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Glossary
Dense membrane Nonporous layers which can

separate highly selective gases such as hydrogen

due to atomic transport through Pd alloys or

oxygen due ionic transport through oxygen

vacancies of a perovskite oxide.

Extractor-type membrane reactor A

permselective membrane allows product

molecules to leave or educt molecules to enter

selectively the reactor.

Ideal separation factor Ratio of the fluxes of the

single gases through a membrane.

Membrane reactor Combining a chemical

reaction with a selective membrane separation in

one device following the concept of process

intensification.

Mixture separation factor Ratio of the molar

compositions of permeate and retentate, for gases

usually determined by gas chromatography.
Molecular sieve membrane Nanoporous

layers which can separate molecules due to their

shape and size such as zeolite, carbon, or silica

films.

Oxygen transporting perovskite

membrane Highly selective oxygen separator

based on the effect that oxygen is transported as

oxygen ion via oxygen ion vacancies in the crystal

framework.

Perovskite membrane hollow fiber Fiber

obtained by spinning or extrusion of a mixture of a

perovskite powder and an organic spinning solvent

followed by a subsequent sintering.

Supported membrane A thin membrane layer

which is alone mechanically not stable is supported

by a mechanically strong macroporous ceramic or

metal substrate.
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2 Basic Aspects of Membrane Reactors
3.01.1 Introduction

The conversion and selectivity of a chemical reaction
can be improved when the reaction is performed in a
membrane reactor. A membrane reactor is a bifunc-
tional apparatus combining a membrane-based
separation with a (catalytic) chemical reaction in
one device [1]. There are some recent reviews show-
ing the benefits of a membrane-supported chemical
reaction [2–14]. Membrane-supported operations
and membrane reactors will play an important role
in process intensification; for example, membrane
contactors are reactor concepts with a high feasibility
[15–17]. Many chemical processes of industrial
importance, classically using fixed-, fluidized-, or
trickle-bed reactors, involve the combination of
high temperature and chemically harsh environment
that favor inorganic membranes [14]. However, as
yet no inorganic membranes are used in large-scale
industrial gas separation and no high-temperature
chemical membrane reactor is in operation. On the
contrary, in biotechnology, a beginning of the exploi-
tation of both organic and inorganic membrane
reactor technology in low-temperature applications
can be stated [18–19].

There are numerous concepts to classify mem-
brane reactors following, for example, the reactor
Table 1 Classification of membrane reacto
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design such as extractors, distributors, or contactors,

dividing the membrane into inorganic and organic

ones or porous and dense ones, using the reaction

types such as oxidations, hydrogenations, isomeriza-

tions, and esterifications, defining inert or catalytic

membrane reactors, or taking as classification princi-

ple the position of a catalyst in/near/before/behind a

membrane. Different to these sophisticated concepts,

in this chapter, a simple classification of membrane

reactors into only two groups is used (as shown

in Table 1):

1. Conversion enhancement in extractor-type membrane

reactors operating thermodynamically near/at reaction

equilibrium. To overcome the equilibrium restric-

tion, the reaction must be sufficiently fast

compared to the mass transport through the

membrane (kinetic compatibility). A special

advantage can be that the removal of one of

the products provides an integrated product

purification, thus decreasing the number of pro-

cess units. Besides, selectivity improvements can

be found by selectively removing reaction rate

inhibitors [20].
2. Selectivity enhancement in distributor/contactor-type

membrane reactors operating under reaction kinetics-

controlled conditions. The desired product is
rs used in this chapter

ΔRG0 very negative

ΔRG0 = –RT lnK → K >> 1
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controlled reactions

A + B → C + D 
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embrane reactor
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Partial hydrogenation
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Figure 1 Typical experimental setup used for the

membrane-supported dehydrogenation of alkanes using
tubular hydrogen-selective membranes. Overlapping

processes of dehydrogenation with cracking, coking,

hydrogenolysis, and dilution of the feed by the sweep gas

can falsify the results (see text).
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usually an intermediate in a consecutive reac-
tion, or is one of the products in a system of
parallel reactions. One should note that in the
case of a distributed feed along the reactor, the
flow rate downstream usually increases and the
residence time at the catalytic sites will be
reduced.

