanometers up to about 50 nm.

The fine pores of microporous membrane layers
can be obtained by the polymeric sol–gel route. A
polymeric sol is produced starting from the com-
mon alkoxide precursors also used in the colloidal
sol–gel route. However, in the polymeric route, the
hydrolysis reaction is kept slower, and the precur-
sors are now only partially hydrolyzed by using
only less than the stoichiometric amount of water
mixed in an organic solvent. This leads to a

precipitate-free sol containing small nanometer-
sized inorganic polymeric structures (fractals).
Either weakly or highly branched inorganic struc-
tures can be obtained as a result of the conditions
of hydrolysis and condensation (precursor concen-
tration, and acid or, respectively, basic catalysis).
The low branched structures can interpenetrate
better during gel drying and lead to a more com-
pacted layer with smaller pore size. For good
microporous layers, the average fractal sizes need
to be in the order of 5 nm. Due to these small
structures, a good polymeric sol is transparent, in
contrast to a colloidal sol. The polymeric sols are
then used for dip or spin coating the support and
interlayer system, in this case, without any addition
of binder. Binders are not used since these com-
pounds create very large voids in the coated layer
after thermal treatment.

Colloidal
route

Colloidal
gel

Polymeric
gel

Water Organic

Media

Membrane coating

Drying

(Hybrid organic–inorganic membrane)

Sintering

(Pure inorganic membrane)

Polymeric
route

Sol
(colloidal particles)

Sol
(polymeric)

Metal salt
or

metal-organic
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Figure 10 Schematic representation showing the two main sol–gel routes used in the preparation of fine-porous membrane

layers. Reproduced with permission from figure 7.1 of Burggraaf, A. J., Cot, L., Eds. Fundamentals of Inorganic Membrane

Science and Technology; Membrane Sciences and Technology Series 4; Elsevier: Amsterdam, 1996.
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1.11.6.3.2 Drying and heat treatments

The gel layer formed during the spin or dip coating is
subsequently carefully dried and heat treated. In
order to avoid crack formation in this process, the
layers need to be sufficiently thin, that is, below
the critical thickness (see Section 1.11.5.5). In addi-
tion, the heat-treatment temperature is important.
For microporous membranes, the heat-treatment
temperature needs to be low enough, in order to
avoid pore growth. Pore sizes between 0.5 and 2 nm
are feasible. The heat-treatment temperature deter-
mines not only the final pore size of the top layer, but
also the structural phase of the top layer material. For
example, for temperatures as low as 200 �C, titania is
in an amorphous state with very small pores in the
order of 1 nm, whereas from 300 �C onward titania is
in an anatase phase having somewhat larger pores in
the order of 2.5 nm [61]. This has also a great influ-
ence on the chemical stability of the top layer: an
amorphous phase is more easily attacked by corrosive
liquids, and shows a lower acid and base stability than
the crystalline phase [56].

The humidity control during coating and drying
of sol–gel layers is also important and is essential for
the quality of formed microporous layers. This is
because it influences the hydrolysis and condensation
of the gel network. For example, at a humidity higher
than 50%, the hydrolysis in a polymeric titania gel is
faster than the condensation, resulting in the forma-
tion of titania particles and finally, mesoporous
interparticle pores [62]. To enhance the quality of
final microporous membrane layers further, the dip-
or spin-coating process is also often performed in a
clean room [2, 63, 67].

1.11.6.3.3 Silica and other metal oxides

Since sols of very small particles or structures are
prepared through hydrolysis and condensation of
their corresponding alkoxides, the partial charges of
the metal in the alkoxides influence the hydrolysis
behavior. Transition metals such as Ti or Zr in the
alkoxides carry much higher partial charges than Si
in, for example, tetraethylorthosilicate (commonly
called TEOS). Therefore, transition metal alkoxides
hydrolyze much faster than Si alkoxides. In addition,
the properties of the type of R ligands in the alkoxide,
the degree of oligomerization of the starting alkoxide,
the possibility of a coordination expansion of the
metal during the hydrolysis, and the pH of the
solution all influence the hydrolysis behavior.

In order to better control the hydrolysis, espe-
cially in the polymeric sol–gel route for nonsilica

materials, chelating agents have been used to block
the functional groups of the alkoxide. Typically used
chelating agents are acetylacetone, alcohol amines, or
carboxylic acids [64–67].

Mixed-oxide layers can also be prepared by the
sol–gel process. The mixed-oxide sols are made by
mixing of the individual sols, or by cohydrolysis and
cocondensation of the respective alkoxide precursor
mixtures.

The formation of microporous top layers of metal
oxides or mixed metal oxides by the polymeric
sol–gel route has made serious progress in the past
decade. Previously, only high-quality microporous
layers from amorphous silica were reported, mainly
due to the relatively easy sol–gel process of this
material [68–72]. Some of these silica membranes
have been introduced in the market about a decade
ago. A significant drawback of silica is, however, its
limited hydrothermal stability, and its limited stabi-
lity in alkaline pH’s. In order to improve the stability,
silica membranes with zirconia [73–76] or titania [77]
added as a second component have been developed.
Recently, however, also high-quality titania micro-
porous membranes for nanofiltration have been
prepared [2, 66, 78] and some have become commer-
cially available [2]. The same quality of membranes
has also been achieved on capillaries [20]. Recent
efforts have been concentrated on zirconia or mixed
zirconia/titania membranes [67, 79]. Microporous
zirconia membranes are, however, not yet commer-
cially available. Energy Research Centre of the
Netherlands (ECN) has adapted another strategy to
enhance the hydrothermal stability of silica: recently,
they developed a new hybrid organic–inorganic
membrane replacing the Si–O–Si bonds by the
more stable Si–CH2–CH2–Si links [80].

Applications envisaged for all microporous
materials are nanofiltration, pervaporation, and,
eventually, gas separation also.

1.11.6.4 Template-Mediated Layers

1.11.6.4.1 Introduction
A more recent approach to prepare tailor-made por-
ous ceramic layers is based on the incorporation of
organic template agents in gel structures. These tem-
plate agents can be organic groups chemically linked
to the inorganic gel network (also called surfactants
or amphiphilic molecules), or isolated molecules or
clusters trapped in the inorganic gel matrix. The role
of the organic template is to generate a uniform
residual porosity after they are burned out by the
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heat treatments: pores with a size based on the size of
the organic template molecule are created. This por-
osity and pore size can be tailored by the nature and
the size of the templates. Often, the pore structure of
the template-mediated layers, as that of the related
powder material, consists of two types of pores: the
pores formed by the self-assembled templates (vari-
able from micro- to macroporous) and the pores
formed by the inorganic gel interacting with the
template (usually microporous). The template
method has, however, a limited ability to control
the template pore alignment to the substrate surface.

1.11.6.4.2 Sharp pore-size distribution

The simplest way for forming a templated layer is
based on the insertion in the gel matrix of passive
template agents such as chemically fixed organic or
inorganic entities or physically trapped polymer par-
ticles. In this case, the elimination of the templates
leads to the formation of a porous structure in which
the pore size and the dimension of the incorporated
template is directly related, as shown in Figure 11
[81, 82]. This method can be used for colloidal as
well as for polymeric sols, and can lead to macro-,
meso-, as well as microporosity. The resulting pore-
size distribution is very sharp.

Another way obtaining narrow pore-size distribu-
tions in the micropore range makes use of the effect
of nonionic surfactants. This has most extensively
been studied for silica sols [83, 84]. Nonionic surfac-
tants are susceptible to interacting with silica
oligomers derived from TEOS by van der Waals
forces or by interaction with OH groups. Due to
these interactions, in the absence of polar solvents
such as water, an organic shell made of surfactant
molecules is formed around the inorganic structures
(reversed micelle method). The resulting steric hin-
drance limits further condensation of the inorganic
structures in the sol. After heat treatment, including
the elimination of the surfactant shells, a homoge-
neous microporous membrane layer consisting of
nanometric distinct silica particles is formed. The
membrane with such a top layer shows strictly micro-
porosity and gas-separation characteristics. The pore
size can be varied by using surfactants with longer
chain lengths, although the pore-size distribution
then becomes wider.

1.11.6.4.3 Ordered porosity

Another efficient way of obtaining monodispersity of
the pore-size distribution and control of the pore size is
to develop materials with an ordered or textured
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Figure 11 Schematic representation of the formation of a membrane layer using passive organic templates in a polymeric

gel (left) and in a colloidal gel (right). Reproduced with permission from figure 7.13 of Burggraaf, A. J., Cot, L., Eds.

Fundamentals of Inorganic Membrane Science and Technology; Membrane Sciences and Technology Series 4; Elsevier:
Amsterdam, 1996.
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porosity. This can be done by using mesoscopic tem-
plates such as lyotropic liquid-crystal mesophases as
structure-directing agents. These ordered mesophases
result from the self-assembly of surfactants or amphi-
philic molecules. A successful process requires that both
liquid crystal and inorganic network can form simulta-
neously in the sol and that the liquid-crystal mesophase
must be carefully eliminated without the collapse of the
solid part of the gel. The main lyotropic liquid-crystal
mesophases are lamellar (surfactant bilayers separated
by aqueous layers), hexagonal (hexagonal arrangement
of cylindrical micelles), and cubic structures. Figure 12
shows the example of a hexagonal packing of micellar
cylinders surrounded by the inorganic polymers grow-
ing in the liquid phase near the surfactant head groups.
The sols are initially very fluid and easy to deposit: the
chemical composition of the sols corresponds to an
isotropic region in the water-surfactant binary diagram.
The ordered mesostructure develops only during the

gelation process, and is induced by the formation of

inorganic oligomers near the polar head of the surfac-

tants [85]. After a careful thermal or chemical treatment

to remove the surfactant, a stable ordered mesoporous

texture can be formed.
Pioneering work on this subject was done on

aluminosilicates using cationic surfactants as

alkyltrimethylammonium halides in hydrothermal

synthesis. Depending on the catalysts (base and,

respectively, acid) and templates used, ordered

mesoporous materials of the mobil catalytic material

(MCM) or santa barbara acids (SBA) type can be

formed [86, 87]. Recently, membrane layers of the

MCM-48 type have been synthesized in a similar

manner [88]. The layers clearly show that the meso-

porosity of the mesophase and the separation

characteristics are due to the ordered mesopores.
The group at the University of Montpellier,

France, has done much work on mesophase tem-

plated silica. Cationic surfactants with relatively

low hydrocarbon chains have been used to make

hexagonal ordered structures [89, 90]. The specific

surface area, pore volume, and porosity of the formed

structures are very large and essentially microporous.

The pore size depends on the length of the alkyl

chain of the used templates (and is approximately

half of the chain length). Supported membrane layers

have been formed in this manner [91]. It has also

been shown that the deposited layers are formed of

submicron-size ordered domains [92].
The same group has also successfully synthesized

2D and 3D hexagonal mesoporous silica membrane

layers using longer alkyltrimethylammonium

bromide surfactants [93]. In the 2D mesoporous

membrane layers, gas-separation measurements

revealed that the mesopores are oriented parallel to

the membrane surface, and that the different meso-

pores are only connected through the micropores in

the inorganic walls. Seeding with amorphous silica

nanoparticles promoted a more heterogeneous

nucleation of the templating mesophase, giving rise

to a more random orientation of the mesopore

domains, with some domains nonparallel to the

membrane surface. This leads to an increased assis-

tance of the mesopores in the gas permeability,

raising the permeability by about a factor 10. As a

consequence, the separative properties of the

membrane layers are determined only by the micro-

porosity in the unseeded synthesis, and both by the

templated mesoporosity and by the microporosity in

the seeded synthesis.
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Figure 12 Schematic representation of the formation of a

membrane layer using a hexagonal liquid-crystal phase as
template. (a) The situation in the wet gel. (b) The pore

formation in the heat-treated gel. Reproduced with

permission from figure 7.11 of Burggraaf, A. J., Cot, L., Eds.

Fundamentals of Inorganic Membrane Science and
Technology; Membrane Sciences and Technology Series 4;

Elsevier: Amsterdam, 1996.
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Defect-free ordered mesostructured silica mem-
brane layers were also formed using nonionic block
copolymers as surfactants [94]. The formed mem-
branes show Knudsen gas permeability due to the
ordered mesopore structure. Block copolymers have
also been used to produce mesostructured titania
membrane layers [95–97]. The mesostructures are
of 2D hexagonal and cubic types, and are clearly
evidenced from transmission electron microscopy,
as shown in Figure 13. The cutoff curves of these
membranes show transport pores of about 1.5 nm,
defined by the microporosity in the titania walls
between the templated mesopores.

1.11.6.5 Chemical Vapor Deposition

CVD is a gas-phase layer deposition technique. In
this process, a mixture of a carrier gas with reactive
gases is brought into contact with the support in a
reaction chamber at high temperature in order to
form the desired membrane layer on the support by
thermal decomposition, oxidation, hydrolysis, or
reduction. For metal-oxide layers, one reactant is
the metal source (e.g., organometallic compounds
such as chlorosilanes) and the other is the oxidizing
or reducing agent (e.g., oxygen, air, or hydrogen,
carbon monoxide). The reactants are introduced in
the reaction chamber on the same side of the support,

or, more novel, on opposite sides (chemical vapor
infiltration). The last technique has the advantage
that the deposition location can be varied from the
surface to the inside of the substrate. Once a pore is
plugged, the vapor deposition process stops in that
pore. If, however, the deposited material is oxygen
permeable, such as yttria-stabilized zirconia, another
type of deposition, electrochemical vapor deposition,
starts: the oxygen source permeates through the pore
plug and reacts with the organometallic vapor to
continue deposition. In this manner, high-quality
solid oxide electrolyte layers can be formed on a
porous support. Deposition with both reactants intro-
duced at the same side of the support, however,
yields thinner and more permeable dense mem-
branes, even though deposition always starts by
partially plugging the pores with the deposit, before
the deposition grows into an integral layer covering
the surface of the support.

The CVD technique has the advantage of eliminat-
ing the need for drying and calcination required in the
liquid-phase methods. In addition, the membranes
produced in this manner are usually denser than
those prepared by liquid-phase processes. The process
offers the promise of being able to fine-tune the
composition, growth, and uniformity of the deposited
layers. Variations of the CVD process have yielded
membranes with different morphologies.

(a) 40 nm 20 nm

25 nm

(b)

(c)

Figure 13 Transmission electron microscopy (TEM) images of mesostructured titania layers formed by using block
copolymer templates. (a) The cylindrical pores of a two-dimensional (2D) hexagonally ordered pore structure along the axis of

the pores. (b) The cross section of the same pore structure. (c) A cubic network of spherical pores. Reproduced with permission

from Bosc, F., Ayral, A., Guizard, C. J. Membr. Sci. 2005, 265, 13–19.
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With this technique, high-quality dense and
microporous amorphous silica layers have been pro-
duced on different support types (e.g., Vycor glass
and porous alumina with �-alumina intermediate
layer). The formed membranes show very high
permselectivities combined with high permeabilities
in gas separation, and are therefore interesting, for
example, for H2 separation. The method has also
been used to narrow the pores of a microporous
sol–gel silica membrane.

The CVD technique can also be used to form
complex mixed metal-oxide membranes by using
a mixture of their organometallic compounds as
reaction gas.

1.11.6.6 Carbon Layers

The oldest microporous membranes were carbon
membranes. The first carbon membranes in the
1960s were prepared by compressing high-surface-
area microporous carbon powders at very high pres-
sures. Nowadays, carbon membranes are made by
pyrolysis of a polymer precursor. Typical precursors
are thermosetting polymers as polyimide, polyviny-
lidene chloride, cellulose, polyacrylonitrile, and
phenolic resin. The pyrolysis takes place in the
absence of oxygen at high temperature typically in
the range from 500 to 800 �C. The process is not only
used to make the carbon layers, but also to make
carbon supports. Depending on the degree of pyro-
lysis, the membrane material can be weakly
hydrophilic (low temperature) or more hydrophobic
(high temperature). The hydrophobic carbon is
weaker and more brittle.

On top of the support, polymeric films are depos-
ited (e.g., by dipping or spinning) using a solution of a
common polymer precursor in an organic solution,
followed by in situ polymerization and subsequent
controlled pyrolysis to the desired pore shape. The
membranes formed in this manner (sometimes
multiple layer deposition is necessary) show clear
molecular sieve properties. Depending on the polymer
precursor, type and degree of pyrolysis, membrane
surface properties (hydrophilicity or phobicity), pore
size, and morphology can be adjusted. The same
methods can also be used to make carbon layers on a
metal-oxide support or a stainless steel support.

The pyrolysis process is also equipped to produce
carbon hollow fibers by simply starting from the
appropriate polymer hollow fiber membranes.

In the past decade, increasing interest has been
shown in phenolic resins as polymer precursors. This

reflects not only their ease of use and high carbon
yield but also the well-defined pore structure that
can be achieved [98]. Good carbon supports can be
made from phenolic resin by controlled polymeriza-
tion, milling to an appropriate pore size, and
subsequent extrusion. Fine-porous membrane layers
can be made as described above, directly on the dried
extruded support, by using again phenolic resin as
the polymer precursor. The complete resin mem-
brane (supportþ layers) can then be pyrolyzed in
one single step. The main drawback of this produc-
tion route is that a significant top layer thickness
(�10 mm) is required to generate a defect-free layer
on the relatively coarse-porous support (�15 mm). In
order to remediate this problem, phenolic-resin-
based carbon membranes were also made on common
alumina supports with an intermediate layer of about
100 nm [99]. A high-quality molecular sieving carbon
top layer of about 1 mm could be produced directly
on the two-layer support structure, without further
intermediate layer deposition.

The carbon microporous membranes are more
stable than the metal-oxide membranes, since they
maintain their pore structure to about 1000 �C.
However, these membranes are limited by reactivity
to oxidizing gases such as steam (temperatures above
� 650 �C), carbon dioxide (up to � 750 �C), and oxy-
gen. In the case of oxygen, excessive oxidation will
occur at around 300 �C, while at lower temperatures,
chemisorption of oxygen on the carbon surface can
modify the adsorption and transport properties even
at room temperature.

More details on the synthesis and membrane
properties of carbon membranes can be found in
Chapter 1.13.

1.11.6.7 Zeolite Layers

Zeolite membranes form the most recent branch of
inorganic membranes. Zeolites are porous crystalline
silicates with a complex crystallographic structure
giving rise to specific molecule-sized pores. They
can have a wide variety of compositions with some
of the silicon atoms replaced by other cations. The
cations are also responsible for the catalytic proper-
ties of these materials.

Zeolites are typically prepared by a hydrothermal
treatment of a caustic synthesis solution containing a
silica source and an appropriate structure-directing
agent as tetrapropylammonium (TPA) ions [100]. A
calcination step is required to burn out the TPA, and
free the zeolite pores. Zeolite layers can be made
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similarly, by immersing a multilayered support in a
zeolite synthesis solution in an autoclave and treating
the whole hydrothermally. Subsequent calcination
opens the zeolite pores. This processing leads to
zeolite crystal formation and growth on the support
surface, and is therefore called in situ direct crystal-
lization. An alternative and more recent approach is a
two-step process named seeding and secondary
growth. First, some zeolite crystal seeds are deposited
on the support system, and the whole is subsequently
treated similarly as in the direct crystallization case.
In both cases, the formed zeolite membrane layers
are always polycrystalline, giving rise to intercrystal-
line pores that are generally somewhat bigger than
the intracrystalline zeolite pores. Multiple layer
deposition is generally required to reach high-quality
membranes with molecular sieving properties. In the
direct crystallization route, the zeolite layer is infil-
trated in the support; in the seeding and secondary
growth route, the zeolite layer is a thin top layer on
top of the support. In the last case, the permeability of
the final membrane is higher, and specific orienta-
tions of the zeolite crystals can be obtained. A recent
promising new path in zeolite membrane synthesis is
the use of microwave heating in the seeding and
secondary growth process [101].

Multilayer alumina supports are frequently used
for zeolite membrane synthesis. However, chemical
leaching of the alumina occurs in the caustic media
generally used for zeolite synthesis. As a conse-
quence, the mechanical properties of the support
alter, as well as the composition of the final mem-
brane. Stainless-steel supports have also been
successfully coated with zeolite layers.

To date, MFI (both silicalite and ZSM-5) and
zeolite A (also called Na A or LTA) have been
reported to be successfully manufactured, and are
also currently commercially available. In the labora-
tory, however, membranes have been made of a wide
variety of zeolite types [101].

Much more details on the synthesis, membrane
properties, and recent progress of zeolite membranes
can be found in the excellent recent review article of
Caro and Noack [102].

1.11.6.8 Metal Layers

1.11.6.8.1 Introduction

Metals such as Pd or Pd alloys are interesting because
of their high hydrogen permeation capacity. Defect-
free dense Pd or Pd alloy membranes are therefore
excellent hydrogen-selective membranes, with ideal

infinite selectivity. They have great potential as a
hydrogen-selective membrane in a membrane reactor
(as a steam reformer or coal gasification reactor) for
sustainable energy production [103]. In order to be
commercially viable, the dense metallic layer should
be as thin as possible (preferably <10mm), and depos-
ited on an appropriate multilayer support system.

Dense metallic layers can be prepared by a
number of processes: casting and rolling, vapor
deposition, electroplating, and electroless plating. In
the first process, a metal cast undergoes a sequence of
alternate rolling and annealing steps to reach the
required thickness. Dense metal layers can also be
formed by physical (PVD) or chemical vapor deposi-
tion (CVD) (physical vapor deposition is also called
sputtering). In electroplating, a support is coated with
a metal or its alloy in a plating bath with the support
as cathode. The bath is maintained at a constant
temperature during plating. Electroless plating
involves the autocatalyzed decomposition or reduc-
tion of a few selected metastable metallic salt
complexes on a support surface. The reaction should
be carefully controlled to avoid potential decomposi-
tion of the as-formed layer and to control the layer
thickness. All techniques have their advantages and
drawbacks [103]. However, in all cases, small thick-
nesses in the order of 10–20 mm are feasible (the
rolling techniques leads obviously to the thickest
membranes) and, with some creativity, Pd alloys
can also be prepared.

1.11.6.8.2 Foil preparation and wrapping

Commercially interesting Pd or Pd alloy membranes
can be made by mechanically assembling (by setting
or wrapping) a thin metal film on a porous flat or
tubular support. For instance, metal foils can be
assembled with stainless-steel grids or nickel perfo-
rated sheets by pressing and subsequent heating in
order to allow diffusion to occur at the contact points
[104]. Tubes can also be made from this composite
structure by wrapping it around an alumina bar and
welding the seam line. The mechanical stability of
the composite structure is, however, rather low. An
alternative approach is the electrochemical thinning
of rolled foils (e.g., by chemical or anodical etching)
down to 10 mm [105]. The thinned foils can be made
pinhole free, and are currently being commercialized
as self-standing foils by mounting them between flat
flanges.

Recently, another approach has been developed in
order to make metal foil – support assemblies. First, a
thin metal layer is formed (by sputtering or by
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electrodeposition) on a high-quality smooth and
dense support. This film is subsequently removed
from that support, and wrapped around the appro-
priate porous support for the final membrane. In this
manner, membranes were prepared with a 5-mm-
thick Pd alloy layer on top of a perforated stainless
steel sheet [106]. Very thin Pd alloy films with a
thickness of 0.8–5 mm were prepared by Bredesen
and Klette [107] by sputtering on a silicon wafer.
The films, carefully removed from the wafer, were
wrapped around porous stainless-steel tubes to form
composite metallic membranes.

During the recent years, very thin (0.5–0.8 mm)
composite Pd membranes have also been fabricated
by microfabrication techniques [108, 109]. These
membranes are very expensive and can hold only
about 5 bar; however, due to their extremely high
hydrogen fluxes they may have potential for portable
applications.

1.11.6.8.3 Electroless plating

Electroless plating has been widely used for Pd mem-
brane synthesis. A good overview of the current state
of development and relevant references can be found
in Reference 102. The fact that electroless deposition
is so popular is due to the low cost, easy procedures,
and simplicity of the required equipment. Supports
do not have to be conductive and very complex
shapes can be covered uniformly. The deposition of
metal alloys, however, represents a challenge. In
general, when a Pd alloy is desired, the two metals
are deposited sequentially and heat treated at high
temperatures to obtain the alloy. Prior to electroless
deposition, supports need to be activated by sequen-
tial immersion in SnCl2 and PdCl2 solutions to
deposit active Pd seeds on the surface.

Different supports have been used to form metal
membranes by electroless plating. The most com-
monly used ones are glass, alumina, and porous
metals supports. Metal supports are very suitable,
since other supports give rise to easier delamination
of the metal layer. Possible candidates are, for exam-
ple, porous stainless steel, porous nickel, porous
Hastelloy, and porous Inconel. A diffusion layer is,
however, required in order to avoid the diffusion of
the metallic elements of the support into the Pd layer.
Mostly oxides (including thin ceramic layers) have
been used as intermetallic diffusion barriers. The
passive oxide film that naturally forms on most
metals is usually too thin (about 50 nm) in order to
protect against intermetallic diffusion at high tem-
peratures. Therefore, a treatment of the metal

support is necessary before Pd deposition. This

treatment can consist of a high-temperature treat-

ment, giving rise to a thick oxide protection layer of

5–7 mm. The �-alumina sol–gel layers are also widely

used as an intermetallic diffusion barrier. Other dif-

fusion barriers used are TiN sputtered layers [110],

or, more recently, porous PdAg layers prepared by

electroless deposition [111]. Figure 14 shows an

SEM picture of a typical Pd membrane manufac-

tured by electroless plating on a porous stainless

steel support with a 0.5-mm grade and a metal-

oxide diffusion layer prepared by a high-temperature

treatment [112].
The maximum pore size on the surface of porous

metal supports may be the most crucial parameter for

preparing defect-free thin Pd films. The Pd thickness

needed to obtain a leak-tight membrane was shown

to be approximately 3 times the diameter of the

largest pore of the support [113]. Therefore, in

order to reach Pd membranes thinner than 10 mm, it

is necessary to first narrow the pore-size distribution

at the surface of the support. This can be done by

shot peening with Fe particles, intermediate layer

deposition, or grading with preactivated alumina

powder [103].
In general, composite Pd membranes are pre-

pared at temperatures and pressures that are

different from the ones that will be used in the

application. For instance, the electroless deposition

temperature is typically about 60 �C, while the

Figure 14 Scanning electron microscopy (SEM) picture of

the surface of a Pd membrane manufactured by electroless
plating on a porous stainless-steel support with a 0.5-mm

grade and a metal-oxide diffusion layer prepared by a high-

temperature treatment. Reproduced with permission from

She, Y., Han, J., Ma, Y. H. Catal. Today 2001, 67, 43–53.
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temperature of a steam reforming reactor is about
500 �C. Therefore, in use, composite Pd membranes
undergo a series of structural transformations that
lead to several problems such as permeance and
selectivity loss over time. It has been shown that
leak developments start only at about 500 �C [114].
This issue clearly needs more attention in future
developments.

1.11.7 Functionalization

1.11.7.1 Hydrophobization

By surface modification of hydrophilic membranes, it
is possible to obtain hydrophobic inorganic mem-
branes. The objectives for this surface modification
can be twofold. First, this modification changes the
affinity of the pore surface of the membrane. This can
be useful, for example, to obtain inorganic mem-
branes appropriate for membrane distillation, or to
obtain nanofiltration membranes that show high
permeability for nonpolar solvents. Second, the mod-
ification allows a tailored decrease of the pore size of
the membrane. The modification can be done by
bonding specific organic compounds with varying
hydrophobic tail lengths to the surface of a mem-
brane. The most frequently used technique is a silane
coupling treatment on the reactive OH groups of
ceramic or glass materials (Figure 15). The techni-
que is based on state-of-the-art modification
processes used for silica in order to produce appro-
priate chromatography columns.

The silane-coupling method was first applied on
macroporous and mesoporous membranes. This
resulted in modified membranes with either a
decreased pore size down to the micropore range
[115, 116] or a modified hydrophilic/hydrophobic

character [117]. The modification can be performed

either in the liquid phase or in the vapor phase [118].
Modification of tight mesoporous membranes in

order to enhance their performance in apolar sol-

vents was first studied [119–121]. Tsuru et al. [119]

modified mixed silica/zirconia membranes with the

small trimethylchlorosilane in the gas phase. Van

Gestel et al. modified a �-alumina/anatase–TiO2

multilayer membrane using bi-functional chlorosi-

lanes, with two reactive chlorine groups, having a

higher reactivity with the membrane surface [120].

However, these multifunctional chlorosilanes may

also result in pore blocking due to polymerization

reactions (hydrolysis and condensation between the

silane molecules), having a negative influence on the

solvent fluxes. That is the reason why Voigt et al.

[121] worked with silanes with only one reactive

group. All groups showed that in order to modify

the complete specific surface of the membrane, the

pore size has to be large enough for the specific silane

to enter. In all the studies mentioned, hydrophobiza-

tion of the inner membrane surface by the

organochlorosilane reaction was clearly shown, that

is, by permeation measurements of polar and apolar

solvents.
However, the precise interaction between the

chlorosilanes and the membrane surface is very com-

plex and there is, in many cases, no evidence that it

involves a chemical reaction rather than an adsorption

reaction. It is shown that a chemical reaction of alkyl-

trichlorosilanes with a silica surface is not possible

below 300 �C [123, 124]. At room temperature, the

chlorosilane reacts only with water present in the

solvent, or is adsorbed at the membrane surface. A

polymeric chain is then formed that can adsorb or

attach to the OH groups of the membrane surface by

hydrogen bonding, without direct reaction with the
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Figure 15 Schematic representation of the possible reactions between the OH groups on an inorganic membrane surface

and a silane coupling reagent. Reproduced with permission from Van Gestel, T., Van der Bruggen, B., Buekenhoudt, A.,

Dotremont, C., Luyten, J., Vandecasteele, C., Maes, G. J. Membr. Sci. 2003, 224, 3–10.

Basic Aspects in Inorganic Membrane Preparation 245



membrane surface. However, a direct reaction with
the membrane surface at room temperature is possible
using a two-step procedure, involving an extra chemi-
cal agent as catalyst. In the first step, a strong base,
such as triethylamine, is bound to hydroxyl groups on
the surface. This creates a strongly nucleophilic oxy-
gen atom on the hydroxyl site, which can react with
the chlorosilane and then form a chemical bond.

It is also clear from the previous studies that the
pretreatment temperature, determining the amount
of reactive hydroxyl sites, and a curing process after
the silanation can largely influence the final modified
surface [123]. The nature of the metal oxide is also
important for the reactivity and the success of the
modification. It is clear from previous studies [125]
and from our own recent work that silica is the easiest
material to modify [126].

Besides chloroalkylsilanes, it is also possible to use
phosphonic acids or fluoroalkylsilanes for the mod-
ification. Phosphonic acids were up to now only used
to change ultrafiltration membranes to gas-separa-
tion membranes [125, 127]. Caro et al. [125] showed
that there is a clear reaction between the �-alumina
surface and the phosphonic acids. Picard et al. [128]
used fluoroalkylsilanes in order to make open zirco-
nia ultrafiltration membranes more hydrophobic.
Using proton nuclear magnetic resonance (NMR),
they proved that for the fluoroalkylsilanes too,
there is a real reaction between fluoroalkylsilanes
and the membrane surface. These reagents were
also successfully used by Voigt et al. [121] in order
to make hydrophobic nanofiltration membranes,
which are currently being commercialized.

Due to the lack of a real chemical reaction
between organochlorosilanes and the membrane
surface, the stability of the modification with these
reactants is probably limited. Our own recent
measurements [129] show that each exposure of
the hydrophobic membrane to water systematically
decreases the hydrophobicity of the membrane. This
is most probably caused by a rehydroxylation of the
surface. The stability of the modifications with
phosphonic acids and fluoroalkylsilanes is expected
to be better, thanks to the existing chemical bond
between the membrane surface and the modifying
agent.

1.11.7.2 Catalytic Functionalization

Membranes can have an extra advantage when the
membrane surface is also catalytically active. This
additional function is especially interesting in the

field of membrane reactors [5, 130]. In a membrane
reactor, a reaction is combined with a separation,
in the same unit. This combination often creates
synergy. For instance, the yield of equilibrium-
limited reactions as dehydrogenation reactions can
be enhanced by shifting the reaction equilibrium to
the product by removing hydrogen from the reactor
by the membrane. This has a direct consequence on
the economics of such a membrane reactor: down-
stream separation of the product from hydrogen can
be avoided, and the operating costs can be lowered,
thanks to the decreased temperatures required for
the reaction due to the yield enhancement. Extra
synergy can be created in case the separative mem-
brane contains also catalytic activity for the reaction.
A typical example is a dense Pd or Pd alloy mem-
brane. These membranes are not only hydrogen
selective, but they act also as catalysts in the case
of, for example, hydrogenation reactions. This has
been shown to offer some interesting opportunities:
when feeding the hydrogen to the reactor through
the Pd membrane, it was demonstrated that the
hydrogen, which permeates through the membrane,
is a much more surface-active species (prior to re-
combination of the atoms to form H2) than hydro-
gen that is adsorbed on a palladium-supported
catalyst. Another possible function of a catalytic
membrane in a membrane reactor is to improve
the contact between the reactants and the catalyst.
In this case, the membrane does not need to be
permselective, but only catalytically active, with a
thickness and a porous texture adapted to the reac-
tion kinetics. Particularly, inorganic membranes
have potential in membrane reactors, due to their
higher-temperature resistance, compatible with the
higher temperatures required for most reactions.

As mentioned above, inorganic membrane materials
such as Pd or Pd alloys show catalytic activity by
themselves. Other examples are zeolites, �-alumina,
LaOCl, and photocatalytic titania. Membrane layers
of all these materials can be made by methods described
in the previous section. Other membranes can be made
catalytically active by incorporating catalytic particles,
such as MgO, Ag, V, Pt, or Pd, in their porous structure.
The method that is the most widely used for this
incorporation is impregnation. The impregnation is
done with an appropriate solution containing precur-
sors for the desired catalyst. Some examples of this
method are discussed in the following.

MgO and Ag loading of porous membranes has been
done by impregnation with an aqueous mixture of the
metal salt and urea [131]. Heating of the impregnated
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membrane at about 100 �C decomposes the urea,

resulting in the formation of ammonia. This reacts

with water and hydrolyzes the metal component. The

so-formed metal hydroxide precipitates in the mem-

brane pores. In a next step, the hydroxide is converted

to the oxide form by a high-temperature treatment at

350–450 �C. When, after impregnation, the membrane

is first dried in a controlled way, the solution can be

concentrated in the top layer (the solvent is removed

from the coarse-porous support and by capillary action

concentrated in the fine-porous top layer), and the

loading of the top layer with the metal or metal oxide

can be greatly enhanced [132]. Using this procedure, it

has been shown that the MgO and Ag particles formed

are in the order of 10 nm and are homogeneously

distributed across the thickness of the top layer.
Vanadia-modified membranes were synthesized

by impregnation with a vanadium acetylacetonate

(AcAc) solution [133]. The vanadium acetylaceto-

nate reacts with the OH group of the membrane

material to form a surface group –O–V–O (AcAc).

After calcination at 450 �C, a surface vanadium oxide

group is formed, which is structurally related to the

catalytically active V2O5.
Dispersing Pt in a top layer can be done using

impregnation of a precursor solution of hexachloropla-

tinic acid (H2PtCl6). The membranes are first saturated

with deionized water by immersion accompanied by

stirring. Then they are immersed in the Pt precursor

solution, and dried in ambient air. Finally, the impreg-

nated membranes are reduced under hydrogen at about

200 �C in order to form small Pt particles (5–10 nm)

[134]. Figure 16 shows a TEM picture of the disper-

sion of Pt particles in the membrane top layer.
An alternative for the impregnation process per-

formed on the formed top layer is incorporation of

catalyst particles during the preparation of the top

layer. Particularly the sol–gel process offers good

opportunities for this purpose. In this route, the active

metal is incorporated in the sol used to make the top

layer. This method has been used to make, for exam-

ple, RuO2–TiO2 or RuO2–SiO2 membranes [135].
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Zürich, Switzerland, 1998.

[36] Luyten, J., Thijs, I., Vandermeulen, W., Mullens, S.,
Wallaeys, B., Mortelmans, R. Adv. Appl. Ceram. 2005, 104,
4–8.

[37] Luyten, J., Cooymans, J., De Wilde, A. Adv. Eng. Mater.
2002, 4, 925–927.

[38] Yoshihisa, K., Masashi, F. Ceramic Foam. Br. Pat.
2168337, 1986.

[39] Ortona, A., Molinary, M., Romelli, L. Open Cell Foam
Ceramic Material. Eur. Pat. 1382590, 2004.

[40] Sieber, H., Kaindl, A., Greil, P. Adv. Eng. Mater. 2002, 2,
105–109.

[41] Thijs, I., Luyten, J., Mullens, S. J. Am. Ceram. Soc. 2003,
87, 170–172.

[42] Sepulveda, P. Am. Ceram. Soc. Bull. 1997, 76, 61–65.
[43] Binner, J. K., Sepulveda, P., Smith, R. Ceram. Proc. Sci.,

Ceram. Trans. 1998, 83, 273.
[44] Mullens, S., Cooymans, J., De Wilde, A., Beyens, F.,

Uytterhoeven, J., Luyten, J. Proceedings of Shaping II,
Gent, Belgium, 24–26 October 2002; Luyten, J., Erauw, J.
P., Eds.; pp 57–62.

[45] Janney, M., Omatete, O., Walls, C. J. Am. Ceram. Soc.
1998, 81, 581–591.

[46] Millan, A. J., Moreno, R., Nieto, M. I. J. Eur. Cer. Soc. 2000,
20, 2527–2533.

[47] Luyten, J., Buekenhoudt, A., de Barquin, F., Joiret, J. F.
Proceedings of Shaping II, Gent, Belgium, 24–26 October
2002; Luyten, J., Erauw, J. P., Eds.; pp 219–224.

[48] Lewis, J. A. J. Am. Ceram. Soc. 2000, 83, 2341–2359.
[49] Gomes de Sousa, C., Evans, J. R. G. J. Am. Ceram. Soc.

2003, 86, 517–519.
[50] Chartier, T., Chaput, C., Doreau, F., Loiseau, M. J. Mater.

Sci. 2002, 27, 1–7.
[51] Ping, J., Wijns, J. R., Van Blitterswijk, C. A., de Groot, K.

Biomaterials 2006, 27, 1223–1235.
[52] Elmer, T. H. Porous and Reconstructed Glasses. In

Engineered Materials Handbooks, Vol. 4: Ceramics and
Glasses; Schneider, S. J., Ed.; ASM International: Metals
Park, OH, 1992; p 427.

[53] Shelekhin, A. B., Dixon, A. G., Ma, Y. H. AIChE J. 1995, 41,
58–67.

[54] Kuraoka, K., Amakawa, R., Matsumoto, K., Yazawa, T. J.
Membr. Sci. 2000, 175, 215–223.
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1.12.1 Introduction

The combination of high chemical, thermal, and

mechanical resistance has made ceramic membranes

an attractive alternative to polymeric membranes

[1, 2]. Due to the high surface area/volume ratios

achieved by hollow fiber geometries, the compact-

ness of the membrane systems made from ceramic

hollow fiber membranes may greatly exceed that of

other membrane systems. The ability to operate at

high temperatures and pressures, and in corrosive

environments, allows ceramic membranes to be

used in a variety of applications including filtration

for corrosive fluids [3], high-temperature membrane

reactors [4–6], solid oxide fuel cells (SOFCs) [7], and

membrane contactors [8, 9] besides robust membrane

supports [10]. Although some attempts have been

made in fabricating a silica glass hollow fiber mem-

brane for gas separation [11], the membrane was too

fragile to be used in large industrial scales. Recently,

Tan et al. [12] and Liu and coworkers [13–16] suc-

cessfully produced hollow fiber ceramic membranes

using materials such as Al2O3 and perovskites by

employing a phase inversion method which is a

three-step process, including (1) preparation of a

spinning suspension; (2) spinning of ceramic hollow

fiber precursors; and (3) final sintering.
Preparation of ceramic hollow fiber membranes

using the phase inversion method is a quite complex

process. Many factors may affect the final membrane

performance. Therefore, in the following sections, a

detailed discussion on the preparation of ceramic
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hollow fiber membrane is given first following the
sequence of the three steps mentioned above.
Subsequently, an example on fabrication of yittria-
stabilized zirconia (YSZ) hollow fiber membranes
will be given. Finally, potential applications of var-
ious ceramic hollow fiber membranes in separation
and reaction are discussed.

1.12.2 Preparation of Spinning
Suspension

Preparation of a spinning suspension may consist of a
several steps in sequence: (1) mixing a dispersant and
a solvent of choice; (2) adding preconditioned parti-
cles for deflocculant and dispersion; (3) adding
polymer binders and plasticizers; and (4) degassing
the suspension prior to the spinning of the membrane
precursor. The deflocculation is a very important
step, as soft agglomerates of the particles in the spin-
ning suspension would have an effect on pore size
and permeability of the final membrane product [17].
A more detailed preparation procedure will be given
at the end of this section.

The main ingredients in the spinning suspension
for the fabrication of hollow fiber ceramic mem-
branes are the ceramic powders, additives, and
solvents. In selection of the ceramic powders, one of
the important factors is the particle sizes and its
distribution as well as the shape of the particles.
They effect the porosity, pore size, and pore-size
distribution of the final membrane product [17].

Additives such as deflocculants/dispersants, bin-
ders, plasticizers, antifoaming agents, and pore
formers are used to provide the spinning suspension
with the required property. In preparing the ceramic
hollow fiber membrane using the phase inversion
technique, the requirement of the organic binders is
that they should not only be invertible, but also must
be burnt out without leaving ash and tar during the
calcinations. The quantity of organic binders should
be as low as possible, but without affecting the inver-
sion capability.

The solvent(s) must dissolve the additives used
and must show a high exchange rate with nonsolvent
(coagulants). The rates of solvent outflow and coa-
gulant inflow have an effect on the cross-sectional
structures of the membrane precursor, hence the
structures of the final membrane products [18].

As preparation of the spinning suspension is still
in the development stage, the following few general

rules are, so far, considered to be useful in the pre-
paration of the spinning suspension:

1. The amount of dispersant must be maintained to
ensure the stability of the suspension.

2. The amount of solvent must be fixed at a mini-
mum to maintain a homogeneous suspension.

3. The ratio between organic components and cera-
mic powders must be as low as possible.

4. The plasticizer to binder ratio must be adjusted to
make the membrane precursor flexible, resistant,
and easy to release.

1.12.2.1 Particles and Packing of Particles

In ceramic membrane fabrication processes, the most
important component in the spinning suspension is
the ceramic powders. After binder removal and final
sintering, the ceramic powders are the only compo-
nent left and will determine the properties of the
ceramic membrane produced. The other components
in the spinning suspension such as solvents, plastici-
zers, binders, and dispersant are used simply to
predesign the membrane morphology (i.e., pore size,
pore-size distribution, porosity, cross-sectional struc-
tures, etc.) and to facilitate the spinning and phase
inversion which is, in general, a process in obtaining
and holding the powder particles in the hollow fiber
configuration.

During the phase inversion (shape forming pro-
cess), the particles in the spinning suspension
undergo a process of particle packing. It is, therefore,
possible to adjust the particles to attain high packing
densities or to attain specific compact properties.
The most widely used parameters of the particle
packing are the packing density (or bulk density)
and the coordination number. The bulk density
(defined as weight of the particle bed/volume of
the bed) is directly proportional to the density of
the individual particles, and a high bulk density
may be obtained simply because the particles have
a high density rather than because the particles are
closely packed. In order to avoid this difficulty an
expression involving the ratio of the volume of par-
ticles composing the bed (Vp) to the volume of the
bed (Vb) may be adopted. This ratio, that is, packing
fraction (defined as bulk density/particle density), is
usually referred to as the packing fraction or the
fractional solids content. The fractional voidage
("¼ 1 – Vp/Vb), expressed as a percentage, is often
known as the volumetric porosity. The packing den-
sity can be improved by introducing smaller-sized
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particles. Small particles are introduced into a pack-
ing of large particles, to fill its voids without
increasing the overall volume of the bed. Several
studies have been conducted to view the two-
dimensional structure using disks and spheres
[19–21]. Two dominant factors are the size ratio
and composition of the mixture.

When two sizes of spheres are mixed, the smaller
particles fill the unoccupied voids among the large
particles. So as long as the proportion of the smaller
sphere is sufficiently great, the proportion of large
spheres could reach the stage at which they will
touch each other. The resulting packing is optimal.
When the quantity of small particles becomes too
great since all of the voids are filled, further addition
will force the large particles apart and no longer
improve the packing density. The basic behavior for
random dense packing is shown in Figure 1, which
shows that the packing volume, termed the specific
volume (volume to mass ratio), is a function of the
composition for a mixture composed of large and
small spheres. There is a composition of maximum
packing density [22]. The relative improvement in
packing density depends on the particle size ratio of
the large and small particles. Detailed discussion on
the packing of different particle sizes was given by
Rahaman [23].

1.12.2.2 Dispersion of Particles

As mentioned above, in preparation of ceramic mem-
branes, one of the problems to be tackled is the
dispersion of each individual ceramic particle in a
solvent. When individual primary particles are in
proximity, they often have a tendency to form

loosely bound groups usually known as soft agglom-
erates. In a fluid suspension of particles, particularly
when the powder has little affinity for wetting, the
soft agglomerates can form to lower the free energy
of the suspension by reducing the solid–liquid inter-
face area. There are many types of surface forces
acting between particles: electrostatic forces, van
der Waals forces, and steric forces are the most
important ones. Descriptions of these three forces
can be found elsewhere [23].

In order to deflocculate the soft agglomerate as
well as to disperse the primary particles in a solvent,
addition of a dispersant is usually required. The
purpose of the dispersant is to disperse the primary
particles and to hold them in a homogeneous suspen-
sion. As the dispersant separates primary particles
and holds them in suspension, which allows the sol-
vent to form a separating layer between particles, the
suspension usually shows a lower viscosity due to the
particle mobility offered by the solvent in the inter-
particle layer. There are basically two different
mechanisms, that is, ionic repulsion and steric hin-
drance, in describing the deflocculation and
dispersion. The term ‘ionic repulsion’ is used to
describe the charging of particle surfaces so that
they magnetically repel each other. In aqueous sys-
tems, this can be achieved by changing the pH. The
surface charge of the particles can also be accom-
plished by introducing polyelectrolyte solutions,
which coat the particle surfaces and provide the sur-
face charge. The steric hindrance term is used to
describe the separation of particles by coating a
layer on one particle that would physically prohibit
another particle to be in contact with it. Organic
polymers are often used in both aqueous and non-
aqueous systems to accomplish this particle–particle
separation.

There are several reasons for a spinning suspen-
sion to be fully dispersed. First, the ceramic
powders being added into the spinning suspension
are usually in the form of soft agglomerates
because they are normally produced through a
sol/gel process and are high surface area powders.
The soft agglomerates tend to trap air in the
interstitial space between the primary particles. If
the soft agglomerates are not broken up, the
trapped air would produce bubbles in the mem-
brane precursor, resulting in pinholes and
unwanted surface porosity in the final sintered
membranes. Second, when the polymeric binder is
introduced, it will envelop the soft agglomerates
instead of the individual (primary) particles. This

Large

Specific
volume

Optimal packing Small

Figure 1 The reduction in specific volume for mixed large
and small spheres, showing the condition of optimal

packing where the small spheres fill all voids in the large

sphere packing.
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will make the soft agglomerates as a permanent
group throughout the rest of the process, which
produces less density membrane precursors, lead-
ing to high shrinkage during the final consolidation
process.

The dispersion of particles in a solvent takes place
in several stages. When the powder is first put in
proximity to the solvent, the particle surfaces (or
agglomerates) get coated with the solvent.
Therefore, the stage 1 of suspension is the wetting
of the particle surface. After the particle surface is
wetted, soft agglomerates held together by electro-
static forces or by the van der Waals forces need to be
separated, that is, the stage 2 of suspension is the
mechanical separation of primary particles. After
the completion of the stage 2, the particles are evenly
distributed throughout the solvent. The final stage of
suspension consists of protecting and stabilizing what
has been accomplished, that is, prohibiting soft
agglomerates from reforming in the spinning
suspension.

Dispersion mechanisms have been fairly well studied
in nonaqueous solvent systems, primarily with oxides.
Although the main particle separation mechanism has
been found to be steric hindrance, Lee and Rives [24]
concluded that both steric and ionic mechanisms are
active in the organic solvent-based suspension. The
ionic repulsion dispersion mechanism may come
into organic solvent systems with certain additives.
However, since the spinning suspension generally con-
tains a high solid loading and the particles are in close
proximity to each other, the steric hindrance is still an
important stabilization method [25].

One of the measurable effects of using a dispersant
is a higher packed-bed density. This phenomenon
has been used to determine the proper dispersant
level. The level or extent of dispersion can be
measured by a number of techniques such as micro-
electrophoresis, optical microscopy, and laser scat-
tering. Targeted variables of these tests include zeta
potential, isoelectric point, and equivalent spherical
diameter. A settling experiment is perhaps another
means for the characterization of the spinning sus-
pension, as one of the main reasons for dispersing the
solution is to form a densely packed bed of particles.
It follows that a screening experiment should be
performed with the densest packed bed as the goal.
Therefore, an experiment in which different concen-
trations of dispersant are used to disperse identical
suspensions of powder and solvent can be carried out.
After a proper screening, the extent of dispersion in
powder suspensions can be observed.

1.12.2.3 Summarized Preparation
Procedure

Based on the each individual discussion discussed
above, a general procedure in preparation of the
spinning suspension can now be drawn. The first
step is the dispersion of particles in the presence of
a dispersant in the solvent(s). The usual procedure
would be to dissolve a predetermined amount of
dispersant in term of weight or volume by stirring
or rolling. The powder(s) are then added.

Percentage of the solids loading during dispersion
is dependent on the powder density, particle size, and
dispersant effectiveness. It is beneficial to optimize
the solids loading during this step, since any excess
solvent will have to be removed during the phase
inversion (shape forming step). The solid loading is
often adjusted with experience, because the solvent
volume also affects the final viscosity after the poly-
mer binder and/or plasticizer(s) are added to the
mixture. The viscosity of the dispersion is not a
primary concern, as long as deagglomeration occurs.
Viscosity of the dispersions at this stage is extremely
low, but will increase when the binder is added.

The purpose of the dispersion procedure is to
accomplish three goals: (1) to break apart any soft
agglomerates, (2) to coat the primary particles with a
dispersant, which (3) keeps the particles apart by
steric effects, electrostatic effects, or both.

After the dispersion process is complete, the plas-
ticizers (if any) are poured onto the top of the
mixture, and followed by the weighed binder, either
in powder form or dissolved in a solvent.

Once the plasticizer and binder are added, the
mixture is stirred or rolled to make sure that the
binder is not in large clumps. Usually, a few hours
are required for the complete dissolution of the
binder.

Usually, the suspension becomes more viscous
with the addition of a long-chain polymeric binder.
The only time that this does not occur is when the
binder is a more powerful dispersant and replaces or
overrides the chosen dispersant. This is also a good
reason to use the suspension in the phase inversion
process as soon as possible after the binder is mixed
into the suspension. Rheological properties of the
suspension can change with time. Once the plastici-
zer(s) and binder(s) have been mixed into the
suspension formulation, it is ready for prespinning
conditioning and characterization.

The next step is to de-gas the suspension to
remove any air that may have been entrained during
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the mixing process. Air bubbles cause defects in the
membrane precursor. Pinholes (small holes left by air
bubbles) are the most common defect, and these can
lead to cracking which radiates from the pinhole
during the sintering (consolidation step). It is there-
fore essential that entrained air be removed before
the spinning. Several techniques are used for the
de-gassing process. The simplest technique is the
partial vacuum accompanied by gentle stirring or
agitation. Once the spinning suspension is properly
de-gassed, it is ready to be spun into hollow fiber
precursors and this is discussed below.

1.12.3 Spinning of Ceramic Hollow
Fiber Precursors

Spinning of ceramic hollow fiber precursors can be
carried out in a spinning apparatus as shown in
Figure 2. The hollow fiber precursors are spun
through a tube-in-orifice spinneret as shown in the
inset of the figure, typically with orifice diameter/
inner diameter of the tube of 3.0/1.2 mm. The

extrusion rate of the spinning suspension is con-
trolled by the nitrogen pressure and an adjusting
valve. The nonsolvent, usually water, is used at
room temperature as the internal and external coa-
gulants. The spinneret is arranged such that the
nascent fiber precursor can be extruded vertically
downward into the coagulation bath. After coagula-
tion (immersion-induced phase inversion), the fiber
precursor is guided through the wash bath, and then
dried. Figure 3 shows a typical fiber precursor spun
from a suspension containing La1–xSrxCo1–yFeyO3–�

(LSCF) ceramic powders. It can be seen that the
precursors are very flexible because of polymeric
binders. In spinning of ceramic hollow fiber precur-
sors, there are two important parameters, that is,
spinnability and invertability of the powder suspen-
sion, which are discussed below.

1.12.3.1 Rheology and Spinnability

In any polymer solutions or particle suspensions, the
rheological properties play a key role in controlling
the shape-forming behavior [26]. A general observed

Internal coagulant
Powder suspension

Hollow fiber precursor

  1. Mechanical stirrer
  2. Mixing tank
  3. Solution tank
  4. Fitter
  5. Grace pump
  6. Internal coagulant tank
  7. Mass flow controller
  8. Spinneret 
  9. Coagulation bath
10. Working bath
11. Motor guide
12. Storage tank
13. Valve
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Figure 2 Hollow fiber ceramic membrane spinning apparatus (inset: photograph of a spinneret).
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phenomenon is that the viscosity increases with the
increase of polymer contents in polymer solutions
and increases with volume fraction of solids and
finally ceases to flow at some critical maximum
volume fraction of solids in particle suspensions.
The rheological behavior of a concentrated suspen-
sion of ceramic particles is affected by a number of
factors including the particle size distribution, parti-
cle shape, volume fraction of solids, and the range
and magnitude of the interparticle forces [27–29].

When the viscosity reaches about 10 poise for a
polymer solution, the solution becomes spinnable and
fibers can be drawn through an orifice [30, 31]. For a
suspension containing spherical particles, the relation
between the reduced viscosity �sp/c and the particles
concentration c, where �sp is the specific viscosity, can
be examined. In principle, solutions containing sphe-
rical particles follow Einstein’s formula [30]:

�sp=c ¼ k=� ð1Þ

where k is the constant and � the density of the
particles.

For a concentrated particle suspension, the best
spinnability should be observed when the viscosity
behavior is highly shear-thinning but not thixotropic.
A very high viscosity suspension is necessary to pre-
vent the drawn fiber from breaking up into droplets.
High viscosity is required for a stable fiber formation,
which can generally be achieved by increasing the
concentration of the suspension or adding some
additives.

1.12.3.2 Phase Inversion

The immersion-induced phase inversion technique
has been applied in production of polymeric mem-
branes for many years and was first introduced by

Loeb and Sourirajan [32]. The membranes produced

by them [32] show an asymmetric structure: a dense

and thin skin layer (�25 mm) integrated on a porous

support of the same material. The dense skin layer

shows a permselective property for separation of salt

from sea water and is also thin enough for a high

water flux. The porous substrate provides the

mechanical stability for the membrane. Since then,

this method has been one of the most common meth-

ods in the fabrication of polymeric membranes.

Conceptually, membrane formation by phase inver-

sion can be described in terms of a three-component

system: nonsolvent, solvent, and polymer. After

immersing a polymeric solution into a nonsolvent

bath, the solvent diffuses out of the polymer solution,

while nonsolvent diffuses into the solution. This

exchange of solvent and nonsolvent, in general,

leads to a change in the polymer solution from a

thermodynamically stable state to a metastable or

unstable state. Then, liquid–liquid demixing takes

place in the solution. When a polymer solution is in

contact with a nonsolvent, the solvent in the polymer

solution will diffuse out, resulting in the increase of

the polymer concentration at the surface. The highly

concentrated polymer layer at the surface reduces

the exchange speed of the solvent and nonsolvent.

Hence, the polymer concentration in the sublayer is

lower than the polymer concentration in the surface

layer. The further replacement of solvent by nonsol-

vent results in solidification of the polymer rich

phase, and the asymmetric structure of the mem-

brane is thus obtained. For a suspension system

containing ceramic particles and polymer binders,

the situation may be different. When a high viscous

suspension is in contact with a low viscous

hydrophilic nonsolvent (normally water), hydrody-

namically unstable viscous fingering takes place,

resulting in finger-like structures of the membrane

substrate. Due to the hydrophilic nature of particles

with different sizes, it is logical to postulate that the

smaller particles move faster than the larger particles

toward the surface during the phase inversion when

water is used as a coagulant and the ceramic mem-

branes with a graded structure can be formed using

the phase inversion technique as long as the particles

with different sizes are used. A similar phenomenon

has been observed by Chung et al. [33] when prepar-

ing mixed-matrix membranes. It, thus, follows that a

good control of the ratio of small and large particles

in the suspension and the exchange rate of the sol-

vent and nonsolvent may tailor the membrane

LSCF hollow
fiber precursor

Figure 3 Ceramic hollow fiber precursors (prepared from

LSCF).

258 Basic Aspects of Polymeric and Inorganic Membrane Preparation



structure, which can only be prepared by multiple
steps if conventional techniques are used.

1.12.4 Sintering

Sintering processes have been studied for long time
and considerable breakthrough in understanding the
fundamental aspects of the basic mechanism of sinter-
ing of ceramics has been achieved [34, 35]. In
sintering the hollow fiber membrane precursors
mentioned above, three main steps including presin-
tering, thermolysis, and final sintering are required
and are described separately in the following sections.

1.12.4.1 Presintering

Sintering does not commonly begin until the tem-
perature exceeds one-half to two-thirds of the
melting temperature of the material. This tempera-
ture will be sufficient to cause a significant atomic
diffusion for solid-state sintering or a significant dif-
fusion and viscous flow when a liquid phase is present
or produced by a chemical reaction. In presintering
process, the material changes due to heating prior to
sintering mainly include vaporization of chemically
combined water from the surface of particles or
formed within inorganic phases containing water of
crystallization. Therefore, care must be taken to pre-
vent the precursor from cracks or fractures because of
the stresses from the pressure of the vapor evolved or
from differential thermal expansion of phases. The
initial heating may remove any liquid remaining after
forming and drying the membrane precursor and any
moisture adsorbed from the atmosphere during
transporting and setting. The adsorbed moisture
may persist in the membrane precursor up to a tem-
perature exceeding 200 �C.

1.12.4.2 Thermolysis

Thermolysis is a process of burning out the organic
components such as binder and dispersant. It is an
important step prior to the densification on sintering.
Incomplete binder removal and uncontrolled thermo-
lysis may introduce membrane defects. These defects
may impair the performance of the membrane. With the
proper choice of binders for the membrane and con-
trolled heating in an appropriate atmosphere, the
membrane precursors should survive thermolysis with-
out deformation, distortion, formation of cracks, or
expanded pores. Binder burn-out is very dependent

on the composition of the binder material and the
composition and flow of the gas surrounding the pre-
cursor. It is also highly dependent on the microstructure
of the organic, powder, and porosity phases, and
dynamic changes in the microstructure as the binder
are eliminated. The thermochemistry of the binder and
additives, binder concentration, precursor dimension,
precursor’s configuration, heating rate, and furnace
atmosphere may influence the thermolysis behavior.
Precursors containing low amounts of a binder will
open pore channels sufficiently to allow the transport
of vapors and gases between the reaction zone and the
membrane surface. The time for thermolysis is con-
trolled by the diffusion length of vapor-phase
transport rather than the characteristic dimension of
the binder phase. Decomposition and vaporization of
the organics will cause an internal gas pressure, which
depends on the gas evolution rate, gas permeability, and
the precursor size. The gas permeation rate is much
lower in dense precursors of very fine particles. In
precursors containing a higher organic content, the
weight loss is much higher and the time for thermolysis
without bubbling is relatively long. Thermolysis of an
organic binder in an inert atmosphere such as nitrogen,
as it is used when calcining silicon nitride and alumi-
num nitride ceramics, proceeds differently. Some
residual carbon may be expected in the absence of
oxygen. The residual carbon commonly removes
adsorbed oxygen from surfaces of particles and serves
as a sintering aid in carbide nitride ceramics.

1.12.4.3 Final Sintering

Sintering is normally thought to occur in three stages:
(1) the initial stage, (2) the intermediate stage, and
(3) the final stage [36]. The movements of particles
have different features at each stage and attributed to
full density, grain coarsening, and pores closing. The
temperature program of sintering process would be
different for different materials. Rapid densification
with limited grain growth occurs at lower tempera-
ture followed by rapid grain growth with little
densification at higher temperature as shown in
Figure 4.

There are at least six different mechanisms for
mass transport during sintering as listed in Table 1.
All of these will lead to growth of necks between
particles. As shown in Figure 5, the neck growth
produces bonding between the particles, so the
strength of the consolidated powders increases dur-
ing sintering. Only certain mechanisms, however,
lead to shrinkage and densification. Surface diffusion
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is a general transport mechanism that can produce

surface smoothing, particle joining, and pore round-

ing, but it does not produce volume shrinkage. In

materials where the vapor pressure is relatively

high, sublimation and vapor transport to surfaces of

lower vapor pressure also produce these effects.

Diffusion along the grain boundaries and diffusion

through the lattice of the grains produce both neck

growth and volume shrinkage. The mechanisms of

bulk viscous flow and plastic deformation may be

effective when a wetting liquid is present and when

a mechanical pressure is applied, respectively.

1.12.4.4 Grain Growth

The properties of ceramic membrane are strongly

dependent on its microstructure. The important

microstructural features are the size and shape of

the grains, the porosity, the pore size, and the dis-

tribution of the pores in the structure. In order to

achieve the desired properties during the fabrication

of ceramic membranes, the microstructural features

must be controlled. For most applications, micro-

structural control usually means the achievement of

maximum possible high density, smallest grain size,

and as homogeneous microstructure as possible.

There are a few factors that should be understood

such as how the grains grow, the interaction between

the pores and the moving grain boundaries, and the

coarsening process.
Grain growth is the term used to describe the

increase in the grain size of a single-phase solid or

in the matrix grain size of a solid containing

second-phase particles at a sufficiently high tem-

perature. For the conservation of matter, the sum

of the individual grain sizes must remain constant;

therefore, the increase in the average size of the

grains is always accompanied by the disappearance

of some grains, usually the smaller ones. In porous

solids, both the grains and the pores normally

increase in size while decreasing in number.

Frequently, the term ‘coarsening’ is used to

describe the progress by which grains and pores

grow. The driving force for grain growth is the

decrease in grain boundary energy that results

from a decrease on the grain boundary area.

Grain growth in ceramic membranes is generally

divided into two types: normal and abnormal. In

the normal grain growth, the grain sizes and shapes

fall within a fairly narrow range and the distribu-

tion in grain sizes at a later time is fairly similar to

that at an early time. In abnormal grain growth, a

few large grains develop and grow fairly rapidly at

the expense of the smaller ones. The grain size

distribution may change significantly.
For stable structures, the grain boundary energy

of all grain boundaries should be the same. The edges

must meet at an angle of 120� . Taking N as the

number of edges, when N¼ 6, grain boundaries are

straight. Gains with N > 6 have concave boundaries,

and those with N < 6 have convex boundaries. Since

the boundaries migrate toward their center of curva-

ture, grains with N > 6 tend to grow while those with

N < 6 tend to shrink.
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Figure 4 Density or shrinkage and grain size of powder

compact as a function of the sintering temperature.

(a) (b) (c)

Figure 5 A two-sphere sintering model for a qualitative

mechanism for grain growth in porous powder compacts:
(a) particles of slightly different size in contact; (b) neck growth

by surface diffusion between particles; and (c) grain growth.

Table 1 Mass transport mechanisms in sintering

Mechanism Densification

Surface diffusion No
Evaporation–condensation No

Grain boundary diffusion Yes

Lattice diffusion Yes

Viscous flow Yes
Plastic flow Yes
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Following the above description of the grain
growth, pore changing in the sintering should be

discussed, because it is the direct reflection of mem-

brane performance. For the case of a grain

surrounded by other grains, a pore is surrounded by

N number of grains. The N is normally called the

pore coordination number. The pore has straight

sides if N¼ 6, convex sides for N < 6, and concave

sides for N > 6 as shown in Figure 6. Since the sur-

face of the pore moves toward its center of curvature,

the pore with N < 6 will shrink, whereas the one with

N > 6 will grow. The pore is metastable for N¼ 6,

and this number is called the critical pore coordina-

tion number Nc. For making a dense membrane, the

shrinkable pores are favorable. This pore can be

obtained by careful control of the particle packing

and the grain growth in the sintering process.

1.12.5 Examples: Preparation of
Ceramic Hollow Fiber Membranes

Both dense (nonporous) and porous (ultrafiltration-

type) ceramic hollow fiber membranes can be pre-

pared using the method mentioned above. The dense

membranes have been prepared using membrane

materials of La1 –xSrxCo1 –yFeyO3 –� (LSCF),

SrCe0.95Yb0.05O3–� (SCYb), and YSZ [37–41], while

the porous membranes have been prepared using

Al2O3 [12] and YSZ [42]. Detailed studies in devel-

opment of these ceramic hollow fiber membranes can

be found in literature [37–41], while following exam-
ple is focused on the YSZ only.

Materials used in the preparation of YSZ hollow
fiber membranes were obtained commercially. The
powders of 8 mol.% YSZ with particle diameters
(d50) of 0.1 and 0.02 mm were purchased from
NexTech Materials Ltd., Ohio. Polyethersulfone
(PESf) (Radel A300, Ameco Performance, USA)
and 1-methyl-2-pyrrolidinone (NMP) (HPLC
grade, Sigma-Aldrich) were used as the polymer
binder and solvent, respectively. Polyvinyl pyrroli-
done (PVP) (Acros Organics) and/or Solsperse 3000
(Noveon Inc., Ohio) were used as the additives. Tap
water was used as external coagulant and deionized
water was used as internal coagulant. The composi-
tions of the suspensions for the preparation of the
YSZ hollow fiber precursors are given in Table 2.

1.12.5.1 Morphology

Figure 7 shows the scanning electron microscopy
(SEM) photographs of the asymmetric structure of
the YSZ hollow fiber membranes prepared from
starting suspension S1. As can been seen from
Figures 7(a) and 7(A), the outer and inner diameters
(OD/ID) of the hollow fiber precursor and sintered
fiber were measured to be 2.0/1.2 mm and 1.3/
0.8 mm, respectively. Figures 7(b) and 7(B), 7(c)
and 7(C), and 7(d) and 7(D) show the cross-sectional
structures, inner surfaces, and outer surfaces of pre-
cursor and sintered fiber, respectively. As can be
seen, a finger-like structure is formed in the inner

(a) (b) (c)

Figure 6 Pore stability in two dimensions for a dihedral of 120�: (a) pore shrinks; (b) metastable; and (c) pore grows.

Table 2 Composition of YSZ starting suspensions for spinning precursors

Composition (wt.%)

Starting suspension YSZ (0.1mm) YSZ (20nm) NMP PESf Additive

S1 55 38.5 6.0 0.5

S2 45 10 38.5 6.0 0.5

S3 45 47.1 7.3 0.6
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surface and is then gradually transformed to a denser

sponge-like structure toward outer surface. Such a

structure was formed due to the several factors such

as viscous fingering phenomenon and movement of

particles. During the spinning of the ceramic mem-

brane precursors, pure water was used as the internal

coagulant and was immediately in contact with the

high viscous suspension. Therefore, the hydrodyna-

mically unstable viscous fingering takes place,

resulting in finger-like structures in the inner surface

as long as the rate of viscous fingering is greater than

that of phase inversion. Figure 7 also illustrates that

the finger-like structure in outer surface of the hol-

low fiber is much suppressed. This is because during

the spinning of the fiber precursors, an air gap longer

than 15 cm was used so that the external surface of

the nascent fiber experienced solvent evaporation

and absorption of water moisture from air, both of

which would induce the phase inversion of the poly-

mer binder. Therefore, the viscous fingering may not

be possible to establish, as solidification of the outer

surface takes place before immersing the nascent

fiber into the external coagulation bath.
Figure 7 further illustrates that the asymmetric

structure is generally maintained after high tempera-

ture sintering. Compared to the inner porous surface

of the fiber as shown in Figure 7(C), Figure 7(D)

depicts the outer surface of the sintered fiber, which

is dense and smooth and consists of tightly connected

grains with clear boundaries formed during sintering.

The size of grains is in the range between 1 and 3 mm,

which is grown compared to the initial particle size

used in the starting suspension.
The effect of sintering conditions on the mem-

brane surface morphology was further investigated.

Figure 8 illustrates evolution of the surface morphol-

ogies at different sintering temperatures between

1000 and 1500 �C, with the sintering time of 4 and

8 h, respectively. It can be seen that porosities of the

membrane surface are reduced greatly when the sin-
tering temperature is increased for both the sintering

time of 4 and 8 h. At the sintering temperature of

1000 �C, the membrane surface almost remains

unchanged as the original morphology formed by

the raw particles as shown in Figure 8(A). Obvious

changes in the surface morphology take place at

about 1200 �C, and the interconnected pores are

observed from the membrane surface as shown in

Figures 8(b) and 8(B) for both the sintering time of

4 and 8 h. At sintering temperature of 1300 �C, the

interconnected pores are still observed from the
membrane surface as shown in Figures 8(c) and

8(C), although their porosities are much reduced

compared to those sintered at 1200 �C. When the

sintering temperature is increased to 1400 �C, the

membrane surface becomes almost fully dense as

shown in Figures 8(d) and 8(D). On further increas-

ing the sintering temperature up to 1500 �C, no

obvious pores can be observed; the grain size is

increased considerably as shown in Figures 8(e)

and 8(E). Compared to the membrane surfaces sin-

tered at temperatures of 1200 and 1300 �C for 4 h (as
shown in Figures 8(b) and 8(c)), the porosity of the

membrane surfaces sintered at the same temperatures

for 8 h is much smaller (as shown in Figures 8(B) and

8(C)). The above observation indicates that both

sintering temperature and sintering duration play

important roles for pore elimination of the YSZ hol-

low fiber membranes. The SEM photographs shown

above provide useful information on the sintering

behavior of the prepared YSZ hollow fiber

membranes.
Based on the particle packing principle, the voids

(pores) formed between the particles can be reduced

by filling the voids with smaller particles [23]. The

effect of smaller particles on the surface morphology

(a) (b) (c) (d)

(A) (B) (C) (D)

Figure 7 Structures of YSZ hollow fiber membranes prepared using starting suspension of S1: (a–d) before sintering, (A–D)
after sintering at 1500 �C for 4 h; (a, A) whole fiber; (b, B) cross section; (c, C) inter surface; and (d, D) outer surface.
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of the membranes was investigated using the starting
suspension of S2 where 10% of 0.1 mm was replaced
by 20 nm particles. SEM observation of the resultant
membrane is given in Figure 9 together with the
SEM of the membrane prepared from S3 at the
identical sintering condition for comparison purpose.
It can be seen that the membrane surface obtained
using low powder contents of S3 (45% of 0.1 mm
powders) and sintered at 1200 �C is still very porous
(Figure 9(a)). However, the porosity of the YSZ
hollow fiber membrane is considerably reduced if a

10% of 20 nm particles is added in the starting sus-
pension as shown in Figure 9(b). It follows that
addition of smaller particles would enhance the
densification of the membrane, which would be par-
ticularly important if the prepared YSZ membrane is
used as a membrane electrolyte for SOFCs.

Figure 10 shows the atomic force microscopy
(AFM) images of the outer surface of the prepared
YSZ hollow fiber membranes, which are presented in
(5 mm� 5 mm) scanning area. It can be seen that the
surface of the membranes is not smooth but consists

(A)

(b)

(c)

(d)

(e)

(B)

(C)

(D)

(E)

Figure 8 Surface morphology of the YSZ membranes prepared using S1 and sintered at different temperatures for 4 (b–e)
and 8 (A–E) h, respectively; (A) 1000 �C, (b, B) 1200 �C, (c, C) 1300 �C, (d, D) 1400 �C, and (e, E) 1500 �C.
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of a mass of peaks (bright region) and valleys (dark

region). Roughness of the membranes (in terms of the

mean roughness, Ra) and the root mean square

roughness, Rq, are obtained from the AFM images

and are summarized in Table 3. Obviously, the

membrane’s roughness may reflect the surface por-

osity of the membrane because the valleys may

probably be the membrane’s pores on the surface.

1.12.5.2 Permeation Characteristics

A gas permeation test using purified nitrogen as a
test gas was carried out to determine the permea-
tion characteristics of the YSZ hollow fiber
membrane prepared [42]. Since the membranes pre-
pared using the staring suspension of S3 are very
porous and showed remarkable high gas permeance,
only the effect of sintering temperature on the gas
permeance for the membranes prepared using star-
ing suspensions of S1 and S2 was studied and the
results are illustrated in Figure 11. As can be seen,
the gas permeance for both membranes decreases as
sintering temperature is increased. The gas-tight
property for the membrane prepared using S1
could be achieved at sintering temperature of
1400 �C, whereas the membrane prepared using S2
still showed a nitrogen permeance of
10.6� 10�7 mol m�2 Pa�1 s�1 at same sintering con-
dition and could not be gas-tight unless
the sintering temperature is increased to 1500 �C.
It should be noted that the gas-tight property for
the membrane of S1 was further determined using a
method developed by Tan et al. [43]. The obtained
nitrogen permeance is less than 2.0� 10�10mol
m�2Pa�1s�1, further confirming that the mem-
brane is nonporous and is gas tight.

(a) (b)

Figure 9 Surface morphology of the YSZ membranes sintered at 1200 �C and prepared from (a) S3 and (b) S2.
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Figure 10 AFM images of the YSZ membranes. S1
sintered at: (a) 1200 �C and (b) 1300 �C.

Table 3 Surface roughness data

Roughness (scan
size¼5 mm� 5 mm)

Membranes of
S1 sintered at: �C

Ra
(nm)

Rq
(nm)

1200 42.41 54.40

1300 34.06 41.88

264 Basic Aspects of Polymeric and Inorganic Membrane Preparation



It should be noted that although similar result to
the above was also obtained by Tan et al. [12], it is

contrary to the analysis conducted by Lu [44] who

showed theoretically that the porosity (hence per-

meance) of a ceramic powder compact reduces when

smaller particles are used alone for the preparation of

the powder compact. In general, addition of smaller

particles would enhance the densification, that is,

reduce the volumetric pores. However, it may not

be true for the surface pores (through pores for per-

meation). In this study, an immersion-induced phase-

inversion process was employed for spinning of the

hollow fiber. As pore formers were added into the

spinning suspension, asymmetric structure and sur-

face pores of the fiber precursor were formed during

the coagulation process and were altered after the

sintering. In view of the complicity of the combined

spinning and sintering processes, the relationship

between the particle size and the structure of the

final resultant membrane remains unclear and needs

to be further explored. The presence of the 20 nm

particles, however, enhances significantly the

mechanical strength of the hollow fibers as shown

in Section 1.12.5.3.
Based on the gas permeation data plotted in

Figure 11, the membranes sintered at temperature

less than 1400 �C are porous. Thus, the data were

used to calculate the pore-size distribution of the

membranes using a method developed by Kong and

Li [45]. The purpose of this analysis is obviously to

investigate the behavior of surface porosity in the

membranes, as it is impossible to obtain membranes

with absolutely uniform pore size using the method

described above. In fact, the membrane pore size

varies according to a pore-size distribution function.

Comparison between S1 and S2 at sintering tem-

peratures of 1200 and 1400 �C for 4 h was carried

out. The behaviors of the pore-size distribution are

shown in Figure 12 where the x-axis represents the

membrane pore radius, r (mm), and the y-axis repre-

sents the log–normal distribution function, g(r), as

follows [45]:

gðrÞ ¼ 1ffiffiffiffiffiffiffiffi
2�r
p ½lnð1þ �2Þ� – 0:5

� exp –
ðlnðr=rmÞð1þ �2Þ0:5Þ2

2 lnð1þ �2Þ

" #
ð2Þ

where rm is the mean pore radius and s is the dimen-
sionless standard deviation of the membrane pore
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size. It can be seen that at sintering temperature of
1200 �C, both S1 and S2 show similar distribution
profiles with the mean pore radius of 0.07 and
0.03 mm, respectively. When the sintering tempera-
ture was increased to 1400 �C, the membrane from
S1 achieved gas-tight, suggesting that surface
pores were eliminated at this temperature as shown
in Figure 11, while the membrane prepared from
S2 still showed a nitrogen permeance of
10.6� 10�7 mol m�2 Pa�1 s�1 with a narrow distribu-
tion as shown in Figure 12 compared to that sintered
at 1200 �C, although the mean pore size remained
unchanged at 0.03 mm. It should be noted that the
results on the narrow distribution with increased
sintering temperature are uncommon, as the reduc-
tion in porosity should normally be at the expense of
smaller pores. The reason for such contrary results
may be due to the fact that the pores measured using
the gas permeation technique are through pores only.
Large pores growing due to the increase of sintering
temperatures may be dead-end pores and cannot be
detected by the gas permeation technique.

The above gas-permeation analysis suggests that
both porous and nonporous YSZ hollow fiber mem-
branes can be prepared, depending on the sintering
conditions. Pore sizes of the YSZ membrane pre-
pared fall into the pore-size range of untrafiltration
membranes. However, the surface porosities of the
membranes prepared from S2 and sintered at 1200
and 1400 �C are around 5000 and 300 m�1, respec-
tively. The former is comparable to the polymeric
PVDF membranes, whereas the latter is an order of
magnitude smaller [46].

1.12.5.3 Mechanical Strength

The effects of particle size on the mechanical
strength of YSZ hollow fiber membranes were
studied using the suspension containing uniform-

sized particles (S1 and S3) and mixed-sized parti-

cles (S2). The bending strength of YSZ hollow fiber

membranes is plotted against the various sintering

temperatures (from 1200 to 1500 �C) and sintering

duration (30 min, 4 h, and 8 h). The effects of sin-

tering temperature on the fiber mechanical

strength are illustrated in Figure 13. A mild

improvement in the membrane mechanical

strength was observed for the membrane prepared

using uniform-sized particle following a short

sintering time of 0.5 h (S1 and S3) (Figure 13(a)).

With increase in the sintering duration, two dis-

tinctive membrane strength profiles were unveiled,

as shown in Figures 13(b) and 13(c). Mechanical

strength for membrane prepared using the starting

suspension of S3 showed little variation despite the

increase in sintering duration (Figures 13(b) and

13(c)). On the other hand, the membrane prepared

using starting solution S1 exhibited a maximum

bending strength at midway sintering temperature

for 4 and 8 h sintering duration. An improved

mechanical strength was noted for the membrane

prepared using mixed-sized particles (S2) following

the increase in sintering temperatures for all of the

sintering duration studied (Figures 13(a)–13(c)).

1.12.5.4 Conclusion

The above experimental results and analyses suggest

that both porous and nonporous asymmetric YSZ

hollow fiber membranes can be prepared depending

on phase inversion parameters and the sintering con-

ditions. A well-designed phase inversion/sintering

process coupled with an optimal condition of a start-

ing suspension is the key in obtaining asymmetric

hollow fiber membranes with desired permeation

characteristics as well as excellent mechanical

strength.
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1.12.6 Possible Applications

As illustrated above, both dense (nonporous) or por-
ous (ultrafiltration-type) hollow fiber ceramic
membranes have been prepared using a phase inver-
sion technique. The dense membranes prepared
using membrane materials of LSCF, SCYb, and
YSZ have been used in applications in air separation,
oxidative and nonoxidative methane coupling reac-
tions, and SOFCs [6, 7, 43, 47], while the porous
membrane prepared from Al2O3 has been employed
in solvent distillation [8]. Detailed studies can be
found elsewhere [6–8, 43, 47] and some key data on
these applications are discussed below.

1.12.6.1 LSCF for Oxygen Separation

LSCF is a mixed oxygen conducting ceramic show-
ing an appreciable oxygen permeation at high
temperatures (>800 �C). Figure 14 shows the results
for air separation using asymmetric LSCF mem-
branes prepared. As expected, the oxygen
permeation rate increases with increase the argon or
the air feed flow rate because the driving force for
oxygen permeation is increased. The figure also indi-
cates that the experimental results are better than the
theoretical ones except for the operating temperature
of 900 �C. This difference resulted from the mem-
brane’s porous inner surface, which provides more
areas for the surface exchange reactions [43]. As the
temperature increases, the bulk diffusion plays an
increasingly important role in oxygen permeation
and gradually becomes the controlling step. As a
result, the enhancement of oxygen permeation due
to the better membrane surface structure is dimin-
ished as the operating temperature increases; hence,
the experimental results are close to the theoretical
ones (900 �C), which were developed assuming bulk

diffusion is the rate-limiting step [48]. Figure 15
compares the results between the lumen-feed opera-
tion and the shell-feed operation at 850 �C. As can be
seen, the experimental data for the lumen-feed
operation are much inferior than those obtained
from the shell-feed operation, further confirming
that the downstream surface exchange kinetics play
the important role in oxygen permeation at low
operating temperatures.

1.12.6.2 LSCF for Oxidative Coupling of
Methane

Figure 16 illustrates the experimental results of oxi-
dative coupling of methane (OCM) [6] in an
asymmetric LSCF module at different temperatures.
As shown, the methane conversion rate increases with
increasing operating temperature. The C2 yield
increases with temperature, but remains relatively
constant at temperature above 925 �C because the C2

selectivity is decreased noticeably. Nevertheless, it is
still much higher than that obtained in the disk-shaped
membrane reactor (only 1–2%). On the other hand,
the observed maximum C2 selectivity in the mem-
brane reactor is only 22.4% (70% in the disk
membrane reactor) [49]. This may be attributed to
the better structures of the hollow fiber membranes
as described above, which favors oxygen permeation.
As can be seen from Figure 16(b), the oxygen con-
centration in the methane stream is always above 3%
in the whole temperature range, indicating that the
oxygen permeated from the air stream is more than
that required for the OCM reaction. It, thus, follows
that the OCM reaction in the membrane reactor is not
controlled by the oxygen permeation, but by the reac-
tion activity of the LSCF membranes.

Effect of methane feed flow rate on the OCM in
the membrane reactor is shown in Figure 17. It can
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be seen that both the methane and oxygen conver-
sions decrease with increasing the methane feed flow
rate. This suggests that more oxygen reacts with
methane into C2 instead of carbon oxides as the
flow rate of CH4–Ar is increased. The C2 selectivity
increases with the methane feed flow rate due to the
decrease in the local oxygen concentration. The
maximum C2 yield in the membrane reactor can
reach 15.3%, which is much higher than the fixed
bed reactor and the disk-shaped membrane reactor.

1.12.6.3 SCYb for Non-OCM

SCYb is a proton-hole conducting ceramics and its
asymmetric hollow fiber membranes prepared can be
used for nonoxidative methane coupling reactions

[47]. The results from the SCYb membrane reactor

are shown in Figure 18. As shown, the methane

conversion increases with increasing temperature

until it reaches 82.7% at 1000 �C. However, the C2

selectivity is gradually decreased as the temperature

increases, the maximum of which is only about 60%

at 750 �C. This value is much less than that expected

for no oxygen taking part in the methane compart-

ment. The reasons for this include the further

conversion of C2 products into higher hydrocarbons,

as shown in Figure 19. Furthermore, SCYb also

exhibits some oxygen ion conduction at a very high

temperature, leading to oxygen permeation into the

methane side that reduces the C2 selectivity. As a

result, only 15.3% of the C2 selectivity is achieved at
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the temperature of 1000 �C. Nevertheless, the C2

yield still increases from 3.6% to 13.4% as the tem-
perature increases from 750 to 950 �C, but then is
decreased with further increasing temperature.
Although the obtained C2 yield is still much lower
than the desired industrially expected value, which
was usually considered to be above 30%, it is much
higher than most literature values obtained in disk-
shaped membranes.

1.12.6.4 Solvent Distillation

Distillation is considered as a workhorse in petro-
chemical industries for decades [8]. The process
consumes a large amount of energy and is one of
the major costs in oil production [50]. Distillation is
usually carried out in conventional tray columns,
whereas the use of packed columns has been increas-
ing recently because they hold many advantages,
such as lower pressure drop, lower liquid hold-up,
and higher efficiency. [51]. The improvement of the
distillation column efficiency largely resulted from
continuous development in column packings. So far,
the fourth generation of random packings and the
improved structured packings are considered to be
the state-of-the-art ones, giving a height of transfer
unit (HTU) as low as 0.3 m [52].

Recently, a new concept of column packings has
been proposed by Zhang and Cussler [53] who first
explored the feasibility of distillation using a hollow
fibers membrane contactor. Such a device is very
similar to a conventional packed column but the
only difference is that the column is packed with a

large number of hollow fibers. In the operation, the
vapor flows on the shell side of the hollow fibers,
whereas the liquid flows on the tube side. The mass
transfer then takes place through the membranes
without any mixing of the two phases, driven by the
concentration gradient of the components. Since
there is no direct contact between vapor and liquid,
almost all hydrodynamic problems, normally found
in conventional devices, such as flooding, loading,
weeping, and foaming, are eliminated. In addition,
one of the most important advantages is the large
surface area per unit volume, provided by small
diameter hollow fibers, which can improve the effi-
ciency of the column. Many more advantages of
hollow fiber membrane contactors have been elabo-
rated in details by Gabelman and Hwang [54].

A few binary solvent pairs have been used in the
studies of distillation by a hollow fiber membrane
contactor. Zhang and Cussler [53] employed a
contactor packed with polyether membranes
coated with polydimethylsiloxane to distil the mix-
ture of isopropanol and water. The module was
able to operate above the flooding limit of conven-
tional columns with the HTU as low as 11 cm. A
similar work to separate methanol from deionized
water was carried out by Zhang et al. [55] who
showed even a smaller HTU of 8 cm, implying
the high efficiency of the system. The distillation
of methanol and ethanol was studied by Chung
et al. [56] using different types of coated and porous
membranes. The results showed no significant dif-
ference in the separation by different membranes
used. This new distillation concept was also
applied to the olefin/paraffin separation, operated
at room temperature. High capacity and excellent
mass transfer efficiency were reported [57].

Although the above studies [53–57] have been
carried out to prove the concept of distillation in
hollow fiber-packed columns, the investigators have
realized that this new type of packing is still far from
practical applications. The main problem is the lim-
ited stability of the polymeric membranes which
obviously cannot withstand high temperature and
harsh chemical conditions usually found in industrial
distillation. So, the distillation columns developed
are limited to the operation at low temperature and
to separate weak solvents only. Koonaphapdeelert
et al. [8] recently attempted in developing hollow
fiber membranes from alumina, which is the same
material used to produce commercial random pack-
ings for the solvent distillation. It is expected that
the novel ceramic hollow fiber can provide better
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thermal and chemical stability compared to the
polymeric ones and, thus, has been tested in dis-
tillation of a strong solvent pair of the benzene–
toluene system. The distillation experiment was
conducted in an apparatus shown in Figure 20.
The experimental results indicated that the system
has high capacity which allows the distillation to
be operated many times above the flooding limit of
conventional equipments. This feature is the func-
tion of the hollow fiber membranes that separate
the vapor from the liquid phases. Therefore, there
is no hydrodynamic problem such as flooding and
loading, commonly found in conventional distilla-
tion columns. Moreover, the efficiency of
separation, measured by the HTU, is very high
compared to conventional equipments. The lowest
HTU found is as small as 10.1 cm. This means the
membrane contactor is not only more productive,
but also more efficient [8].

1.12.6.5 Solid Oxide Fuel Cells

SOFCs, known for their high (up to 80%) chemical
to electrical conversion efficiencies, their versatility
in fuel intake (hydrogen, natural gas, methanol and
other petroleum products, etc.), and their relatively
environmentally benign operation, have a high

market potential, but are not yet mass produced,
because of outstanding technological and economic
issues. Wei and Li [7] addressed these problems by
establishing the feasibility of, and developing, a
novel design of SOFC, fabricated using hollow
fibers, thereby increasing the specific surface area
of electrodes, increasing the power output per unit
volume/mass, facilitating sealing at high tempera-
tures, and decreasing costs. The electrolyte in the
hollow fiber configuration was fabricated primarily
by a combined phase inversion/sintering technique;
it consists of a thin dense layer, with integrated
porous sublayers on one side. The porous sublayers
were deposited with anode and cathode materials, to
produce a single hollow fiber SOFC, bundles of
which can be assembled subsequently into an
SOFC stack.

Figure 21 shows a SEM and a digital photo of a
single hollow fiber SOFC based on YSZ electrolyte
membrane [7]. The porous inner surface provides a
higher surface area for Ni loading and the dense
layer at outer wall provides good ionic conductivity.
The YSZ hollow fiber electrolyte membrane dis-
played a good mechanical strength and excellent
gas-tight property. After coating with cathode
(LSCF/YSZ) and anode (Ni) as shown in
Figure 21(b), the hollow fiber SOFC was tested
for its electrochemical performance and the results
are given in Figure 22. As can be seen, in most tests,
the relation between power densities and current
densities tends to be parabolic, but these densities
take different time to reach their maximum value.
The maximum power density was about
0.018 W cm�2 at 800 �C with an effective operating
length of 4 cm (constant temperature zone of the
furnace). The power densities of electrolyte sup-
ported SOFCs are relatively lower than other
types of supported SOFCs. Although the thicker
electrolyte would provide good mechanical strength,
one of the disadvantages of the electrolyte-sup-
ported SOFCs is the higher electrolyte ohmic loss
which causes a lower power density. Therefore, it is
important to minimize the thickness of electrolyte
and, at the same time, to maintain sufficient
mechanical strength. Apart from minimizing the
ohmic loss, Hatchwell et al. [58] demonstrated that
improvement of interconnection between electrode
and electrolyte could also enhance power densities.
It is, therefore, envisaged that the power density can
be considerably improved once the structure of the
electrolyte supported is optimally designed.
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Figure 20 Schematic setup of a hollow fiber membrane
contactor of solvent distillation.
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1.12.7 Conclusions

The recent development on ceramic hollow fiber

membranes and its applications in separations and

catalytic chemical reactions have been presented.