Because of the worldwide intense research and
development (R&D) on membrane reactors and the
corresponding large number of publications and
patents, only characteristic examples for the two
principles are discussed and emphasis is given to
recent literature after 2000. Further, the successful
use of an extractor-type membrane reactor in the
decomposition of NOx into the elements N2 and O2

is described. Here, the product molecule oxygen acts
as a reaction rate inhibitor, which can be in situ

removed using an oxygen-transporting perovskite
membrane.
3.01.2 Conversion Enhancement
in Extractor-Type Membrane Reactors
Operating Thermodynamically under
Equilibrium-Controlled Reaction
Conditions

3.01.2.1 Boosting of Alkane
Dehydrogenation by Hydrogen Removal

There are numerous examples for the conversion
enhancement of an alkane dehydrogenation using
porous (zeolite and sol–gel metal oxide) or dense
(metal and ceramic) hydrogen-selective mem-
branes. The concept to increase the alkane
conversion by selectively removing the hydrogen
seems to be simple at first sight; however, there
can be a number of implications, such as coking,
hydrogenolysis, and cracking [2], in the usual
tubular membrane reactors for dehydrogenation
(Figure 1). Further, if pore membranes are used
and a light sweep gas such as He is applied to
reduce the hydrogen partial pressure on the
permeate side, the crossover of the sweep gas by
counter-diffusion from the sweep to the feed side
of the membrane must be avoided since the dilu-
tion of the alkane on the feed side by the sweep gas
also increases the conversion of the alkane
dehydrogenation.

On the other hand, it is not compulsory to use
narrow-pore membranes with pores only accessible
for hydrogen. In addition, medium-pore zeolite

membranes, the pore size of which allows the passage

of both hydrogen and the hydrocarbons, can be used
successfully in the membrane-supported dehydro-

genation. As an example, a MFI zeolite membrane

is used in the catalytic dehydrogenations of i-butane.

Despite the fact that both H2 and i-butane can pass

the 0.55-nm pores due to their kinetic diameters (0.29

and 0.50 nm, respectively), the interplay of mixture
adsorption and mixture diffusion results in a H2

selectivity at high temperatures (H2 flux � 1 m3 m�2

h�1 with a mixture separation factor � (H2/i-butane

� 70 at 500 �C) and in an i-butane selectivity of the

silicalite-1 membrane at low temperatures (i-butane
flux � 0.5 m3 m�2 h�1 with a mixture separation fac-

tor � (i-butane/H2 � 15 at room temperature) [21].

In the conventional packed-bed experiment, the

thermodynamic equilibrium conversion was

obtained (Table 2). As hydrogen was removed selec-
tively through the silicalite-1 membrane, the i-

butane conversion increased by about 15% [21].

The removal of hydrogen leads to hydrogen-

depleted conditions, which have two positive effects:

(1) the conversion of i-butane is increased as

expected due to a lower rate of the reverse reaction
and (ii) the selectivity to i-butene is also increased

because the hydrogenolysis is suppressed. Therefore,

at the beginning of the reaction the i-butene yield in

the membrane reactor is higher by about 1/3 than in

the conventional packed-bed (Table 2). However,
because of the hydrogen removal, coking is promoted

and after approximately 2 h time on stream the olefin



Table 2 Increase of the i-butane conversion X(i-butane) above the equilibrium limit if hydrogen is removed

through a silicalite-1 membrane

X(i-butane) (%)

Temperature
(�C) Classical packed bed Membrane supported packed bed

510 35 39

540 43 60

Conditions: WHSV¼ 1 h�1, Cr2O3/Al2O3-catalyst (Süd-Chemie), membrane area per unit mass of catalyst¼ 20 cm2 g�1, data
after 20 min time on stream. From Illgen, U., Scháfer, R., Noack, M.,Kólsch, P., Kúhnle, A., Caro, J. Catal. Commun. 2001, 2, 339.
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yield of the membrane reactor drops below that of
the classical packed bed [22]. However, after an
oxidative regeneration, the activity and selectivity
are restored completely. Further experimental
results for the silicalite-1-assisted dehydrogenation
of i-butane can be found, for example, in
References 22 and 23.