These membranes have shown promising applications

in oxygen separation, methane coupling reation,

solvent distillation, and solid oxide fuel cells.

Although some progresses have been achieved,

there is still a long way to go before the successful

applications of these ceramic hollow fiber mem-

branes in separation and reaction can be achieved

in industrial scales. Significant achievements in this

new research area would become feasible if joint

efforts were established from both material scientists

and chemical engineers.
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Glossary

Membrane physical aging Change in the

transport properties of a membrane over a period

of time due to physical–chemical–structural

alterations.

Membrane posttreatment Process carried out on

a membrane after its essential structure has been

formed but prior to its exposure to an actual feed

stream.

Membrane pretreatment Process carried out on

a membrane after the completion of its preparation

and prior to its use in a separation application.

Precursor A substance from which another

substance is formed.

Pyrolisis The chemical decomposition or

transformation of a compound caused by heat that

occurs spontaneously at high enough

temperatures.

Sintering A method where the material is heated in

a sintering furnace below its melting point until

particles adhere to each other.

Thermosetting polymer Polymer material that

irreversibly cures.

Turbostratic structure Structure consisting of

sheets of carbon atoms that are haphazardly folded

or crumpled together.

1.13.1 Introduction

Polymeric membrane materials were recognized as a

promising tool for gas separation. However, these

polymer membranes are deficient to meet the

requirements of membrane technology, especially

operation at high temperature and harsh environ-

ment. In the recent decades, membrane materials

based on carbon material have served as an alterna-

tive candidate for various types of gas separations.

Carbon membrane is an inorganic membrane, which

can be fabricated by using thermosetting polymer.

The concept of carbon membrane or film for gas

separation can be traced back to the early 1970s.

These membranes were prepared by compressed

nonporous graphited carbon into a plug (hence the

name ‘carbon membrane’) [1]. Carbon membranes

have excellent thermal and chemical stability, com-

pared to polymeric membranes commercially

available in the industry. Besides, they can also attain
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high selectivity without losing the productivity and
thus surpass the upper bound limit of polymeric
membranes [2–5]. At present, carbon membrane
materials have become more important in the new
era of membrane technology for gas separation and
liquid–liquid phase separation due to their higher
selectivity and permeability, stability and high-
temperature operations, and well-defined stable pore
structure. In addition, unlike polymeric membranes,
carbon membranes are usually durable and capable of
withstanding adverse and rigorous environment
because of their high thermal and chemical
resistance.

Carbon membranes demonstrate attractive char-
acteristics among molecular sieving materials such as
excellent shape selectivity for planar molecule and
high hydrophobicity. It is, however, more feasible to
form carbon molecular sieve membranes (CMSMs)
[6–8]. These characteristics have stimulated interest
among researchers in the early 1980s to further
investigate the separation characteristics of these
membranes. Recently, carbon membranes have also
been found to be very useful materials in the pre-
paration of nanofiltration [9], pervaporation [10], and
microfiltration membrane [11]. This chapter
addresses the important aspects of carbon membrane
fabrication in view of preparing a good-quality car-
bon membrane for gas separation processes.

1.13.2 Preparation and
Characterization of Carbon Membrane

As shown in Figure 1, carbon membranes can be
generally classified into two groups: unsupported
membrane (flat, hollow fiber, and capillary tube)
and supported membrane (flat and tubular).
However, it has proved to be difficult to prepare

these membranes in a defect-free, continuous form.
The preparation of carbon membranes is not an easy

task because it involves a number of important steps
that must be carefully controlled and optimized. The

success of preparing carbon membranes depends on
the experience and knowledge during, in particular,

the preparation of polymeric precursor or mem-
branes, because good-quality membranes in turn

ensure good-quality carbon membranes. The pre-
paration of carbon membranes can be divided into

five steps: precursor material selection, polymeric
membrane preparation, pretreatment of the precur-
sor, pyrolysis process, and posttreatment of

pyrolyzed membranes. The understanding and
manipulation of the preparation conditions and vari-

ables will provide an opportunity to further enhance
the performance of carbon membranes. In this sec-

tion, the general steps for carbon membrane
preparation are outlined and some guidelines in the

preparation of high-performance carbon membrane
are discussed in detail. The typical characterization

of the carbon membrane for gas separation, including
gas permeation measurement, structural and mor-

phological characterization using Fourier transform
infrared spectroscopy (FTIR), X-ray diffraction

(XRD), and scanning electron microscopy (SEM), is
also addressed briefly.

The synthesis of a membrane should be cheap and
simple in order to establish an economically viable
separation unit. Another demand is that the mem-

brane should have a long-time stable flux, that is, no
significant aging. Furthermore, it should have suffi-

cient mechanical strength to overcome fabrication as
well as oscillating process conditions, such as varia-

tions in pressure and temperature. Figure 2 shows
the flow diagram of the general carbon membrane
fabrication process. Discussion of the individual steps

is given in the following section.

Carbon membrane

Self-supported carbon membrane Supported carbon membrane

Flat

Hollow fiber Capillary tube Flat Tubular

Figure 1 Classification and configuration of carbon membrane [12].
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1.13.2.1 Selection of Precursors

The properties of the polymeric precursor are prob-

ably one of the most important factors to be

considered in order to produce a good-quality carbon

membrane. Because of the variety of polymeric pre-

cursors available for carbon membrane preparation,

the most suitable characteristics for carbon membrane

must be first identified for preparing successful carbon

membranes as pyrolysis of different precursors may

result in different types of carbon membranes.

Through practical experience and knowledge gained

during carbon membrane preparation exercises, two

most dominant characteristics have been identified:
thermoresistance and good polymer molecular distri-
bution at molecular levels. These characteristics allow
further fine-tuning of membrane morphology as well
as separation performance optimization. In addition to
high-temperature resistance, a thermosetting polymer
neither liquefies nor softens during any stage of pyr-
olysis [13]. Suitable precursor materials for carbon
membrane preparation will not cause any pore holes
or cracks to appear following pyrolysis [14]. Based on
practical experience, another important reason why
polymer precursor is preferred is because of the resul-
tant membrane prepared with fewer impurities as
compared to activated carbon precursor [15].

Recently, different polymeric materials, such as
polyimides (PIs) and the PI-like polymers [16–24],
phenolic resins [25–27], polyfurfuryl alcohol (PFA)
[28], phenol formaldehyde [29, 30], and cellulose
[31], have been considered for polymeric precursors.
Figure 3 shows the chemical structure of precursor
PIs that is normally used for the preparation of car-
bon membranes. These polymeric precursors
demonstrated thermosetting property so that they
do not melt when heated and thus retain the struc-
ture shape during heating and pyrolysis. Among the
possible polymeric precursors, PIs are considered as

Figure 3 Chemical structure of some polyimide (PI) precursors.

Precursor
selection

Polymeric
membrane
preparation

Pretreatment
Pyrolysis/

carbonization
Post-

treatment

Module
construction

High-performance
carbon membrane

Figure 2 The fabrication steps of carbon membranes [12].
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one of the most intensive precursors that have been
studied for carbon membranes, due to their excellent
physical properties and the tunable chemical compo-
sition utilizing different molecular structures
composed of dianhydride and diamine monomers.
The most common commercial PI used for preparing
carbon membrane is Kapton (DuPontTM) PI. Carbon
molecular sieve (CMS) film with homogeneous fine
pores and without cracks or large pores normally can
be achieved by carbonizing Kapton film at 800 �C
[32] Kapton PI was also carbonized in the form of a
capillary membrane which can retain high gas selec-
tivity even at high temperatures [33]. The membrane
exhibited a selectivity of 2000 for He/N2 at 0 �C and
170 at 250 �C. Recently obtained Kapton-PI-based
carbon membranes have shown that the selectivity
for O2/N2, CO2/CH4, and CO2/N2 is 4, 16, and 9,
respectively, at 25 �C [34].

1.13.2.2 Pretreatment of Precursor
Membranes

Prior to the pyrolysis, the polymeric membranes are
often subjected to pretreatments in order to ensure
the stability and the preservation of the precursor
structure during pyrolysis. In fact, carbon membrane
of good quality, in terms of stability and separation
performance, can be produced using specific pre-
treatments. In general, pretreatment methods are
divided into physical and chemical methods.
Physical pretreatment consists of stretching of the
precursor, whereas chemical pretreatments involve
the treatment of the polymeric precursor with some
chemical reagents. Sometimes, the precursor is sub-
jected to more than one pretreatment method to
achieve desired properties in a carbon membrane.

Oxidation is considered very important as it has
substantial influence on the performance of the result-
ing carbon membrane. Oxidation pretreatment can be
applied at very different ranges of thermal soak times,
depending largely on the precursor uses. In all cases,
the treatment contributes to the stabilization of the
asymmetric structure of the precursor and provides
sufficient dimensional stability to withstand the high
temperatures of the pyrolysis steps. Stretching is a
pretreatment that is usually applied to the hollow
fiber precursor. This technique is adapted from the
fabrication of carbon fiber and is sometimes referred to
as post-spinning. An ideal post-spinning modification
scheme would allow the removal of surface defects,
attenuation of variations in filament diameter, and an

enhanced retention of molecular orientation prior to
the heat treatment [32].

Pretreatment of the membrane with certain chemi-
cals can provide enhanced uniformity of the pore
system formed during pyrolysis. Hydrazine, dimethyl-
formamide (DMF), hydrochloric acid, and ammonium
chloride are commonly used for chemical pretreat-
ment [2]. During the chemical pretreatment, the
membrane is fully immersed in the appropriate solu-
tion and followed by washing and drying before it is
subjected to heat treatment. In certain cases, it has also
been proved that it may be advantageous to evacuate
the pores of the membrane by applying a low air
pressure, and subsequently fill them with nitrogen
gas at normal pressure prior to pretreatment with a
chemical reagent. In this manner, the membranes with
higher carbon content can be obtained [33].

1.13.2.3 Pyrolysis of Carbon Membrane

One of the distinctive features of CMSMs is the
pyrolysis conditions of a polymeric precursor.
When a given precursor and its pyrolysis conditions
are properly selected, a desirable micropore size and
shape can be tailored. Tailoring of correct pore size is
important for the fabrication of high-performance
carbon membranes with optimal balance between
selectivity and permeability that is suitable for var-
ious gas separations. It demands a good
understanding of the optimum production conduc-
tion with respect to the pyrolysis condition. Through
the rigorous control of the pyrolysis conditions, such
as temperature, heating rate, atmosphere and thermal
soaking time, gas flow rate, pressure and concentra-
tion, and pre/posttreatment conditions, the pore
aperture can be nearly continuously tuned, so that a
membrane module can be specifically designed for
gas separation and reaction [34].

Carbon membranes are prepared by the pyrolysis
of polymeric precursors. Pyrolysis is usually carried
out at temperatures of 500–1000 �C under vacuum or
inert atmosphere. This process removes most of the
heteroatoms originally present in the polymeric
macromolecules, leaving behind a stiff and cross-
linked carbon matrix with an amorphous porous
structure created by the evolution of gaseous pro-
ducts and the rearrangement of the molecular
structure of the starting polymeric precursor during
the pyrolysis. Figures 4 and 5 show the typical
hollow fiber membranes with the substructure and
skin layer morphology produced under different pyr-
olysis temperatures.
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The transport properties of the carbon membrane
are dependent on its porous structure and pore-size

distribution [16]. During pyrolysis, amorphous car-

bon material is created and exhibits a distribution of

micropore dimensions with only a short-range order

of specific pore sizes and also pores larger than the

ultramicropores. These larger pores that connect the

ultramicropores are required to exhibit molecular

sieving properties and therefore allow high gas

separation productivities. The pore system of carbon

(a) (b)

(c) (d)

Figure 4 Structural change of the typical hollow fiber membrane substructure at different pyrolysis temperatures:
(a) polyacrylonitrile (PAN) membrane; (b) Tpyrolysis¼ 500 �C; (c) Tpyrolysis¼600 �C; and (d) Tpyrolysis¼800 �C [35].

(a) (b)

(c) (d)

Figure 5 Structural changes of the typical hollow fiber membrane skin layer at different pyrolysis temperatures:

(a) polyacrylonitrile (PAN) membrane; (b) Tpyrolysis¼500 �C; (c) Tpyrolysis¼600 �C; and (d) Tpyrolysis¼800 �C [35].
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membranes is generally nonhomogeneous, as it is
comprised of relatively wide openings with a few
constrictions [36]. The pores may vary in size,
shape, and degree of connectivity, strongly depend-
ing on the nature of the polymeric precursor and the
conditions of pyrolysis. Figure 6 depicts an idealized
structure of a pore in a carbon material. The pore
mouth d often referred as an ultramicropore (<10 Å)
that allows molecular sieving of the penetrating
molecules, meanwhile the larger micropores, D of
the material (6–20 Å), may allow the diffusion of gas
molecules to occur through the carbon material [18,
25, 35, 37]. Therefore, it is believed that a properly
prepared carbon material is able to simultaneously
demonstrate the ability to perform molecular sieving
and also allow a considerably high flux of the pene-
trating molecules through the material [38].

Pyrolysis temperature has a remarkable influence
on the carbon membrane properties in terms of the
membrane structure, separation performance (per-
meability and selectivity), and the transport
mechanism for gas separation [23]. The increase in
pyrolysis temperature will normally lead to a carbon
membrane with higher compactness, a more turbos-
tratic structure, higher crystallinity and density, and
smaller average interplanar spacing between the gra-
phite layers of the carbon [39]. In general, an increase in
the pyrolysis temperature will give rise to a decrease in
gas permeability and an increase in selectivity.

1.13.2.4 Posttreatment of Carbon
Membrane

Upon pyrolysis, polymeric membranes are trans-
formed into carbon membranes with varying
degrees of porosity, structure, and separation proper-
ties that depend to an extent on the pyrolysis

conditions. In some cases, it is found to be an advan-
tage that the pore dimensions and distribution in a
carbon membrane can be finely adjusted by a simple
thermochemical treatment to meet different separa-
tion needs and objectives [3]. Therefore, various
posttreatment methods have been applied to meet
the desired pore structure and separation properties
of carbon membranes, and, at the same time, repair
the defects and cracks that exist in the carbon
membrane.

Post-oxidation or activation is one of the com-
monly used posttreatments to alter the pore
structure of carbon membranes. Typically, when a
membrane is exposed to an oxidizing atmosphere
after the pyrolysis, the pore size and micropore
volume are increased [13, 33, 40, 41], but the pore-
size distribution is not broadened. Different activa-
tion temperatures and residence times have been
applied to obtain desired pore structures in different
materials [14, 42, 47].

The selectivity of a carbon membrane may be
increased through the introduction of organic species
into the pore system of the carbon membrane and
their pyrolytic decomposition, that is, chemical vapor
deposition (CVD) [40, 41, 48, 49]. In general, to
manufacture CMSs, the inherent pore structure of
the carbonaceous precursor is initially tailored into a
suitable pore size range by controlling the thermal
pretreatment, followed by a final adjustment of the
pore apertures by CVD. Commonly, the CVD of
carbon onto a carbon membrane may bring about
three distinct results: homogeneous deposition,
adlayer deposition, and in-layer deposition.

Aside from CVD, post-pyrolysis is another treat-
ment that can be used to decrease membrane pore
size. Typically, post-pyrolysis is applied after post-
oxidation in order to recover from an excessive pore
enlargement. Sometimes post-oxidation and post-
pyrolysis are repeated several times until the desired
pore size distribution is achieved. However, this
treatment is rarely used, because the first pyrolysis
step at high temperature produces small pores effi-
ciently due to the shrinkage of the carbon structure.

1.13.3 Preparation of Self-Supported
Carbon Membrane

1.13.3.1 Flat-Sheet Membrane

In general, the properties of porous carbon structures
and the gas permeation properties of CMS mem-
branes based on aromatic PI depend upon the

d1 d2 d3D1 D2 D3

Figure 6 Idealized structure of a pore in a carbon material

[37]. Reproduced with permission from Ismail, A. F., Li, K.

From Polymeric Precursors to Hollow Fiber Carbon and

Ceramic Membranes. In Inorganic Membranes: Synthesis,
Characterization and Applications; Mallada, R., Menéndez,

M., Eds.; Membrane Science and Technology Series;

Elsevier: Amsterdam, 2008; Vol. 13, pp 81–119.
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thermal decomposition profile of this organic pre-

cursor. During pyrolysis, the various gases evolved

originate from the polymer precursors, and are pro-

duced over a wide temperature range. The initial

microporous carbon structures are converted into

ordered selective turbostratic carbon structures

depending on the pyrolysis temperature. Kim et al.

[23] studied the effect of pyrolysis condition, that is,

pyrolysis temperature and dwell time toward the

structure of precursor and the resulting porous

CMSM using benzophenone tetracarboxylic dianhy-

dride (BTDA)–4,49-oxydianiline (ODA) PI as

precursor. The pyrolysis temperature was increased

from 300 to 550, 700, and 800 �C using a heating rate

of 3 �C min�1, and then the samples were kept at

their respective final temperatures for a period of

30 min. When compared with the FTIR spectra of

the CMSMs pyrolyzed at temperatures of 550, 700,

and 800 �C, the intensities of the characteristic

absorption bands (CTO and aromatic CTC) existed

in PI precursor disappeared at higher pyrolysis tem-

perature due to their evolution during the pyrolysis

as shown is Figure 7.
Thermogravimetric analysis (TGA) showed that

PI was thermally stable up to a temperature of

500 �C, and showed rapid thermal decomposition in

the temperature range of 550–700 �C. The weight

loss due to the evolution of a large volume of gas

(e.g., CH4, CO2, or CO) in the temperature range
500–600 �C resulted in a cleavage of the benzene ring
present in PI precursor. On the other hand, the lower
weight loss in the temperature range of 700–1000 �C
is mostly caused by the evolution of a small volume
of gas (e.g., CH4, H2, or N2), which leads to an
incremental densification of the porous CMSMs.
Wide-angle X-ray diffraction (WAXD) spectra with
different pyrolysis temperatures provided compara-
tive values of the degree of packing of the
microporous carbon structures, meanwhile the aver-
age d-spacing values are extensively used as a relative
comparison of the amorphous materials and infer
some information of the interplanar distance on
microstructure. As illustrated in Figure 8, the shift
of the broad peak with the increasing pyrolysis tem-
perature to the higher diffraction angle indicated that
the interlayer spacings between neighboring planes
decreased with increasing pyrolysis temperature.
Consequently, a reduction in average d-spacing
values of the microporous carbon structures was
observed, which in turn suggested the formation of
an increased degree of packing of the microporous
carbon domains in the carbon matrices.

1.13.3.2 Hollow Fiber Membrane

Barbosa-Coutinho et al. [50] prepared hollow fiber
membranes by wet spinning of polyetherimide

2000

CMS 800

CMS 700

CMS 550

1778, 1724 cm–1

C=O

Polyimide

Aromatic
C=C

1374 cm–1

CNC imide

1500

Wave number (cm–1)

Tr
an

sm
itt

an
ce

10002500

Figure 7 Fourier transform infrared spectroscopy (FTIR)

spectra of polyimide precursor and carbon molecular sieve

(CMS) membranes pyrolyzed at 550, 700, and 800 �C [23].
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(PEI) and polyvinylpyrrolidone (PVP) solution in
N-methyl-2-pyrrolidone (NMP) solution. Prior to the
pyrolysis under inert atmosphere, the polymeric mem-
brane is first subjected to treatment at mild temperature
under an oxidizing atmosphere forming chemical
groups, such as hydroxyl and carbonyl that promote
stabilization of the membrane for further high-tem-
perature treatment. During this thermostabilization
process, oxygenated groups are incorporated in the
polymeric chain. Therefore, the overall weight change
during stabilization is small due to the introduction of
these groups. During stabilization up to 400 �C, few
volatile compounds were observed, mainly CO2 and
H2O, which indicated the degradation of polymer and
oxidation of the polymer chain. The investigation of
pyrolysis conditions pointed to a notable influence
exerted by the oxidation with an optimum temperature
(400 �C) where the oxidation is more effective, as
observed by less deformation and irregularities of the
fibers. An extended oxidation period with a heating rate
of 3 �C min�1 or lower contributed to the completion
of the oxidation reaction and it was more effective in
obtaining stabilized fibers. However, the prolonged
pyrolysis reduced the mechanical stability of the hollow
fibers, evidenced by the morphology analysis. During
pyrolysis at a temperature above 400 �C, there was
large volatile evolution. First, CO, CO2, and H2O
were released, between 420 and 680 �C, evidencing
cross-linking reactions and some degradation reactions.
At higher temperatures (450–800 �C), hydrogen exit
was detected, indicating the forming of a graphite-like
structure.

The pyrolysis atmosphere has a strong influence on
the carbon membrane properties and must be properly
tailored in order to prevent undesired burn-off and
chemical damage of the membrane precursor during
pyrolysis. In a recent research, Favvas et al. [51]

reported the effects of the pyrolysis atmosphere on
the structure and properties of the membranes pro-
duced in both inert and reactive conditions by using
carbon hollow fiber membranes based on commer-
cially available Matrimid 5218 precursor. Pyrolysis
was carried out in three different gas atmospheres to
produce three different types of carbon fibers: in N2, in
N2 saturated with H2O, and in CO2 as pyrolysis
media. Upon heating up to 650 �C, higher mass loss
was observed for the membranes pyrolyzed in reactive
atmosphere (water saturated N2 and CO2) within the
pyrolysis oven compared to that in the inert atmo-
sphere. The results suggested that higher degree of
polymer decomposition and subsequent carbon oxida-
tion have taken place. After the pyrolysis process, a
number of macrovoids can still be observed on the
fiber wall, which can be attributed to the effect of the
pyrolysis procedure on the polymeric hollow fiber
precursor. Conversely, the nitrogen adsorption prop-
erties of the membranes implied that the environment
of the pyrolysis process is important to the micropore
volume. It is noticed that oxidized agents reduce the
resistance of the skin surface to thermal degradation,
resulting in an increase in micropore volume. Carbon
dioxide is a more effective oxidizing agent than water,
possibly due to the increased hydrophobicity of the
carbon surface during the high-temperature treat-
ment. Figure 9 demonstrates the SEM micrographs
of the polymer precursor and the resulting hollow
fiber structure pyrolyzed under CO2 atmosphere.

1.13.4 Preparation of Supported
Membrane

Supported carbon membranes for gas separation are
commonly prepared by coating a suitable polymeric

800 µm
400 µm

(a) (b)

Figure 9 Scanning electron microscopy (SEM) micrographs of (a) polymer precursor and (b) the resulting hollow fiber

structure pyrolyzed under CO2 atmosphere [51].
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solution on porous carbon, ceramic, or metal sup-
ports and subsequent carbonization under
controlled conditions. Supported membranes are
known to be suitable for large-scale industrial appli-
cation. One limit to incorporating carbon
membranes into actual application is the prepara-
tion process. In order to obtain a defect-free carbon
membrane, the coating–pyrolysis cycle must be
repeated several times, which needs time and
special care.

In a very recent study, Lee et al. [52] studied
the effect of the post-oxidation conditions, such as
oxidation temperature and time, on the gas permea-
tion properties of poly(2,6-dimethyl-1,4-phenylene
oxide) (PPO)-derived carbon membranes. The car-
bon membranes were prepared by coating a thin
film on a macroporous tubular ceramic support.
The supported membrane was pyrolyzed at 700 �C
in argon atmosphere and then followed by the air
oxidation of carbon membranes at different oxida-
tion conditions. In the weight loss of the air
oxidation of the pyrolyzed carbon membrane, the
total weight loss measured to 4% even when the
temperature increased up to 400 �C during the air
oxidation of the pyrolyzed carbon material. The
small weight loss indicates that this supported pyr-
olyzed PPO carbon membrane has a good thermal
stability even in the air oxidation. Characterization
of the pore properties in the nitrogen adsorption
measurement showed that the pore characteristic
values (Table 1), such as pore size, pore volume,
and surface area, were increased by the post-
oxidation, and hence contributed to the enhancement
of gas separation performance, particularly for gas
species with a large molecular size.

For selection of membrane support, criteria such
as the cost, flexibility for large-scale applications,
and adherence between the substrate and the top
membrane layer need to be considered. In order to
prepare a low-cost supported membrane that shows
high gas separation performance, coal-based carbon
tubes can serve as a suitable candidate [28]. C/CMS
composite membranes from PFA were prepared, in

which porous coal-based carbon tubes were used as

support. The pyrolysis temperature has substantial

effect on the gas separation performance of C/CMS

composite membranes. It has been identified that

higher final pyrolysis temperature leads to carbon

membranes having an amorphous carbon structure

with ultramicropores. These are more compact and

more selective and also show a decreased d-spacing

of the interlayers of graphitic carbon planes as

observed in XRD patterns. These structural changes

in turn reduce the permeability but at the

same time greatly enhance the selectivity of gas

molecules.

1.13.4.1 Fabrication of Membrane Module

To ensure the efficiency of a membrane process in a

given application, the geometry of the membrane and

the manner it is installed in a suitable device are

important [53]. The selection of a membrane module

is mainly determined by economic considerations.

However, the cheapest configuration is not always

the best choice because the type of application, and

thus the functionality of a module, is also an impor-

tant factor to be taken into account [54]. Many

researchers have proposed a wide variety of modules

for carbon membrane production. The most challen-

ging task that must be considered while fabricating

these modules is the poor mechanical stability of

carbon membranes [55].
For commercial applications of membranes, it is

preferable to fabricate a module with an asymmetric

structure and capillary or hollow fiber configurations

in order to increase the rate of permeation of the

products [55]. As summarized in Table 2, the char-

acteristics of modules, in terms of production, cost,

maintenance, and efficiency, must be considered in

all system designs [53, 57, 58]. Figures 10 and 11

illustrate the modules for hollow fiber configuration

fabricated by Ismail and David [59, 60] and Koros

and coworkers [61], respectively.

Table 1 Pore properties of carbon materials based on the nitrogen adsorption

Carbon material
Pore volume (BET)
(cm3 g�1)

Surface area (BET)
(m2 g�1)

Representative pore diameter
(HK method)
(nm)

M700 26.82 116.8 0.43

M700-MOx-400 80.35 349.7 0.54

Reproduced with permission from Lee, H. J., Suda, H., Haraya, K. Sep. Purif. Technol. 2008, 59, 190–196.
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1.13.5 Gas Transport and Separation
through Carbon Membrane

As gas separation applications become commercially

attractive, there is a need for novel membranes that

can withstand high operating temperatures and harsh

environments, and could at the same time boost the

viability of processes such as natural gas purification.

In general, the gas transport properties of a carbon

membrane strongly depend on the pyrolysis tem-

perature. The pyrolysis temperature around 800 �C
leads to the formation and the enlargement of pore

Table 2 Important considerations for the preparation of membrane module

Category Characteristic

Production High surface area (i.e., packing density – the ability of a material to form stable membranes)

The ease of formation of a given configuration and structure

Nature of polymer/membrane

Cost Low operating cost

Low investment cost Low fouling tendency

MaintenanceEase to

clean

Membrane replacement is possible

Efficiency The extent of use

The nature of the desired separation

Structural strength

Reproduced with permission from Saufi, S. M., Ismail, A. F. Carbon 2004, 42, 241–259.

Carbon hallow
fiber membrane

Aluminum
cap

3/4" stainless
steel housing

Feed

Permeate

Retentate

5/8" stainless
steel tube

Valve

Female
NPT thread

Figure 10 Module constructed by Ismail and David [50]. Reproduced with permission from David, L. I. B., Ismail, A. F. J.
Membr. Sci. 2003, 213, 285–291.

Male
NPT

Stycast®

 Epoxy

Stycast® Epoxy extrudes out
through tuming of male NPT

Tygon®

tubing

Carbon hollow fiber membrane

Figure 11 Module constructed by Koros and coworkers. Reproduced with permission from Vu, D. Q., Koros, W. J., Miller,
S. J. Ind. Eng. Chem. Res. 2002, 41, 367–380.
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structure; meanwhile, higher temperatures cause

pore shrinkage and destruction of the pore system

[62]. The heating rate may also affect the gas separa-

tion performance of the membrane. In addition, the

choice of pyrolysis atmosphere may also influence

the changes in pore size and geometry or even the

nature of the surface by sintering (pore closure) or

activation (pore opening by removal of surface

groups or by burn-off) effects, which in turn give

rise to different gas transport properties [24].
For gas separation through a porous membrane,

four separation mechanisms of transport are consid-

ered: Knudsen diffusion, surface diffusion, capillary

condensation, and molecular sieving. The contribu-

tion of these four mechanisms to the total transport

strongly depends on the experimental conditions [8,

45]. The transport mechanism owned by most of the

carbon membrane is molecular sieving mechanism as

shown in Figure 12. The carbon membranes contain

constrictions in the carbon matrix, which approach

the molecular dimensions of the absorbing species

[8]. In this manner, they are able to effectively sepa-

rate the gas molecules with similar size. According to

this mechanism, the separation is caused by the pas-

sage of smaller molecules of a gas mixture through

the pores while the larger molecules are retained.
In the study of gas transport, permeability is con-

sidered as a function of the diffusivity of solutes

within the membrane material and it is often

expressed in Barrer, while selectivity is defined as

the ratio of single gas permeabilities. It is known that

the permeability and selectivity of the different

components of a multicomponent gas mixture are
the result of a complex equilibrium governed by
factors such as the concentration of the different
species, their potential of adsorption, and interactions
between species [63]. There is a general relationship
reported in the literature that as the permeability of a
respective gas increases, its selectivity decreases.

One of the key factors that affects gas diffusivity is
the changes of the amount of free volume in the
membrane matrixes. The diffusivity can be enhanced
by creating a channeling effect and facilitating the
diffusion of the gas molecules through the membrane.
For the binary gaseous mixtures of high industrial
interest, such as CO2/CH4, the increase in selectivity
values is very crucial for natural gas purification. The
permeation measurements can be carried out for
single gases as well as for the gas mixtures. Previous
research done by Peterson et al. [54] using carbon
membrane showed that each component in gas mix-
tures exhibited nearly identical permeation behavior
with that of the single gas. The selectivity of the
mixed gas consisting of light and heavy components
did not show the decrease caused by sorption effects
of the heavy components. Therefore, using data of
single gas experiments, the selectivity of these carbon
membranes can be approximately estimated.

Table 3 shows a comparison of the gas separation
performances among various configurations of car-
bon membranes produced by the previous researches.
As expected, in most of the cases, the increase in the
permeability of the gases has led to a decrease in
selectivity between those gases. For instance, Zhang
et al. [31] have reported that the gas permeability of
the composite carbon membranes decreases along
with the selectivity increasing when the pyrolysis
temperature is elevated from 650 to 800 �C. At higher
temperature, both the permeability and selectivity
for the composite carbon membranes decrease except
for CO2/N2 selectivity. The reduction of gas perme-
ability is due to the rearrangement of turbostratic
carbon structure at high pyrolysis temperature,
while the decrease of selectivity is probably ascribed
to the enlargement of interfacial gap additive and the
carbon matrix.

However, this general inversely proportional rela-
tionship between selectivity and permeability of the
desired gases can be minimized by proper formula-
tion of the membrane dope, which may enable the
production of much better performing carbon
membranes.

Figure 12 Typical molecular sieving transport mechanism.

Reproduced with permission from Ismail, A. F., David, L. I. B.

J. Membr. Sci. 2001, 193, 1–18.
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Table 3 The gas transport and separation properties of the carbon membranes produced by the researchers

Permeability
(barrer) Selectivity

Configuration
Test temp.
(�C)

Test pressure
(atm) N2 O2 H2 CO2 CH4 O2/N2 H2/N2 CO2/N2 CO2/CH4 Ref

Tube/PPO 150 - 16 - - 219 7 - - 13.69 31.29 [52]

Flat/MMM 30 1.5 1.08 6.52 - - - 6.04 - - - [64]
Flat/CZ650 30 1 19.4 199.7 758.1 791.5 - 10.29 39.08 40.80 - [65]

Flat/MMM- - 0.23 1.23 - 5.19 0.28 5.35 - 22.57 18.54 [66]

Flat/composite
membrane25

0.7 4.3 - - 123 - - - 28.60 - [67]

Hollow fiber/CMSM 25 1 12.5 125 - 529 5.19 10.00 - 42.32 101.93 [68]

Flat/MMM 35 4 14.42 36.57 79.62 190.67 34.16 2.54 5.52 13.22 5.58 [17]

Flat/CMSM 30 2 4.2 54 9400 1900 4.6 12.86 2238.1 452.38 413.04 [31]
Flat/CMSM 35 6.8 2.1 24 - 94 0.77 11.43 - 44.76 122.08 [18]

Flat/CMSM 25 - 0.6 19.3 - 26 - 32.17 - 43.33 - [19]

Flat/CMSM 35 10 17 168 - 465 6 9.88 - 27.35 77.50 [20]

Flat/CMSM 25 - 83 707 - 2863 - 8.52 - 34.49 - [69]
Flat/CMSM 35 10 15.8 138 - 423 4.8 8.73 - 26.77 88.13 [70]

Flat/Na-CMSM 25 0.3 1.1 5.3 - - - 4.82 - - - [71]

Flat/Ag-CMSM - - 19.9 170 - 619 - 8.54 - 31.11 - [43]
Flat/CMSM 35 - 0.18 1.3 - 9.0 0.27 7.22 - 50.00 33.33 [63]



1.13.6 Aging Phenomenon of
Membrane

The main challenge faced by current membrane

technology is to achieve the high separation proper-

ties, such as high permeability and high selectivity

Therefore, a better understanding of the sorption and

transport of gases in these membranes enables the

choice of materials and preparation of membranes for

the enhanced separation properties.
Recently, the study of membrane aging has been

the area of interest due to its effects toward the

structure, as well as the gas separation properties of

the identified membrane. However, at present, the

effects of membrane aging toward the membrane

performance have been scarcely discussed in the

open literature. Basically, aging of membrane can be

defined in two ways: the physical aging, which is

commonly suffered by polymeric membrane [72,

73], and carbon aging, which can be normally found

in carbon membrane [74, 75].
Physical aging is the observed change in properties

of the polymer as a function of storage time, at con-

stant temperature, at zero stress, and under no

influence from any other external condition [72].

Conversely, carbon aging takes place along with the

formation of surface oxygen groups with the active

sites on the carbon surfaces as a consequence of the

oxygen–carbon interaction when the carbon materials

are exposed to air, even at room temperature. These

chemisorbed oxygen species will eventually reduce

the open porosity toward gas transport, resulting in

the additional restriction in diffusion [74].
Physical aging of polymeric membranes is usually

defined in terms of free volume, the main structural

feature involved in the diffusion mechanism.

Previous studies of Hu et al. [73] performed on

various types of membranes demonstrated that this

physical aging reduced the permeation rate of

the polymers, as a result of the decrease in free

volume [73]. They observed that the permeability

of poly(methyl methacrylate) (PMMA) membrane

decreased with the aging time which can be attribu-

ted to the first-stage collapse of the membrane, which

in turn gives rise to the decrease in diffusion coeffi-

cients. Besides, they also suggested that the decrease

of free volume affects the permeability coefficient of

larger gas molecules more significantly than that of

the smaller ones [73].
Lagorsse et al. [74] and Menendez and Fuertes

[75] studied the aging behavior of carbon membrane

under different atmospheres. When CMSM was

exposed to both humid and dry air, a rapid loss of

permeability was observed. In other words, pro-

longed storage of carbon membrane in air caused

serious damage to the membrane’s separation capa-

city. The effect is more notable for penetrants with

critical dimensions close to the critical pore size. At

room temperature, exposure to air increases the

number of constrictions of the pore structure, hence

resulting in the diffusion restriction through the

microporous space. Menendez and Fuertes [75]
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Figure 13 Modification with time of (a) the normalized permeability (P/P0) and (b) the normalized selectivity (�/�0) of a

carbon membrane stored under ambient conditions. Reproduced with permission from Menendez, I., Fuertes, A. B. Carbon
2001, 39, 733–740.
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compared the transport properties of the fresh and
the aged carbon membrane. They observed that the
excellent gas separation properties of fresh mem-
brane toward the separation of gas pair such as O2/
N2 demonstrated rapid loss after storage under ambi-
ent conditions. As illustrated in Figure 13, the O2

permeability of 136� 10�10 mol m�2 s�1 Pa�1 and
N2 permeability of 15� 10�10 mol m�2 s�1 Pa�1

decreased to 2.5� 10�10 mol m�2 s�1 Pa�1 and
0.31� 10�10 mol m�2 s�1 Pa�1, respectively.
Surprisingly, the selectivity increased with the
increasing storage time for all the systems tested,
but the reason for this phenomenon was unexplained.
However, it was observed that both permeability and
selectivity reach a constant value after long storage
duration.

The gas transport and separation properties of the
aged carbon membrane can be recovered through the
removal of the water molecule that previously
adsorbed onto the membrane during the aging period
[74]. Upon heating up to 600 �C under vacuum, the
properties of the membrane can be partially regen-
erated. Under such conditions, the stability of the
surface could be increased; however, the left surface,
containing reactive carbon sites, is still capable of
readsorbing oxygen at room temperature. In order
to completely eliminate the surface-attached groups,
high-temperature heating is required. However, the
severe heat treatment could change the microporos-
ity of the membranes through either annealing or
carbon gasification.

Lie and Hagg [76] carried out the electrothermal
process to regenerate the aged carbon membrane. At
low voltage, operating direct current is applied on an
iron-doped carbon, and the permeation rate of the
regenerated membrane can be enhanced. This simple,
energy-effective, rapid regeneration method is cap-
able of fully restoring the initial permeability of the
carbon membrane. Besides, it can be used not only for
batchwise regeneration, but also in a continuous way.

1.13.7 Conclusion and Future
Direction in Carbon Membrane
Research

Carbon membranes provide potentially higher selec-
tivity as well as thermal and chemical stabilities when
compared to conventional polymeric membranes.
These membranes can normally surpass upper-

bound curves in the tradeoff relationship between
the permeability and selectivity. Carbon membranes
offer the best candidates for the development of new
membrane technologies, because of their stability
and molecular sieving capabilities.

The most popular precursor currently used for
manufacturing carbon membranes is PI. Although
PI offers the best separation potential for carbon
membranes, its cost is too high and its commercial
availability is sometimes very limited. Therefore, in
order to reduce the overall cost and production time
during carbon membrane fabrication, an alternative
polymer must be selected or synthesized.
Optimization of fabrication parameters during the
pyrolysis process is arguably the best way to fabri-
cate carbon membranes that achieve a superior
performance in order to compensate for their higher
cost. Pyrolysis condition as well as the pretreat-
ments and posttreatments during the membrane
fabrication process should also be extensively exam-
ined as these steps provide a great opportunity for
tailoring the separation properties of a given carbon
membrane.

Once a carbon membrane of high performance is
produced, the effect of membrane aging must be
considered. The humidity found in the ambient
atmosphere has an adverse effect on carbon mem-
brane performance, which greatly decreases the
permeability of the gases. Therefore, the study of
storage conditions or the regeneration of aged carbon
membranes is an important consideration for carbon
membrane research in the future.
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1.14.1 Introduction

Iijima, in 1991, [1] reported the first detailed trans-

mission electron microscope images of arc-grown

multiwalled carbon nanotube (MWCNT). The

single-walled carbon nanotubes (SWCNTs) were

reported later on [2]. There have been other reports,

predating these, for the observation of filamentous

forms of carbon, some of them resembling the well-

formed tubular structures of nanotubes [3]. However,

the proper characterization of the real structure of

nanotubes has kindled the imagination of the

nanoscience community and impacted the field in

many ways. Research efforts over the past 17 years

have been focused on the electrical, optical, and

mechanical properties of this material [4–6].

Although several early experiments [7–10] had

shown the ability to open up carbon nanotubes

(CNTs) to serve as nanoscale containers, it is in the

past 4–5 years that experimental molecular transport

through CNTs, or the interstice between vertically

oriented CNTs, has become a subject of intense

interest. This interest has been generated by the

discovery of the fascinating mass-transport proper-

ties of this nanoscale material. For example, the

transport rate of water is almost four to five orders

of magnitude higher than that of other porous mate-

rials of comparable size, and is very close to that of

biological membrane channels, such as aquaporin

[11]. An artist’s rendition of this novel phenomenon

is shown in Figure 1, while transport properties of

liquids through the inner core of �7-nm-diameter

nanotubes are shown in Table 1. Although molecular

dynamic (MD) simulation studies indicate extremely

fast mass transport of gases and liquids through the

inner core of CNTs [12, 13], membranes fabricated

from crystalline as-formed CNTs have experimen-

tally verified these enticing mass-transport

predictions through the smooth, hydrophobic, and

crystalline interior of the nanotubes. Owing to this

significant advantage, there has been a major interest

in nanotube membranes as a technological alterna-

tive even to mature processes such as reverse osmosis

for desalination [14]. Therefore, a review showcasing

the major milestones in CNT membrane research

and their application is pertinent.
While the CNTs are grown by bottom-up

approaches, such as chemical vapor deposition

(CVD), fabrication of macroscopically useful mem-

branes from these nanoscale materials is often a

combination of several top-down components, such

as electrochemical anodization of a metal film, poly-

mer processing, chemical etching, and plasma

etching. We discuss the state-of-the-art approaches

for processing the CNT membranes and critically

evaluate the advantages and/or drawbacks of these
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approaches. The potential of these novel membrane

materials for liquid separation, gas/vapor separa-

tions, and membrane reactor applications is

elaborated. Membranes have traditionally been used

for large-scale applications. However, there is con-

siderable interest in integrating nanoporous

membranes to microfluidic devices as they can inte-

grate multiple functionalities in a device [15] – how

nanotube membranes could be seamlessly integrated

with microfluidic devices is also discussed. Apart

from the extremely fast mass-transport properties,

additional benefits of membranes based on CNTs

are their ability to be functionalized – allowing

them to be chemically tuned to suit applications.

Furthermore, CNTs have inherent properties, such

as super-compressibility and electrical conductivity,

which can be exploited for designing active mem-

brane structures. Finally, the chapter touches upon

the future directions in CNT membrane research
from a technology-enabling point of view.

1.14.2 CNT Membranes

Primarily, there are four approaches to the synthesis
of membranes based on CNTs:

1. deposition of carbonaceous materials inside pre-
existing ordered porous membranes, such as
anodized alumina, also known as the template-
synthesized CNT membranes [16];

2. membranes based on the interstice between nano-
tubes in a vertical array of CNTs, subsequently
referred to as the dense-array outer-wall CNT
membrane [17];

3. encapsulation of as-grown vertically aligned
CNTs by a space-filling inert polymer or ceramic
matrix followed by opening up the CNT tips
using plasma chemistry, or the open-ended CNT
membrane [18, 19]; and

4. membranes composed of nanotubes as fillers in a
polymer matrix, also known as mixed-matrix
membranes.

1.14.2.1 Template-Synthesized CNT
Membrane

In the template synthesis approach, a preexisting
ordered porous membrane serves as a template for
deposition of carbonaceous materials, usually using
CVD [16, 20] at elevated temperatures, resulting
in pore structure with reduced dimensions. The
template is usually a ceramic membrane formed
by the electrochemical anodization of metal films.
The anodized membranes have extremely small

Figure 1 Artist’s rendition of water molecules zipping

through the inner core of carbon nanotube (CNT). Courtesy of
Mark Denomme from the University of Kentucky. This chapter

examines the state of the art in membranes based on CNTs.

Table 1 Summary of pressure driven liquid flow measurements in CNT membranes. The permeable pore density is

estimated from salt diffusion experiments

Liquid
Permeable pore density
(# per m2)

Membrane
thickness
(m)

Flow velocity
normalized at 1 bar
(ms�1)

Viscosity
(cP)

Enhancement
factor

Hexane 3.4� 1013 126� 10�6 5.6�10�2 0.3 1.09�104

Decane 3.4� 1013 126� 10�6 0.67�10�2 0.9 3.9� 104

Water 1-3.4�1013 34-126� 10�6 26.1 (�17.2)�10�2 1.0 6 (�1.6)�104

EtOH 3.4� 1013 126� 10�6 4.5�10�2 1.1 3.2� 104

IPA 3.4� 1013 126� 10�6 1.12�10�2 2 1.4� 104

Note that the enhancement factor, that is, the ratio of the observed flow velocity to the Hagen–Poiseuille flow velocity for �7-nm pipes,
is �10 000–100 000, suggesting strong deviation from no-slip hydrodynamic flow. Adapted with permission from Majumder, M., Chopra,
N., Andrews, R., Hinds, B.J. Nature 2005, 438, 44.
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(<10%) porosity, are mechanically very brittle, and

fabrication of anodized membranes with small pore

size (<5 nm) is often irreproducible. However, ano-

dization of metals is an interesting approach to

synthesize ordered membrane structures with con-

trolled pore-size distribution and small tortuosity.

Although these membranes have found applications

in size-based separations [21] and as catalytic

membrane reactors [22], further modification by

carbonaceous material deposition provides many

possibilities.
The synthesis and characterization of template-

synthesized membranes have been pioneered by

Charles Martin’s group at the University of

Florida. A schematic and scanning electron micro-

scopy (SEM) image of the template-synthesized

CNT membrane is shown in Figure 2(a). In

the schematic, the dark-gray intrusions are the

(a)

100 nm

3 KV ×5000 6.00 µm

(c) (d)

(b)

1 µm

1 µm

Figure 2 Different approaches to carbon nanotube (CNT) membrane synthesis. (a) Template synthesis approach-

carbonaceous material deposited inside anodized alumina template; (below) scanning electron micrograph (SEM) micrograph

of the nanotubes after dissolution of the template. (b) Dense-array outer-wall CNT membrane; SEM image demonstrating the

dense array of CNTs. The fluid transport is through the interstice between the nanotubes, although some transport can occur
through some open-ended tubes [17]. (c) Open-ended CNT membrane; (below) SEM image showing the cross section of the

membrane with aligned CNTs in an impervious polymer matrix; transport in this membrane structure occurs through the inner

core of the CNT [18]. Image taken with permission from Majumder, M., Zhan, X., Andrews, R., Hinds, B. J. Langmuir 2007, 23,

8624–8631. (d) Mixed-matrix membrane composed of CNTs in a polymer matrix; (below) SEM image of the composite-
membrane structure. Image taken with permission from Geng, H.-Z., Kim, K. So, K., Lee, Y., Chang, Y., Lee, Y. J. Am. Chem.

Soc. 2007, 129, 7758–7759.
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carbonaceous material deposited inside the light-

gray (anodized alumina) template. The deposition

of carbonaceous materials inside template mem-

branes by CVD of ethylene can reduce the pore

size from �300 to �200 nm, but further reduction

was not observed [23]. It is likely that faster kinetics

of this deposition process is less controllable for

obtaining smaller dimension of pores, and is the

reason for much of Martin’s later work devoted to

the use of a more-controlled solution-based electro-

less deposition technique for steric separation of

small molecules [24]. This conjecture is further

supported by the work of Alsyouri et al. [20], in

which CVD, using trimethyl ammonium and water,

resulted in the reduction of porosity of �20-nm

templates and not their pore size. The CNT mem-

branes synthesized by this method also contain

amorphous or partially graphitized CNTs and are

chemically different from the membranes based on

the highly ordered graphitic CNTs. They can, how-

ever, be graphitized by heat treatment at higher

temperature. This was shown in template-synthe-

sized partially graphitic nanotubes, which can be

annealed at a higher temperature (>2000 �C) to

form graphitic nanotubes, as evidenced by electrical

conductivity, transmission electron microscopy, and

contact angle measurements [25]. It should, there-

fore, be possible to convert template CNT

membranes to partially graphitized CNT mem-

branes by heat treatment, although such treatments

are likely to increase the cost of the membranes.
In this vein, it is worthwhile to point readers to

the fabrication of well-controllable, hierarchically

branched, and crystallized CNT architectures by

Ajayan and coworkers [26] using this template

approach. The well-branched porous architecture

has smaller pore dimensions at one end and larger

pore structure at the other end – similar to the

asymmetric membranes commonly used for filtra-

tion purposes [26]. Fluid flow or permeability of

these novel nanoscale architectures will verify its

applicability in nanofluidic applications. A major

advantage of the template synthesis approach is

that the modular components of thin-film deposi-

tion, electrochemical treatment, and CVD can be

integrated to microfluidic device fabrication plat-

forms. However, other approaches using as-formed

graphitic CNTs seem to be more realistic for pro-

ducing CNT membrane for large-scale

applications. In the subsequent sections, we discuss

membranes based on as-formed CNTs.

1.14.2.2 Dense-Array Outer-Wall CNT
Membrane

Aligned arrays of CNTs can be used as membranes,
where transport occurs primarily through the inter-
stice between the CNTs, although some of the
nanotubes might be open – as shown schematically
in Figure 2(b). The CNTs, in this membrane struc-
ture, are held together by van der Waals bonding
between tubes and carbonaceous materials formed
during the CVD process. The pore size of this mem-
brane is usually in the range of 40–100 nm – suitable
for ultrafiltration applications.

In some cases of CNT synthesis, such as by high-
pressure CO conversion (HiPco) or laser oven pro-
cesses, the nanotubes are produced as an entangled
mesh held together by van der Waals forces [27].
Alignment of CNTs, from such an entangled mesh,
can be achieved by the application of some externally
applied forces. Partial alignment of CNTs (�50%)
inside a polymer matrix can be attained by mechanical
stretching during extrusion of a polymer–nanotube
composite melt [28, 29] – although the degree of
alignment would be limited by the high viscosity of
the melt, especially for samples with large volume
fraction of CNTs. Researchers at Rice University
were able to align purified SWCNT bundles, in
plane, using a magnetic field (�7 T) during filtration
of a nanotube suspension [30, 31], which is contrary to
out-of-plane alignment requirements for filtration
application. Therefore, a particular emphasis in the
fabrication of CNT membranes is formation of macro-
structures with CNTs aligned perpendicular to the
substrate. CVD from carbon-containing source and a
metal catalyst can readily produce aligned CNT
arrays over a substrate, such as Si and SiO2.

In the early 1990s, primarily after the discovery of
fullerene, research efforts were directed to synthesize
carbon nanostructures in large-scale capabilities.
There was also a concerted effort to produce controlled
nanostructures composed of aligned CNTs, with the
goal of investigating the anisotropic properties of
CNTs applicable in field-emission devices. The ear-
liest report of aligned MWCNT films was by deHeer
et al. in 1995 [32] using the arc evaporation process.
Subsequently, other methods, such as CVD, a scalable
and industrially viable process, became popular [33].
Aligned MWCNTs were also grown on nickel-coated
glass substrates by plasma-enhanced hot-filament
CVD from a mixture of acetylene and ammonia
below 666 �C [34]; however, the CNTs produced by
this method had significant bamboo-type structures
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making them unsuitable for flow-through applications.
Among others, efforts at the Center for Applied Energy
Research (CAER) at the University of Kentucky were
focused on perfecting and scaling up production of
MWCNT arrays from a continuous source of ferro-
cene and xylene at �650 �C [35].

The overall geometry of the aligned CNT struc-
ture depends on the shape of the substrate on which
the CNTs are deposited. Srivastava and coworkers
succeeded in materializing this concept and formed
hollow cylinders of aligned MWCNT (up to few
centimeters long) along the walls of a tubular quartz
reactor. The cylinders are composed of radially
oriented MWCNTs of about 300–500-mm length
and have been utilized for liquid and gas filtration
application [17]. More importantly, the mechanical
strength of the CNT filter is high enough to allow
liquid filtration by tangential cross flow, which is
widely used in industrial membrane filtration.
Molecular transport in these membranes occurred,
primarily, through the interface between nanotubes,
although transport through the inner core of the open
nanotubes cannot be overruled. Inter-nanotube dis-
tance in the MWCNT arrays is in the range of 40–
100 nm, which sets the pore size of the membranes. A
potential drawback of this membrane structure is the
considerable variation in the size distribution of the
filtration pores – although these dimensions could be
tuned with closer packing of nanotubes or with nano-
tubes of smaller outer diameter [36].

1.14.2.3 Open-Ended CNT Membrane

A contemporary approach in CNT membrane
research is the use of open-ended CNT channels as
conduits for molecular transport. A composite film is
synthesized from an aligned array of the CNT by a
space-filling polymer [18] or ceramic matrix [19];
however, maintaining the alignment of the CNTs
during this processing step is critical. Subsequently,
the tips of the CNTs are oxidized by plasma chem-
istry to form open-ended and conducting CNT
channels. A schematic and SEM image of a typical
nanotube membrane fabricated by such a process is
depicted in Figure 2(c).

The open-ended CNT membranes, with space-
filling polymers, have been primarily based on
poly(styrene) [18]. The choice of poly(styrene) in
this work is dictated by its high wettability [37]
with CNTs allowing easy penetration into the
MWCNT array (�1010 tubes cm�2) by a simple
film fabrication process. However, other

mechanically robust polymers and conformal
deposition techniques can substitute polystyrene.
The CNT–polymer film is released from the
quartz substrate, on which the CNTs grow, by
hydrofluoric acid (HF) etch. The vertically
oriented CNTs in the polymer matrix often have
a graphitic end cap (which have larger concentra-
tion of defects and are easily oxidized compared to
the side walls) or a catalyst metal particle sealing
the graphitic interiors, which are etched away
using mild plasma oxidation without destroying
the mechanical structure of the CNTs [38].
High-temperature oxidative [39] or acidic oxida-
tion treatments can compromise the mechanical
integrity of the membrane and are not suitable
for the membrane fabrication process. The ele-
gance of the plasma-oxidation process stems from
its controllable oxidation kinetics, and the ability to
fabricate a macroscopic CNT array device. This
plasma-oxidation process, inherent to the mem-
brane fabrication process, performs three very
important functions:

1. It removes excess polymers by oxidative trim-
ming, since the oxidation kinetics of the polymer
(CNT) is faster than that of the CNTs. This
results in the exposure of the CNTs out of the
polymer matrix, making the membrane electri-
cally conducting.

2. The plasma-oxidation process also removes amor-
phous carbon and Fe impurities, aided by HCl
treatment. Note that the permeable pore densities
(�109 cm�2) of membranes in Table 1, estimated
from salt-diffusion experiments, are almost a mag-
nitude smaller than the density of the CNTs in the
arrays (�1010 cm�2) estimated from microscopy
experiments. This is attributed to the incomplete
removal of the iron nanocrystals from the interiors
of the CNTs.

3. The plasma-oxidation process introduces func-
tional groups (mainly –COOH) at the CNT tips,
which makes the tips amenable to facile functio-
nalization-chemistry approaches.

The CNT membrane structure after the plasma-
oxidation process showed a pore-size distribution
of �6� 2 nm, which is consistent with TEM
observations of the inner core of �7 nm.

In a similar work, aligned CNTs (with sub-2-nm
diameter) were grown on a Si chip patterned with
metal catalyst using a CVD process. A conformal
deposition of a ceramic material, Si3N4, filled up
the space between the nanotubes. Standard etching
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procedures were adopted to create openings on the Si

chip; subsequently, excess Si3N4 and catalyst nano-

particles were removed by Ar-ion milling, while the

CNTs were uncapped by reactive ion etching [19].

In both these works, the production of the CNT

membranes relied on standard lithography tools

commonly associated with microelectronic industry.
More traditional inorganic membrane fabrication

research groups have focused on making robust and

cost-efficient CNT membranes by using macropor-

ous membrane support layer and avoiding the use of

lithographic tools. In this effort, aligned CNT arrays

were grown over macroporous alumina supports and

the interstitial space between the CNTs was filled by

poly(styrene); however, the viscosity of the polymer

was high enough to preclude its entry into the macro-

porous alumina support. Mechanical polishing and

acid treatment were adopted to remove the polymer

overlayer and to open up the CNTs [40].
The methodologies for fabrication of the first-

generation CNT membranes were aimed at under-

standing the fundamental transport behavior. They

suffer from several drawbacks, for example, the por-

osity of these membranes and the overall

permeability is uncertain, due to the presence of

considerable amount of Fe nanocrystals from the

vapor deposition process and the overall yield is

painstakingly small. The research approaches dis-

cussed earlier [18, 19, 40] have utilized as-formed

aligned CNTs for the fabrication of membranes; an

alternative route is to adapt colloidal processing

approaches. In this regard, Kim et al. [41] claim to

have developed a scalable process for the fabrication

of open-ended nanotube membranes by filtering a

CNT suspension through a hydrophobic porous

polytetrafluoroethylene (PTFE, 0.2-mm pore

diameter). Quite surprisingly, a substantial number

(�1010 cm�2) of CNTs were observed to stick out of

the filter surface, most likely due to the hydropho-

bic–hydrophobic interaction between the nanotubes

and the filter surface. A thin polymer binder filled up

the interstice between the nanotubes, leading to the

formation of the membrane. The key advantage of

this approach lies in the ability to use purified nano-

tubes (lower amount of Fe catalyst) with larger

through porosity and to use diameter-sorted CNT

suspensions. Scalability and the overall simplicity of

the colloidal approach have the potential to lower the

cost of CNT membrane fabrication.
In sum, the fabrication of the open-ended CNT

membranes is complex, but it offers tighter control

over pore size as the transport occurs through the
inner core of CNTs.

1.14.2.4 Mixed-Matrix CNT Membranes

Polymeric membrane materials are intrinsically lim-
ited by a tradeoff between their permeability and
their selectivity, yet they have been the basis for
high-performance gas-separation applications.
Virtually, all gas separations in polymeric membranes
are limited by an upper boundary in a log–log plot of
gas selectivity and permeability [42]. One approach
to increase the selectivity is to include dispersions of
inorganic nanoparticles, such as zeolites, carbon
molecular sieves, or CNTs, into the polymeric mem-
branes – these membranes are classified as mixed-
matrix membranes. In these membranes, the choice of
both these components is a problem of materials
selection, and also involves several fundamental
issues, such as polymer-chain rigidity, free volume,
and the altered interface – all of which influence
transport through the membrane [43]. Several
research groups are investigating the effects of incor-
poration of CNTs to develop mixed-matrix
membranes. Schematic and SEM image of mixed-
matrix CNT membranes are shown in Figure 2(d).
In the dense-array or open-ended CNT membranes,
transport is through the pores of CNTs and inter-
particle pores in CNT array – a mechanism quite
similar to porous ultrafiltration or nanofiltration
membranes, whereas transport through the mixed-
matrix membranes is predominantly by a solution–
diffusion mechanism. Eva Marand and coworkers
have incorporated open-ended and amine-functiona-
lized CNTs (with �13.6-Å pore diameter) into
poly(sulfone) [44] and poly(imide-siloxane) copoly-
mer [45]. Incorporation of CNTs increases the
permeability of most gases by up to 60%, but the
selectivity does not improve compared to the
polymeric membranes. However, appropriate manip-
ulation of the interface can significantly improve the
separation performance. Considering the plethora of
polymeric materials at the disposal, the combinatorial
selection of components for membrane formulation
may pose a problem of plenty. Therefore, modeling
and simulations are needed for predicting the trans-
port properties of the mixed-matrix membranes
a priori. Further, rational design of experiments for
optimization of materials processing and property
relationships can pave the way for the development
of high-performance CNT-based mixed-matrix
membranes.
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1.14.3 Properties and Application
of CNT Membranes

In this section, we discuss the properties of the CNT
membrane with particular emphasis on their poten-
tial applications.

1.14.3.1 Functionalization of CNT
Membranes

Selective chemical transport through porous mem-
branes can be affected by steric, electrostatic, or
chemical interactions – often a combination of these
mechanisms results in the desired selectivity. For
example, membranes can be engineered with poly-
electrolytes containing charged amino and carboxyl
groups to achieve separation of ions by electrostatic
adsorption [46], or proteins by an affinity-based
separation [47]. CNTs are composed of rolled-up
grapheme sheets consisting of sp2-hybridized carbon;
however, liquid-phase (acid) and gas-phase (air and
plasma) treatments introduce surface functional
groups. Experimental results indicate that liquid-
phase treatments tend to introduce carboxylic acid
groups, whereas gas-phase treatments introduce less-
oxidized groups such as hydroxyl and carbonyl [48].
Water plasma treatment for opening the CNTs is
most likely to introduce the carboxyl groups on the
tips of the CNT membrane, because the high reac-
tivity of the plasma precludes its entrance deep into
the pores, limiting the functionalization to the sur-
face[49]. These functional groups, particularly
carboxylic acids can then be further modified by
covalently attaching molecules of interest to these
anchor points, using carbodiimide-mediated cou-
pling of the carboxylic acid groups with amine
groups of the desired molecule. Modulation of ionic
transport through the CNT membrane, by selective
chemical functionalization at the CNT tips, has been
demonstrated [50]. Transport through the membrane
of two different-sized, but equally charged, mole-
cules (ruthenium–bipyridine ½Ru�ðbipyÞ3 2þ � and
methyl viologen [MV2þ]) was quantified to under-
stand the effect of the functionalization chemistry.
The selectivity of the permeating molecules varied
from 1.7 to 3.6 and a hindered diffusion model to
explain the observed selectivity was consistent with a
geometry of functionalization concentrated at the
CNT tip and not along the length of the CNT
core. Furthermore, it is possible to increase the den-
sity of functional molecules by using electrochemical

approaches, such as diazonium grafting chemistry.
Such chemistries enhanced the electrostatic interac-
tions between the membrane and the permeating
species [51]. Molecular transport through mem-
branes can also be driven by an electric field. This
process, known as electro-osmosis, arises from the
drag exerted by counterions on solvent molecules
and provides a means to manipulate liquids by an
electric field, particularly in microfluidic devices.
The direction of overall molecular transport is in
the direction of counterion migration, and is directly
related to the bound surface charge. Researchers
have shown that template-synthesized CNT mem-
brane functionalized with charged groups
demonstrate controlled electro-osmotic transport
[16]. In general, readers should be aware that a
wide range of literature for electrochemical (or che-
mical) functionalization of the CNTs exists [52];
however, selection of appropriate chemistry compa-
tible with the mechanical integrity of the CNT
membranes and pertinent application is critical.
Nevertheless, these experiments (Figure 3) indicate
the feasibility of functionalizing CNT membranes
and should offer avenues for imparting antifouling,
biocompatible, molecular recognition or selective
adsorption properties, whenever desired.

1.14.3.2 CNT Membranes for Gas/Vapor
Transport Applications

Gas transport through the hollow interiors of CNTs
has been the fancy of many scientists. Preliminary
answers to how gaseous molecules are transported
through these nanoscale and highly smooth conduits
came through MD simulations. Several research
groups in the US and UK studied the transport prop-
erties of CNTs. Prominent among them are David
Sholl and Karl Johnson at the Carnegie Mellon
University. They investigated the transport of small
gas molecules, such as N2, Ar, and CH4, through
nanoporous materials, including CNTs, with the
overarching goal of screening inorganic materials
for potential gas-separation applications. In 2003,
they reported that the transport diffusivities of Ar
through CNTs were almost three to four orders of
magnitude larger than through zeolitic pores of com-
parable dimensions [13]. Arguments based on
specular reflection of the gases along the smooth
and frictionless graphitic interface were forwarded.
Some work on MD simulations on gas transport was
also conducted by the Susan Sinnot group at
the University of Kentucky and their simulations
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also predicted extremely fast transport of gases
through CNTs [53]. Nick Quirke’s group at
Imperial College investigated hydrodynamics of
low-Knudsen-number fluid flow through graphitic
pores. Their simulation results indicated the pre-
sence of large slip lengths for such flows [54]. In
2002, they proposed for the first time the presence
of slip-boundary conditions in Poiseuille flow of
fluids, such as CH4 on smooth CNT surfaces [55].
In summary, several research groups computation-
ally predicted the extremely fast mass-transport
characteristics through the inner core of the hydro-
phobic, and smooth CNTs.

From an experimentalist’s viewpoint, gas trans-
port through mesoporous materials is generally a
combination of (1) viscous or Poiseuille flow, (2)
Knudsen diffusion, and (3) surface diffusion [56, 57].
While the Poiseuille permeation scales inversely
with the viscosity, the characteristics of Knudsen-
type transport are an inverse scaling with the square
root of molecular weight of the gases – paralleling
arguments for the kinetic theory of gases. Knudsen
diffusion becomes prominent when the mean free
path of the diffusing species is larger than the pore
diameter. In some cases of porous membranes, a sur-
face-adsorption-based preferential diffusion may
lead to highly selective transport, especially in car-
bon membranes with extremely small pore
dimensions (<1 nm) [58, 59].

Careful control experiments, such as retention of
Au nanoparticles and size-dependent separation of
molecules, have validated the membrane structure
consisting of open-ended CNTs inserted inside an
impermeable polymer matrix [11, 19]. Pore density
(number of pores/m2) in these membranes can be
estimated with reasonable accuracy by direct visua-
lization using SEM or by diffusive transport
measurements. Often, a large number of CNTs,
which are visible by electron microscopy, can have
their cores blocked by the catalyst particles (espe-
cially in the case of membranes composed of large-
diameter MWCNTs), so the microscopy experi-
ments can provide a higher estimate to the number
of open-ended nanotubes. Nonetheless, this estima-
tion is crucial for understanding the molecular
transport properties through the CNT membranes,
as it allows the macroscopic transport measurements
to be converted to that for single nanotubes. It is also
worthwhile to recollect that the mean free path for
gases (�600 Å for air) is significantly larger than the
pore diameter of the CNT membrane (�12–70 Å) –
therefore, Knudsen diffusion is the likely gas-trans-
port mechanism. For gas transport through smooth
pores, such as CNTs, it is worth commenting that
Knudsen diffusivity can exceed the diffusivities pre-
dicted from the kinetic theory of gases because of
specular reflection along the CNT walls [60].
Indications that such behavior can be true is provided
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Figure 3 Functionalization of the CNT membrane via coupling chemistry between amine groups (in blue circle) of the

functional molecule and the carboxylic acid (in red) with (a) short (C9)-chain amine, (b) long (C22)-chain amine, (c) charged dye
molecule with SO3

2� groups, and (d) long-chain polypeptide resulted in change of transport properties through the CNT

membrane (e) Figures (a) through (e) adapted with permission from Majumder, M., Chopra, N., Hinds, B. J. J. Am. Chem. Soc.

2005, 127, 9062–9070. These experiments indicate the feasibility of functionalizing CNT membranes and should offer
avenues for imparting antifouling, biocompatible, molecular recognition or selective adsorption properties, whenever desired.
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by gas-transport measurements in a template-synthe-
sized CNT membrane (�20–30 nm thick and 200-
nm pore diameter) – the authors concluded that
�50% of the gas collisions were specular [61].
However, for more comprehensive assessments, gas-
transport measurements through the open-ended
CNTs are critical. Indeed, the observed permeability
of gases in these CNT membranes scales inversely
with the molecular weight by an exponent �0.4 (for
ideal Knudsen diffusion this is 0.5); however, the
diffusivities are around one to two orders of magni-
tude larger than Knudsen diffusivity predictions [19,
62]. Thus, a Knudsen-type diffusive transport, but
with a highly specular reflection along the CNT
walls, is the dominant gas-transport mechanism for
open-ended CNT membranes. The next obvious
question is how can we utilize these amazing mass-
transport properties for real-life gas-separation
applications. We must recognize that in such appli-
cations one is interested not only in the throughput,
but also in the selectivity; here is the caveat. The
smoothness of the graphitic interiors, which is the
reason for fast transport, is actually responsible for
the lack of selectivity – the selectivity will be limited
by the Knudsen-type selectivity. For all practical
applications, it would, therefore, be necessary to
impart selectivities based on either functional mole-
cules or surface adsorption–diffusion in CNTs with
much smaller diameter (<1 nm) [63].

A school of thought is to include these nanoscale
materials in conventional membranes to augment
vapor/gas-transport efficiencies. For example, let us
consider membrane distillation, a thermal-membrane
process for desalination of seawater. In this process,
water vapor is preferentially transported through the
hydrophobic pores of membranes over saline water
to affect the separation. The advantage of the
membranes, here, is to lower the thermal require-
ments due to convective mass-transport effects.
Open-ended CNTs, where the kinetics of gas trans-
port is much larger than Knudsen-type diffusion,
could be a potentially interesting additive to the
conventional microporous and hydrophobic mem-
branes. Indication about the validity of such
concepts comes from pervaporative separation of
benzene/cyclohexane using membranes based on
polyvinyl alcohol–CNT–chitosan mixed-matrix
membranes [64]. Pervaporation is a process by
which a component in a liquid mixture is preferen-
tially vaporized through the membranes. It was
observed that the incorporation of CNTs increased
not only the permeability of benzene but also its

selectivity compared to similar membranes without
the CNTs.

Let us now address, from the perspective of gas
separations, where membranes based on CNTs stand.
Zeolites have been the basis of the chemical industry
from selective adsorptive separations for several dec-
ades. However, synthesis of defect-free zeolite
membranes is yet to reach commercial success,
mainly because their irregular grain and pore struc-
ture is incompatible to large-area synthesis of
membranes. If CNTs, with their crystalline pore
and small pore dimensions (<1 nm), could achieve
the selectivity of zeolites, the recent developments in
the synthesis of defect-free CNT membranes would
be important in several gas-separation applications.
However, the smallest dimensions (1–2 nm) of the
CNT membranes made till date are not suitable for
such sieving purposes and the gas-separation proper-
ties of open-ended CNT membranes are, at best,
modest. Mixed-matrix CNT membranes seem to be
potentially more attractive toward gas-separation
applications [65].

1.14.3.3 CNT Membranes for Stimuli-
Responsive Applications

CNTs have several unique properties, including high
electrical conductivity and elasticity, which have
been exploited in creating stimuli-responsive mem-
branes. An account of such demonstrations and how
it might influence some technologies is presented in
this section.

Researchers have demonstrated that superhydro-
phobic CNT arrays can be rendered hydrophilic by
application of an electric potential. These mem-
branes are analogous to dense outer-wall
membranes, but are superhydrophobic; water trans-
port through the CNT arrays can be controlled by
the application of an electrical bias to the membrane
(see Figures 4(a) and 4(b)) [66]. Although this
potential-dependent wicking behavior through the
CNT membrane is analogous to the well-known
phenomenon of electrowetting, the ability to control
water transport through a membrane structure by an
external stimulus can be useful in applications where
controlled transport of water droplets is necessary,
for example, in lab-in-a-chip devices.

Another example of controlled molecular trans-
port through CNT membranes is an effort to mimic
the complex functionality of biological voltage-gated
membrane channels in artificial systems. In simpli-
fied terms, biologists have shown that charged
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protein segments in the membrane channels induce
paddle-like conformational changes, in response to
an external stimuli, such as voltage, thereby changing
the transport through the channel [67]. Molecules
attached to the walls and entrances of CNT mem-
branes can be actuated electrostatically, thereby
selectively occluding the pores and altering transport
of molecules through the pores [68]. In these experi-
ments, the electrically conducting CNT membrane
is the electrode in a three-electrode electrochemical
cell, and demonstrates the ability of these membranes
to mimic voltage-gated channels found in nature (see
Figure 4(c)). Such electrostatically actuated molecu-
lar transport is being considered as the enabling
principle in transdermal drug delivery devices.

From voltage-controlled transport properties to
mechanically regulated transport, CNT membranes
can exhibit them all. Membranes that change pore
size in response to compressive forces are found in
the kidney. Li et al. [69] have utilized the super-
compressible property of CNTs to mimic such beha-
vior. Super-compressibility is a spring-like property

of vertically oriented CNTs in which the arrays can
be compressed to a zigzag configuration, but retain
their original texture when the force is released [70].
Application of compressive force to the vertically
oriented dense outer-wall membrane flattens the
nanotubes and decreases the pore size between
them, resulting in the concomitant increase in steric
selectivity and decrease in water permeability (see
Figure 5).

The concept of stimuli-responsive membranes is
pertinent to biological membrane channels and
mimicking them in artificial systems to create func-
tional membranes can be fundamentally elegant, as
well as useful in practical applications, such as in
microfluidics and lab-on-a-chip devices.

1.14.3.4 CNT Membrane in Liquid
Transport Applications

There had been several early experiments demon-
strating the ability of the tubular interior of the
CNTs to be used as nanoscale containers or conduits
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for mass transport. The earliest experiments demon-

strating the feasibility of infiltration of liquid molten

metal, such as lead, inside the inner cores of CNTs

were conducted by Ajayan and Ijima in 1993 [7]. In a

subsequent publication in the same year, the group

reported that inorganic materials, such as lead oxide,

were more difficult to incorporate inside open-ended

CNTs than molten metals [8]. Dujardin et al. [9, 10]

also studied the wetting behavior of CNTs by infil-

tration of molten metals in bulk MWCNT samples

with diameters of 2–20 nm. It was concluded that

liquids with surface tension less than �80 mN m�1

will wet the MWCNTs. Hence, liquids such as water

(�80 mN m�1 at 20 �C) and organics (e.g., ethanol

has a surface tension of �20 mN m�1 at 20 �C),

which have significantly less surface tension, could
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easily wet MWCNTs. Nevertheless, the important
conclusion from these early reports was the feasibil-
ity of opening the CNTs using gas-phase oxidation
such that the CNTs would act as nanoscale contain-
ers for host materials [71].

However, the initial foray into the transport beha-
vior of liquids, such as water, through the CNTs, as
in the case of gases, was through computer simula-
tions. At the National Institutes of Health in
Maryland, Gerard Hummer’s interest in water trans-
port through CNTs was primarily derived from their
hydrophobic nature and similarity to protein chan-
nels. CNTs perhaps provided the possibility of a
much simpler model for MD simulations compared
to complex protein channels. Their seminal publica-
tion in 2001 suggested that hydrophobic CNT
channels, aided by the frictionless and smooth gra-
phitic walls along with a cooperative behavior of a
single-file hydrogen-bonded network, allow water to
be transported at extraordinary speed [12]. Kalra et al.
[72] studied the osmotically driven transport of water
through CNTs, and the simulated water-flow velo-
cities were very close to those found in natural water
channels such as aquaporin. More esoterically, Klaus
Schulten’s group at the University of Illinois Urbana-
Champaign studied water and proton transport beha-
vior through CNTs. In their simulations, the water
dipoles were found to be aligned unidirectionally in
pristine nanotubes, but somewhat disturbed in CNTs
containing charged groups, indicating a structural
change in the water structure inside defective
CNTs [73]. Nick Quirke’s group at Imperial
College reported extremely rapid wicking kinetics
of oil in CNTs and that the kinetics were not
explainable by the conventional Washburn equation
[74]. Overall, the simulation studies by all these
scientists indicated that the physics of the interaction
of liquids, particularly water, with CNTs is some-
thing special and needs efforts from their
experimental counterparts.

Yuri Gogotsi and coworkers of Drexel University
have experimentally studied the behavior of water
inside hydrothermally synthesized CNTs by in situ

microscopy techniques. In 2002 [75], the group
reported that the flow velocities of water is
�0.5� 10�6 m s�1 in 50-nm inner-diameter nano-
tubes. Although this study conclusively proved the
presence of water in equilibrium with a gas inside the
CNTs, uncertainty remained as to the driving force
of this transport measurement. In a subsequent work,
MWCNTs were hydrothermally filled with water,

frozen at –80 �C, and examined by high-resolution
transmission electron microscopy and electron emis-

sion loss spectrometry [76]. Two key observations
emerged from this study. The first one indicated that

the CNTs with larger pore diameter (20–100 nm)
had water segments interspersed with intermittent

air pockets, while a rather continuous cylinder of
water existed in CNTs with smaller pore diameter

in the range of 5–10 nm. In the other case, an air gap
of�4 Å between the graphitic walls and frozen water

was also observed, especially in the case of smoother
graphitic nanotubes [77]. This observation of an air
gap between the graphitic surface and the proximal

layer of water is remarkable and can be explained by
drying transitions of water in nanoscale hydrophobic

objects [78].
The earliest experimental mass-transport mea-

surements through CNTs were undertaken on
single-pore CNT membranes of �120-nm pore dia-

meter by the Crooks group, formerly at Texas A&M
University [79]. The large-diameter single-pore
nanotubes did not exhibit any unusual transport

properties and were suited as Coulter counting
devices. A Coulter counter is a device that can

count biological cells or colloidal particles based on
the measurement of ion current through the pores

[80]. Based on this approach, there is potential for the
development of single-pore membranes of (1–2-nm

diameter) for stochastic ion-channel sensing of
DNA/RNA translocation [81].

For more macroscopic measurements, flow velo-
city of liquids (J) through porous membranes can be
predicted using the Hagen–Poiseuille equation and is

given by

J ¼ "p:�:r
2:�P

8:�:�:L

where "p is the relative porosity, r0 the pore radius, P

the applied pressure, � the dynamic viscosity, � the
tortuosity, and L the pore length. The basic assump-
tions behind this equation are laminar flow and no
slip at the boundary layer (i.e., the velocity of the
fluid at the CNT wall is zero) and is available in any
standard fluid mechanics text.

Pressure-induced transport of a variety of liquids,
including water, ethanol, isopropyl alcohol, hexane, and

decane, was studied through the inner core of open-
ended CNT membrane structure. Enhancement factors

for different liquids, shown in Table 1, are calculated
from the equation
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Enhancement factor

¼ Experimentally observed flow velocity

Hagen�Poiseuille flow velocity

The flow velocities were found to exceed predictions
of liquid flow with no-slip boundary condition by
10 000–100 000-fold, suggesting frictionless flow
through the CNT cores [11]. The observed flow
velocities were consistent with MD simulation pre-
dictions by Hummer et al., and have also been
confirmed in sub-2-nm CNTs by another indepen-
dent research group [19]. Interestingly, progressive
functionalization of the CNT tips and cores by bulk
macromolecules slowed down the flow of liquids
through the membrane, confirming the hypothesis
that the enhanced flow velocities are due to the
noninteracting nature of the graphitic cores [62].
However, the mechanism of fast water transport
through CNTs is still unclear. Hummer’s MD simu-
lations [12] were obtained for very small nanotubes
(�0.8 nm) and suggested a hydrogen-bonded single-
file transport of water molecules. It is possible that
these simulation results are not applicable to larger
nanotubes, such as those in the recent experimental
observations in nanotubes with �1.6- or �7-nm dia-
meters. More applicable for these dimensions of
nanotubes is the concept of slip boundary conditions.
Theoretically, the existence of micron-scale slip
lengths has been explained by the presence of a
gas–liquid or a depletion interface, which provides
a nonzero velocity at the walls [82, 83]. Recent MD
simulations have attempted to understand the water
structure at the depletion region of a smooth nano-
tube interface and relate it to the water-transport
properties [84]. Although water transport in tubular
nanoscale channels made from, for example, boron
nitride, Si, or CNTs with rough surfaces behaved in a
usual manner, the enhancement factors on 1.6-nm-
diameter CNT showed excellent agreement with
prior experimental data. These simulations underline
the direct relationship between the noninteracting
graphitic interface and their unique mass-transport
properties. Despite these developments, there remain
several unresolved questions regarding the structure
and properties of liquids in the hydrophobic cores of
CNTs. It is likely that the experimental scaffolds
made from CNTs, using methods as discussed ear-
lier, can shed light on some of these nanoscale
transport phenomena.

Transiting to the more worldly applications of
these membranes–liquid filtration studies on dense

outer-wall membranes made from CNTs can

separate bacteria such as Escherichia coli and
Staphylococcus aureus and even polio virus in the size
range of �25–30 nm. A competitive advantage of
these membranes over polymeric counterparts is
the ability to use autoclave processes at �121 �C for
steam cleaning [17]. These membranes could be an
alternative to commercial ultrafiltration membranes
for separation of bacteria, virus, and proteins. One
must also recognize another unique advantage of
these membranes – the high electrical conductivity
can enable several flux regeneration strategies using
principles of electrochemistry.

The concept of membrane reactors, which com-
bine reaction and separation to increase efficiency
based on laws of mass action, is well established
[85]. The development of electrochemical mem-
brane reactors has been stymied by the lack of
electrical conductivity of the membrane materials
used to date. As discussed earlier, the high electrical
conductivity, chemical inertness of the dense-array
outer-wall CNT membranes make them a candidate
for simultaneous electrochemical reaction and
separation, particularly for destruction of hazardous
organic compounds [86]. The concept of such a
membrane reactor is shown in Figure 6, which
could possibly oxidize phenol to benign compounds
such as carbon dioxide, water, and aliphatic com-
pounds such as oxalic acid, along with CO2 and
H2O [87].

The fast water transport through the inner core of
CNTs along with the steric and electrostatic selec-
tivity offered by the pores of the nanotubes will have
competitive advantage over traditional liquid filtra-
tion membranes. In this vein, researchers are
considering the use of CNT membranes for devel-
oping compact and energy-efficient desalination
systems – all stemming from the exceptional mass-
transport properties of the CNTs. The inspiration for
CNT-membrane-based desalination comes from
biological protein channels known as aquaporin,
which can transport water at extraordinary speed
and selectivity [88] (see Figure 7).

Although the ability of CNTs to transport water
at speeds close to that of aquaporin has been shown
by several research groups, rejection of monovalent
ions (in the range of 80–90%) by nanotubes has not
been demonstrated. The book-chapter was written in
late 2008. However, recently, Donnan-type exclusion
has been realized in CNT membranes. Please see the
article by Fornasiero et al. for more details.
Therefore, it remains one of the grand challenges in
CNT membrane research – the possibilities being
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rejection of ions by nanotubes through electrostatic
rejection by charged groups on the CNTs via a
Donnan exclusion mechanism or by an energy-bar-

rier-based exclusion mechanism [89] in smaller-
diameter (�1 nm or smaller) CNTs. There have

been reports for synthesis of CNTs with �0.8 nm
[90], and even smaller diameter of �0.3 nm [91],

providing credence to the concept of nanotube mem-
branes for desalination. While the Donnan-type

separation is likely to produce �50–60% salt rejec-
tions [92] – similar to nanofiltration membranes – the
presence of functional groups will decrease the per-

meability. A mechanism based on smaller-diameter
CNTs, although a significant technical challenge,

can obtain both selectivity and permeability not
observed in conventional membrane materials. It is

estimated that CNT membranes with ion-rejection
capabilities, similar to those in reverse-osmosis mem-
branes, can reduce the cost of desalination by as

much as 75% [93]. Owing to this significant advan-
tage, Shanon et al. [14] have identified desalination by

nanotube membranes as the technology for the com-

ing decade.
Another potential application of these membranes

is as solvent-resistant nanofiltration membranes for

recovery and reuse of transition-metal catalysts

in the size range of 1–3 nm [94]. The current state-

of-the-art membranes based on polymers, such as

poly-dimethyl siloxane or poly-imides, are lacking

in chemical stability, selectivity, and flux [95]; CNT

membranes, with their chemical stability, high sol-

vent transport characteristics, and steric selectivity

based on the inner core of the CNTs, can be a

dramatic improvement over the conventional mem-

brane materials.
Finally, we move from the larger to smaller scale

applications, that is, interfacing nanofluidic materials,

particularly CNTs, with microfluidic devices [15].

Although assembly and hierarchical synthesis strate-

gies for seamlessly integrating the nanofluid channels

with microfluidic devices constitute a significant

challenge for the scientific community (Figure 8),
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Figure 6 (a) Illustration of a cross-flow electrochemical membrane reactor based on carbon nanotube (CNT) membranes.

(b) Scanning electron microscopy (SEM) of a cylindrical-shaped dense-array CNT membrane. Adapted with permission from

Srivastava, A., Srivastava, O. N., Talapatra, S., Vajtai, R., Ajayan, P. M. Nat. Mater. 2004, 3, 610–614. (c) Example of
electrochemical oxidation of an organic compound, phenol, at the CNT membrane electrode. The removal of the products

can aid in increased conversion efficiency based on Le Chatelier’s principle and could be accomplished either by the CNT

electrode alone or with functional nanoscale catalysts. Although the reaction shown here is representative of the concept of

conversion of a hazardous material such as phenol to a benign compound such as oxalic acid, this general concept could be
extended to other hazardous organic compounds.
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CNTs can provide multifunctional properties, such
as frictionless flow, voltage-controlled transport, and
electrokinetic mixing at the nanoscale. Therefore,
such themes are emerging areas of research in CNT
membranes.

1.14.4 Directions of Future Research

CNT membranes represent an emerging branch of
membrane science with myriad opportunities in
materials science and engineering, which can spawn
applications in diverse areas concerning our environ-
ment and energy. Researchers may be inspired by the

fact that a concerted effort in the United States,

presently, is considering CNT membranes as alter-

natives to mature materials, such as thin-film

composite membranes, for desalination of seawater.

At this point, it may be worthwhile to reiterate that

this novel class of membranes can provide several

competitive advantages, such as:

1. very fast liquid- and gas-transport properties;
2. tighter control over the pore-size distribution;
3. chemically tuned mass-transport properties;
4. stimuli-responsive behavior; and
5. well-defined nanofluidic scaffolds for understand-

ing molecular transport at the nanoscale.
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Figure 7 Molecular dynamic studies of ion (a) and water (b) permeation through an open-ended carbon nanotube (CNT)
membrane composed of (5,5), (6,6), (7,7), and (8,8) CNTs. Potential of mean force (PMF) is the force for pulling an ion (a) or

water molecule (b) from the bulk solution (z¼14) to the center of the pore (z¼ 0). Note the considerably large energy barrier for

penetration of Naþ for small-diameter nanotubes. Figures (a) and (b) used with permission from Corry, B. J. Phys. Chem. B

2007, 112, 1427–1434. The recent enthusiasm of CNTs for salt removal is inspired by protein channels such as aquaporin (c),
which can transport water very selectively and with extraordinary speed. Figure used with permission Nielsen, S., Frokiar, J.,

Marples, D., Kwon, T.-H., Agre, P., Knepper, M. A. Physiol. Rev. 2002, 82, 205–244. This forms the inspiration for developing

CNT membranes (d) for desalination. Figure (d) used with permission from Majumder, M., Zhan, X., Andrews, R., Hinds, B. J.
Langmuir 2007, 23, 8624–8631.
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It is not surprising that a wide range of applica-
tions in controlled-release devices, sensors,
membrane reactors, and nanoscale fluidic inter-
connects in microfluidic devices along with
traditional membrane separations (which we will
discuss later) can be easily conjured. Such a wide
range of properties, not obvious with traditional
membrane material, is why CNT-based mem-
branes are a new frontier in membrane science.
In this chapter, we have discussed different
approaches for the fabrication of these membranes
and showcased their novel transport properties.
To further aid our readers, a summary of the
demonstrated and future applications (as thought

by the authors) of membranes based on CNTs is
presented in Table 2. For example, the dense-
array outer-wall CNT membranes are potentially
attractive for ultrafiltration applications such as
protein separations. Their electrical conductivity
could be useful for flux regeneration and
environmental remediation applications as elec-
trochemical membrane reactors. Open-ended
CNT membranes are being considered for
desalination applications, while mixed-matrix
membranes could provide materials with novel
transport properties for conventional membrane
processes, such as membrane distillation, perva-
poration, or gas separation.

Table 2 Current status and future applications of CNT membrane

Type of CNT membrane Pore size Applications demonstrated Future applications

Template-synthesized 20 nm [20] Water-vapor/oxygen separation [20] Nanofluidic interconnects

in microfluidic platformsCNT membrane 200 nm [23] Electro-osmotic transport [23]

Dense-array outer-wall

CNT membrane

20–100 nm [17] Heavy hydrocarbon (liquid) separation

[17]

Ultra filtration membranes

Bacteria separation [17] Electrochemical
membrane reactors

Voltage-controlled transport [66]

Protein separation [69]
Compression-modulated transport [69]

Open-ended CNT

membrane

1–2 nm [19] Nanoparticle separation [50] Desalination [14]

�7 nm [18] Small-molecule separation [50] Recovery of homogenous

catalysts

Voltage-gated transport for transdermal
drug delivery [68]

Dialysis
Stochastic sensing [81]

Mixed-matrix CNT

membranes

Nonporous Gas separation [44] Gas separation

Pervaporation [64] Pervaporation

Figure 8 Illustration of carbon nanotubes (CNTs) as an interface between two microfluidic channels. The CNTs could act as

filtration channels, control transport of molecules through external stimuli, such as voltage, or aid in mixing via electrokinetic
phenomena at the nanoscale. While some of these application potentials have been demonstrated in voltage-controlled

transport experiments in macroscopic membranes [66, 68], the template synthesis allows seamless integration of these

nanoscale transport channels into microfluidic platforms.
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Despite this euphoria, challenges remain to
synthesize these membranes reproducibly, cost effec-
tively, and with minimum spread of diameters over
large areas. For example, desalination membranes for
>95% salt rejection (a very modest number for desa-
lination purposes) would require less than 1 in 100
tubes above 1-nm diameter [89]. These approaches

could be controlled at the formation stage, that is,
understanding and fine-tuning the growth of nano-
tubes. An array of SWCNT (with inner diameter
�3 nm) grown by hot-filament CVD technique at
Rice University is shown in Figure 9.