Future developments of membranes for hydrogen
economy could trigger new activities in the mem-
brane-supported dehydrogenation. Most promising
seems to be the development of thin (about 1 mm)
supported hydrogen-selective zeolite layers on a
wide variety of carriers, for example, capillaries,
fibers, tubes, or monoliths, such as the synthesis of
thin zeolite layers on spun hollow fibers as support
[24]. Since Si-rich zeolite membranes are hydrother-
mally more stable, Corma’s full SiO2 with LTA
structure (ITQ 29) [25] would be a promising
candidate for a hydrogen-selective membrane devel-
opment and first attempts can be stated [26].
In addition, the synthesis of one-dimensional (1D)
AlPO4-5 membranes with a c-out-of-plane orienta-
tion of the parallel AFI pores by tertiary growth, is a
pioneering concept for developing 1D membranes
for hydrogen sieving [27]. Six-ring zeolite mem-
branes, such as SOD (0.28-nm pore size), and 8-ring
zeolite membranes, such as CHA (0.34 nm) and DDR
(0.44 nm), will allow the effective separation of
hydrogen.
3.01.2.2 Increasing the Esterification Yield
by Water Removal

With the availability of water-selective membranes,
which are stable in acidic surrounding and organic
solvents at elevated temperatures, membrane-sup-
ported esterification becomes possible. There are
different ways to increase the yield of an esterifica-
tion. Most frequently, the cheapest educt is present
in a surplus concentration or the low boiling ester is
removed by reactive distillation. Another concept is
to keep the concentration of the product water as
low as possible by the use of adsorbents such as
LTA zeolites or even by chemical reactions such
as the hydrolysis of Al tri-isopropylate, thus con-
suming water. In the case of the low-temperature
esterification of methanol or ethanol with short-
chain monovalent hydrocarbon acids, hydrophilic
organic polymer membranes can be used for the in

situ dewatering in a membrane reactor. However, to
support esterifications at higher temperatures,
hydrophilic inorganic membranes with high stability
against strong acids have to be used. ZSM-5-type
zeolite membranes are suitable candidates to fulfill
these demands. The benefits of a membrane-sup-
ported esterification were shown for the reaction of
n-propanol with propionic acid using a ZSM-5
membrane of the Si/Al¼ 96. The ester yield can
be increased from 52% to 92% by removal of water
through the membrane (Figure 2). This ZSM-5
membrane is acid stable up to pH¼ 1; however –
due to the low Al-contents – the hydrophilicity is
low and, consequently, the resulting water flux of
72 gm�2 h�1 bar�1 is still much too low for technical
applications.

There is ongoing research on novel water
selective membranes. A recently developed phil-
lipsite (PHI) membrane with a mixture separation
factor �> 3000 for a 10 wt.% water/90 wt.%
ethanol mixture with water fluxes > 0.3 kg m�2

h�1 looks promising [28]. In another application
for the selective removal of water by pervapora-
tion and vapor permeation during an esterification
by using hydrophilic ZSM-5 and mordenite
(MOR) membranes, almost complete conversion
of about 100% was reached within 8 h in the
esterification of lactic acid with ethanol [29].
Vapor permeation is also applicable to the in situ

removal of water in the formation of unsaturated
polyesters [29].
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Figure 2 Conversion enhancement by water removal via a hydrophilic ZSM-5 membrane with a Si/Al¼96 in a membrane

reactor for the esterification reaction of propionic acidþ i-propanol! esterþwater at 70 �C [36].

Basic Aspects of Membrane Reactors 5
Conventionally, only hydrophilic membranes are
used for dehydration of solvents. Despite its hydro-

phobic character, the all-silica DDR membrane turns

out to be well suited to separate water from organic

solvents by molecular sieving due to its small pore

size [30]. Excellent performance in the dewatering of

ethanol (flux of 2 kg m�2 h�1 and �¼ 1500) is

observed and the membrane is also able to selectively

remove water from methanol (flux of 5 kg m�2 h�1

and �¼ 9). Water could also be removed from

methanol/ethanol/water mixtures, even at water

feed concentrations below 1.5 wt.%. This water

removal by DDR membranes is attributed to mole-

cular sieving. Water easily passes through the DDR

structure, while the organic molecules experience

increasing diffusion hindrance with increasing size.
In the Fischer–Tropsch synthesis, the removal of

the by-product water has several advantages on the

reactor performance, such as reduced catalyst deac-

tivation and lowered kinetic inhibition. Therefore, it

was proposed to use hydrophilic membranes to

increase reactor productivity [31]. The in situ water

removal by a sol–gel silica-based membrane [32] and

a ceramic-supported polymer membrane [33] in the

presence of a CO/CO2-shift active Fe-based catalyst

resulted in increased total carbon conversion to

hydrocarbons. The application of more hydrophilic

zeolite membranes than silica or organic polymers

with higher selectivity and higher water fluxes, such

as LTA [34] and H-SOD [35], for the in situ water
removal in Fischer–Tropsch synthesis looks
promising.
3.01.2.3 Water removal in Knoevenagel
condensations in micro reactors

The Knoevenagel condensation is a modification of
the aldol condensation named after Emil
Knoevenagel. It is a nucleophilic addition of an active
hydrogen compound to a carbonyl group followed by
a dehydration reaction in which a molecule of water
is eliminated (hence condensation). The combination
of the concepts of membrane reactor and process
miniaturization provides new routes for chemical
synthesis that promises to be more efficient, cleaner,
and safer [37]. These smart, integrated, microchemi-
cal systems are expected to bring into realization a
distributed, on-site, and on-demand production for
high value-added products in the form of miniature
factories and micro-pharmacies [38]. The incorpora-
tion of zeolites in microreactors as functional
elements, including catalysts [39–41] and mem-
branes, has been reported in previous works [42–44].

A recent example of fine chemical reaction carried
out in a membrane microreactor is the Knoevenagel
condensation reaction where the selective removal of
the by-product water during the reaction led to a
25% improvement in the conversion [45]. The reac-
tion between benzaldehyde and ethyl cyanoacetate
to produce ethyl-2-cyano-3-phenylacrylate was
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Figure 3 Membrane microreactor for Knoevenagel condensations with water removal [45, 46]: (a) The CsNaX catalyst (1) is

deposited as powder on the microchannel wall and the 6-mm-thick NaA membrane (2) is grown on the back of the stainless steel

plate. (b) The CsNaX catalyst film (1) is deposited directly on top of the 6.5-mm-thick NaA membrane (2) in the microchannel.
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catalyzed by a CsNaX zeolite catalyst deposited on
the microchannel and the water was selectively per-
vaporated across an LTA membrane (Figure 3(a))
[46]. All the water produced by the reaction was
completely removed and the membrane was operat-
ing below its capacity [47]. This means that the
performance of the membrane microreactor is lim-
ited mainly by the kinetics, that is to say that both
thermodynamic and mass transfer constraints were
removed. A fourfold increase in reaction conversion
was obtained when the improved CsNaX–NH2 cat-
alyst was used instead of CsNaX [48]. Locating the
separation membrane immediately next to the cata-
lyst further improved the membrane microreactor
performance (Figure 3(b)). The selective removal
of the by-product water in the membrane microreac-
tors also benefited other Knoevenagel condensation
reactions, such as reactions between benzaldehyde
and ethyl acetoacetate and diethyl malonate [49].