The alternative approach would require utiliza-
tion of diameter-controlled sorting of CNTs from
SWCNT suspensions [96], followed by alignment
of CNTs based on self/electric-field-based assembly.
To sum, research on CNT membranes is at its nas-
cent stage of evolution – several real-life applications
can emerge in the near future – however, several

fundamental and engineering questions still remain
unaddressed. Therefore, this highly rewarding and
crosscutting multidisciplinary research area needs
synergistic contributions from nanoscale materials
science, composite materials engineering, and trans-
port phenomena to bring paradigms to several
conventional technologies.

References

[1] Iijima, S. Nature 1991, 354, 56–58.
[2] Iijima, S., Ichihashi, T. Nature 1993, 363, 603–605.
[3] Monthioux, M., Kuznetsov, V. L. Carbon 2006, 44,

1621–1623.
[4] Fischer, J. E., Dai, H., Thess, A., et al. Phys. Rev. B 1997,

55, R4921.
[5] Frank, S., Poncharal, P., Wang, Z. L., Heer, W. A. Science

1998, 280, 1744–1746.
[6] Dai, H., Wong, E. W., Lieber, C. M. Science 1996, 272,

523–526.
[7] Ajayan, P. M., Iijima, S. Nature 1993, 361, 333–334.
[8] Ajayan, P. M., Ebbesen, T. W., Ichihashi, T., Iijima, S.,

Tanigaki, K., Hiura, H. Nature 1993, 362, 522–525.
[9] Dujardin, E., Ebbesen, T. W., Hiura, H., Tanigaki, K.

Science 1994, 265, 1850–1852.
[10] Dujardin, E., Ebbesen, T. W., Krishnan, A., Treacy, M. M. J.

Adv. Mater. 1998, 10, 1472–1475.
[11] Majumder, M., Chopra, N., Andrews, R., Hinds, B. J.

Nature 2005, 438, 44.
[12] Hummer, G., Rasaiah, J. C., Noworyta, J. P. Nature 2001,

414, 188–190.
[13] Ackerman, D. M., Skoulidas, A. I., Sholl, D. S.,

Johnson, J. K. Mol. Simul. 2003, 29, 677–684.
[14] Shannon, M. A., Bohn, P. W., Elimelech, M.,

Georgiadis, J. G., Marinas, B. J., Mayes, A. M. Nature
2008, 452, 301–310.

[15] Whitby, M., Quirke, N. Nat. Nanotechnol. 2007, 2,
87–94.

[16] Miller, S. A., Young, V. Y., Martin, C. R. J. Am. Chem. Soc.
2001, 123, 12335–12342.

[17] Srivastava, A., Srivastava, O. N., Talapatra, S., Vajtai, R.,
Ajayan, P. M. Nat. Mater. 2004, 3, 610–614.

Figure 9 Future research has to be focused on tuning the growth of CNTs with closer packing, finer (1–2 nm) pores, and less

spread in pore sizes. Several critical applications, such as desalination and separation of homogenous catalysts, require

uniformity of the dimensions of the nanotube in large areas. Shown here is a scanning electron microscopy (SEM) image of an

array of SWCNT, in which the theoretical inner diameter can be as small as 0.4 nm. Courtesy of Dr. Robert Hauge, Chemistry,
Rice University.

Carbon Nanotube Membranes: A New Frontier in Membrane Science 307



[18] Hinds, B. J., Chopra, N., Rantell, T., Andrews, R.,
Gavalas, V., Bachas, L. G. Science 2004, 303, 62–65.

[19] Holt, J. K., Park, H. G., Wang, Y., et al. Science 2006, 312,
1034–1037.

[20] Alsyouri, H. M., Langheinrich, C., Lin, Y. S., Ye, Z., Zhu, S.
Langmuir 2003, 19, 7307–7314.

[21] Sano, T., Iguchi, N., Iida, K., Sakamoto, T., Baba, M.,
Kawaura, H. Appl. Phys. Lett. 2003, 83, 4438–4440.

[22] Cho, S.-H., Walther, N. D., Nguyen, S. T., Hupp, J. T.
Chem. Commun. 2005 5331–5333.

[23] Miller, S. A., Young, V. Y., Martin, C. R. J. Am. Chem. Soc.
2001, 123, 12335–12342.

[24] Jirage, K. B., Hulteen, J. C., Martin, C. R. Science 1997,
278, 655–658.

[25] Mattia, D., Rossi, M. P., Kim, B. M., Korneva, G.,
Bau, H. H., Gogotsi, Y. J. Phys. Chem. B 2006, 110,
9850–9855.

[26] Meng, G., Jung, Y. J., Cao, A., Vajtai, R., Ajayan, P. M.
Proc. Natl. Acad. Sci. U.S.A. 2005, 102, 7074–7078.

[27] Bronikowski, M. J., Willis, P. A., Colbert, D. T., Smith, K. A.,
Smalley, R. E. Vacuum, Thin Films, Surfaces/Interfaces,
and Processing NAN06. In The 47th International
Symposium, Boston, MA, 2001; pp 1800–1805.

[28] Jin, L., Bower, C., Zhou, O. Appl. Phys. Lett. 1998, 73,
1197–1199.

[29] Thostenson, E. T., Chou, T.-W. J. Phys. D: Appl. Phys.
2002, 35, L77–L80.

[30] Smith, B. W., Benes, Z., Luzzi, D. E., et al. Appl. Phys. Lett.
2000, 77, 663–665.

[31] Casavant, M. J., Walters, D. A., Schmidt, J. J.,
Smalley, R. E. J. Appl. Phys. 2003, 93, 2153–2156.

[32] deHeer, W. A., Bacsa, W. S., Chatelain, A., et al. Science
1995, 268, 845–847.

[33] Li, W. Z., Xie, S. S., Qian, L. X., et al. Science 1996, 274,
1701–1703.

[34] Ren, Z. F., Huang, Z. P., Xu, J. W., et al. Science 1998, 282,
1105–1107.

[35] Andrews, R., Jacques, D., Rao, A. M., et al. Chem. Phys.
Lett. 1999, 303, 467–474.

[36] Raravikar, N. R., Schadler, L. S., Vijayaraghavan, A.,
Zhao, Y., Wei, B., Ajayan, P. M. Chem. Mater. 2005, 17,
974–983.

[37] Safadi, B., Andrews, R., Grulke, E. A. J. Appl. Polym. Sci.
2002, 84, 2660–2669.

[38] Huang, S., Dai, L. J. Phys. Chem. B 2002, 106, 3543–3545.
[39] Chiang, I. W., Brinson, B. E., Smalley, R. E.,

Margrave, J. L., Hauge, R. H. J. Phys. Chem. B 2001, 105,
1157–1161.

[40] Mi, W. L., Lin, Y. S., Li, Y. D. J. Membr. Sci. 2007, 304, 1–7.
[41] Kim, S., Jinschek, J. R., Chen, H., Sholl, D. S., Marand, E.

Nano Lett. 2007, 7, 2806–2811.
[42] Robeson, L. M. J. Membr. Sci. 1991, 62, 165–185.
[43] Mahajan, R., Koros, W. J. Ind. Eng. Chem. Res. 2000, 39,

2692–2696.
[44] Geng, H.-Z., Kim, K. So, K., Lee, Y., Chang, Y., Lee, Y. J.

Am. Chem. Soc. 2007, 129, 7758–7759.
[45] Kim, S., Pechar, T. W., Marand, E. Desalination 2006, 192,

330–339.
[46] Hollman, A. M., Bhattacharyya, D. Langmuir 2004, 20,

5418–5424.
[47] Hollman, A. M., Christian, D. A., Ray, P. D., et al.

Biotechnol. Prog. 2005, 21, 451–459.
[48] Ago, H., Kugler, T., Cacialli, F., et al. J. Phys. Chem. B

1999, 103, 8116–8121.
[49] Domingo-Garcia, M., Lopez-Garzon, F. J., Perez-

Mendoza, M. J. Colloid Interface Sci. 2000, 222,
233–240.

[50] Majumder, M., Chopra, N., Hinds, B. J. J. Am. Chem. Soc.
2005, 127, 9062–9070.

[51] Majumder, M., Keis, K., Zhan, X., Meadows, C., Cole, J.,
Hinds, B. J. J. Membr. Sci. 2008, 316, 89–96.

[52] Alison, J. D. Electroanalysis 2000, 12, 1085–1096.
[53] Mao, Z., Sinnott, S. B. J. Phys. Chem. B 2000, 104,

4618–4624.
[54] Sokhan, V. P., Nicholson, D., Quirke, N. J. Chem. Phys.

2001, 115, 3878–3887.
[55] Sokhan, V. P., Nicholson, D., Quirke, N. J. Chem. Phys.

2002, 117, 8531–8539.
[56] de Lange, R. S. A., Keizer, K., Burggraaf, A. J. J. Membr.

Sci. 1995, 104, 81–100.
[57] Cussler, E. L. Diffusion: Mass Transfer in Fluid

Systems, 2nd edn.; Cambridge University Press:
London, 2003.

[58] Rao, M. B., Sircar, S. J. Membr. Sci. 1993, 85, 253–264.
[59] Fuertes, A. B. J. Membr. Sci. 2000, 177, 9–16.
[60] Arya, G., Chang, H.-C., Maginn, E. J. Phys. Rev. Lett. 2003,

91, 026102.
[61] Cooper, S. M., Cruden, B. A., Meyyappan, M., Raju, R.,

Roy, S. Nano Lett. 2004, 4, 377–381.
[62] Majumder, M. PhD Dissertation, University of Kentucky,

2007, 43–66.
[63] Wei, B.-Y., Hsu, M.-C., Yang, Y.-S., Chien, S.-H.,

Lin, H.-M. Mater. Chem. Phys. 2003, 81, 126–133.
[64] Peng, F., Pan, F., Sun, H., Lu, L., Jiang, Z. J. Membr. Sci.

2007, 300, 13–19.
[65] Cong, H., Zhang, J., Radosz, M., Shen, Y. J. Membr. Sci.

2007, 294, 178–185.
[66] Wang, Z. K., Ci, L. J., Chen, L., Nayak, S., Ajayan, P. M.,

Koratkar, N. Nano Lett. 2007, 7, 697–702.
[67] Jiang, Y., Lee, A., Chen, J., et al. Nature 2003, 423, 33–41.
[68] Majumder, M., Zhan, X., Andrews, R., Hinds, B. J.

Langmuir 2007, 23, 8624–8631.
[69] Li, X., Zhu, G,. Dordick, J. S., Ajayan, P. M. Small 2007, 3,

595–599.
[70] Cao, A., Dickrell, P. L., Sawyer, W. G., Ghasemi-

Nejhad, M. N., Ajayan, P. M. Science 2005, 310,
1307–1310.

[71] Ajayan, P. M., Stephan, O., Redlich, P., Colliex, C. Nature
1995, 375, 564–567.

[72] Kalra, A., Garde, S., Hummer, G., Proc. Natl. Acad. Sci.
U.S.A. 2003, 100, 10175–1080.

[73] Zhu, F., Schulten, K. Biophys. J. 2003, 85, 236–244.
[74] Supple, S., Quirke, N. Phys. Rev. Lett. 2003, 90, 214501.
[75] Megaridis, C. M., Yazicioglu, A. G., Libera, J. A.,

Gogotsi, Y. Phys. Fluids 2002, 14, L5–L8.
[76] Rossi, M. P., Ye, H. H., Gogotsi, Y., Babu, S., Ndungu, P.,

Bradley, J. C. Nano Lett. 2004, 4, 989–993.
[77] Naguib, N., Ye, H. H., Gogotsi, Y., Yazicioglu, A. G.,

Megaridis, C. M., Yoshimura, M. Nano Lett. 2004, 4,
2237–2243.

[78] Lum, K., Chandler, D., Weeks, J. D. J. Phys. Chem. B 1999,
103, 4570–4577.

[79] Sun, L., Crooks, R. M. J. Am. Chem. Soc. 2000, 122,
12340–12345.

[80] Ito, T., Sun, L., Crooks, R. M. Anal. Chem. 2003, 75,
2399–2406.

[81] Bayley, H., Cremer, P. S. Nature 2001, 413, 226–230.
[82] Lauga, E., Brenner, M. P. Phys. Rev. E (Stat., Nonlinear,

Soft Mat. Phys.) 2004, 70, 026311-1–026311-7.
[83] de Gennes, P. G. Langmuir 2002, 18, 3413–3414.
[84] Joseph, S., Aluru, N. R. Nano Lett. 2008, 8, 452–458.
[85] Denbigh, K. G., Turner, J. C. R. Chemical Reactor Theory:

An Introduction, 3rd edn.; Cambridge University Press:
London, 1984.

[86] Martinez-Huitle, C. A., Ferro, S. Chem. Soc. Rev. 2006, 35,
1324–1340.

[87] Maluleke, M. A., Linkov, V. M. Sep. Purif. Technol. 2003,
32, 377–385.

308 Basic Aspects of Polymeric and Inorganic Membrane Preparation



[88] Nielsen, S., Frokiar, J., Marples, D., Kwon, T.-H., Agre, P.,
Knepper, M. A. Physiol. Rev. 2002, 82, 205–244.

[89] Corry, B. J. Phys. Chem. B 2007, 112, 1427–1434.
[90] Marn, C., Serrano, M. D., Yao, N., Ostrogorsky, A. G.

Nanotechnology 2002, 13, 218–220.
[91] Zhao, X., Liu, Y., Inoue, S., Suzuki, T., Jones, R. O.,

Ando, Y. Phys. Rev. Lett. 2004, 92, 125502.
[92] Fornasiero, F., Park, H. G., Holt, J. K., et al. Proc. Natl.

Acad. Sci. U.S.A. 2008, 105, 17250–17255.

[93] Lamont, A. Some Results Bearing on the Value of
Improvements of Membranes for Reverse Osmosis;
UCRL-TR-219746, Lawrence Livermore National
Laboratory, 2006.

[94] Cole-Hamilton, D. J. Science 2003, 299, 1702–1706.
[95] Wong, H.-T., See-Toh, Y. H., Ferreira, F. C., Crook, R.,

Livingston, A. G. Chem. Commun. 2006, 2063–2065.
[96] Arnold, M. S., Green, A. A., Hulvat, J. F., Stupp, S. I.,

Hersam, M. C. Nat. Nano. 2006, 1, 60–65.

Carbon Nanotube Membranes: A New Frontier in Membrane Science 309



Biographical Sketches

Dr. Mainak Majumder received his undergraduate degree from the Calcutta University in 1999 and a master’s
degree from the Banaras Hindu University in 2001. He then served as a staff scientist for 2 years at the Central
Glass and Ceramic Research Institute (CGCRI), a national laboratory in India, with a focus on membrane
technologies for water purification. He received his PhD from the University of Kentucky in 2007, where he
studied the molecular transport properties through carbon nanotube membranes. At present, he is pursuing
research at Rice University on colloidal processing of carbon nanotubes. His research focus is the interface of
materials science and chemical engineering, particularly how nanoscale materials can be applied to develop
novel materials for energy and environmental applications. Presently he is an academic staff member at the
Department of Mechanical and Aerospace Engineering, Monash University, Australia.

Professor Pulickel M. Ajayan received his undergraduate degree from the Banaras Hindu University in 1985,
and doctoral degree from Northwestern University in 1989. A pioneer in the area of carbon nanotubes, Prof.
Ajayan has been one of the key figures in the development of carbon nanotube technologies. After 10 years at
the Rensselaer Polytechnic Institute (RPI), including as director of the RPI Interconnect Focus Center, New
York, he joined Rice University as the Benjamin M. and Mary Greenwood Anderson Professor of Engineering
in Mechanical Engineering and Materials Science Department. His research goals are oriented toward devel-
oping multifunctional nanostructures and hybrid platforms that would have applications in diverse fields, such
as alternative energy storage, structural composites, sensors, electronic devices, and biomedical applications.
Prof. Ajayan has authored or coauthored about 320 publications, two books, and his work has received more
than 25 000 citations and h-index of 72. He has won several awards such as the MRS medal and the Burton
medal from the Microscopy Society of America. He was selected as one of 2006 Scientific American 50 by the
Scientific American Magazine and has also been selected as Nano50TM Innovator by Nanotech Briefs (2007).

310 Basic Aspects of Polymeric and Inorganic Membrane Preparation



1.15 Characterization of Filtration Membranes
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I often say that when you can measure what you are

speaking about, and express it in numbers, you know

something about it; but when you cannot express it

in numbers, your knowledge is of a meagre and

unsatisfactory kind; it may be the beginning of

knowledge, but you have scarcely, in your thoughts,

advanced to the stage of Science, whatever the

matter may be.

Lord Kelvin

1.15.1 Introduction

The characterization of membrane properties helps

not only to choose the right membrane for a given

application but also to gain a better understanding of

their preparation methods and on the selectivity and

fouling mechanisms. The methods used give access

to macroscopic or microscopic quantities, character-

istic of the membrane structure and the chemistry of
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the material. Some of these techniques are proper to
membrane or separation processes, others are drawn
from polymer science or are much more general.

The structural and transfer characteristics
(hydraulic permeability and selectivity curve) are
the most important for the choice of a membrane as
they provide information on how the membrane will
perform in the intended separation process: the
permeate flow that can be expected and the size of
molecules likely to be rejected by the membrane.

Also involved in the choice of a membrane are its
surface physicochemical and chemical properties
(charge, hydrophilic–hydrophobic nature, and chemi-
cal composition), which allow fouling and interactions
among the different types of molecules at the mem-
brane surface to be predicted to some extent. They
may also play a role in the transport mechanisms.

In this chapter we focus on two categories of
characterization methods: those which characterize
the chemical and structural properties of the mem-
brane, and those which characterize the functional
properties, such as selectivity or permeability. It
should be mentioned that some of these methods
might be useful as well for membranes designed for
purposes other than filtration, as, for example, for gas
separation or for contactors.

1.15.2 Structural Characteristics

A variety of characterization methods have been
developed for obtaining information on the structure
of membranes, in particular on the pore size. They
can be divided into three types: microscopy techni-
ques, liquid intrusion or displacement techniques,
and techniques that measure tracer molecule reten-
tion, although the latter provide information on the
structural properties of the membrane via assump-
tions on the shapes of pores and mass transport
phenomena through such porous media.

1.15.2.1 Microscopy Techniques

These techniques provide information on surface
topology, roughness, and pore size. Several micro-
scopic observation methods are used, which differ by
their implementation and their resolution.

1.15.2.1.1 Electron microscopy

The first generation of microscopic techniques used
scanning electron microscopy (SEM) and transmis-
sion electron microscopy (TEM), with resolutions of

the order of 10 and 5 nm, respectively (for a mem-
brane sample and in ideal experimental conditions
for the instrument).

Electron microscopy is based on interactions
between electrons and a sample of material. A very
thin monochromatic beam of electrons is produced
by focusing (using magnetic lenses) the electrons
produced by sources such as a tungsten filament in

a deep vacuum. The beam scans the surface of the
specimen causing interactions that lead to the emis-
sion of waves. Two microscopic analyses are then
possible, one by transmission and the other by reflec-
tion also named ‘scanning electron microscope’
(Figure 1).

Transmission electron microscopy. In the TEM, the
incident electrons coming from the source are either
completely stopped or deviated and slowed down or

transmitted by the specimen. An objective diaphragm
eliminates the deviated electrons. The image is pro-
duced by a fluorescent screen and consists of dark
zones corresponding to electrons that are stopped
and light zones where the electrons are transmitted.
Specimen must be very thin layers to allow the beam

through. The resolution is a few tens of nanometers,
and the magnification can be up to 600 000.

Scanning electron microscopy. In SEM, the incident
electrons excite the surface layer of the sample, caus-
ing the emission of secondary and backscattered
electrons.

The secondary electrons are emitted by the atoms
from the specimen surface. These electrons, which
produce bright zones on the image, are more fre-
quently emitted by the upper parts of the sample,
making the hollows appear darker. An image of the
specimen surface is thus built up, in which the con-
trast is determined by the morphology of the zone

analyzed.

SAMPLE

Incident electron beam

Transmitted and scattered
electrons:

transmission electron
microscope

(TEM) 

Back-scattered electrons
(conducting samples):

scanning electron microscope
(SEM)

Figure 1 Principles of electronic microscopes.
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The backscattered electrons are primary electrons
that are reflected by the atoms in the sample. The
image contrast is determined by the atomic number
of the elements making up the specimen. However,
the quality of the images obtained using backscat-
tered electrons is not as good as the quality obtained
with secondary electrons. SEM microscopy is there-
fore mainly carried out using secondary electrons. If
the sample does not emit enough secondary electrons
and/or is not a conductor (the case for polymer), it is
necessary to consider sputtering a thin layer of metal
such as gold. The magnification obtained is the ratio
of the dimensions scanned on the specimen to the
dimensions on the screen. It can reach 400 000 in
recent instruments and its resolution is a few
nanometers.

Constraints. Electrons are slowed down by the gas
molecules they encounter, which explains the need
for a high vacuum in the microscope column. This
vacuum in the instrument makes it impossible to
observe hydrated objects at room temperature.
Therefore, electron microscopy imposes specific
techniques of sample preparation, notably when
polymer membranes are to be observed. These
include:

1. dehydration of the specimens or immobilization of
their water by freezing and preparation of ultra-
fine sections of the frozen material;

2. metallization of the membrane surface (after
dehydration) in the case of SEM, such that the
secondary electrons can be emitted and the
charges can drain away. Gold, platinum, palla-
dium, or their alloys are used for this purpose,

3. inclusion of resins in the case of TEM so that
ultrafine sections, 50–100 nm thick, can be cut.

One of the limitations of any imaging technique
when analyzing the porous structure of materials is
that any single information provides a 2D informa-
tion, whereas the porous structure is 3D in nature.
Therefore, and except if series of micro-cuts are
obtained using a micro-knife, the information
obtained from such images does not discriminate
between through pores and superficial cavities,
neither they inform on the shape of the channels [55].

Some attempts at using image analysis routines
help at offering a more quantitative and statistically
meaningful picture of the membrane pore-size distri-
bution, as exemplified by Torras and Garcia Vals [45].

Applications of SEM. SEM is often used to study the
morphology of membranes (Figure 2). It is proved to
be an effective method for:

1. characterizing flat membranes;
2. assessing the effect of preparation conditions on

the structure of hollow fiber membranes [31];
3. observing the evolution of membrane morphology

after contact with washing solutions; works have
concerned the analysis of cellulose acetate (Qin and
Wong, 2002) and polyvinylpyrrolidone-modified
polysulfone (Qin et al., 2003) membranes after
treatment with sodium hypochlorite; and

4. measuring the thickness of deposits (0.2–0.4 mm)
formed during membrane fouling [39].

A few studies have been published in this field [17, 28]
but many authors agree that, although scanning electron
microscopy is a very powerful tool for analyzing the
structure of membranes, it is not suitable for measuring
the sizes of membrane pores, particularly in ultrafiltra-
tion membranes. In this case, where the pores have
diameters between 1 and 30 nm, the resolution of SEM
proves to be insufficient. The fact that the specimen has
to be dried and metallized reduces the interest of this
technique for observing membrane pores as a change in
the apparent characteristics of the pores may be
expected as a consequence of the sample preparation.

Environmental low-pressure SEM is a technique
that can be envisaged. It has the advantage of requir-
ing much less vacuum (c. 20 kPa) than conventional
SEM, and the electronic conductivity of the speci-
men surface is not a requirement as in conventional
SEM. This is an interesting alternative for mem-
branes as they can be characterized in a natural
working environment. However, the resolution
obtained is not as good as in traditional SEM.

1.15.2.1.2 Near Field Microscopy
Another generation of microscopic methods was
ushered in by near field microscopes such as the
scanning electron tunneling microscopy (STM,
applicable only to conducting surfaces) and the
atomic force microscopy (AFM, for observing all
types of surfaces, even insulating ones). The latter
has the advantage of requiring no specimen prepara-
tion and being usable in an aqueous medium. Also, it
gives 3D information on the surface of the mem-
brane. These microscopes have high potential for
observing ultrafiltration membranes where the pore
diameters are between 1 and 30 nm. Nevertheless,
great caution is to be exercised when interpreting
the images as the topographical readings obtained
depend not only on the shape of the objects observed
but also on the size and shape of the microscope
probes used.

Characterization of Filtration Membranes 313



Scanning tunneling microscopy. The operating
principle of a tunneling microscope is based on mea-

suring a current of electrons crossing an insulating

zone by the tunneling effect. The key elements of the

device are the two electrodes between which the

tunnel current is measured. One electrode is com-

posed of a tip, assumed to be monoatomic, of a probe

that can move in the three spatial directions (piezo-

electric ceramic system). The surface to be analyzed

constitutes the other electrode. The tip and the sur-

face are a distance d apart (Figure 3).
The tunnel current measured depends on both the

probe–surface distance and the electronic structure

of the specimen surface. This type of microscope thus

reveals the topography (Figure 4) and the electronic

structure of a material at the same time.
One of the limitations of tunneling microscopy,

however, is the need to deposit a thin conducting

film on nonconducting samples. This enables the

surface topography to be observed but lowers the

resolution.
Atomic force microscopy. The main feature of this

type of microscopy is a very thin, and therefore

very flexible, cantilever with a monoatomic tip at

the end. When the atoms of the tip are sufficiently

close to the surface to be analyzed, inter-atomic

forces (of between 10�6 and 10�9 N) come into

play and the cantilever is bent slightly according to

the topology as it scans the surface. The deflections

of the cantilever are monitored using a laser beam

shed on its upper face. The beam is reflected by a

mirror and falls on photodetectors that record the

light signal. Transcribing the movements of the can-

tilever thus traces the topography of the sample even

if it is an insulator.
The images obtained by AFM depend mainly on

the specimen’s topography [23], whereas those

obtained by STM also reflect its conductivity

Figure 2 Example of an image of a polysulfone hollow fiber membrane (MWCO: 40 kDa) obtained by scanning electron

microscopy (SEM).
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Figure 4 (a) Image of a 100 kDa polysulfone membrane obtained by scanning tunneling microscopy (STM); (b) Cross

sections corresponding to the lines drawn in the picture 5 (middle-bottom). From Bessieres, A., Meireles, M., Coratger, R.,

Beauvillain, J., Sanchez, V. J. Membr. Sci. 1996, 109, 271–284.
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Figure 3 Schematic description of a scanning tunneling microscope (STM).
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variations. It is impossible to observe thick, noncon-

ducting specimens by STM while this poses no

problem with AFM.
AFM has been used to determine the sizes of

membrane pores (Figure 5). Some authors have

shown that, for microfiltration [7] and ultrafiltration

membranes, the measured dimensions of the pores

are in agreement with those provided by the manu-

facturer or calculated from hydraulic permeability.

By contrast, analyses performed on hollow, dialysis

fibers [26] or nanofiltration membranes [8] overesti-

mate the pore sizes for the former and underestimate

them for the latter.
The uncertainty of the AFM measurements of

pore sizes may be due to:

1. the fact that the tip (5–10 nm in size) could not
probe the depth of the smallest pores and thus did

not detect the outline accurately;
2. convolution between the tip and the pore walls;

and
3. the fact that some pores can have their maximum

opening at the membrane surface.

Another application of the AFM is to capture the

surface roughness (Figure 6). For instance, the

roughness of new, clean membranes can be studied

together with the variations in the surface structure

after membrane fouling.

An example of data collected by imaging various
membranes by STM and AFM was exploited to
produce the results presented in Table 1.

1.15.2.1.3 X-ray synchrotron micro-

tomography

The use of synchrotron X-ray radiation source pro-
vides new possibilities to characterize membrane
morphology. Since their discovery, X-rays have
been used to image the bulk of materials that are
not transparent for visible light by taking advantage
of their inhomogeneous absorption. From the many
2D images (radiographs) recorded at various angular
positions of the objects and via appropriate algo-
rithms (described, for instance, by Baruchel et al.
[2]) and the derived software, 3D data volume, pro-
jections, or perspective renditions of the objects can
be obtained at will. Micro-tomography with spatial
resolution better than 20 mm has recently emerged
with bench scale X-ray tomographic instruments.
X-ray micro-tomography allows then reconstruc-
tions of the 3D internal structure of objects
nondestructively without any prior preparation
(cutting, coating, or vacuum treatment).

Remigy et al. [36] report the new possibilities
associated with the availability of third-generation
sources of synchrotron radiation to characterize the
3D morphology of a polyvinylidene fluoride (PVDF)
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Figure 5 (a) Example of an image of a tracked etched polycarbonate membrane (Nuclepore) – nominal pore size : 0.2 mm;

(b) same sample – blow-up (1000�1000) nm2; and (c) cross section along the line drawn in picture (a).
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hollow fiber microfiltration membrane prepared by

phase inversion (Figure 7). The membrane actually

appears as a complex 3D bi-continuum of intercon-

nected pores. An interesting feature of this kind of

characterization method is that it provides a 3D

numerical mesh of the membranes which can be

further used for flow simulation, for example, using

a Boltzmann lattice method. The lower limit of the

resolution of such a technique is today at the micro-

meter range.
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Figure 6 (a) Image by atomic force microscopy (AFM) of the surface of a sulfonated polysulfone membrane, and (b) cross

sections along the lines drawn in picture 5 (midlle-bottom row). From Bessieres, A., Meireles, M., Coratger, R., Beauvillain, J.,
Sanchez, V. J. Membr. Sci. 1996, 109, 271–284.

Table 1 Membrane characteristics derived from STM and AFM images

100 kDa PSS 200 kDa PSS 0.1 mm PVDF

STM AFM STM AFM STM AFM

dp (nm) 16 31 28 38 82 96

Dp (nm) 31 69 94 114 170 185
�pore (pores/m2) 1.23� 1014 7� 1013 1.4�1013 2� 1013 1.4�1013 7� 1013

" (%) 4.8 11.8 2.9 6.8 1.5 9.8

dp: smallest pore dimension (or clack width) (nm); Dp: largest pore dimension (or crack length) (nm).
From Bessieres, A., Meireles, M., Coratger, R., Beauvillain, J., Sanchez, V. J. Membr. Sci. 1996, 109, 271–284.
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1.15.2.1.4 General remarks on

microscopic methods

The resolution of microscopic techniques has been
much improved over the last decade. Equipment
maintenance and sample have been simplified and
this allows quite an extensive use of these techniques
to visualize the internal and external structure of
membranes. This is definitely of great help for asses-
sing the membrane preparation procedures, for
example, for an evaluation of fouling conditions.
Quantitative analysis of these images should be con-
sidered carefully when the sample preparation can
modify the sample. One should also make sure that
the information taken from very small samples, such
those accessible by AFM, are statistically significant.

1.15.2.2 Displacement Techniques

These methods (bubble point, liquid/gas displace-
ment, and liquid–liquid porometry) consist of
wetting the membrane with a wetting agent (phase 1)
of known surface tension, �, and contact angle, �,

with the membrane, then expelling it from the mem-
brane pores by displacing it with a second phase
(phase 2), which is generally air or an immiscible
liquid. The pressure difference �P across the mem-
brane is gradually increased from zero and the value
from which phase 2 forms drops extruded out of the
membrane is measured. This value can then be linked
through physical laws to the maximum pore radius of
the membrane, the mean pore radius, or a pore-size
distribution based on the technique used.

1.15.2.2.1 Bubble point
In the bubble point method, the pores of the mem-
brane are completely wet with a liquid (phase 1)
which is then displaced with air (phase 2). The
Young–Laplace equation allows the maximum pore
radius rp,max (m) to be calculated from the value of
the transmembrane pressure �P (Pa) measured when
the first bubbles are detected in the permeate
compartment:

�P ¼ 4�L cos�

2rp;max
ð1Þ

where �L is the surface tension of liquid (N m�1) and
� the contact angle between liquid and membrane
surface (�).

1.15.2.2.2 Mercury intrusion

Mercury intrusion is a variant of the bubble point
method, in which phase 1 is air and phase 2 is
mercury that is gradually forced into the membrane
pores. Mercury has a very small contact angle with
most materials and a surface tension of
6.48 J m�2 cm�1 at 25 �C.

Both the methods discussed above have the draw-
back: they require very high pressures (from 1 to
several kilobars) to analyze pores of the order of
10 nm like those found in ultrafiltration membranes.

1.15.2.2.3 Liquid–liquid porometry

This method consists of wetting the membrane with a
wetting liquid (phase 1) then expelling the liquid
from the membrane pores by displacing it with
another liquid (phase 2) that is immiscible with the
former. The pressure that has to be applied depends
directly on the interfacial tension between the two
liquids. Thus, by a appropriate choice of the liquid
1–liquid 2 pair (based on a water–isobutanol–methanol
combination), the pressures to be applied for the ana-
lysis of small-radius pores need not exceed 10 bar or so.

Figure 7 Three-dimensional (3D) reconstruction volume

of a part of polyvinylidine fluoride (PVDF) hollow fibber

microfiltration membrane from SRmCT. Dimensions of the
observed volume (i.e., the box) are 595�456�268 voxels

or 420mm�320mM �190mm. From Remigy, J.C., Meireles,

M., Thibault, X. J. Membr. Sci. 2007, 305, 27–35.
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When samples having a distribution of pore sizes
are to be analyzed, the pressure is step wisely incre-
mented from the value of �P that is sufficient to wet
the pores having the largest radius. The flow corre-
sponding to each transmembrane pressure is recorded
until all pores are wetted (flux is then proportional to
the applied pressure difference). A pore radius distri-
bution can then be deduced from these measurements
(Figure 8).

1.15.2.3 Water Permeability

In the presence of a pure solvent, any increase in
transmembrane pressure leads to a proportional
increase in the permeate volume flux density which
allows the membrane to be considered as an ideal
porous medium. The coefficient of proportionality,
Lp (assuming � constant), is called the hydraulic
permeability of the membrane and depends on its
intrinsic characteristics: porosity, pore-size distribu-
tion, thickness, and hydrophilic nature. This
parameter (Lp) thus represents the volume of solvent
that passes through the membrane per unit of pres-
sure, filtering area, and time.

From tests with pure water, the permeability of
the membrane can be determined by means of
Darcy’s law, which links the flux with the transmem-
brane pressure:

J ¼ Q

A
¼ Lp

�
:�P ¼ �P

�:Rm
ð2Þ

with J being the flux density (m s�1), Q the pure
solvent filtration rate (m3 s�1), A the filtering

surface area (m2), Lp the hydraulic permeability
of membrane (m), � the dynamic viscosity of
pure solvent (Pa s), �P the transmembrane pres-
sure (Pa), and Rm the hydraulic resistance of
membrane (m�1).

The determination of the membrane permeability
coefficient or of the membrane resistance requires
that the flux density for pure solvent is measured
over a range of pressure differences which corre-
spond to the specifications of the membrane
manufacturer. The plot of this measured flux versus
the applied pressure must be a straight line, and its
extrapolation to a zero pressure must meet the flux
origin. If these two conditions are not respected, any
value of the slope of this curve does not correspond
to a Darcy permeability or to a membrane resistance.
Deviations from linearity may arise from the com-
pressibility of the membrane, or from the retention of
some impurities remaining in the retentate
compartment.

From this law, one can deduce the hydraulic per-
meability and the resistance of the membrane (the
resistance of the membrane is defined as the recipro-
cal of the hydraulic permeability).

Because the viscosity varies with temperature, it
has to be measured throughout the experiment. In
the case of water, the viscosity can be calculated
using the following equation:

�ðTÞ ¼ 1:73e�0:0268T ð3Þ

where T is the temperature (�C). This equation is
valid for 0 �C < T� 30 �C.

Monitoring the permeability allows membrane
fouling to be quantified in terms of additional
resistance (e.g., Reference 52). Conversely, the per-
meability can be used to evaluate the efficiency of
chemical or mechanical cleaning [25, 33].

1.15.2.4 Tracer Retention Techniques

The information collected by microscopy or by dis-
placement techniques does not give a direct
indication of the selectivity that can be expected for
a membrane used in normal conditions (hydration,
swelling of the polymer in an aqueous medium). Yet
for the user, one of the main aims of characterizing a
membrane is to know its efficiency for a chosen
separation operation.

Tracer retention techniques measure the transfer
of macromolecules (ultrafiltration) or calibrated
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Figure 8 Example of a bi-modal pore-size distribution

obtained on an ultrafiltration membrane by bi-liquid
porometry (liquid mixture: methanol, isobutanol, butanol 1

and water; interfacial tension between organic phase and

aqueous phase: 0.35 mN�1m).
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particles called tracers, and these measurements are
then compared with a transport model. The principle
is to measure the retention of a series of tracers of
different sizes so as to obtain a curve of selectivity
versus molar mass (or size) of the molecules. For this,
an initial phase is necessary to define the choice of
tracers and the operating conditions required to
obtain the data. In a second phase, a model linking
the selectivity to the sizes of the tracer and the pores
can be used to convert the selectivity curve into a
pore-size distribution.

1.15.2.4.1 Choice of tracers

The tracers used must fulfill several criteria:

1. have few specific interactions with the membrane
material or the macromolecules that may be
absorbed on to the membrane to account for its
intrinsic characteristics;

2. have molar masses (or sizes) that cover the broad-
est retention range possible, especially in the
region close to 100%; and

3. be detectable even at very low concentrations in
the collected permeate.

From the first criterion, the use of proteins (Table 2)
or bio-colloids as tracers may make it difficult to
interpret the results since most of them have strong
interactions with membrane materials. This leads to
fouling and thus modifies the medium under study.
The information collected, although very dependent
on the molecules used in this case, may nevertheless
be of interest to users in a particular application
sector as the extrapolation of characterization data
to the filtration of real fluids will be easier in this
domain.

Certain manufacturers and users often use syn-
thetic soluble polymers (Table 2) such as dextran,
polyethylene glycol, or polyvinylpyrrolidone, which,

although not totally inert with respect to the mem-
brane materials, still have far fewer interactions than
bio-colloids and perturb the measurements to a lesser
extent. These molecules are often available in a vari-
ety of molar mass (or size) ranges, which allows
selectivity curves to be plotted for a given family of
tracers. This method, very suitable for ultrafiltration
membranes, is difficult to extend to microfiltration
membranes, for which there are few standard
molecules of sufficient size (poly(ethylene oxide),
high-molecular-weight dextrans). For this type of
membrane, the most widely used method remains
bubble point measurement, described above for the
evaluation of maximum pore radius and the retention
of bacteria (Escherichia coli, Pseudominas diminuta),
which will be dealt with later in this chapter. The
latter method involves checking whether the pores of
the membrane have a nominal radius smaller than the
dimensions of the bacterium being filtered. Bubble
point measurement and bacterial retention techni-
ques can enable the integrity of modules, or even a
complete plant, to be tested.

On the other hand, tracer retention measurement
is applicable to nanofiltration membranes, for which
the tracer molecules can be small poly(ethylene gly-
col)s, sugars (glucose, sucrose, dextrose), or inorganic
salts. However, in nanofiltration, steric effects are not
the only phenomena responsible for retention by the
membrane and it is necessary to complete the char-
acterization by measuring the retention of ions in
various physicochemical conditions so as to evaluate
the effects of charges. In particular, the comparison of
the retention of mono-valent and divalent cations
and anions is an interesting information as nanofil-
tration membranes are popular for their selectivity
with regard to multivalent ions.

For reverse osmosis, the most widely used tracer
is sodium chloride NaCl. Reverse osmosis

Table 2 Proteins and polymers frequently used as tracers for the characterization of membrane

sieving properties

Molar mass
(kDa) Polydispersity

Stokes radius
(nm)

Hydrodynamic radius
(nm)

�-Lactalbumin 14 000 – 2.1 2.5

�-Lactoglobulin 35 000 – 2.7 4.0

Serum albumin 67 000 – 3.6 4.8
PEG 10 000 – 2.6 4.6

35 000 – 4.5 9.2

100 000 – 7.1 16.4

Dextranes T10 9 300 1.94 2.3 3.3
T40 37200 1.34 4.3 6.7

T70 66 300 1.97 5.6 8.5
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membranes intended for water desalination have a
NaCl rejection rate of about 99%, and those devel-
oped for brackish water have a NaCl rejection rate of
96%, under predetermined operating conditions
(pressure, temperature, conversion rate, etc.).

The capacity of nanofiltration or reverse osmosis
membranes to retain small chemical molecules,
namely the micro-pollutants, often present in waters
nowadays is sometimes characterized via the chal-
lenge with standard micro-pollutants such as atrazin,
bisphenol A, or similar molecules. Not only the size,
but also the hydrophobic nature of such molecules
can have strong influence on their retention.
Therefore, there is today no standard for the char-
acterization of the retention of this class of molecules
[21]. A peculiarity that has to be taken into account
for such characterizations is the strong adsorption of
such molecules, often used at very low concentra-
tions (pg l�1 or mg l�1).

Regarding synthetic polymers frequently used for
characterizing ultrafiltration membranes, some are
only available in the form of polydisperse fractions
(dextrans). It is then necessary to resort to gel permea-
tion chromatography to determine the concentrations of
each fraction in the various samples. In this case, a
calibration, elution volume¼ f (molar mass), is per-
formed so that the molar masses can be read from the
chromatograms.

Finally, it should be noted that these synthetic
polymers often have the disadvantage of being flex-
ible, that is, likely to change their apparent size
depending on the shearing conditions at the pore
openings.

However, in spite of the drawbacks mentioned
above and in the absence of other molecules satisfy-
ing all the criteria stated at the beginning of this
section, dextrans and PEGs remain, along with pro-
teins, the tracers that are most used in ultrafiltration.

1.15.2.4.2 Obtaining the selectivity curve

and molecular weight cutoff

The selectivity of a membrane is usually represented
by its molecular weigh cutoff. This is defined as the
minimum molar mass of a test solute that is 90%
retained (or 95% depending on the manufacturer)
by the membrane. It is thus determined experimen-
tally from a plot of the variation of the retention rate
for tracer molecules according to their molar mass:
the selectivity (or sieving) curve (Figure 9).

Choice of ordinates. With the aim of determining a
cut-off threshold that is an intrinsic characteristic of
the membrane only, it is essential that the operating
conditions (transmembrane pressure, tangential cir-
culation speed, etc.) should not affect the retention
data. For this reason, it is not advisable to directly use
the values of Robs obtained experimentally as they are
very dependent on the operating conditions.

The film model (Equation (4)) links the mem-
brane retention coefficient Rm with the observed
retention coefficient Robs:

ln
1 – Robs

Robs

� �
¼ ln

1 –Rm

Rm

� �
þ J

kbl

� �
ð4Þ

where Robs is the observed retention coefficient, Rm

the membrane retention coefficient, J the filtration
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Figure 9 Example of a selectivity curve for dextran molecules. The molecular weight cut-off, i.e., the molecular weight of a
molecule rejected at 90% by the membrane is 85 kDa.
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flux density (m s�1), and kbl the transfer coefficient in
the boundary layer (m s�1).

This equation shows that it is possible, for each
molecule, to graphically determine Rm, the membrane
retention rate, and kbl, the mass transfer coefficient for
the solute in the boundary layer, from the experimen-
tal data (Robs and J) in conditions where a straight line
is obtained for the plot (Figure 10) of

ln
1 – Robs

Robs

� �
¼ f ðJÞ ð5Þ

This method thus frees retention measurements from
the effects of concentration polarization. It should be
noted that the retention rate Rm thus obtained
remains dependent on the operating conditions
through the concentration at the membrane Cm.

A more advanced level of description of the trans-
fer mechanisms enables the observed retention rate
Robs to be expressed as a function of the transfer of
solute not only in the boundary layer but also via the
porous structure:

Robs ¼
1

1þ 1 – Rinfð Þ exp Peblð Þ
Rinf 1 – exp – Peporeð Þð Þ

� � ð6Þ

with

Pebl ¼
J

kcl
ð7Þ

Pepore ¼
J

kpore
ð8Þ

and

kbl ¼
D

�
ð9Þ

kpore ¼ D1
"

L

Kd

Kc
ð10Þ

where Pebl is the Peclet number in the boundary
layer, Kpore the mass transfer coefficient in the pore

(m s�1), Pepore the Peclet number relating to the pore,
D1 the diffusion coefficient at infinite dilution
(m2 s�1), D the mean diffusion coefficient of the
solute in the boundary layer (m2 s�1) (often taken
equal to the coefficient of diffusion at infinite dilution
D1), 	 the membrane porosity, L the length of pores
(m) (often taken to be equal to the thickness of the
membrane skin), Kc the steric factor reducing transfer
by convection [12], and Kd the steric factor reducing
transfer by diffusion [12].

The use of Equation (6) gives access to more
pertinent values of the transfer coefficients and
retention rates through Rinf, a value independent of
the operating conditions, to which the membrane
retention rate Rm tends when the Peclet number
relating to the pore Pepore increases [10]. This
approach however requires quite an intensive experi-
mental work, and for a purpose of comparison

between membranes or for a same membrane
between various operating conditions, one may pre-
fer to compare values of Robs, obtained in conditions
for which J/kbl is constant (cf. Equation (4)).

Choice of abscissae. Some works have shown that,
when different types of tracers are used, a selectivity
curve R = f (molar mass) is obtained per family of
standard molecules. However, if the selectivity curve
is not expressed as a function of the molar mass of the
solute but rather as a function of its radius, a single

curve R = f (radius) is obtained whatever the type of
tracer used [30]. For this, it is advisable to use the
hydrodynamic radius of the molecule, which gives a
good description of the volume actually occupied by
the molecule crossing the pore by convection.

The hydrodynamic radius rhyd of a molecule of
known molar mass can be calculated by means of the
following equation [30]:

rhyd ¼
3:�:MM

4
 �N

� �1
3

ð11Þ

where rhyd is the hydrodynamic radius of the molecule
(m), � the intrinsic viscosity of the solution (m3 g�1),
MM the molar mass (g mol�1), (�MM) the hydrody-
namic volume (m3 mol�1), � the constant of
proportionality between the radius of the equivalent
sphere and the radius of gyration of the molecule of
solute, and N the Avogadro’s number (mol�1).

The following equations can be used to calculate
� [30]:
For dextrans

� ¼ 2:43� 10 – 7 �MM0:42 ð12Þ

ln(1–Robs/Robs)

ln(1–Rm/Rm)
J 

1/kCL

Figure 10 Plot of Equation (4). Rm and the mass transfer

coefficient can be calculated from the intercept at origin and

from the slope of the line.
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For PEG

� ¼ 4:9� 10 – 8 �MM0:672 ð13Þ

1.15.2.4.3 Conversion into pore-size

distribution
Using (R, rhyd) pairs with an appropriate transfer law
gives access to the pore-size distribution of the mem-
brane under study. It is possible to consider either that
the membrane is homoporous (all the pores have the
same size and shape) or that there is a pore-size and
shape distribution. The most frequently chosen hypoth-
esis is a log normal distribution with a dissymmetry
toward larger-sized pores. The experimental data can
then also be used to evaluate the mean pore radius and
the width of the pore-size distribution at mid-height
[29]. In the absence of any assumption on the shape of
the pore-size distribution requires more sophisticated
approaches. Baltus [1] applies the moment theory to
derive a pore-size distribution out of the sieving curves.
Zhao et al. [56] describe a method for the determination
of the pore-size distribution out of sieving curves. In
their method, the friction of tracer molecules through
the pores is experimentally measured via chromatogra-
phy experiments, according to an approach initially
developed by Matsuura and Sourirajan.

1.15.2.4.4 Microbiological tracers
Microbiological tracers have been used to character-
ize filters from the early times of membrane
technology. The obvious reason for this is that,

from the beginning, membranes have been consid-

ered as potential screens against microbiological

contamination of waters or air.
Bacteria. The ground of this work has been estab-

lished in the 1960s for the discrimination between

filters rated 0.2 and 0.45 mm, by using Brenvenuta

diminuta. Since then, this bacteria has been used as a

tracer to qualify filters, microfiltration, and ultrafil-

tration membranes. In Table 3 the characteristics of

some of the bacteria which can be used for membrane

characterization are provided.
Lebleu et al. [22] show, using tracked etched mem-

branes, that for a given pore size and given operating

conditions, the retention of microorganisms depends

on their Gram character, and in particular that

Gram-negative bacteria have a flexible envelope

which can deform and help the transfer of such

bacteria, when filtered through pores that are smaller

than their smallest dimension.
In general, filtration reduces the content in micro-

organisms, but does not guarantee their complete

elimination. The reduction in microorganisms is often

measured by the log removal value (LRV), defined as

LRV ¼ log
Cb

Cp

� �
ð14Þ

with

LRV ¼ log
1

1 – Robs

� �
ð15Þ

Table 3

Name Shape Size
Adhesion to hexadecane
(%)a

Potential
(mV)

Gram
þ/�

E. coli Rod 2� 1mm 13 �16.2 �
C. xerosis Rod 2� 1mm 100 �16.5 þ
P. aeruginosa Rod 1.5�1 mm 58 �17.4 �
M. luteus Sphere 1 mm 8 �32.9 þ
S. aureus Sphere 0.8 mm 75 �21.5 þ
B. diminuta Rod 0.4�0.8 mm 81 �3.8 �

a Bellon-Fontaine, M.-N., Rault, J., Van Oss, C. J. Colloids Surf. B 1996, 7(1–2), 47–53.
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Figure 11 Example of a plot of Equation (16). The zeta potential is derived from the slope.
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The retentate and permeate concentration are in gen-
eral measured by counting the colony forming units
(cfu) grown on agarose gels. The maximum LRV that
can be claimed depends on the concentration of bacteria
in the challenging suspension. For example, if the con-
centration is 106 cfu ml�1 in the retentate and zero in the
permeate, one counts 1 cfu ml�1 in the latter and the
LRV is then 6. On the other hand, increasing the con-
centration in bacteria in the retentate increases the risk
of membrane fouling: membrane fouling has in general a
positive effect on retention, but from the point of view of
membrane characterization, this masks the plain mem-
brane capacity, and therefore should be avoided. A
tradeoff has then to be found for the bulk concentration,
which has to be high enough to allow enough sensitivity,
and not too high to avoid membrane fouling and particle
aggregation during the test: in general, concentrations
between 106 and 108 cfu ml�1 have been found to be a
good compromise.

For instance, the US Environment Protection
Agency recommends that membranes used for the
production of drinking water show a minimum LRV
of 4 for Cryptosporidium.

Viruses. The characterization of membrane reten-
tion with respect to viruses, although in the bio-
contaminants area, differs from the one of bacteria.
As a matter of facts, most viruses are two orders of
magnitude smaller than bacteria: this difference has its
importance regarding their diffusivity, and the role of
surface interactions in their behavior. In particular,
viruses have a strong tendency to adsorb onto surfaces
whether on the equipment walls (tanks, pipes, glass-
ware, etc.) or on particles which may be present in the
tests or process solutions. For this reason, the apparent
retention of viruses by membranes may be much
higher than the actual filter capacity and this has to
be considered with great care, in the perspective of the
true membrane characterization.

The main objective of membrane characterization
with respect to the retention of viruses is to run the
experimentation in the worst-case conditions, condi-
tions that the viruses have the highest chances to pass
through the membranes: this will guarantee that
when in operation, the membrane will show either
the same or a better retention of the viruses. Recent
works help define the conditions for which viruses
such a MS2 and Q-b are stable in a suspension, which
type of materials should be used for the test rigs so as
to avoid adsorption [24].

Given the small size of the viruses, not only the
membrane but also the systems should be tested for
integrity, since micro-leaks through potting, gaskets,

and fittings may allow the contamination of the perme-
ate, even though the membrane itself offers an efficient
barrier.

Surrogates. The characterization of membrane
modules may require large volumes of suspension,
as well as of rinsing solutions afterward, so as to
eliminate any trace of the microorganisms used for
the test. For this reason, researchers have thought of
developing surrogates of the microorganisms, which
would mimic their behavior and allow simpler and
faster membrane characterization. Latex or silica par-
ticles, and gold sols have therefore been used. Thus
far, two major drawbacks have been pointed out:

• the much lower sensitivity of the particle detec-
tion methods, which limitates the range of LRV
that can be explored and

• the difference in surface properties (charge, stiffness,
hydrophilic character, etc..) between such surrogates
and bioparticles, which induces a difference in
retention, as, for example, by charge exclusion, by
adsorption on or in the membrane material.

Recently Guo et al. [16] have proposed to use ferro-
magnetic nanoparticles, to be used as surrogates.
They report quite a high sensitivity to the breakage
of fibers in a hollow fiber ultrafiltration module.
Although the behavior of such surrogates has not
been compared to that of a virus, they offer very
interesting perspectives in terms of integrity testing
of membranes and modules.

1.15.3 Characterization
of Membrane Charge

Most porous membrane carries charges; electrostatic
interactions also play a part in the transfer and selec-
tivity both in ultrafiltration (e.g., Reference 13) and of
course in nanofiltration [40]. More and more
researchers and industrialists therefore feel the need
to characterize properties other than the pore-size
distribution, such as the zeta potential, which is the
subject of this section.

1.15.3.1 Definitions

The presence of charged groups on the membrane
surface partly conditions the level of fouling reached
during a filtration operation. From another point of
view, if we wish to analyze the transfer of a solute
through a porous membrane, the charges of the mate-
rial that need to be taken into consideration are those
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present along the walls of the pores through which
the molecules move.

The measuring methods must thus be adapted
according to whether the charges to be accounted
for on the surface or inside the pores. In the latter
case, it is also necessary to take the membrane spe-
cificities into account, in particular for ultrafiltration
membranes in which the pore radius (�10 nm) and
the mean flux are small.

The techniques used are electrokinetic and con-
sist of measuring:

1. electro-osmotic fluxes for microfiltration mem-
branes: flux of solvent through the membrane
pores as a result of the application of an electrical
potential difference; and

2. streaming potentials for ultrafiltration or microfil-
tration membranes: because of the formation of a
double electric layer, when an electrolyte solution
is set in motion with respect to the membrane or
pore surface, a flux of ions is created, giving rise to
the streaming potential [43, 44].

Each of the methods mentioned above can lead to the
determination of the same quantity, known as the
zeta potential (�). This purely experimental potential
can be theoretically defined as the potential on the
hydrodynamic shearing surface at which the fluid
phase moves relative to the layer of ions immobilized
in the vicinity of the charged surface.

1.15.3.2 Relation between Streaming
Potential and Zeta Potential

When the chosen technique is the measurement of
the streaming potential, plotting the curve
�E = f (�P) leads to a straight line (Figure 12), the

slope of which allows the zeta potential to be calcu-
lated using the Helmholtz–Smoluchowski equation:

�E

�P
¼ "0 "r �

�
ð16Þ

where �P the transmembrane pressure if the mea-
surement is made inside the pores, charge loss in the
streaming channel if the measurement is made at the
membrane surface (Pa), �E the streaming potential
(V), "0 the vacuum permittivity (C2 J�1 m�1), "r the
dielectric constant relative to solvent (�), " the zeta
potential (V), � the dynamic viscosity of electrolyte
solution (Pa s), and  the conductivity of electrolyte
solution (S m�1).

It is theoretically possible to connect the values of
the zeta potential with the charge density on the
surface under study. For this calculation, it is neces-
sary to know the exact number of ions present in the
electrolyte solution. However, the determination of
this value becomes approximate when there is a
change of pH, making the charge density calculation
imprecise.

1.15.3.3 Examples of Results

Zeta potential measurements indicate the variation of
charge on the membrane surface due to the presence
of a fouling agent.

Figure 12 reports the results obtained with a cell
measuring the streaming potential across the pores of
a 100 kDa sulfonated polysulfone membrane. The
objective here is to compare the zeta potential values
obtained before and after the membrane is put in
contact with a bovine serum albumin (BSA) solution
having an isoelectric point of about 4.8.

The results lead to the conclusion that the mem-
brane pores that allow protein access have their walls
at least partially covered by adsorption of these pro-
teins. Some of the amphoteric properties of serum
albumin are thus transferred to the membrane [9].

The difference in the isoelectric point pI before
and after fouling has also been observed for inorganic
zircon microfiltration membranes fouled by silica
(pI of new membrane¼ 8, pI of fouled membrane
¼ 5.2) [18].

In the second example presented in Table 4, a
study was made on the effects of various cleaning
solutions, acid, base, or detergent, on the electrical
properties of the surface of a sulfonated polysulfone
membrane. In membrane processes, industrial formu-
lations are used for cleaning (Ultrasil�). They are
composed of soda, surfactants, phosphates, and
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Figure 12 pH influence on the zeta potential measured at

the surface of an ultrafiltration membrane before and after

adsorption of bovine serum albumin (BSA).
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carbonates, and successfully clean membranes fouled
by proteins. Acids are used to solubilize the fouling
layers containing mineral salts. HNO3 also has an
oxidizing action on proteins. The soda saponifies
grease and hydrolyzes the proteins.

The solutions indicated in Table 4 were filtered
one after the other through a new membrane in two
cycles. The results show that, to preserve and/or
restore the electrical properties of the membrane
surface, the washing cycle needs to be chosen
judiciously.

1.15.4 Determination of Hydrophilic/
Hydrophobic Nature of Membranes

The hydrophilic nature of a material is a very impor-
tant parameter as it conditions the solute–membrane
and solvent–membrane interactions. In many appli-
cations, hydrophilic membranes are more efficient
than hydrophobic ones, the latter being confronted
with more serious fouling whenever hydrophobic
molecules or particles (proteins, colloids, etc.) are
present in the fluid to be filtered [11]. The same is
true for surfactants, the adsorption of which is more
pronounced on hydrophobic materials [19].

Also, the energy of interaction between hydro-
phobic molecules and a hydrophilic surface is lower
than for a hydrophobic–hydrophobic system, so it is
easier to regenerate the surface by washing in the
former case [34].

The hydrophilic/hydrophobic nature of a mem-
brane is determined by measuring the contact angle
or by using the capillary elevation balance. The
liquid normally used for this purpose is water.

1.15.4.1 Contact Angle Measurement by
Drop Profile Analysis

1.15.4.1.1 Sessile drop method

This method consists of placing a drop of liquid
(generally water) on the surface of the membrane.
The wettability of the surface is then characterized

by the contact angle � between the solid surface and

the tangent to the liquid surface at the contact point.

By convention, this angle is measured inside the

liquid (Figure 13) [53].
The volume of the drop placed on the surface

must be such that wetting effects predominate over

gravitational effects. In other words, the radius re

corresponding to the volume of the sessile drop

must be such that

re0

ffiffiffiffiffiffiffiffiffi
�L

�L?g

r
ð17Þ

where re is the radius of the liquid drop (m), �L the
surface tension of the liquid (N m�1), �L the density
of the liquid (kg m�3), and g the acceleration due to
gravity (m s�2).

For example, a 2-�l drop of water has a radius of
0.8 mm (assuming the drop to be spherical), which

should be compared with

ffiffiffiffiffiffiffiffiffi
�L

�
L?g

r
ffi 2:7mm ð18Þ

These conditions thus satisfy the above-mentioned
criterion.

The contact angle is directly obtained from a video
image of the drop sitting on the solid. Measuring the

geometrical parameters of the drop – h (height of the

drop at the apex) and re (radius of the drop) – enables

the cosine of the angle � to be found from the

following relationship:

cos � ¼
1 – h

re

� �2

1þ h
re

� �2 ð19Þ

Liquid (water) drop

θ

re

h
Membrane

Figure 13 Diagram of the sessile drop method to

measure the contact angle.

Table 4 Example of the changes in zeta potential along with two different cleaning protocols: Sulfonated

polysulfone membrane

1st cycle 2nd cycle

Cleaning procedure Packing then ultrasil cleaning NaOH HNO3 Ultrasil HNO3 NaOH Ultrasil

� (en mV) �14 �15 �3 �14 �3 �8 �12
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where h is the height of the drop at the apex (m) and �
the contact angle formed by the membrane surface
and the tangent to the liquid surface at the contact
point (�).

The solid is considered to be perfectly wettable by
the liquid (hydrophilic if the liquid is water) if �¼ 0,

more or less wettable if �<
/2, and more or less not

wettable (hydrophobic if the liquid is water) if �>
/2.
This method requires the sample to be dried

beforehand as the presence of water in the structure

modifies the value of the contact angle. This precon-

ditioning can have the disadvantage of inducing

changes in the surface properties of the membrane

which may affect the angle measured.
A distinction is also made between the advancing

contact angle, which corresponds to the angle formed

between a dry material and water, and the receding

contact angle, which corresponds to the angle

obtained after wetting with water. The difference

between the advancing and receding angle is a hys-

teresis, which is enhanced on rough surfaces. In

general, model equations, such as Equation (16), con-

sider the advancing angle.

1.15.4.1.2 Captive bubble method

When membrane properties do not allow the contact

angle to be measured by placing a drop on the surface

(surface too porous or too hydrophilic) or if it is

undesirable to dry the sample, the captive bubble

method may be used (Zhang et al., 1990).
As shown in Figure 14, the membrane is

immersed in water with the surface to be analyzed

facing downward. A micro-syringe is then used to

trap an air bubble on the lower surface of the mem-

brane. As before, the contact angle is calculated by

determining the geometrical parameters of the air

bubble.

The captive bubble method does not require the
sample to be preconditioned (no membrane drying).
Nevertheless, the method remains sensitive to the
roughness, porosity, and heterogeneity of the surface.

According to the literature, it is possible to find a
classification [53] established using this method
(captive air bubble in an aqueous medium) giving
advancing contact angles in decreasing order (1st
value, followed by the receding contact angle):
polyolefin (83�–54�) > polysulphone (73��42�) > cel-
lulose acetate (60��47�) > sulfonated polysulfone
(54��16�) > polyacrylonitrile (53��34�).

1.15.4.2 Capillary Elevation Balance

The two methods presented above are suitable for
analyzing plane surfaces at sample scale. For mem-
branes with nonplanar geometry, such as hollow
fibers, another method can be envisaged. It consists
of measuring the weight gained by a material placed
in contact with a liquid as a function of time. The
speed at which a given liquid spontaneously pene-
trates a porous solid by capillarity depends directly
on the porous structure of the material and the affi-
nity of the liquid for the material. In Washburn’s
differential equation, the weight gain (m) is given as
a function of time (t) by

dm

dt
¼ 1

m
?
�L:R:�

2
L?cos �

4:�

� �
ð20Þ

where �L is the surface tension of the liquid (N m�1),
�L the density of the liquid (kg m�3),� the viscosity
of the liquid (Pa s), � the advancing contact angle
between the liquid and the solid (�), and R the geo-
metrical parameter characteristic of the porous
structure of the material.

By integration, we obtain

m2 ¼ �L:R:�
2
L:cos �

2:�
:t ð21Þ

This method is theoretically applicable only if
�< 90�, that is, if the liquid wets the solid.

The plot of

2:m2:�

t :�2
L

¼ f ð�LÞ ð22Þ

allows cos � to be found and hence the contact angle
the liquid makes with the surface of the membrane.
This method has been used by some authors [46] to
determine the surface tension of membranes made
of poly(tetrafluoroethylene), poly(ethylene), and

Analyzed
surface

Air injection Liquid
(water)

CellMembrane

Air
bubble

θ

Figure 14 Diagram showing the captive bubble method

to measure the contact angle between a liquid (water) and a

membrane.
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poly(propylene) using several organic liquids
(hexane, toluene, cyclohexane, to mention but a
few). The results obtained are in agreement with
the values obtained from other methods.

It should be stressed here that the values obtained
for contact angles depend on the measuring techni-
que used. Moreover, they also depend on many
factors connected with how the sample is prepared
and the characteristics of the zone analyzed (local
roughness, porosity, heterogeneity in the surface
chemical composition, etc.). It has been shown that
the more porous a membrane is, the more hydrophi-
lic it appears to be. It also seems necessary to
correlate the membrane surface charge with the
values measured for the contact angles. Bearing this
in mind, it is preferable to use these methods to
establish a comparative classification of membranes,
all other things being equal.

As for the zeta potential, a change in contact angle
can have many origins. Hence, it is an interesting
parameter for monitoring well-controlled modifica-
tions, achieved in lab conditions. On the other hand,
finding the cause of a change in contact angle, for a
membrane used in field conditions, is often a needle
in a haystack type of problem.

1.15.5 Analysis of Chemical
Composition

Various techniques are available for determining the
chemical functions present at the surfaces of mem-
branes: infrared attenuated total reflectance (IR-
ATR) spectroscopy, secondary ion mass spectrome-
try (SIMS), and X-ray photoelectron spectroscopy
(XPS), also known as electron spectroscopy for che-
mical analysis (ESCA). Some of these techniques can
also serve for in-depth chemical analysis.

1.15.5.1 Fourier Transform Infrared –
Attenuated Total Reflectance Spectroscopy

Fourier transform infrared spectroscopy (FTIR) is a
powerful analysis tool for characterizing and identi-
fying organic molecules. It is the spectroscopic
technique that is the most widely used for determin-
ing the characteristics of new membranes. In
attenuated total reflectance mode, this type of spec-
troscopy enables functional groups present over a
depth of about 1 mm to be identified.

During ATR analysis, the sample is kept in con-
tact with a crystal allowing total internal reflection.

An infrared ray arrives at the crystal where the mate-
rial under study has been placed. The internal
reflection of the ray in the crystal gives rise to an
evanescent wave which, at each reflection, continues
beyond the surface of the crystal and penetrates the
sample over about 1mm. The penetration depth
depends on the wavelength, the angle of incidence of
the beam on the crystal, and the nature of the crystal.

Spectra are thus obtained (curves of absorbance
vs. wavelength) that have absorption peaks charac-
teristic of the functions present at the membrane
surface.

FTIR-ATR is a sensitive, nondestructive method
that can be used qualitatively and quantitatively.
However, it requires prior drying of the membrane
sample.

One of the applications of FTIR-ATR is the char-
acterization of modified surfaces. In this case, the
spectra show bands characteristic of the basic mem-
brane with, in most cases, bands characteristic of the
new functional groups related to the modification.
FTIR-ATR also enables the efficiency of membrane
cleaning to be assessed [57].

This method can also be used to analyze the
adsorption of macromolecules at the membrane surface
[27] and to check whether the conformation of the
adsorbed compounds (e.g., proteins) has been modified
by comparing the spectra of the adsorbed product with
those of the same product in solution [4]. When the
deposits are very small, however, it is difficult to
determine the presence of fouling agents; this necessi-
tates the use of elaborate data-processing methods that
eliminate the contributions of the membrane and water
from the raw spectra [3, 35]. Figures 15–17 show a few
examples of spectra obtained for new or fouled poly-
ethersulfone membranes.

A first analysis performed on the PES membrane
is shown in Figure 15. The contribution of water to
the raw spectrum of a PES membrane has been
eliminated and it is possible to identify the main
adsorption bands of polyethersulfone (Table 5), for
which the structural formula is

O S

O

O

The same PES membrane was analyzed by FTIR-
ATR after fouling by skimmed milk.
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The raw spectrum obtained for the fouled mem-
brane (Figure 16) was processed by double difference,

which consists of firstly removing the water contribution

(difference 1), and secondly removing the contribution

of the PES membrane (difference 2). The new spectrum

thus obtained (Figure 17(a)) was comparable to the

difference 1 spectrum of the fouling agent in solution,

skimmed milk in this case (Figure 17(b)).
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Table 5 Some IR adsorption bands and their connection to chemical

functions

Wave number
(cm�1) Intensity Vibration Chemical group

1576 Strong C¼C Benzene ring
1484 Strong Aromatic ring

1320 Moyenne O¼S¼O Sulfonic group

1296 Moyenne Antisymetric stretching
1240 Strong C–O–C stretching Ether group

1147 Strong Symetric stretching Sulfonic group

1105 Strong Aromatic ring vibration
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1.15.5.2 Secondary Ion Mass Spectrometry

SIMS enables the identification of elements, and
possibly other chemical species, present in a material,
not only on the surface but also in the thickness of the
sample.

Primary ions (Arþ, O2
þ, Csþ, Gaþ) with incident

kinetic energies of a few keV (0.1�50 keV) penetrate
the target solid, where a series of collisions occur.
Some of the particles emitted by the target are
ionized. SIMS analyzes the secondary ions by mass
spectrometry. The emission of secondary ions by the
surface of a solid excited by an ion beam provides
information on the molecular and isotopic composi-
tion of the solid, and concentration profiles across the
sample can be established [41].

It should, however, be noted that this technique is
destructive. Moreover, obtaining the true concentra-
tions in a material from the secondary ion emission
signals is generally one of the weak points of the
method because of the complexity of the processes
involved, in particular, the variations in the ioniza-
tion yield of the species depending on the chemical
nature of the phases where they occur.

This method is widely used because of its great
sensitivity for all elements, from hydrogen to uranium.
It can detect an impurity in a sample (detection limit
below 0.1 ppb), and allows the adsorption, adhesion,
corrosion, contamination, and biocompatibility of mate-
rials to be studied. SIMS is thus used for studying the
grafting of polymers on to the surfaces of various mem-
branes or for comparing different samples having the
same reference state (e.g., in studies of membrane aging).

An example of analysis is presented in Figure 18
for the case of a polyvinylpyrrolidone (PVP)-modified
polysulfone membrane. To overcome the problems of

quantification, a comparative study was made of the
various samples by following the analyzed element
content relative to a reference element. In the case
presented here, the reference chosen was sulfur as it is
the main element present in the main polymer, poly-
sulfone. Figure 18 shows the variation of the nitrogen
content (element specific to PVP) over an analyzed
depth of 60mm, on both the selective skin side of the
native membrane and the support side. While PVP
was not detected on the support side, the results
revealed the presence of PVP on the skin side, at a
concentration becoming weaker with deeper penetra-
tion into the structure. These results are in agreement
with the protocol used in the manufacture of the
membrane, which leads to a greater modification by
PVP on the surface of the skin.

1.15.5.3 XPS or ESCA

This technique allows the chemical composition to
be determined on the surface and down to a depth of
�1 nm for various materials.

The sample is irradiated with X-rays in order to
excite its atoms which emit electrons from different
atomic levels. The electrons emitted generally have
low energies and are strongly absorbed. Those that
arrive at the surface with sufficient energy thus come
from a layer having a depth of the order of the mean
free path [37].

The electrons are collected, analyzed, and classi-
fied according to their identity. The important
information they contain is the bond energy, the
energy they had before they left the atom. The spec-
trum of the binding energy of the photoelectrons is
specific to an atom, which can be identified and its
amount in a given compound determined. The ana-
lyzer counts the electrons according to their bond
energy, and spectra like the one shown in Figure 19
are built up.

ESCA, often considered as the easiest technique
to carry out and interpret, can be adapted for a wide
variety of surfaces and (unlike SIMS) provides a
quantitative analysis of the chemical information.

The atomic composition of the surface of a grafted
membrane [20] and a membrane treated by plasma
[42] can be determined by ESCA.

This method is complementary to SIMS and
FTIR-ATR. Some authors have performed studies
with the three techniques in parallel in order to
confirm their conclusions [14]. In addition, these
authors note that ESCA, with its short analysis
times, damages the samples to a small extent.
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Figure 18 Example of a nitrogen concentration profile

(normalized by the sulfur concentration) through the skin
and through the support obtained by secondary ion mass

spectrometry (SIMS), in a PVP/PS membrane. PVP,

polyvinylpyrrolidone.
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1.15.6 Mechanical Characterization

Local movements of polymers underlie the elemen-

tary processes of many physical (glass transition and
secondary transitions, diffusion and flow) and

mechanical (viscoelasticity, plastic deformation,

etc.) phenomena. These movements are very

closely connected with the chemical structure of

the polymers, and their storage or utilization

conditions.
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A study of the mechanical properties can thus be
used to characterize the structure of a polymer mem-

brane and, in particular, to follow its evolution with

time as discussed in more detail below. Polymers can

be classified in three families according to the strain

they show (e.g., elongation) when stressed (e.g., ten-

sile stress): elastomers, flexible plastics, and rigid

plastics.
An example of a tensile test (stress-strain curve) is

given in Figure 20.
Curves of stress versus deformation are obtained

in tension (or compression) tests, in which the sample

is drawn out at constant speed until it breaks

(Figure 21). Knowing the pulling speed, the initial

distance between the grips, and the geometrical char-

acteristics of the sample, we have access to various

mechanical characteristics:

• the force, extension, and stress at break (Fb, Ar

and sr);

• the force, elongation, and elastic stress (Fe, Ae, and
se); and

• the Young’s modulus (E in Pa).

Figure 21 shows how these various parameters are
determined graphically.

A tensile force F applied at the end of a cylinder of
cross-sectional area S induces a stress s in the cylin-

der, which leads to the following relationship:

� ¼ F

S
ð23Þ

with F being the force (N), S the cross-sectional area
(m2), and s the stress (N m�2).

The modulus of elasticity, or Young’s modulus, E,
is the elastic constant which, for a uniform, isotropic

material, links the stress with the strain and thus

characterizes the stiffness of the material or the resis-

tance to elastic strain [15]. For a given stress, a

material having a high modulus of elasticity will be

deformed less than a material with a low modulus of

elasticity, as depicted by Equation (24):

� ¼ �A

A
E ð24Þ

where
�A

A
is the deformation (–).

The rheological properties of polymers depend on
the temperature and also on the deformation speed.

The faster the deformation takes place, the greater

the mechanical resistance of the polymer will be,

Elongation (m)

Stress (N m–2)
1

FailureFailure

2

3

Figure 20 Mechanical characteristic curves obtained with polymers: case�1 : rigid plastic polymer: it can undergo small

compressions for high stresses; case�2 : flexible plastic polymer: small strains for high stresses up to a plateau, after which

rupture occurs; and case�3 : elastomer: large strains for small stresses.

Ar 

Fr 

Fe 

Ae Elongation (%)

Force (N)

Figure 21 Elongation curve for a flexible plastic polymer

(see Figure 22).
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even at high temperatures. Moreover, for the same
chemical type, the molecular mass of the polymer
under consideration has a marked influence on the
rheological properties. High molecular masses favor
the elongation of the product.

The possible variation of the mechanical proper-
ties of polymers during aging provides us with
information on the damage of membranes. The beha-
vior at low strains (modulus of elasticity and flow
threshold) should be little affected by aging, which
essentially acts on the rupture properties.

1.15.6.1 Failure Envelopes

Mechanical tests enable failure envelopes to be
plotted (Nitta et al., 2004). By definition, these con-
cern the time variation of the stress–strain behavior.

In the case of aged materials, these envelopes
comprise the tension curve of the reference material
(not aged) on which is superimposed the variation of
the breaking stress versus the elongation at rupture
for samples with different aging times (Figure 22).
These envelopes allow us to know whether a mate-
rial has been damaged or not and, if it has, whether
there is one aging mechanism or several.

In the case of damage in the material properties, if
the data points tend toward low stresses at break
along the tension curve of the reference material,
the damage is due to a single, polymer-chain-break-
ing mechanism.

The technique of studying mechanical properties
has been used to characterize the epoxidation of poly-
urethane-based membranes [51] and has shown that
the longer the epoxidation time, the higher the break-
ing force and the smaller the elongation. Xu et al. [49]
used the mechanical properties of membranes to

characterize the action of a hypochlorite treatment on
polyvinylpyrrolidone-modified polyetherimide mem-
branes. They show that, after 2 days of immersion in a
4000-ppm sodium hypochlorite solution, the Young’s
moduli were the same as those of membranes that had
not received post-treatment with sodium hypochlorite.

Rouaix et al. (2006) show that a long exposure of
hollow fiber polysulfone membranes to sodium
hypochlorite produces polysulfone chain rupture
which is closely related to changes in the mechanical
properties of the membrane. A few chain scissions
have a very high impact on elongation and tensile
strength at break point of the membrane (loss of 80%
in elongation at break point for a percentage of chain
scissions lower than 2.8%).
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Glossary

Colloid probe An AFM probe where the sharp

imaging tip has been replaced with a colloidal

particle. This allows the measurement of

interactions between particles and surfaces. This is

useful for measuring colloid–membrane

interactions, of interest when considering the

fouling of membranes by particulates.

Contact mode AFM imaging mode where the

probe maintains constant contact with the sample

surface. A feedback mechanism is employed to

maintain a constant deflection of the cantilever

allowing the topography of the sample to be

recorded. This is the most basic mode of operation

of the AFM.

Degree of modification (DM) The extent to which

a membrane surface has been chemically modified

to improve its surface properties. This is commonly

expressed as mass of modifying chemical divided

by unit surface area (e.g., mg cm�1).

Hooke’s law This law relates the deflection of the

cantilever to the forces applied by the probe tip via

the stiffness of the lever.

Intermittent contact (tapping) mode Mode of

AFM imaging where the cantilever is allowed to

oscillate, causing the probe tip to intermittently

come into contact with the sample surface. This

reduces artifacts due to lateral or frictional forces

and can achieve better image results than with

contact mode, especially for soft sample surfaces.

Noncontact mode In this AFM mode the probe tip

does not make hard contact with the sample

surface, but instead probes repulsive forces close

to the surface. The minimal forces applied to the

sample cause little deformation of the sample and

thus very high resolution images are obtainable. In

practice, however, true noncontact imaging is

difficult to achieve under many conditions.
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Rq (rms roughness) A common measure of the

roughness of a surface. Essentially, it is the

standard deviation of the heights of all the pixels in

a topographic image from the mean height.

Quaternary 2-dimethyl-aminoethylmethacrylate

(qDMAEMA) Chemical used in the studies

described here to improve the fouling properties of

various membranes.

1.16.1 Introduction

Over the past two decades, atomic force microscopy
(AFM) has proven itself to be a powerful and versa-
tile tool for the physical characterization of surfaces.
As an imaging technique, it is capable of resolving
features from a few micrometers down to the sub-
nanometer scale. Unlike many other high-resolution
imaging techniques, it can image both conducting
and nonconducting surfaces, it does not require hard
vacuum to function, and is capable of visualizing
samples in air as well as in liquids. This is of great
use to researchers interested in studying membranes
and other surfaces, which are routinely exposed to
aqueous solutions as it means that they may be
imaged in their operational media. The basic opera-
tion of the AFM uses a probe with a sharp tip to
physically feel the surface of interest, generating a
three-dimensional (3-D) topography, allowing
quantification of physical properties, such as rough-
ness, step heights, and pore sizes. This mechanical
nature of the AFM also allows it to be used as a
direct force sensor. Replacing the sharp tip with a
particle of colloidal size or single cell allows the

characterization of adhesive and long-range surface
forces in different environmental conditions. This
can provide insight into the fouling properties of
membranes, without recourse to using full-scale
membrane filtration rigs.

In this chapter, we outline the operation of the
AFM, giving specific examples of the use of the AFM
to characterize a range of properties of filtration
membranes.

1.16.2 Principles of AFM

In Figure 1, the basic setup of a typical AFM is
shown. A cantilever, which may commonly be either
V-shaped, as shown, or a rectangular diving-board-
shaped cantilever, attached to a chip, has mounted
close to its free end a sharp tip which acts as the
probe of interaction forces. The probe is brought into
and out of contact with the sample surface by the use
of a piezocrystal, upon which either the cantilever
chip or the surface itself is mounted, depending upon
the particular system being used. Movement in this
direction is conventionally referred to as the z-axis. A

Laser diode

Light path

Cantilever

Sample

Probe

Photodetector

A B

C D

Figure 1 Basic setup of the atomic force microscopy (AFM). A probe is mounted at the apex of a flexible Si or Si3N4

cantilever. The tip of the probe is moved in relation to the sample surface by the use of piezo crystals. Deflection of

the cantilever is monitored by the change in the path of a beam of laser light deflected from the upper side of the end

of the cantilever by a photodetector. As the tip is brought into contact with the sample surface, by movement of the

piezo, its deflection is monitored. This deflection can then be used to calculate interaction forces between probe and
sample.

338 Membrane Characterization



laser beam is reflected from the reverse (uppermost)
side of the cantilever onto a position-sensitive photo-
detector. Any deflection of the cantilever will
produce a change in the position of the laser spot
on the photodetector, allowing changes to the
deflection to be monitored. The most common con-
figuration for the photodetector is that of a quadrant
photodiode divided into four parts with a horizontal
and a vertical dividing line. If each section of the
detector is labeled A–D as shown in Figure 1, then
the deflection signal is calculated by the difference in
signal detected by the AþB versus CþD quadrants.
Comparison of the signal strength detected by AþC
versus BþD will allow detection of lateral or
torsional bending of the lever. Once the probe is in
contact with the surface, it can then be raster-scanned
across the surface to build up relative height infor-
mation of topographic features of the sample.

Scanners are available in different configurations,
depending upon the particular AFM employed, or
the purpose for which it is required. Tube scanners
consist of a hollow tube made of piezoceramic mate-
rial. Depending on how electrical current is applied,
the tube may extend in the z-direction, or be caused
to flex in either the x- or y-direction to facilitate
scanning. Alternatively, scanners may consist of
separate piezo crystals for each movement direction.
Such a configuration removes certain nonlinearity
problems which may occur in the simpler tube
scanners. In many commercially available AFMs,
especially in older models, the movement in the x-

and y-direction may be achieved by the movement
of the sample rather than by the movement of the
probe.

1.16.2.1 Imaging Modes

There are many different imaging modes available
for the AFM, providing a range of different informa-
tion about the sample surfaces being examined.
However, for simplicity the most common modes
are considered here. In Figure 2, the force regimes
under which the main imaging modes occur are illu-
strated schematically. In the figure, the interaction
forces are sketched as the probe approaches and
contacts the surface, with separation distance increas-
ing to the right. At large separations, there are no net
forces acting between the probe and the sample sur-
face. As the probe and surface approach each other,
attractive van der Waals interactions begin to pull
the probe toward the surface. As contact is made, the
net interaction becomes repulsive as electron shells

in atoms in the opposing surfaces repel each other. In
Figure 2, the repulsive forces are shown as being

positive and attractive forces negative.

1.16.2.1.1 Contact mode imaging

Contact mode imaging is so called because the probe

remains in contact with the sample at all times. As a
result, the probe–sample interaction occurs in the

repulsive regime as illustrated in Figure 2. This is
the simplest mode of AFM operation and was that

originally used to scan surfaces in early instruments.

There are two variations in this technique: constant
force and variable force. With constant force mode, a

feedback mechanism is utilized to keep the deflec-
tion, and hence force, of the cantilever constant. As

the cantilever is deflected, the z height is altered to
cause a return to the original deflection or set point.

The change in z-position is monitored and this infor-
mation as a function of the x,y position is used to

create a topographical image of the sample surface.
For variable force imaging, the feedback mechanisms

are switched off so that z height remains constant and

the deflection is monitored to produce a topographic
image. This mode can be only used on samples which

are relatively smooth with low-lying surface features,
but for surfaces where it is applicable it can provide

images with a sharper resolution than constant force
mode.

F
or

ce

Distance

Contact mode

Noncontact mode

Attraction

Intermittent
contact mode Repulsion

Figure 2 Diagram illustrating the force regimes under

which each of the three most common atomic force
microscopy (AFM) imaging modes operate. Contact

mode operation is in the repulsive force regime, where

the probe is pressed against the sample surface,

causing an upward deflection of the cantilever.
Noncontact mode interrogates the long-range forces

experienced prior to actual contact with the surface.

With intermittent contact, or tapping mode, the probe is
oscillated close to the surface where it repeatedly comes

into and out of contact with the surface.
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Contact mode is often the mode of choice when
imaging a hard and relatively flat surface due to its
relative simplicity of operation. However, there are
several drawbacks. Lateral forces can occur when the
probe traverses steep edges on the sample, which
may cause damage to the probe or the sample, or
also result from adhesive or frictional forces between
the probe and the sample. This can also lead to a
decrease in the resolution of images due to the stick-
slip movement of the probe tip over the surface. In
addition, the relatively high forces with which the
probe interacts with the sample can cause not only a
deformation of the sample, leading to an underesti-
mation of the height of surface features, but also an
increase in the area of contact between the probe and
the surface. The area of contact between the probe
and the surface sets a limit to the resolution which
can be achieved. Where a soft, and therefore easily
deformable and easily damaged, sample is to be
imaged, dynamic modes of imaging, such as inter-
mittent contact or noncontact modes, are usually
preferable.

1.16.2.1.2 Intermittent contact (tapping)

mode

In order to overcome the limitations of contact mode
imaging as mentioned above, the intermittent, or
tapping, mode of imaging was developed [1–3].
Here, the cantilever is allowed to oscillate at a
value close to its resonant frequency. When the
oscillations occur close to a sample surface, the
probe will repeatedly engage and disengage with
the surface, restricting the amplitude of oscillation.
As the surface is scanned, the oscillatory amplitude of
the cantilever will change as it encounters differing
topography. By using a feedback mechanism to alter
the z height of the piezo and maintain constant
amplitude, an image of the surface topography may
be obtained in a similar manner as with contact mode
imaging. In this manner, lateral forces, as the probe is
scanned across the surface, are greatly reduced, com-
pared with the contact mode.

When using tapping mode in air, capillary forces
due to thin layers of adsorbed water on surfaces,
particularly with very hydrophilic surfaces, have to
be overcome, as well as any other adhesive forces
which may be present. If the restoring force of the
cantilever due to its deflection is insufficient to over-
come adhesion between the probe and the surface,
then the probe will be dragged along the surface in an
inadvertent contact mode. As a result, for this mode
in air, the spring constants of AFM cantilevers are by

necessity several orders of magnitude greater than

those used for either tapping mode in liquid or con-

tact mode (typically in the range of 0.01–2 N m�1 for

contact mode to 20–75 N m�1 for tapping in air).
As surfaces with different mechanical and adhe-

sive properties are scanned, the frequency of

oscillation will change causing a shift in the phase

signal between the drive frequency and the fre-

quency with which the cantilever is actually

oscillating [4, 5]. This phenomenon has been used

to produce phase images alongside topographic

images, which are able to show changes in the mate-

rial properties of the surfaces being investigated.

However, while the qualitative data this provides

are useful, it is difficult to extract quantitative infor-

mation from the phase images due to the

phenomenon being a complex result of a number of

parameters, including adhesion, scan speed, load

force, topography, and the material, especially elas-

tic, properties of the sample and probe [5, 6].

1.16.2.1.3 Noncontact mode

In noncontact mode, imaging the cantilever is again

oscillated, as in intermittent contact mode, but at

much smaller amplitude. As the probe approaches

the sample surface, long-range interactions, such as

van der Waals and electrostatic forces, occur between

atoms in the probe and the sample. This causes a

detectable shift in the frequency of the cantilever

oscillations. Detection of the shift in phase between

the driving and oscillating frequencies allows the z

positioning of the cantilever to be adjusted to allow

the cantilever to remain out of contact with the sur-

face by the operation of a feedback loop [7]. As the

probe does not contact the surface in the repulsive

regime, the area of interaction between the tip and

the surface is minimized, allowing potentially for

greater surface resolution. As a result, it is imaging

in this mode which is best able to achieve true atomic

resolution, when examining a suitable surface under

suitable conditions with a tip of requisite asperity.

However, in practice, obtaining high-quality images

is a more daunting prospect than for intermittent

contact mode. When imaging in air, all but the most

hydrophobic of surfaces will have a significant water

layer, which may be thicker than the range of the van

der Waals forces being probed. This combined with

the low oscillation amplitude will mean that the

probe will be unable to detach from the water layer

easily, degrading imaging resolution.

340 Membrane Characterization



1.16.2.2 The AFM as a Force Sensor

One of the major applications of the AFM is in the
quantitative measurement of interaction forces
between either the probe tip, or an attached particle
replacing the tip, and a sample surface. This technique
has been employed to examine a wide variety of
systems, including the mechanical properties of mate-
rials on the micro- and nanoscale [8–13], of interest for
characterizing nanoengineered materials; adhesion
between surfaces [13–18]; attractive and repulsive sur-
face forces, such as van der Waals and electrostatic

double-layer forces [19–22], both of interest when

studying the properties of colloidal particles; and to

probe the mechanical properties and kinetics of bond

strength of biomolecules [23–26].
As the tip of the cantilever is brought into and out of

contact with a surface, a force curve is generated,

describing the cantilever deflection (or force) as a

function of distance. A typical force curve is illustrated

in Figure 3. Raw data are plotted as displacement of

the z piezo on the abscissa, while cantilever deflection

is plotted as the signal on the photodetector
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Figure 3 An example force curve. Raw data are shown in (a) plotted as displacement of the z-piezo vs. deflection as

measured on the photosensitive detector. Calculation of the cantilever stiffness and sensitivity of the optical lever setup
allows the raw data to be converted into probe–sample separation distance vs. the force, with converted force curve shown in

(b). By convention, for atomic force microscopy (AFM) force curves attractive forces are portrayed as negative and repulsive

forces as positive.
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(commonly either as voltage, V, or also sometimes as
current, A) on the ordinate. As the cantilever begins its
approach (described by the red trace), it is away from
the surface and hence there is no change in force
detected (point 1 in Figure 3) – the cantilever is said
to be at its free level, that is, at this point there are no
net forces acting on it (assuming that the probe is not
traveling fast enough for hydrodynamic drag forces to
have a significant effect). As the probe comes into close
proximity with the cantilever, long-range forces may
begin to interact between the probe and the objective
surface. Repulsive forces will cause the lever to deflect
upward and away from the surface, while attractive
forces will deflect the lever downward, toward the
surface. If the gradient of attractive forces is less than
the stiffness of the lever, then the probe will remain at
its free level due to the restoring force stored in the
lever. If the probe reaches a point where the gradient of
attractive forces exceeds the stiffness of the cantilever,
then the cantilever will be rapidly deflected downward
allowing the probe to touch the surface in a snap-in or
jump-to-contact. In the absence of attractive surface
forces, this jump-to-contact will not be seen. When the
cantilever makes hard contact with the surface, it is
deflected upward due to repulsion between electron
shells of atoms in the opposing material surfaces and a
positive force is observed (point 2). The cantilever is
then retracted (blue trace) and initially follows the path
of the approach trace in the contact region. The canti-
lever often remains attached to the surface by adhesive
forces which results in a downward deflection of the
cantilever as the probe retracts away from the surface,
causing a hysteresis between the trace and retrace.
Eventually, the separation force becomes sufficient to
overcome the adhesion between the probe tip and the
surface and the cantilever snaps back to its initial free-
level position (point 3).

This behavior results in a curve of deflection
(measured as raw signal) versus the displacement of
the piezo in the z direction. When the surface being
pressed against is hard and does not undergo signifi-
cant deformation, the z movement will be equal to
the deflection of the cantilever. As a consequence, the
slope obtained from contact with an unyielding sur-
face provides the sensitivity of the optical lever
system. By dividing the raw deflection data by this
sensitivity value, it can be converted into an actual
deflection distance. This sensitivity value is essential
for the calculation of force values from raw deflection
data. This deflection value (distance) can also then be
subtracted from the z piezo displacement to give the
actual distance traveled by the probe. An alternative

method of finding the optical lever sensitivity with-
out requiring to make hard contact with the surface
was suggested by Higgins et al. [27].

Within operational limits the AFM cantilever
behaves as a linear, or Hookean, spring. As a result,
the magnitude of the deflection of the cantilever can
be used to calculate the force being exerted on the
cantilever using Hooke’s law:

F ¼ – kx ð1Þ

where F is force (N), x is the deflection of the canti-
lever (m), and k is the spring (or force) constant of the
cantilever (N m�1), which essentially represents the
stiffness of the cantilever.

1.16.2.3 Colloid Probes

By attaching a microsphere to the end of a tipless
cantilever, the geometry of interactions between the
probe and the surface can be greatly simplified, allow-
ing the AFM to be used to probe surface forces, much
akin to the surface force apparatus (SFA).
Microparticles can also be used as probes that allow
particle-to-particle adhesion forces to be measured. An
example of a colloid probe is illustrated in Figure 4.
Here, a scanning electron microscope (SEM) image
shows a 5-mm-diameter silica bead attached with glue
close to the apex of a standard AFM microcantilever.

The first reported use of an AFM as a colloidal
probe was by Ducker and coworkers [28, 29] who
attached a 3.5-mm silica sphere to an AFM cantilever

Figure 4 A colloid probe prepared by attaching a glass
microsphere to the apex of an atomic force microscopy

(AFM) cantilever.
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and used it to measure forces between the sphere and a
silica surface as a function of electrolyte concentration
and pH. Since then this technique has been used to
probe the interaction forces between a variety of mate-
rials and surfaces, including silicates and other inorganic
materials [13, 16, 29, 30]; protein and polymer-coated
beads and surfaces [31–34]; membrane-fouling materi-
als and membranes [35]; biological cells and surfaces
[36, 37]; between drug particles, important in powder
formulations [14, 17, 20]; and for probing the rheological
properties of liquids [38, 39].

1.16.3 Visualization of Membrane
Surfaces

The primary use of AFM for the characterization of
filtration membranes is the 3-D imaging of surface
topography, which can yield quantitative parameters
such as the surface roughness and the pore-size dis-
tribution. As the images obtained are actually arrays
of height information, the roughness parameters are
easy to extract. The most commonly used roughness
parameter is the root mean squared (rms) roughness
(Rq), essentially the standard deviation of the heights
of all the image pixels from the mean height:

Rq ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiP
ðZi –ZaveÞ2

N

s
ð2Þ

where Zi is the height information contained in each
pixel, Zave is the mean height, and N is the total
number of pixels in the image.

If a suitable number of pores are clearly obtained
on an image, the pore-size distribution and average

pore-size parameters can be obtained. Figure 5
shows a Cyclopore microfiltration membrane which
has been imaged using an AFM in air under ambient
conditions [40]. Here, the membrane surface is pre-
sented in a 3-D view, which allows the eye to become

drawn to the undulations in the surface, as well as
making the locations of the pores appear clearer. By
convention, the images are shaded so that higher
areas appear light, with the lowest areas appearing
darker. This allows the pores to be seen as localized
dark patches. A number of pores are visible in the
image with approximately 200 nm in diameter.
Instrument software on commercial AFMs routinely

allows the measurement of surface features in the x-

and y-direction, allowing the measurement of the size
of each pore in at least two dimensions, and with a
sufficient number of pores measured in this way the
distribution of pore sizes can be ascertained.
Occasionally, features of interest may be serendipi-
tously recorded on the membrane surface; Figure 6
shows a 0.3-mm colloidal particle blocking an

entrance of a pore on the surface of a microfiltration
membrane. This image shows a membrane in the
early stages of being fouled by particulate matter,
inhibiting flow through the membrane.

For the example shown above, the pores are rela-
tively large and thus easily imaged. The imaging of
membrane pores much smaller in size, such as those
found in nanofiltration membranes, is much more
challenging. Figure 7 shows an image of a single
pore from a XP117 membrane (PCI Membranes)
alongside the pore-size distribution for this particular
membrane [41]. As can be seen, the mean pore size is

�1 nm in diameter, which is typical for this type of
nanofiltration membrane. It must be noted here that
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Figure 5 Atomic force microscopy (AFM) image of a Cyclopore microfiltration membrane and pore-size distribution [40].
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when imaging features of this scale, the operator
must be very careful to ensure that pores are actually
being imaged, and that the images do not contain
other artifacts which may be mistaken for pores.

For the purposes of modifying the fouling beha-
vior of filtration membranes, much interest is
currently being placed on the chemical modifica-
tion of membrane surfaces. In such cases, it can be
useful to quantify the changes in physical charac-
teristics of a treated membrane. Figure 8 shows a
series of topographies of a polyethersulfone (PES)
membrane, both unmodified and treated with dif-
ferent degrees of modification (DM) of quaternary
2-dimethyl-aminoethylmethacrylate (qDMAEMA).

Pore size and pore-size distribution of each mem-
brane were determined from surface topography.
The lognormal distribution was chosen to represent
the pore-size data for each of the membranes. This
was found to give a good fit to the pore-size distribu-
tion. All these distributions were fitted to lognormal
distributions given by frequencies (%f ):

%f ¼ %fmax exp –
1

2�2
In

dp

X0

� �2
" #

ð3Þ

where dp is the measured pore size, s is the standard
deviation of the measurements, %fmax is the maxi-
mum frequency, and X0 is the modal value of dp.
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Figure 7 Image of a single pore from an XP117 nanofiltration membrane alongside the pore-size distribution for this membrane.
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Mean pore sizes and pore-size distributions of
initial membranes determined from AFM images are

shown in Figure 9 and Table 1. The table shows that

with a mean pore size of 0.535� 0.082mm, the poly-

vinylidene fluoride (PVDF) membrane has slightly

larger pores than the PES membrane (mean pore

size 0.470� 0.188mm). Pore-size distributions are

detailed in Figure 9, along with fits described by

Equation (3). The measured pore sizes are larger

than the nominal pore size of 0.22mm as specified by

the manufacturers. The AFM data confirm that the

pore sizes of studied membranes are of approximately

the same size. The topographical images give a clear

perception of a notable difference in the surface mor-

phology of the membranes used for the modification.

A quantification of the surface parameters (see

Table 1) provides an insight into morphological fea-

tures of the membrane which influence both

separating properties of the membrane and the process

of modification by graft copolymerization.
According to Figure 9(a), the initial PES membrane

has a very wide postsynaptic density (PSD) with a

s value of 0.56mm. However, grafting of poly-

qDMAEMA resulted in narrowing PSD and shifting

the whole curve toward smaller pore sizes. As a result,

the mean pore size gradually decreased with the

increase in the amount of poly-qDMAEMA grafted to

the membrane surface. Significant improvement of the

PSD was observed even for the modified PES mem-

branes with the smallest degree of modification.
Narrowing of the PSD occurred mostly due to the

disappearance of large pores (greater in diameter than

0.6mm). Taking into consideration that substantial nar-

rowing of large pores demands higher quantities of

grafted polymer compared to smaller pores, it can be

assumed that higher rates of polymer growth were

initiated at the walls of the larger pores. At the entrance

of narrower pores, a higher density of free radicals

results in chain termination and, consequently, a lower

rate of polymer grafting. With time, when the PSD

becomes more uniform, free radicals are eventually

distributed across the membrane surface. This leads to

a gradual decrease of all surface pores with the PSD

shifting to smaller sizes. With DM > 202mm cm�2, a

slight fluctuation in the width of PSD (s) was observed.
Using the topography data, surface analysis was car-

ried out to obtain the surface roughness parameters, as

shown in Table 2. The formation of a graft polymer layer
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Figure 8 Atomic force microscopy (AFM) images of polyethersulfone (PES) membranes: (a) unmodified; (b–d) modified with
quaternary 2-dimethyl-aminoethylmethacrylate (qDMAEMA) with respective degrees of modification (DM) of 202, 367, and

510mg cm�2.
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Figure 9 Pore-size distributions obtained from surface topography for unmodified (a) and modified with (b) 202 mg cm�2,
(c) 367mg cm�2, and (d) 510mg cm�2 of quaternary 2-dimethyl-aminoethylmethacrylate (qDMAEMA).

Table 1 AFM measurements of mean pore size and pore-size distribution for PES

membranes modified with qDMAEMA

PSD parameters

DM
(mg cm�2)

Mean pore size
(mm)

X0

(mm) %fmax s

0 0.470�0.188 0.353� 0.028 19.8� 2.2 0.56�0.08

202 0.337�0.098 0.278� 0.010 41.4� 4.4 0.32�0.04
367 0.293�0.072 0.281� 0.003 51.3� 2.0 0.26�0.01

510 0.100�0.083 0.075� 0.004 26.9� 2.9 0.40�0.05

Table 2 AFM measurements of membrane surface

morphology for membranes modified with qDMAEMA

DM
(mg cm�2)

Ra
(nm)

Rq
(nm)

Mean height
(nm)

Max range
(nm)

0 27.93 36.43 161.77 275.46

202 32.26 42.91 250.09 378.4
367 67.37 85.28 329.46 537.27

510 81.64 103.82 357.5 3000.5

346 Membrane Characterization



on the membrane surface resulted in significant changes
in the surface morphology. Structural modifications
became more pronounced with increasing DM [42].

A slight increase in the membrane roughness,
compared with the unmodified membrane, was
observed for membranes modified with the lowest
degree of grafted polymer (202 mg cm�2). At such a
degree of modification, grafted chains would most
likely be able to be accommodated within the pores.
Further increases in DM led to a significant increase
in surface roughness with a layer of grafted polymer
forming its own porous structure.

1.16.4 Imaging of Membrane
Surfaces in Liquid

In aqueous solution, membrane surfaces commonly
carry electrical charge, with the sign and magnitude
of the charge dependent upon the state of the sur-
rounding solvent, with the pH and ionic strength
being especially important. On approach of an AFM
probe tip to a membrane surface, the long-range
forces experienced will be a combination of electrical
double-layer forces and van der Waals forces. The
net forces experienced by the probe tip may be either
repulsive or attractive, depending upon the particu-
lar interaction being observed. In addition, when
imaging in the noncontact mode, the finest resolution
may be achieved when the forces between the probe

tip and the membrane are repulsive. This allows the

interactions between the apex of the probe tip and

the membrane to be minimized, leading to the max-

imum possible resolution.
Figure 10 shows force measurements taken

between a silicon nitride AFM tip and a Cyclopore

membrane at various concentrations of NaCl [43].

All the measurements shown are the forces measured

as the tip first approaches the membrane. As can be

seen at all concentrations of salt, the tip–surface

interactions are repulsive at all separation distances.

For these measurements, the pH was maintained at a

constant value (6.5). As the ionic strength is

increased, the range of the repulsive forces decreases,

as would be expected from conventional Derjaguin–

Landau–Verwey–Overbeek (DLVO) theory, from a

maximum of approximately 35 nm down to about

2–3 nm. This suggests that the electrical double-

layer interaction between the tip and the surface is

dominant in all cases. Under these conditions, both

the probe tip and the membrane would be expected

to carry a negative charge.
With information such as that shown in

Figure 10, it is now possible to image at a specified

imaging force corresponding to any point on the

force curves using noncontact mode imaging.

Figure 11 shows two series of images obtained: first

with varying imaging force at a constant solution

ionic strength and second at a constant force at var-

ious ionic strengths, along with the pore-size
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Figure 10 Force vs. distance curves for the approach of an atomic force microscopy (AFM) tip to a Cyclopore

microfiltration membrane in NaCl solutions of various ionic strengths.
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distributions obtained from the same images [43]. As

the imaging force or ionic strength is increased, the

image quality is improved. In addition, the pore-size

distributions also vary, with a greater mean pore

diameter being obtained at the higher force and

ionic strengths. This does illustrate a limitation of

the values for pore sizes obtained from AFM images:

the accuracy of the sizes obtained is in part depen-

dent upon the quality of the images obtained.

Whenever imaging any surface, using AFM is of

great importance to obtain as sharp an image as is

possible.
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1.16.5 Measurement of Adhesion of
Colloidal Articles and Cells to
Membrane Surfaces

Using a colloidal probe mounted on an AFM can-

tilever, it is possible to measure the adhesion

between a range of materials and membranes

under a number of different conditions. These

adhesive forces are important determinants in the

fouling properties of any membrane. The process

testing of new membranes to determine their foul-

ing properties can be costly in terms of both

money and time. Development of use of the

AFM to directly quantify the adhesion of particu-

lates of different types to membranes has a great

potential role in predicting and optimizing the

fouling properties of filtration membranes. In this

section, we describe a series of measurements to

measure the changes in adhesion between a model

biocolloid and PES membranes under different

environmental conditions. This was then repeated

with the same membrane, but grafted with a poly-

mer (qDMAEM) to hopefully decrease its

tendency to become fouled. As a probe, silica

spheres were coated with a layer of the globular

protein bovine serum albumin (BSA). BSA is a

protein which has been utilized in a number of

applications due to its high degree of nonspecific

binding [44].
Examples of retraction curves measured at three

different loading forces for a BSA-modified micro-

sphere interacting with PES membrane grafted with

qDMAEMA, shown in Figure 12, demonstrate that

the adhesion force (pull-off force) increased with the

force applied by the colloid [44]. Similar findings

have been observed in previous studies [45–49].
The increase in the adhesion force is most likely

to result from an increase in the number of chemical

bonds formed between the biopolymers when the

surfaces are forced into closer contact using higher

loading forces [49]. In addition, the deformation of

the membrane surface at high loading forces may

increase the area of contact between the probe and

the membrane surfaces. In order to exclude the influ-

ence of loading force in comparison of interactions

force, the experimental results will be presented by

plotting the adhesion force versus the loading force.

For purposes of comparison, the adhesion force at

loading force equal to 80 mN m�1 was measured,

interpolated or extrapolated from the obtained

experimental data.

1.16.5.1 Interactions Forces between
Unmodified PES Membranes and
BSA-Coated Colloid probes

1.16.5.1.1 Effect of pH on measured

adhesion

Figure 13 shows the normalized adhesion force mea-

surements against the normalized loading force

applied to the cantilever between a BSA-modified

probe and initial PES membrane at different pH

values [44]. It can be seen that the adhesive force is

highest at pH 5, followed by moderate values at pH 3,

and the lowest at pH 7.
At pH 7, both the BSA and the membrane surface

are negatively charged [49], which provoke increases

in the repulsive electrostatic interaction leading to a

reduction in adhesion. BSA is more hydrophobic at

pH 5 than at 7, which would be expected to increase

adhesion. Second, the protein has a more expanded

structure at pH values away from its isoelectric point

(pI). Thus, a steric repulsive interaction between the

interacting surfaces will be higher at pH 3 than at pH

5, leading to reduced adhesion at pH 3. Finally, PES

possesses a slight positive charge at pH 3 [49], pro-

voking an electrostatic repulsive force between the

membrane and colloidal probe.
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Figure 12 Representative force curves (approach¼blue,
retract¼ red) showing interactions between a bovine serum

albumin (BSA)-coated silica probe and quaternary

2-dimethyl-aminoethylmethacrylate (qDMAEMA)-modified

polyethersulfone (PES) membrane at different loading forces.
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1.16.5.1.2 Effect of ionic strength on
adhesion forces

The effect of the solution ionic strength on the mea-

sured adhesion force is shown in Figure 14 [44].

Increased NaCl concentration leads to an increase

in the adhesion force between the BSA probe and the

PES membrane surface. The adhesion of the BSA

probe to initial unmodified PES increased by a factor

of �2.4 across the concentration range 1–100 mM

NaCl. This behavior is qualitatively consistent with

the DLVO theory [50], as increasing the ionic

strength compresses the thickness of the electrostatic

double layer and should therefore reduce the repul-

sion force between the two surfaces resulting in an

increase in measured adhesion force.

1.16.5.2 Interaction Forces between PES
Membranes Modified with qDMAEMA and
BSA-Coated Colloid Probes

1.16.5.2.1 Effect of pH

The effect of solution pH on adhesion force for PES

membranes modified with qDMAEMA is shown in

Figure 15. An increase in adhesion force with

increasing pH is observed for modified membranes

with three different DMs and is approximately three-

fold at a loading force of 80 mN m�1 [44].
The dominant contribution in the increase in

adhesion force with increasing pH can be attributed

to the electrostatic force between the positively

charged modified membranes and the BSA probe.

At pH 3, both surfaces (membrane and BSA probe)

possess a positive charge resulting in greater repul-

sion at this pH and, hence, a lower adhesion than

seen at other pH values. At pH 7, the modified

PES membranes remain positively charged, while

BSA carries a negative charge. This change in the

nature of the electrostatic interaction leads to a

greater observed adhesive force at pH 7.
Taking into consideration the amphoteric beha-

vior of BSA, which leads to a change in protein

charge with changing pH, the BSA possesses a posi-

tive charge at pH below the pI and negative charge at

pH above the isoelectric point. This fact explains the

high adhesion at pH 7 where both the BSA and the

membrane surface are oppositely charged. Thus, an

attractive electrostatic force between the interacting

surfaces results in higher adhesion.
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for interactions between a bovine serum albumin (BSA)-

coated silica probe and unmodified polyethersulfone (PES)

membrane measured in solutions of increasing ionic strength.
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between a bovine serum albumin (BSA)-coated probe and a

quaternary 2-dimethyl-aminoethylmethacrylate
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Steric interaction could be another factor which
plays a role in reducing the adhesion force observed
with both membranes at pH 3. The overlap of the
expanded protein layer and the modification polymer
chain of qDMAEMA, which is fully dissociated at this
pH, enhance the repulsive interactions between the
colloid probe and the surface of the modified mem-
brane. In addition, at pH 5, there is practically no
electrostatic interaction because this pH is close to
the isoelectric point of the protein (the net charge is
around zero) and, therefore, the electrostatic repulsion
is negligible. As at pH 5 the protein has no net charge
so the structure of the protein is more compact and it
has hydrophobic properties, such interaction may be
lead to high adhesion at pH 5 than at pH 3.

1.16.5.2.2 Effect of ionic strength

Normalized adhesion forces versus normalized load-
ing forces for interactions involving the modified
PES membrane are shown in Figure 16 at different
solution ionic strengths. An increase in adhesion
force with increased ionic strength is evident.

1.16.5.2.3 Comparison of (bio)adhesion
force measurements between unmodified

membranes and membranes modified with

qDMAEMA

The normalized adhesion forces at the same loading
force (loading force¼ 80 mN m�1) for initial and mod-
ified PES membranes with qDMAEMA are shown in

Figure 17. It is clear that the unmodified membrane has
a higher adhesion force than the modified membranes
at pH 3 and pH 5, while the lowest adhesion was
observed at pH 7. In addition, at pH 3, modified mem-
brane with the lowest DM exhibits the lowest adhesion.
At pH 5, modified membrane with DM of 510mg cm�2

showed the lowest adhesion force, while both mem-
branes show almost the same adhesion at pH 7 [44].

The BSA-functionalized probe and both modified
and unmodified membranes all possess a positive
surface charge at pH 3. However, the qDMAEMA-
functionalized membrane possesses a markedly
greater charge than the unmodified PES membrane.
The resulting greater electrostatic repulsion
accounts for the greater adhesive forces observed
with the initial unmodified PES membrane than
with the modified membrane. When the surrounding
solution is at pH 7, both the initial PES membrane
and BSA possess negative surface charges, with the
qDMAEMA membrane still carrying a positive
charge. This accounts for the modified membrane
having a greater adhesive force with the BSA-coated
probe than the unmodified membrane.

The adhesion force measured between BSA-
coated colloid and modified PES membranes is
shown in Figure 18. The adhesion force for all the
investigated membranes was found to increase with
increasing solution ionic strength.

The modified membrane with DM 367 mg cm�2

demonstrated the lowest adhesion force followed by
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Figure 16 Adhesion and loading forces between bovine serum albumin (BSA)-coated silica probe and quaternary

2-dimethyl-aminoethylmethacrylate (qDMAEMA)-modified PES membrane in solutions of differing ionic strengths.
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the initial membrane which shows an increase in

adhesion force compared to modified membrane

with medium DM.
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acidic fuel cells, plasma membranes, 183
acrylic acid

plasma grafting on PAN membranes, 176f, 175–176
plasma polymerization versus plasma grafting on PSU

membranes, 177f, 177
vapor plasma membrane treatment, 169f, 177f, 169

activated carbon, precursors for carbon membrane preparation, 277
activated diffusion, gas transport mechanisms, 33f, 35
active transport, biological membranes, 6f, 6
addition polymerization, 131
addition polynorbornenes (APNBs), 140f, 138, 143f, 132,

132f, 143, 139t, 141t
adhesion to membrane surfaces, colloids, atomic force microscopy,

349, 349f, 350f, 350, 350f, 351f, 352f, 351, 352f
adsorbents, functionalized membranes, 14, 15
AFCs see alkaline fuel cells
AFM see atomic force microscopy
aging of membranes

addition polynorbornenes, 141
carbon membranes, 287f, 287, 275
mechanical characterization, failure envelopes, 334f, 334

alkaline fuel cells (AFCs)
plasma membranes, 188
see also solid alkaline membrane fuel cells

amine group coupling, functionalized carbon nanotube membranes,
298f, 297

amorphous perfluoropolymer membranes, 147–158
advantages, 147
applications, 148
hydrophilic, 152, 148
hydrophobic, 148

amorphous polymers
sorption of gases and vapors, 79f, 80f, 78, 79
see also glassy polymers; rubbery polymers

amorphous silica films, plasma deposition, 165f, 166f, 168f
amphipathic molecules, biological membranes, 3
anion-exchange membranes, 93–94, 110

annealing, atomic scale simulation, 65
anodic oxidation process, inorganic membrane preparation, 231
antibiotics, loaded membranes, supercritical-induced phase

separation, 211f, 212f, 211
antifouling strategies

nanofiltration membranes, 116
see also quaternary 2-dimethyl-aminoethylmethacrylate

APNBs see addition polynorbornenes
aquaporins, 1

biological membranes, 5f, 5–6
biomimetic artificial membranes, 8–9

aqueous solutions, atomic force microscopy of membranes, 347f,
348f, 347

aromatic polyamide membranes, solvent resistance, reverse osmosis,
113–114

artificial membranes
properties compared to biological membranes, 1
see also bioartificial synthetic membranes; biomimetic artificial

membranes
asymmetric membranes, 92

inorganic, 227f, 227
preparation, 100f, 99

composite structures, 107f, 108f, 95, 103, 107, 100–101
diffusion-induced phase separation process, 101
phase-inversion techniques, 101, 100–101
temperature-induced phase separation process, 102

atomic force microscopy (AFM), 337–354
advantages, 338
colloid adhesion, 349, 349f, 349, 350f, 350, 351f, 352f, 351
colloid probes, 342f, 342, 349
contact mode imaging, 339, 337
force sensors, 341f, 341
imaging modes, 339f, 339
intermittent contact mode, 340, 337
membranes in liquid, 347f, 347, 348f
membrane surface visualization, 346t, 343f, 344f, 345f, 346f,

343, 348f
noncontact mode, 340, 337
principles, 338f, 338, 339f
structural characterization methods, 317t, 316f, 317f, 313, 314

atomic scale simulations, 71f, 64, 70–71
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atomistic reconstruction, inorganic membrane materials, 64
attenuated total reflectance (ATR), Fourier transform infrared

spectroscopy, 330t, 329f, 330f, 328
average pore radius, atomic force microscopy, 346t, 343

B

bacteria
carbon nanotube membrane separation, 303
filtration membranes, 323
tracer retention measurement, 323t, 323

batteries, plasma membranes, 178, 180f
bicyclo[2.2.1]hept-2-ene see norbornene polymers
bi-liquid (liquid–liquid) porometry technique, membrane

characterization, 319f, 318
bimetallic nanoparticles, functionalized membranes catalytic

applications, 24f, 23
binary systems, Fick’s law, 76
binodal curves, 205f, 200, 206f, 204–205, 208, 199
bioadhesion to membrane surfaces, atomic force microscopy, 349,

349f, 349, 350f, 350, 351f, 352f, 351, 352f
bioartificial synthetic membranes, 1
biocatalytic membranes, biomimetic artificial membranes, 9f, 9–10
biocompatibility, inorganic membranes, 219
biological membranes, 1–12, 1

active transport, 6f, 6
bulk transport, 7f, 6
functions, 5
passive transport, 5f, 5
plant defense mechanisms, 7, 8f
properties, 1
structure and function, 2f, 2

biomimetic artificial membranes, 1–12, 8, 2
aquaporin water channels, 9
carbon nanotube membranes, 300f, 299–300
immobilized enzymes, 9f, 9–10

biomimetic membrane systems, 8, 1
block copolymers

gas separation membranes, 118
next generation membranes, pressure driven

processes, 120f, 120, 121
template-mediated layers, inorganic membrane preparation,

241f, 241
BM see Brownian motion
Bondi method, free volume estimation, norbornene polymers, 140
bovine serum albumin (BSA), membrane adhesion measurement,

atomic force microscopy, 349, 349f, 350f, 350, 351f, 352f, 351
Brownian motion (BM), porous material modeling, 48f, 47
BSA see bovine serum albumin
bubble point method, pore characterization, 318
bulk diffusion, gas transport mechanisms, 33f, 34

C

CA see cellulose acetate
calcination, inorganic membrane preparation, 220, 231, 223, 218
CAP see competitive ablation and polymerization
capillary elevation balance, hydrophilicity assessment, 327
capillary flow, gas transport mechanisms, 33f, 36
capillary membranes, preparation, 100f
capillary and spherical chamber network structure, pore modeling,

42–43
capillary tubes, inorganic membrane preparation, 227f, 225, 226
captive bubble method, contact angle measurement, hydrophilicity

assessment, 327f, 327
capture of materials, functionalized membranes, 15, 14
carbohydrates, biological membranes, 4
carbon aging, carbon membranes, 288

carbon dioxide
capture, gas separation membranes, 117
production, membrane versus traditional separation techniques,

147–148
see also supercritical carbon dioxide

carbon dioxide plasma treatment, filtration membranes, 172f, 173f,
171–172

carbon fillers, polymeric membranes, pressure driven processes, 121
carbon layers, inorganic membrane preparation, 242
carbon membranes, 275–290

advantages over polymer membranes, 275–276
aging phenomenon, 287, 287f, 287
classification, 276f, 276
fabrication of membrane module, 284t, 284f, 283
flat-sheet, 280
gas separation, 286t, 284, 285f
hollow fiber, 279f, 281
pore structure, 280f
pore structure/size distribution, 279–280
preparation, 276, 277f
self-supported, 280
supported, 282

carbon molecular sieves (CMSs)
membrane preparation, 276, 281f
pressure driven processes, 119–120, 121–122, 122

carbon nanotube (CNT) membranes, 291–310
advantages, 305–306
applications, 306t, 297
dense-array outer-wall, 293f, 292, 294
functionalized, 298f, 297
future directions, 306t, 307f, 305
gas/vapor transport, 297
liquid transport applications, 300
mixed-matrix, 293f, 292, 296
open-ended, 293f, 292, 295
preparation, 292, 291–292
pressure driven processes, 122
stimuli-responsive applications, 299
template-synthesized, 293f, 292

casting procedures
composite membrane preparation, 107
inorganic membrane shaping, 226f, 230f, 224, 225, 229

catalysts, recovery of transition metals, carbon nanotube
membranes, 304

catalytic functionalization
inorganic membrane preparation, 247f, 246
membrane applications, 14, 23

catalytic membranes, see also biocatalytic membranes
cation-exchange membranes

polymeric membranes, 93–94, 110
redox-flow batteries, plasma membranes, 180f, 179

cell membranes see biological membranes
cellulose, precursors for carbon membrane preparation, 277–278
cellulose acetate (CA) membranes

reverse osmosis, 113–114
silicalite combination, 118

ceramic foams, inorganic membrane preparation, 228f, 229f,
230f, 228

ceramic membranes
hollow fiber, 253–273

applications, 267
examples, 261
mechanical strength, 266f, 266
morphology, 264t, 262f, 263f, 264f, 261
particles and packing, 254
permeation characteristics, 265f, 264
precursor spinning, 257f, 258f, 257
preparation, 255f, 253–254, 256
sintering, 259
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ceramic powders
membrane preparation

particle dispersion, 255, 256
particle packing, 255f, 254
spinning suspension preparation, 254

ceramic slurry
direct foaming method, inorganic membrane preparation, 229
hollow beads coating method, inorganic membrane preparation,

229
characterization methods, 311–335

atomic force microscopy, 337–354
charge characteristics, 326t, 323f, 325f, 324
chemical characteristics, 330t, 329f, 330f, 331f, 332f, 328
hydrophobic/hydrophilic characteristics, 326f, 327f, 326
mechanical characteristics, 333f, 334f, 332
structural characteristics, 317t, 312f, 312, 314f, 315f, 316f, 317f,

318f, 319f
charge assessment

definitions, 324
membrane characterization, 326t, 323f, 325f, 324

chemical composition, membrane characterization methods, 330t,
329f, 330f, 331f, 332f, 328

chemical degradation of membranes, 334
see also aging of membranes; solvent resistance

chemical powder preparation, inorganic membrane synthesis, 222
chemical stability, inorganic membranes, 219
chemical vapor deposition (CVD)

conventional/plasma comparison, 164
inorganic membrane preparation, 241, 229
posttreatment for carbon membrane preparation, 280
see also plasma-enhanced chemical vapor deposition

chloro-organics, dechlorinations, membrane-immobilized
nanoparticles, 23, 25f

CIP see cold isostatic pressing
classification see membrane classifications
clean industrial processes, gas separation membranes, 117
cleaning protocols, membrane charge (zeta potential) effects, 326t,

325–326
CMSs see carbon molecular sieves
CNT see carbon nanotube
Cobb test, 159
cold isostatic pressing (CIP), inorganic membrane shaping, 224
colloidal gels, template-mediated layers, inorganic membrane

preparation, 239f, 239
colloidal particles, blocking membrane pores, atomic force

microscopy, 344f, 343
colloidal sols, sol–gel method, inorganic membrane preparation,

237f, 236
colloid probes

atomic force microscopy, 342f, 342, 349, 337
BSA adhesion to membranes, 349, 349f, 349, 350f, 350, 351f,

352f, 351, 349, 351
column packings, solvent distillation, ceramic hollow fiber

membranes, 269
comb copolymers

nanofiltration membranes, antifouling characteristics, 117f,
116–117

next generation membranes, 119, 121
commercially available membranes

nanofiltration, 116
phase-inversion preparation, 104t
reverse osmosis, 114–115

compartmentalization, plant defense mechanisms, 7
competitive ablation and polymerization (CAP), plasma-enhanced

chemical vapor deposition, 162–163
composite membranes, asymmetric, preparation, 107f, 108f, 95, 103,

107, 100–101
compression-modulated transport, carbon nanotube membranes,

301f, 300

computer-aided reconstructions, pore structures, 31
computer technology, modeling and simulations, 31–32
condensation

gas transport mechanisms, 33f, 36
two-phase lattice-Boltzmann model, 62f, 61

conditioning of glassy polymers, sorption characteristics, 80
configurational diffusion, gas transport mechanisms, 33f, 35
configurations, synthetic membranes, 92f, 91–92
contact angles

capillary elevation balance, hydrophilicity assessment, 327
drop profile analysis, hydrophilicity assessment, 326f, 327f, 326
influencing factors, 328
to hexadecane, amorphous perfluoropolymer membranes,

151t, 151
to water, amorphous perfluoropolymer membranes, 151t, 151

contact mode imaging, atomic force microscopy, 339, 337
controlled molecular transport, carbon nanotube membranes,

300f, 299
conventional chemical vapor deposition, plasma-enhanced

chemical vapor deposition comparison, 164
copolymers see block copolymers; comb copolymers
corona discharge, 159
course-graining techniques, modeling different scales, 31–32, 70–71
critical pore coordination number, ceramic hollow fiber

membranes, 261f, 261
critical thickness, inorganic membrane preparation, 218
crystallizable polymers, membrane preparation, supercritical

fluids, 206
CVD see chemical vapor deposition
Cyclopore membranes, atomic force microscopy, 343f, 347f, 348f,

343, 347
Cytop�, amorphous perfluoropolymers, 147, 149

D

Darcy’s law, water permeability determination, 319
Debye length, 159
dechlorinations, chloro-organics, membrane-immobilized

nanoparticles, 23, 25f
DEFCs see direct ethanol fuel cells
degradation of membranes

chemical action, 334
see also aging of membranes; solvent resistance

degree of modification (DM), membrane surface, atomic force
microscopy, 344, 337

demixing
solvent-induced phase separation, 200
supercritical-induced phase separation, 206, 208

dense-array outer-wall carbon nanotube membranes, 293f,
292, 294

dense membranes
ceramic hollow fiber, 261
structure and function, 93
transport mechanisms, 38
see also non-porous membranes

density, ceramic hollow fiber sintering, 260f, 259
depressurization rate effects, supercritical-induced phase

separation, 209–210
desalination

carbon nanotube membranes, 305f, 303
reverse osmosis membranes, 113–114

DesalTM five, nanofiltration membranes, 116
dicarboximide moieties, metathesis polynorbornenes, 137t, 138t,

138
diffusion

binary systems, 76
Fick’s law, 76
gas transport mechanisms, 33f, 33, 34, 35
molecular dynamic simulation, 67
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diffusion (continued )
polymer membranes, 76
ternary systems, 77

diffusion coefficients
Fick’s law, 76
norbornene polymer membranes, 133t, 132–133, 142t, 138,

141, 131
diffusion-induced phase separation process, asymmetric membrane

preparation, 101
diffusivity see diffusion coefficients; effective diffusivities
digitized structure models, porous membranes, 48f, 45
dip coating, inorganic membrane preparation, 235, 236–237
direct ethanol fuel cells (DEFCs), plasma processes, 182–183
direct methanol fuel cells (DMFCs), plasma processes, 182–183
direct simulation Monte Carlo (DSMC) method, mesoscopic

transport simulation, 52f, 51
dispersants, ceramic membrane preparation, 254, 255, 256
dispersion simulations

particle-tracking method, 57f, 58f, 56
pore-scale, 54

displacement techniques, structural characterization
methods, 318, 319f

distillation, ceramic hollow fiber membranes, 270f, 269
DM see degree of modification
DMFCs see direct methanol fuel cells
doctor blading techniques, inorganic membrane shaping, 226f,

225, 227–228
Donnan exclusion, carbon nanotube membranes, 303–304
Dow Water Solutions, commercial membrane for pressure-driven

processes, 114–115, 116
droplet coalescence, lattice-Boltzmann simulation, 63f, 63
drop profile analysis, contact angle measurement, hydrophilicity

assessment, 326f, 327f, 326
drug-delivery applications, carbon nanotube

membranes, 300f, 299–300
drying, inorganic membrane preparation, 231, 238
DSMC see direct simulation Monte Carlo
dusty-gas equations, flux relations modeling, 39–40
duty cycle, 159

E

effective diffusivities, trajectory modeling approach, 49f
elasticity modulus, mechanical characterization of membranes, 333
elastomeric polymers, mechanical characterization of membranes,

333f, 333
electrical potential

carbon nanotube membranes, 300f, 299
see also voltage. . .

electric charge effects, atomic force microscopy of membranes in
aqueous solutions, 347f, 347

electric-responsive membranes, pressure driven processes, 125f, 125
electrochemically responsive membranes, pressure driven

processes, 125
electrochemical membrane reactors, carbon nanotube membranes,

304f, 303
electrodialysis, membrane selectivity enhancement by plasma

processes, 178
electrokinetic techniques, membrane charge characterization, 325
electroless plating, metal layered inorganic membrane preparation,

244f, 244, 218
electron cyclotron resonance, 160–161, 159–160
electron microscopy, structural characterization methods, 312f, 312
electron spectroscopy for chemical analysis (ESCA), membrane

characterization, 332f, 331
electro-osmotic flux measurement, membrane charge

characterization, 325
electrophoretic deposition, inorganic membrane preparation, 236
electrothermal regeneration, aged carbon membranes, 288

elongation curves, mechanical characterization of membranes,
333f, 333

emulsification see membrane emulsification
emulsion liquid membranes (ELMs), preparation, 109f, 109
energy consumption, membrane versus traditional separation

techniques, 147–148
energy production devices see batteries; fuel cells
enzyme immobilization, polymeric membranes, biomimetic

artificial membranes, 9f, 9–10
EO see ethylene oxide
epoxidation, mechanical characterization of degraded

membranes, 334
ESCA see electron spectroscopy for chemical analysis
ethoxylated nonionic surfactants, capture by PAA functionalized

membranes, 16f, 15, 17f
ethylene oxide (EO), carbon dioxide permeability characteristics,

gas separation membranes, 118
evaporation, two-phase lattice-Boltzmann model, 62f, 61
evolution, biological membranes, 1–2
exo-polybicyclopentadiene (exo-PBCPD), addition

polynorbornene comparison, 142t, 142
expanded ethanol with supercritical CO2, polyvinyl alcohol

membrane preparation, 211f, 210
extrusion, inorganic membranes, 225f, 225, 218

F

fabrication
carbon membranes, 284t, 284f, 283
inorganic membranes, 223
see also nanofabrication methods; preparation

facilitated transport, liquid membranes, 94, 109
failure envelopes, mechanical characterization of membranes,

334f, 334
Faraday cage, 160
fBM see fractional Brownian motion
FFV see fractional free volume
fiber models, porous membranes, 45
fibers, see also hollow fiber . . .
Fick’s laws, polymer membranes, 76
FilmTec FT-30, reverse osmosis membrane, 114–115
FILMTEC NF55/NF70/NF90, nanofiltration membranes, 116
filtration coating method, inorganic membrane preparation, 236
filtration membranes

characterization methods, 311–335
plasma modifications

hydrophilic nature enhancement, 171, 170–171
hydrophobic nature enhancement, 177, 170–171

finger-type structures
asymmetric membranes, 100f, 99–100
inorganic membranes, 227f, 227

fixed carrier membranes, 94
flat membranes

inorganic membrane preparation, 227–228
self-supported carbon membranes, 280
supercritical fluid-induced phase separation, 204, 211f

flexible plastic polymers, mechanical characterization of
membranes, 333f, 333

Flory–Huggins thermodynamic model, polymer sorption of gases
and vapors, 79f, 78

flow simulation
DSMC method, 52f
Knudsen transport modeling, 33
lattice-Boltzmann method, 54f, 53

fluid separation
distillation, ceramic hollow fiber membranes, 270f, 269
see also gas separation; liquids

fluid–solid separation, transport mechanism modeling, 37
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fluid transport mechanisms
modeling, 37
see also gas transport

fluorocarbon plasma polymers, 163
fluoropolymers

semicrystalline versus amorphous, 149, 152
see also amorphous perfluoropolymer membranes

flux relations, transport phenomenology modeling, 39
foam techniques, inorganic membrane preparation, 228f, 229f,

228, 218
foils, metal layered inorganic membrane preparation, 243
force sensors, atomic force microscopy, 341f, 341
fossil fuels, clean industrial processes, gas separation membranes, 117
Fourier transform infrared–attenuated total reflectance

(FTIR-ATR) spectroscopy, membrane chemical analysis, 330t,
329f, 330f, 328

fractional Brownian motion (fBM), porous material modeling,
48f, 47

fractional free volume (FFV), 131
polynorbornene membranes, 134–135, 140

free volume, 160
addition polynorbornenes, 138
metathesis polynorbornenes, 134
plasma polymers, 166
theory, polymer membranes, 70

free volume elements (FVEs), addition polynorbornenes, 140f, 139,
140

FT-30 membrane, 114–115
FTIR-ATR see Fourier transform infrared–attenuated total

reflectance
fuel cells

plasma membranes, 182, 183f, 188f
solid oxides, ceramic hollow fiber membranes, 271f, 270

fullerenes, next generation membranes, pressure driven
processes, 122

functionalized membranes, 13–28
applications, 14f, 13, 14
carbon nanotubes, 298f, 297
catalytic applications, 14, 23
classification, 14
inorganic membranes, 220, 245f, 247f, 245
material capture, 15f, 15, 14
mixed matrix membranes, 118
multiple layer, 23t, 22, 22f
polyelectrolytes, 20, 19f, 22, 19
preparation, 13
separations, 14, 19, 15
single layer, 20

FVEs see free volume elements

G

Galden�, amorphous perfluoropolymers, 149t, 147, 149
gas adsorption see gas sorption
gas condensation/evaporation, granular medium, lattice-Boltzmann

simulation, 62f
gas modeling, ideal gases, flux relations modeling, 39–40
gas permeability, amorphous perfluoropolymer membranes, 150t,

151t, 150
gas permeances, amorphous perfluoropolymer membranes,

150t, 150
gas permeation

ceramic hollow fiber membranes, 265f, 267f, 264
plasma polymers, 167
polymer membranes, 81

gas-phase deposition, composite membrane preparation, 107
gas sensors, plasma membranes, 190f, 191f, 190
gas separation (GS)

amorphous perfluoropolymer membranes, 150

carbon membranes, 275–290
aging phenomenon, 287, 287f, 287
transport properties, 286t, 285f, 284–285

ceramic hollow fiber membranes, 267f, 268f, 267
conventional membranes, 117
hydrogen production, 147–148
membrane preparation, 103–104
next generation mixed-matrix membranes, 119–120
norbornene polymer membranes, 131–146

gas sorption
granular medium, lattice-Boltzmann simulation, 62f
metathesis polynorbornenes, 135f, 136f, 134
polymer membranes, 78

gas transport properties
carbon membranes, 286t, 285f, 284–285
carbon nanotube membranes, 297
fluid transport mechanisms, 33f, 33
modeling, 33f, 33

gel casting, inorganic membrane preparation, 230f, 229
gel matrix, template-mediated layers, inorganic membrane

preparation, 239f, 239
gel transitions, solvent-induced phase separation, 200
GE-Osmonics (GE Water Technologies), DesalTM five

nanofiltration membranes, 116
glass membranes, preparation, 230–231
glass transition temperature (Tg)

amorphous perfluoropolymers, 149, 153, 149t
glassy polymers, sorption, 80
rubbery polymers, 78
substituted metathesis polynorbornenes, 133t, 132

glassy polymers
permeation, gases and vapors, 83f, 83
sorption, gases and vapors, 79f, 80f, 79

�-glucoside/�-glucosidase compartmentalization, plant
membranes, 8f, 7

GP see graft polymerization
graded pore structures, asymmetric membranes, 100f, 99–100
grafting, nanofiltration membrane antifouling surface treatment,

116–117
graft polymerization (GP)

versus plasma polymerization, 178t, 177f, 177
see also plasma-induced graft polymerization

grain growth
ceramic hollow fiber membranes

preparation, 260f, 260
sintering, 260f, 259

grain models, porous membranes, 43
granular medium, lattice-Boltzmann simulation, 62f, 63f
greenhouse gases

carbon dioxide capture, gas separation membranes, 117
carbon dioxide production, membrane versus traditional

separation techniques, 147–148
green product forming, inorganic membrane preparation, 220, 223,

225, 218
green technology, clean industrial processes, gas separation

membranes, 117
groundwater remediation, membrane-immobilized nanoparticle

dechlorination, 23
GS see gas separation

H

hazardous organic material treatment, carbon nanotube membranes,
304f, 303

heat treatments
aged carbon membranes, 288
inorganic membrane preparation, 220, 231, 233, 238

heavy metals
ion capture, functionalized membranes, 15
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heavy metals (continued )
ionic solute rejections, functionalized membranes, 20

helix–coil transitions, polyelectrolyte functionalization, 20f, 19–20
Henry’s law, polymer sorption of gases and vapors, 79, 80
hexmethyldisiloxane (HMDSO), plasma polymers, 165f, 166f, 168f,

165–166
HMDSO see hexmethyldisiloxane
hollow bead method, inorganic membrane preparation, 229f, 229
hollow fiber membranes

ceramic, 253–273
applications, 267
examples, 261
morphology, 264t, 262f, 263f, 264f, 261
precursor spinning, 257f, 258f, 257
preparation, 225, 226, 230–231, 255f, 253–254, 256
sintering, 259

contactors, solvent distillation, 270f, 269
glass, 230–231
inorganic membrane preparation, 227f, 225, 226, 230–231
self-supported carbon membranes, 279f, 281, 282f
supported liquid membrane preparation, 109f

homogeneous dense membranes, structure and function, 93
homogeneous ion-exchange membranes, preparation, 110
homogeneous polymer layers, composite membranes, 103–104
homogeneous solid membranes, preparation, 108
homogeneous structure, inorganic membranes, 227f, 227
Hooke’s law, atomic force microscopy, 342, 337
hybrid membranes, functionalized, 14
hydraulic permeability determination, membrane

characterization, 319
hydrophilicity enhancement, filtration membranes, plasma

processes, 171
hydrophilic membranes, amorphous perfluoropolymers, 152, 148
hydrophobicity enhancement

filtration membranes, plasma processes, 177
inorganic membrane preparation, 245f, 245

hydrophobicity/hydrophilicity
determination, 326f, 327f, 326
electric bias change, carbon nanotube membranes, 299

hydrophobic membranes, amorphous perfluoropolymer
membranes, 148

Hyflon� AD, hydrophobic amorphous perfluoropolymers, 152f,
147, 148

Hyflon� ion, hydrophilic amorphous perfluoropolymers, 152f,
147, 153

hypochlorite treatment, mechanical characterization of degraded
membranes, 334

I

ICIMs see International Conference on Inorganic Membranes
ideal gases, flux relations modeling, 39–40
idealistic membranes, modeling and manufacture, 41–42
infrared absorption

membrane chemical analysis, 330t
see also Fourier transform infrared. . .

inorganic membranes, 94
advantages over polymers, 219
applications, 219
atomistic reconstruction of materials, 64
organically modified, 121
preparation, 217–252, 221f

calcination, 231
functionalization, 245
layer deposition, 234
principles, 221f, 219
shaping, 223
sintering, 232
starting powders, 221

temperature treatments, 231
pressure driven processes, 121
structure, 220f, 227f, 220, 241f, 234, 227

integral asymmetric membranes
preparation, 101, 100–101

see also phase-inversion process
integral proteins, biological membranes, 2f, 5f, 4, 6, 1
interaction force sensors, atomic force microscopy, 341f, 341,

349, 350
interaction parameters, 200, 208, 199
interfacial polymerization, composite membrane preparation, 108f,

107, 107–108
intermittent contact (tapping) mode imaging, atomic force

microscopy, 337
International Conference on Inorganic Membranes (ICIMs), 219
in vivo membrane systems

in vitro simulations, 8
plant defense mechanisms, 7

ion-conductive plasma membranes, fuel cells, 186
ion-exchange membranes, 93

polyelectrolytes, 19f, 19
preparation, 110

ion-exchange resins, 110
ionic conducting membranes, dense membrane transport

mechanisms, 38
ionic solute rejections, single layer polyelectrolyte functionalized

membranes, 21t, 20
ionic strength effects, atomic force microscopy, 347f, 348f, 350, 350f,

350, 347
ionization degree, 160
ion pumps, biological membranes, 6f, 6
ion rejection, carbon nanotube membranes, 305f, 303–304
ion-sensitive sensors, plasma membranes, 189

K

Kn see Knudsen number
Knudsen diffusion, carbon nanotube membrane comparison, 298,

299
Knudsen number (Kn), gas transport modeling, 33, 54
Knudsen transport, gas transport modeling, 33f, 33

L

Langmuir sorption mode, polymer membranes, 80f, 80
lattice-Boltzmann simulation

flow in porous membranes, 54f, 53, 55, 56
two-phase flow with phase change, 60f, 62f, 63f, 59

lattice gas model, 53, 59–60
layer-by-layer (LbL) assembly technique, polyelectrolyte

functionalized membranes, 22, 22f
layer deposition, inorganic membrane preparation, 234
LbL see layer-by-layer
LCST see lower critical solution temperature
leaching techniques

inorganic membrane preparation, 230
polymer membrane preparation, 96, 98

Li-ion batteries see lithium ion batteries
lipid bilayer, biological membranes, 3
lipids, biological membranes, 2, 3
liquid crystals, template-mediated layers, inorganic membrane

preparation, 240f, 239–240
liquid–liquid (bi-liquid) porometry technique, membrane

characterization, 319f, 318
liquid–liquid (L–L) demixing gap, phase separation, 200, 204–205,

208
liquid membranes, 94

preparation, 109f, 109
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liquids
membrane surface imaging, atomic force microscopy, 347f, 347,

348f
permeation through polymer membranes, 84
pervaporation, polymer membranes, 85
reverse osmosis, polymer membranes, 85f, 85
separation, plasma modification of filtration membranes, 170, 171
transport, carbon nanotube membranes, 292f, 292t, 291, 300

liquid solvent effects
supercritical-induced phase separation, 209f, 208
see also solvent-induced phase separation

lithium ion (Li-ion) batteries, plasma membranes, 181
L–L see liquid–liquid
loaded membranes, supercritical fluid-induced phase separation,

211f, 211, 212f
log removal value (LRV), microorganism filtration membrane

characterization, 323
lower critical solution temperature (LCST), thermal-responsive

membranes, 124f, 123–124
low frequency discharge, plasmas, 160–161
LRV see log removal value
LSCF (La1-xSrxCo1-yFeyO3-�), ceramic hollow fiber membranes,

267f, 267, 261

M

macroscopic scale modeling, 31–32, 71f, 70–71
magnetrons, 160–161, 160
mass transfer

carbon nanotubes, 292f, 291, 300–302
sintering, ceramic hollow fiber membrane preparation, 260t,

259–260
mass transfer coefficients, tracer retention determination

techniques, 322f, 322
material capture applications, functionalized membranes, 15f, 15, 14
Maxwell–Stefan equations, polymer membranes, 77
MD see molecular dynamic
mean free path, 160
mean residence time (MRT), molecular dynamic simulation, 68
mean-square displacement method, trajectory modeling approach,

50–51
mechanically regulated transport, carbon nanotube membranes,

301f, 300
mechanical properties

atomic force microscopy, 341f, 341
biological versus artificial membranes, 1
ceramic hollow fiber membranes, 266f, 266
inorganic membranes, 219
membrane characterization methods, 333f, 334f, 332
membrane structure, 96

membrane classifications, 92f, 91, 93f
carbon membranes, 276f, 276
functionalized membranes, 14

membrane cleaning protocols, 326t, 325–326
membrane contactors (MCs)

hollow fiber/tubular membranes, solvent distillation, 270f, 269
solvent distillation, hollow fiber membranes, 270f, 269

membrane emulsification (ME), lattice-Boltzmann simulation, 62f,
61–62

membrane fouling
asymmetric versus symmetric membranes, 100
atomic force microscopy, 338, 344f, 343, 344
cleaning protocols, 326t, 325–326
membrane charge (zeta potential) effects, 325f, 325
nanofiltration membranes, 116
plasma modified polysulfone protein filtration membranes, 175f
pore-scale simulation, 58
resistance determination, 319

membrane-immobilized enzymes, biomimetic artificial membranes,
9f, 9–10

membrane-immobilized nanoparticles, chloro-organic
dechlorinations, 23, 24f, 25f

membrane module fabrication, gas separation carbon membranes,
284t, 284f, 283

membrane posttreatment, 275
carbon membranes, 280, 275

membrane precursors, 275
carbon membranes, 277, 276
ceramic hollow fibers, 257f, 258f, 257

membrane preparation see preparation
membrane pretreatment, 275
membrane process classification, 93f
membrane properties

characterization methods, 311–335
materials and structures, 95

membrane reactors, carbon nanotube membranes, 304f, 303
membrane regeneration, electrochemistry, carbon nanotube

membranes, 303
mercury intrusion method, pore characterization, 318
mercury ion capture, functionalized membranes, 17–18
mesoscopic transport simulation, 48
mesostructured titania layers, copolymer template-mediated,

inorganic membrane preparation, 241f, 241
metal catalyst recovery, carbon nanotube membranes, 304
metal ion capture, functionalized membranes, 15
metal layered inorganic membrane preparation, 244f, 243
metal membranes

homogeneous solid membranes, 108
leaching preparation method, 231

metal nanoparticles, functionalized membranes, 23, 24f, 23
metal-organic frameworks (MOFs), gas separation, 119–120
metal oxides, sol–gel layers, inorganic membrane preparation,

238, 236
metal toxins, ionic solute rejections, functionalized membranes, 20
metathesis, see also ring opening metathesis polymerization
metathesis polynorbornenes (MPNBs), 133t, 135f, 136f, 132, 140f,

132, 143f, 132f, 143
methane coupling, ceramic hollow fiber membranes, 268f, 267, 268
microcavities

addition polynorbornenes, 139
metathesis polynorbornenes, 134–135
see also free volume elements

microfiltration membranes, atomic force microscopy, 343f, 344f, 343
microfluidic devices, carbon nanotube interfaces, 306f, 304–305
micro-organisms

carbon nanotube membrane separation, 303
filtration membranes, 323
tracer retention measurement, 323t, 323

microscopy
structural characterization methods, 312, 318
see also atomic force microscopy; electron microscopy; near field

microscopy
microstructure, ceramic hollow fiber membranes, 260
microwave frequency discharge, plasmas, 160–161
milling, powder preparation for inorganic membranes, 221
mixed-matrix membranes

carbon fillers, 122
carbon nanotube membranes, 293f, 292, 296
functionalized membranes, 14, 17f, 18f
gas separation, 118
next generation, 119

mixed polymer membranes, supercritical-induced phase
separation, 210

modeling, 29–74
approaches, 39
fluid–solid separations, 37
functionalized membranes, 18, 19f, 25f, 24
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modeling (continued )
gas transport mechanisms, 33f, 33

MOFs see metal-organic frameworks
molecular diffusion see diffusion
molecular dynamic (MD) simulations

carbon nanotube membranes, 291, 305f, 297–298, 302
diffusion, 67

molecular imprinted membranes, pressure driven processes, 120
molecular sieving

carbon membrane mechanisms, 285f, 285
gas transport mechanisms, 33f, 36
mixed matrix membranes, 118
properties, tracer retention techniques, 320t, 323t, 321f, 322f, 319
see also carbon molecular sieves

molecular simulations, 31
diffusion, 67
inorganic membranes, 64
polymers, 69

molecular weight cut-off (MWCO), tracer retention techniques,
321f, 321

monomer fragmentation, plasma-enhanced chemical vapor
deposition, 163f, 163

monovalent cation permselectivity, plasma membranes, redox-flow
batteries, 180f, 179

Monte Carlo method
mesoscopic transport simulation, 52f, 51
sorption simulation, 65

MPNBs see metathesis polynorbornenes
MRT see mean residence time
multiple layers

functionalized membranes, 23t, 22, 22f
inorganic membranes, 220f, 220, 234, 227

multiscale approaches, modeling and simulation, 31–32, 71f, 70, 39
multiwalled carbon nanotube (MWCNT), 291, 300–302, 302
MWCNT see multiwalled carbon nanotube

N

Nafion�
sulfonic perfluorinated polymer, 147, 152
surface modification by plasma processes, 184

nanofabrication methods, next generation membranes, pressure
driven processes, 125–126

nanofiltration (NF) membranes
atomic force microscopy, 344f, 343–344
pressure driven processes, 115

nanofluidics, carbon nanotube membranes, 291
nanomaterials, multiscale modeling, 70–71
nanometer thick films, plasma polymers, 164f, 164
nanoparticles

functionalized membranes catalysts, 23, 24f, 25f, 23
grain packing, membrane modeling, 44–45
membrane-immobilized, chloro-organic dechlorinations, 23,

24f, 25f
nanoporous membranes, addition polynorbornenes, 140–141
nanotubes see carbon nanotube membranes
near field microscopy, structural characterization methods, 317t,

315f, 316f, 313, 317f
neutral molecules, multilayer polyelectrolyte functionalized

membranes, 22
next generation membranes, pressure driven processes, 119
NF see nanofiltration
Ni–Cd batteries see nickel–cadmium batteries
nickel–cadmium (Ni–Cd) batteries, plasma membranes, 178
noncontact mode imaging, atomic force microscopy, 337
nonideal fluids, lattice-Boltzmann simulation, 61
nonideal gas mixtures, flux relations modeling, 40
nonionic surfactants, capture by PAA functionalized membranes,

16f, 17f, 15

non-oxidative coupling of methane (non-OCM), SCYb hollow fiber
membranes, 268f, 269f, 268

non-porous membranes, 93
ceramic hollow fiber dense membranes, 261
composite membrane homogeneous polymer layers, 103–104
homologous solid membrane preparation, 108
polymer characteristics, 95
structure and function, 93f
transport mechanisms, 38

norbornadiene polymers, norbornene polymer comparison, 133t, 133
norbornene polymers

addition type, 140f, 138, 143f, 132, 132f, 143, 139t, 141t
gas separation membranes, 131–146
membrane properties, 143f, 143
metathesis type, 135f, 136f, 132, 140f, 132, 143f, 132f, 143

O

OCM see oxidative coupling of methane
open-ended carbon nanotube membranes, 293f, 292, 295
ordered porosity, template-mediated layers, inorganic membrane

preparation, 240f, 241f, 239
ordinary diffusion, gas transport mechanisms, 33f, 34
organic additives, inorganic membrane preparation, 223, 236
organically modified inorganic membranes, pressure driven

processes, 121
organic–inorganic membranes

mixed matrix membranes, 118
pressure-driven processes, 113–129
self assembly, 121

organic templates, inorganic membrane preparation, 228f, 230f,
239f, 228, 239

organochlorine see chloro-organics
osmotic. . ., see also reverse osmosis
osmotic power plants, 115f, 115
overlapping pores, modeling, 42
oxidation

posttreatment for carbon membranes, 280
precursor pretreatment for carbon membrane preparation, 278

oxidative coupling of methane (OCM), LSCF hollow fiber
membranes, 268f, 267

oxygen permeation, amorphous perfluoropolymer membranes,
151t, 151

oxygen separation, LSCF hollow fiber membranes, 267f, 268f, 267

P

P see permeability coefficient
PAA see poly(acrylic acid)
P-AA see poly(amino acid)
palladium/alloy layers, inorganic membrane preparation, 244f, 243
PALS see positron annihilation lifetime spectroscopy
PAN see polyacrylonitrile
parallel pores, modeling, 41–42, 42
particle-tracking method, dispersion simulation, 57f, 58f, 56
passive transport, biological membranes, 5f, 5
paste preparation, inorganic membrane shaping, 223
PBCPD see polybicyclopentadiene
PDMS see polydimethylsiloxane
PECVD see plasma-enhanced chemical vapor deposition
PEMFCs see proton exchange membrane fuel cells
perfluorinated amorphous glassy polymers, 147, 148f, 148–149, 149
perfluoropolymer membranes see amorphous perfluoropolymer

membranes
permeability

addition polynorbornenes, 141t, 142t, 141
carbon membranes, 285, 287–288
membrane preparation, 95
metathesis polynorbornenes, 133t, 137t, 132–133, 133–134

362 Index to Volume 1



mixed-matrix membranes, gas separation, 118–119
permeability coefficient (P), 133t, 132–133, 131
permeation

gases through polymer membranes, 81
glassy polymers, 83f, 83
rubbery polymers, 82f, 81
semi-crystalline polymers, 81

liquids through polymer membranes, 84
pervaporation, 85
reverse osmosis, 85f, 85

permselectivity, membrane preparation, 95
perovskite membranes, 94
pervaporation membranes

composite membrane preparation, 103–104
plasma polymers, 169f, 170f, 171f, 169
polymer membranes, 85

PES see polyethersulfone
petrochemical industry, solvent distillation, ceramic hollow fiber

membranes, 270f, 269
PFA see polyfurfuryl alcohol
pharmaceuticals

antibiotic loaded membranes, 211f, 212f, 211
transdermal drug-delivery applications, carbon nanotube

membranes, 300f, 299–300
phase change, two-phase flow, lattice-Boltzmann simulation, 60f,

62f, 63f, 59
phase diagrams

polymer phase separation, 205f, 200, 204–205
supercritical-induced phase separation, 206f

phase-inversion process
asymmetric membrane preparation, 104t, 101, 100–101, 103
ceramic hollow fiber membrane preparation, 253–254, 258,

254–255
inorganic membrane preparation, 218
microporous membrane preparation, 103f
phenomenological description, 102
porous polymeric membranes for pressure-driven processes,

113
rationalization, 102
suspension-spinning combination, 227f, 226
symmetric porous membrane preparation, 104t, 99f, 98, 103

phase separation processes
asymmetric membrane preparation, 101, 102
diffusion-induced, 101
inorganic membrane preparation, 230–231
polymer membrane preparation, 200
solvent-induced, 200
supercritical-induced, 200
temperature-induced, 102

pH effects
atomic force microscopy, 349, 350f, 350, 347
membrane charge characterization, 325f, 325
plasma modified polysulfone filtration membranes, 172f

phenol formaldehyde, precursors for carbon membrane preparation,
277–278

phenolic resins, precursors for carbon membrane preparation,
277–278

phenomenology, flux relations modeling, 39
phospholipids, biological membranes, 2f, 3
photodegradation, polysulfone membranes under plasma

treatments, 176f, 173–174
photo-responsive membranes, pressure driven processes, 125f, 125
physical aging phenomena, carbon membranes, 287f, 287, 275
phytoalexins, 7, 1
phytoanticipins, 7, 1
PI see polyimide
PIMs see polymers of intrinsic microporosity
plant defense mechanisms, biological membranes, 7, 8f
plasma chemistry, 160

plasma-enhanced chemical vapor deposition (PECVD), 163f, 164f,
165f, 162, 161, 192–193

porous plasma membranes, 192f, 190–191, 191
sensor membranes, 190

plasma-induced graft polymerization, 178t, 171f, 162, 176f, 177f,
169, 175–176, 177

plasma ion-conductive membranes, fuel cells, 186
plasma materials, quartz crystal microbalance combination, 191f, 190
plasma membranes, 159–197

energy-production devices, 178
fuel cells, 182, 183f, 188f
new coupled methods, 191
porous membranes, 190
porous silica/hybrid membranes, 191
rechargeable batteries, 178
sensors, 189, 190f
tubular membranes, 192f, 193f, 190

plasma polymerization
filtration membranes

hydrophilicity enhancement, 177
hydrophobicity enhancement, 177

plasma-enhanced chemical vapor deposition, 163f, 162, 161
plasma polymers (PPs)

applications, 167
deposition mechanism, 162
gas permeation, 167
liquid separation, 170
pervaporation, 169f, 170f, 169, 171f
separation applications, 167
structural properties, 164
transport properties, 166
versus graft polymerized membranes, 178t, 177f, 177

plasma processes, 160
hydrophilicity enhancement of filtration membranes, 171
hydrophobicity enhancement of filtration membranes, 177
selectivity enhancement of electrodialysis membranes, 178

plasma reactors, 160–161, 172f, 171–172
plasma treatments, 162, 163

antifouling surface modification, nanofiltration membranes,
116–117

filtration membranes, 170–171, 171–172
plasticization, glassy polymers, gas sorption effects, 80–81
platinum nanoparticles, catalytic functionalized inorganic

membranes, 247f, 247
PLGA see poly-L-glutamic acid
PLLa see poly-L-lactic acid
PMMA see polymethyl methacrylate
PMP see poly(4-methyl-2-pentyne)
poly(acrylic acid) (PAA), functionalized membranes, 16f, 15, 19f
polyacrylonitrile (PAN) membranes

nanofiltration membranes, 117f, 116
plasma-induced graft polymerization, 176f, 175–176

poly(amino acid) (P-AA), functionalized membranes, 21f, 20
polybicyclopentadiene (PBCPD), addition polynorbornene

comparison, 142t, 142
polycarbonate membranes, track etching, 98
polydimethylsiloxane (PDMS), plasma polymer HMDSO

comparison, 165f, 166f, 165–166
polyelectrolytes, functionalized membranes, 20, 19f, 22, 19
polyethersulfone (PES) membranes

qDMAEMA modification
atomic force microscopy, 346t, 345f, 346f, 344

colloid adhesion measurement, 349f, 350f, 350, 351f, 352f,
351, 349

unmodified, 345f, 346f, 344
colloid adhesion measurement, 350f, 350, 352f, 351, 349, 350

polyfunctional molecules, functionalized membranes, 15f, 15
polyfurfuryl alcohol (PFA), precursors for carbon membrane

preparation, 277–278
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poly-L-glutamic acid (PLGA), functionalized membranes, 15
polyimide (PI), precursors for carbon membrane preparation, 277f,

277–278, 281f, 280–281, 288
poly-L-lactic acid (PLLA), scaffolding, supercritical fluid-induced

phase separation, 214f, 213
polymer concentration effects, supercritical fluid-induced phase

separation, 204f, 205f, 206f, 204
polymeric foams, pyrolysis/CVD method, inorganic membrane

preparation, 229
polymeric gels, template-mediated layers, inorganic membrane

preparation, 239f, 239
polymeric membranes

aging, 287
biological membrane comparison, 1
carbon fillers, pressure driven processes, 121
carbon membrane comparison, 275–276
diffusion, 76
enzyme immobilization, biomimetic artificial membranes, 9f, 9–10
gas separation, 117
inorganic membrane comparison, 219
inorganic phase, mixed matrix membranes, 118
mixed conventional and plasma materials, fuel cells, 185–186
nanofiltration, 116
permeation of gases and vapors, 81
permeation of liquids, 84
preparation, 91–111

composite membranes, 107f, 108f, 95, 103, 107, 100–101
liquids expanded with supercritical fluids, 211f, 210
phase-inversion processes, 99f, 103f, 98, 101, 102, 100–101
phase separation, 200
solvent-induced phase separation, 200
supercritical-induced phase separation, 201f, 200

pressure-driven processes, 113–129
reverse osmosis, 113–114
solvent resistance, 105t
sorption, 78
transport phenomena, 75–90
water soluble polymers, supercritical-induced phase separation,

210, 211f
polymeric precursors, carbon membranes, 276, 277
polymeric sols, sol–gel method, inorganic membrane preparation,

237f, 236
polymeric sponge, template replication method, inorganic

membrane preparation, 228f, 230f, 228
polymer-like plasma films, applications, 167
polymer molecular distribution, precursors for carbon membrane

preparation, 277
polymers, molecular simulations, 69
polymers of intrinsic microporosity (PIMs), gas separation

membranes, 117
polymer types, mechanical characterization of membranes, 333f, 333
polymethyl methacrylate (PMMA), membrane preparation,

supercritical fluids, 204f, 209f, 204, 209, 210, 211
poly(4-methyl-2-pentyne) (PMP), gas separation membranes, 117
polynorbornenes see addition polynorbornenes; metathesis

polynorbornenes; norbornene polymers
polypeptides, functionalized membranes, 19
polysulfone (PSU), filtration membranes, plasma modification, 172f,

173f, 174f, 175f, 176f, 170–171, 171–172
polytetrafluoroethylene (PTFE), fluorocarbon plasma polymers, 163
poly(trimethylsilyl norbornenes) (PTMSNBs), gas permeability,

137t, 136
poly(1-trimethylsilyl-1-propyne) (PTMSP), gas separation

membranes, 117
polyurethane (PU) foams, replication method, inorganic membrane

preparation, 228f, 228
polyvinyl alcohol (PVA)-based membranes

plasma pervaporation, 170f, 169
preparation, supercritical fluids, 204f, 211f, 204, 210

polyvinylidene fluoride (PVDF), membrane preparation,
supercritical fluids, 207f, 206, 210

pore characterization, displacement techniques, 319f, 318
pore network flow simulation, 54f, 53–54
pore properties, carbon membranes, 283t
pore-scale modeling, 41

dispersion in porous membranes, 54
membrane fouling, 58

pore size
control

inorganic membrane preparation, 220, 223
next generation membranes, pressure driven processes, 119

distribution
assessment

atomic force microscopy, 346t, 343f, 344f, 346f, 343
displacement techniques, 318
tracer retention techniques, 323

carbon membranes, 279–280
plasma modified polysulfone filtration membranes, 173f
template-mediated layers, inorganic membranes, 239

radius assessment, displacement techniques, 318
pore stability, ceramic hollow fiber membranes, 261f, 261
pore structures

carbon membranes, 280f, 279–280
modeling, 31, 41

pore wall charge, membrane characterization, 324–325
porosity, contact angle measurement effects, 328
porous membranes

ceramic hollow fiber, 261
polymer characteristics, 95
preparation, 96t, 96

leaching, 96, 98
phase-inversion techniques, 99f, 98
sintering, 97t, 97f, 96
track etching, 97f, 98f, 96, 98

silica/hybrid plasma membranes, 191
structure and function, 96t, 93f, 92
transport mechanisms, modeling, 33f, 33

positron annihilation lifetime spectroscopy (PALS), 131
addition polynorbornenes, 139t, 138, 139
metathesis polynorbornenes, 134, 136

postreatment of membranes, 275
carbon membranes, 280, 275

powdered precursors, grain packing, membrane modeling, 43–44
powder preparation, inorganic membrane preparation, 221
powder suspension layers, inorganic membrane preparation, 235
PPs see plasma polymers
precursors, 275

carbon membranes, 277, 276
ceramic hollow fibers, 257f, 258f, 257

preparation of membranes
amorphous perfluoropolymer membranes, 149t, 148, 149, 152
carbon membranes, 277f, 276, 284t, 284f, 283
carbon nanotube membranes, 292, 291–292, 293f
functionalized membranes, 13
inorganic membranes, 217–252, 221f
polymeric membranes, 95
solvent-induced phase separation, 200
supercritical fluids, 199–216
supercritical-induced phase separation, 200

presintering, ceramic hollow fiber membrane preparation, 259
pressing, inorganic membrane shaping, 224
pressure-driven processes, 113–129

antifouling strategies, 116
block copolymer membranes, 120
carbon filler membranes, 121
conventional membranes, 113
gas separation membranes, 117
mixed-matrix membranes, 118, 119
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molecular imprinted membranes, 120
nanofiltration membranes, 115
next generation membranes, 119
organically modified inorganic membranes, 121
organic–inorganic membranes, 113–129
organic–inorganic self-assembly membranes, 121
polymeric membranes, 113–129
responsive membranes, 123
reverse osmosis membranes, 113

pressure resistance, inorganic membranes, 219
pressure retarded osmosis power plants, 115f, 115
pretreatment, 275

precursors for carbon membrane preparation, 278
production properties, biological versus artificial membranes, 1
proteins

biological membranes, 5f, 2, 4, 5
biomimetic artificial membranes, 9f, 8–9
separation

carbon nanotube membranes, 303
filtration membranes, 170–171, 171–172

proton exchange membrane fuel cells (PEMFCs), plasma processes,
183f, 182–183

proton exchange membranes (PEMs), dense membrane transport
mechanisms, 38

PSU see polysulfone
PTFE see polytetrafluoroethylene
PTMSNBs see poly(trimethylsilyl norbornenes)
PTMSP see poly(1-trimethylsilyl-1-propyne)
PU see polyurethane
PVA see polyvinyl alcohol
PVDF see polyvinylidene fluoride
Pyrex glass membranes, preparation, 230–231
pyrolysis, 275

carbon membranes, 278, 281f, 280–281
polymer foams, inorganic membrane preparation, 229

Q

QCM see quartz crystal microbalance
qDMAEMA see quaternary 2-dimethyl-aminoethylmethacrylate
quartz crystal microbalance (QCM), plasma materials combination,

191f, 190
quaternary 2-dimethyl-aminoethylmethacrylate (qDMAEMA), 338

modification of PES membranes
atomic force microscopy

effects on colloid adhesion, 349f, 350f, 350, 351f, 352f, 351, 349
effects on pores, 346t, 345f, 346f, 344

R

radio frequency (RF) discharge, plasmas, 160–161, 163
rapid prototyping methods, inorganic membrane preparation, 230
rarefied gas flow, gas transport mechanisms, 33f, 35
rechargeable batteries, plasma membranes, 178
recognition properties, biological versus artificial membranes, 1
redox-flow batteries, plasma membranes, 179, 180f
regeneration, aged carbon membranes, 288
replica technique, inorganic membrane preparation, 228f, 230f,

228, 218
resistance determination, water permeability measurement, 319
resistive-type sensors, plasma membranes, 190f, 191f, 190
resistor network approach, pore modeling, 43
response properties, biological versus artificial membranes, 1
responsive membranes, pressure driven processes, 123
retention rate determination, tracer retention techniques, 322
reverse osmosis (RO) membranes, 113, 115f

modification for nanofiltration, 116
plasma modification, 170–171
polymeric, 85f, 85

preparation, 100f, 103–104
thin film composites, 114f, 113–114

RF see radio frequency
rheological behavior, ceramic hollow fiber precursor spinning, 257
rigid plastic polymers, mechanical characterization of membranes,

333f, 333
ring opening metathesis polymerization (ROMP), norbornene

polymer production, 132, 131
rms see root mean squared
RO see reverse osmosis
Robeson diagrams, norbornene polymers, 143f, 143–144, 131
ROMP see ring opening metathesis polymerization
root mean squared (rms) roughness parameter, atomic force

microscopy, 343, 338
roughness parameters, atomic force microscopy, 343
rubbery polymers

permeation, gases and vapors, 82f, 81
sorption, gases and vapors, 79f, 78

rupture envelopes, mechanical characterization of membranes,
334f, 334

S

S see solubility coefficient
sacrificial beads, inorganic membrane preparation, 229, 230
SAMFCs see solid alkaline membrane fuel cells
scaffolding applications, supercritical fluid-induced phase

separation, 212, 214f
scaling up, molecular simulations to macroscopic processes, 31–32,

71f, 70–71
scanning electron microscopy (SEM), structural characterization

methods, 312f, 314f, 312
scanning tunneling microscopy (STM), structural characterization

methods, 317t, 315f, 313, 314–316
SC-CO2 see supercritical carbon dioxide
SC-IPS see supercritical-induced phase separation
screen printing, inorganic membrane preparation, 236
SCYb (SrCe0.95Yb0.05O3-�), ceramic hollow fiber membranes, 268f,

269f, 268
secondary ion mass spectrometry (SIMS), membrane chemical

analysis, 331f, 331
selectivity

biological versus artificial membranes, 1
carbon membranes, 285, 287–288
curves, tracer retention techniques, 321f, 321
electrodialysis membranes, plasma processes for enhancement, 178
fixed carrier membranes, 94
functionalized membranes, 14
membrane preparation, 95
metathesis polynorbornenes, 133t, 132–133
mixed-matrix membranes, gas separation, 118–119
plasma polymer membranes for gas separation, 168f

self assembly membranes, organic–inorganic, 121, 119
self-diffusion coefficient, molecular dynamic simulation, 67
self-supported membranes, gas separation carbon membranes,

276, 280
SEM see scanning electron microscopy
semi-crystalline polymers

amorphous comparison, fluoropolymers, 149, 152
permeation, gases and vapors, 84
sorption, gases and vapors, 81

sensors, plasma membranes, 190f, 189
separations

amorphous perfluoropolymer membranes, 153
functionalized membranes, 14, 19, 15
metathesis polynorbornenes, 135t, 138t

sessile drop method, contact angle measurement, hydrophilicity
assessment, 326f, 326

SFVEs see sulfonyl fluoride vinyl ethers

Index to Volume 1 365



shaping, inorganic membrane synthesis, 223, 218
sharp pore size distribution, template-mediated layers, inorganic

membranes, 239
side groups, metathesis polynorbornenes, 133t, 132
sieving see molecular sieving
silica, sol–gel layers, inorganic membrane preparation, 238
silicalite, mixed matrix membranes, 118
silica membranes

amorphous silica films, plasma deposition, 165f, 166f, 168f
glass homogeneous solid membranes, 108
porous silica/hybrid plasma membranes, 191

silica–polymer composite membranes, thiol functionalization, silver
capture, 17f, 18f, 17–18

silver ions
capture by functionalized membranes, 17
transport through functionalized membranes, 18, 19f

SIMS see secondary ion mass spectrometry
simulations, 29–74

see also modeling; molecular simulation
single layer polyelectrolyte functionalized membranes, ionic solute

rejections, 21t, 20
single-walled carbon nanotube (SWCNT), 291, 307f, 307
sintering, 275

carbon membranes, 285
ceramic hollow fiber membrane preparation, 260t, 260f, 259
granular medium, lattice-Boltzmann simulation, 63f, 63–64
inorganic membrane preparation, 220, 232, 218
symmetric porous membrane preparation, 97t, 97f, 96

SIPS see solvent-induced phase separation
skin layers, asymmetric membranes, 92, 99–100
slip casting, inorganic membrane shaping, 224, 218
slip preparation, inorganic membrane shaping, 223
SOFCs see solid oxide fuel cells
soft agglomerates, ceramic particle dispersion, 255
sol–gel process, inorganic membrane preparation, 237f, 236, 218
solid alkaline membrane fuel cells (SAMFCs), 183f, 182–183,

188–189
solid membranes see dense membranes; homogeneous solid

membranes; non-porous membranes
solid oxide fuel cells (SOFCs), ceramic hollow fiber membranes,

271f, 270
solid oxides, dense membrane transport mechanisms, 38
solid polymer fuel cells (SPFCs), plasma processes, 182–183
solid-state reactions, inorganic membrane powder preparation,

222, 218
solubility coefficient (S), norborene polymer membranes, 133t,

132–133, 143t, 131
solute rejection, single layer polyelectrolyte functionalized

membranes, 21t, 20
solution–diffusion-type membranes, 93
Solvay Solexis, short side chain monomer synthesis, amorphous

perfluoropolymer membranes, 152f, 152
solvent distillation, ceramic hollow fiber membranes, 270f, 269
solvent-induced phase separation (SIPS), polymer membrane

preparation, 200, 199–200
solvent resistance

inorganic membranes, 219
nanofiltration membranes, 116
polymeric membranes, 105t
reverse osmosis membranes, 113–114

sorption
atomic scale simulation, 66f, 65
functionalized membranes, 14, 15
metathesis polynorbornenes, 135f, 136f, 134
molecular dynamic simulation, 69
polymer membranes, 78

gas/vapor mixtures, 81
glassy polymers, 79f, 80f, 79
rubbery polymers, 79f, 78

semi-crystalline polymers, 81
SPFCs see solid polymer fuel cells
spherical chambers, capillary network structure, pore modeling, 42–43
spin coating, inorganic membrane preparation, 235
spinning

ceramic hollow fiber precursors, 257f, 257
suspension preparation, ceramic hollow fiber membranes, 254,

255–256
spinodal curves, 205f, 200, 206f, 204–205, 205, 199
spray coating, inorganic membrane preparation, 236
sputtering, 160

plasma polymerization, 160, 163
stability

biological versus artificial membranes, 1
inorganic membranes, 219, 233
membrane structure, 95
pores, ceramic hollow fiber membranes, 261f, 261
thermal

Hyflon� polymers, 153
inorganic membranes, 219, 233

see also aging of membranes; solvent resistance
Stefan Maxwell equations, flux relations modeling, 39–40
stimuli-responsive applications, carbon nanotube membranes, 299
STM see scanning tunneling microscopy
storage conditions, carbon membranes, 287–288
straight pores, inorganic membrane preparation, 231
streaming potentials, membrane charge characterization, 323f, 325
stress–strain curves, mechanical characterization of membranes,

333f, 333
stretching semicrystalline films, polymer membrane preparation,

97f, 97–98
structural features

addition polynorbornenes, 138
characterization methods, 312f, 317t, 314f, 312, 315f, 316f, 317f,

318f, 319f
synthetic membranes, 92f, 91

sulfonic perfluorinated polymers, hydrophilic amorphous
membranes, 152

sulfonyl fluoride vinyl ethers (SFVEs), hydrophilic amorphous
perfluoropolymer membranes, 152

supercritical carbon dioxide (SC-CO2)
expanded liquids for water soluble polymer membrane

preparation, 211f, 210
phase separation, 206f, 208f, 200, 207

supercritical fluids
definition, 200
density effects in phase separation, 208f, 207
membrane preparation, 199–216

supercritical-induced phase separation (SC-IPS)
polymer membrane preparation, 200

experimental results, 202t, 204f, 203t, 201
flat membranes, 204
loaded membranes, 211f, 211, 212f
operative parameter effects, 204
scaffolding applications, 212, 214f
techniques, 201f, 201
water soluble polymers, 210, 211f

superhydrophobic carbon nanotube arrays, electric bias hydrophilic
change, 300f, 299

supported carbon membranes, gas separation, 276, 282
supported liquid membranes, preparation, 109f, 109
support layers, asymmetric membranes, 92, 99–100
surface charge

contact angle measurement effects, 328
membrane characterization, 324–325

surface deposition
see also chemical vapor deposition; plasma-enhanced chemical

vapor deposition
surface diffusion, gas transport mechanisms, 33f, 35
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surface modification
antifouling, nanofiltration membranes
coating techniques, composite membrane preparation, 107
functionalized membranes, 23t, 13–14
inorganic membrane preparation, 235, 236, 230–231
plasma processes, 162, 161, 163

Nafion�, fuel cells, 184
surface roughness

atomic force microscopy, 343f, 343
ceramic hollow fiber membranes, 264t, 263–264

surface visualization of membranes, atomic force microscopy, 343f,
344f, 345f, 343, 347f, 347, 348f

surfactants, capture by PAA functionalized membranes, 16f, 17f, 15
surrogates, microorganism filtration membrane characterization, 324
suspended particles, transport mechanisms, 37
suspension-spinning with phase inversion technique, inorganic

membrane preparation, 227f, 226
suspension techniques, inorganic membrane shaping, 226
SWCNT see single-walled carbon nanotube
symmetric membranes, 92

inorganic, 227f, 227
preparation, 96, 98

leaching, 96, 98
phase-inversion techniques, 99f, 98
sintering, 97t, 97f, 96
track etching, 97f, 98f, 96, 98

synthetic membranes
materials and structures, 92f, 91, 93f
mixed conventional and plasma materials, fuel cells, 185–186
preparation, 95

T

tape casting, inorganic membrane shaping, 226f, 225, 218
tapping (intermittent contact) mode imaging, atomic force

microscopy, 337
Teflon� AF, amorphous perfluoropolymers, 147, 149
TEM see transmission electron microscopy
temperature effects

non-OCM reactions, ceramic hollow fiber membrane
preparation, 268–269

OCM reactions, ceramic hollow fiber membrane preparation,
268f, 269f, 267, 268–269

plasma-polymerized membranes, 193f, 190–191
polymer sorption of gases and vapors, 81f
responsive membranes, pressure driven processes, 124f, 123
sintering, ceramic hollow fiber membrane preparation, 260f, 265f,

266f, 259, 265–266, 266
see also heat treatments; thermal. . .

temperature-induced phase separation process, asymmetric
membrane preparation, 102

templates
carbon nanotube membranes, 293f, 292
layers, inorganic membrane preparation, 239f, 238
leaching, polymer membrane preparation, 98
replication, inorganic membrane preparation, 228f, 230f, 228

tensile stress testing, mechanical characterization of membranes,
333f, 333

ternary systems, Maxwell–Stefan equations, 77
tetrafluoroethylene (TFE), amorphous perfluoropolymer

membranes, 148–149, 149, 152
TFCs see thin film composites
TFE see tetrafluoroethylene
Tg see glass transition temperature
thermally-induced phase separation (TIPS), polymer membrane

preparation, 199–200
thermal-responsive membranes, pressure driven

processes, 124f, 123

thermal stability
Hyflon� polymers, 153
inorganic membranes, 219, 233

thermal treatment of layers, inorganic membrane
preparation, 233

thermodynamic properties, addition polynorbornenes, 141
thermolysis, ceramic hollow fiber membrane preparation, 259
thermoresistance, polymeric precursors for carbon membrane

preparation, 277
thermosetting polymers, 275

carbon membrane preparation, 275–276, 277
thin-film composites (TFCs), reverse osmosis membranes, 114f,

113–114
thin films, plasma polymers, 164f, 164
thiol functionalized silica–polymer composite membranes, silver

capture, 17f, 18f, 17–18
three dimensional fiber deposition (3DFD), inorganic membrane

preparation, 230
TIPS see thermally-induced phase separation
tissue engineering, scaffolding, supercritical fluid-induced phase

separation, 212, 214f
titania nanofiltration membranes, structure, 220f, 241f
toxic substances

hazardous organic material treatment, carbon nanotube
membranes, 304f, 303

heavy metals
ion capture, functionalized membranes, 15
ionic solute rejection, functionalized membranes, 20

tracer retention techniques
membrane characterization, 320t, 323t, 321f, 322f, 319

microbiological tracers, 323
tracer choice, 320

track etching
inorganic membrane preparation, 231
symmetric porous membrane preparation, 97f, 98f, 96, 98

traditional chemical vapor deposition, plasma-enhanced chemical
vapor deposition comparison, 164

trajectory techniques, mesoscopic transport simulation, 49f, 49
transdermal drug-delivery applications, carbon nanotube

membranes, 300f, 299–300
transfer coefficient determination, tracer retention techniques, 322f, 322
transition-metal catalyst recovery, carbon nanotube membranes, 304
transition state theory (TST), polymer membranes, 70
transmission electron microscopy (TEM), structural

characterization methods, 312f, 312
transmission probability method, trajectory modeling

approach, 49
transport phenomena

fluid flow, 33f
fluid–solid separation, 37
flux relations modeling, 39
gases, 33f, 33
modeling, 32
polymer membranes, 75–90

transport properties
addition polynorbornenes, 141, 143, 141t, 142t
carbon membranes, gas separation, 286t, 285f, 284–285
metathesis polynorbornenes, 133t, 134t, 137t, 143

2,2,4-trifluoro-5-trifluoromethoxy-1,3-dioxile (TTD), hydrophobic
amorphous perfluoropolymer membranes, 148–149

TST see transition state theory
TTD see 2,2,4-trifluoro-5-trifluoromethoxy-1,3-dioxile
tubular membranes

inorganic extrusion, 225f
plasma membranes, 192f, 193f, 190
see also capillary membranes; hollow fiber membranes

turbostratic structures, carbon membranes, 280, 281, 285, 275
two-phase flow with phase change, lattice-Boltzmann simulation,

60f, 62f, 63f, 59
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U

ultrafiltration
carbon nanotube membranes, 303
ceramic hollow fiber membranes, 261

unsupported membranes
carbon membranes, 276
liquid membranes, 109f, 109–110
see also self-supported membranes

V

vapor deposition see chemical vapor deposition; plasma-enhanced
chemical vapor deposition

vapor permeation (VP), polymer membranes, 81
vapor sorption, polymer membranes, 78
vapor transport, carbon nanotube membranes, 297
viral separation

carbon nanotube membranes, 303
filtration membrane retention, 324

viscous flow, gas transport mechanisms, 33f, 35
visualization of membrane surfaces, atomic force microscopy, 343f,

344f, 345f, 343, 348f
voltage-controlled transport, carbon nanotube membranes, 300f,

299–300
voltage-gated channels, biological membrane mimicry, carbon

nanotube membranes, 300f, 299–300
Vycor glass membranes, preparation, 230–231

W

washing cycles, membrane charge (zeta potential) effects, 326t,
325–326

wastewater treatment, reverse osmosis membranes, 113–114
water permeability

amorphous fluoropolymer membranes, 153

carbon nanotube membranes, 292f, 291, 300–302, 303
hydraulic permeability/resistance determination, 319

water soluble polymers, supercritical-induced phase separation,
211f, 210

WAXD see wide angle X-ray scattering
wet powder preparation, inorganic membrane

preparation, 222
wet shaping techniques, inorganic membrane

preparation, 223, 224
W/FM parameter, plasma polymerization, 164f, 163, 165–166
wide angle X-ray scattering (WAXD), addition polynorbornenes,

139t, 138, 138–139, 142

X

XP117 nanofiltration membranes, atomic force microscopy, 344f,
343–344

X-ray photoelectron spectroscopy (XPS), membrane chemical
analysis, 331

X-ray synchrotron micro-tomography, 316, 318f

Y

Yasuda parameter, plasma polymers, 165–166
yittria-stabilized zirconia (YSZ), ceramic hollow fiber membranes,

253–254, 261t, 262f, 263f, 264f, 261
Young’s modulus, mechanical characterization of membranes, 333
YSZ see yittria-stabilized zirconia

Z

zeolite layers, inorganic membrane preparation, 242
zeolite membranes, 94
zeolites, polymer hybrids, mixed matrix membranes, 118
zeta potential, membrane charge characterization, 326t, 323f, 325f,

325, 324, 325
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