A multichannel membrane microreactor for the con-
tinuous selective oxidation of aniline by hydrogen
peroxide on TS-1 nanoparticles was successfully
demonstrated. The high surface-area-to-volume ratio
that can be attained in the microreactor (3000 m2 m�3)
facilitates the selective removal of the water by-product,
which reduces also the catalyst deactivation during the
reaction. An improvement in the product yield and
selectivity toward azoxybenzene was also observed.
Azobenzene was obtained as by-product and its forma-
tion was attributed to the homogeneous reaction of
nitrosobenzene with aniline. Increasing temperature
was beneficial for both yield and selectivity; however,
beyond 67 �C, microreactor operation was ineffective
due to bubble formation and hydrogen peroxide decom-
position [50, 51].
3.01.2.4 Hydrogen Production by Water
Splitting Using Oxygen-Selective Perovskite
Membranes

Recently, it was shown that it is possible to produce

significant amounts of hydrogen from water splitting

at around 900 �C, using a novel BaCoxFeyZrzO3–�

(BCFZ) oxygen-permeable hollow-fiber membrane

[52]. Although water dissociation into oxygen and

hydrogen is conceptually simple, efficient hydrogen

production from water remains difficult due to the

small equilibrium constant of water dissociation H2O
! H2þ½O2. Because of the low Kp � 2� 10�8 at

900 �C only tiny equilibrium concentrations of PO2�
4.6� 10�6 bar and PH2 � 9.2� 10�6 bar will be

found. However, even these small equilibrium con-

centrations are sufficient to extract oxygen through

an oxygen-selective perovskite membrane.
Early studies demonstrated the possibility of

hydrogen production from direct water decomposition

using the mixed-conducting oxygen-selective

membrane at extremely high temperatures of

1400–1800 �C. Balachandran et al. [53] fed hydrogen

on the permeation side to consume the permeated

oxygen. In this case, a high oxygen partial pressure

gradient across the membrane was established, and a

high hydrogen production rate of 6 cm3 min�1 cm�2 at

900 �C was obtained. An even higher hydrogen pro-

duction rate of 10 cm3 min�1 cm�2 could be achieved

by using Gd-doped CeO2 as mixed-conducting mem-

brane with an optimized microstructure [54]. However,

hydrogen production by consuming the oxygen on the

permeate side, using externally produced hydrogen,

may represent a proof of principle, which is, of course,

impractical. When methane is used to consume the
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permeated oxygen by partial oxidation of methane

(POM) according to CH4 þ½O2!COþ 2H2, not

only the oxygen permeation rate can be increased due

to the higher oxygen partial pressure gradient across the

membrane, but it is also possible to obtain synthesis gas

(a mixture of carbon monoxide, CO, and hydrogen, H2),

which can be used to synthesize a wide variety of

valuable hydrocarbons (diesel) or oxygenates (metha-

nol), or which can be transformed at lower temperature

as well into hydrogen by the water-gas shift reaction

according to COþH2O!H2þCO2.
Figure 4 presents the concept of the simultaneous

production of hydrogen and synthesis gas in a BCFZ

perovskite hollow-fiber membrane reactor. At tem-

peratures of 800–900 �C, water is sent to the steam/

core side of the BCFZ hollow fiber and, at these tem-

peratures, water starts to dissociate into hydrogen and
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H4O
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Figure 4 The concept of simultaneous production of hydroge

oxidation of methane (POM): (a) reaction mechanism and (b) its

membrane.
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Figure 5 H2 production by water splitting: (a) hydrogen genera

and (b) the experimental setup. Core/steam side: FH2O¼30 cm3

50 cm3 min�1 (FHe¼45 cm3 min�1, FNe¼3 cm3 min�1, and FCH4¼
Effective membrane area: 0.89 cm2.
oxygen. When the oxygen partial pressure on the core/

steam side of the BCFZ hollow fiber is higher than that

on the shell/methane side, oxygen permeates from the

steam/core side to the methane/shell side, where oxy-

gen is quickly consumed by the POM. Thus, oxygen

and hydrogen become separated, and the water split-

ting can continue. Obviously, the hydrogen production

rate directly depends on the rate of oxygen removal

from the water dissociation system. As shown in

Figure 4, a high hydrogen production rate of about

2.25 cm3 min�1 cm�2 at 900 �C is obtained.
We can learn from Figure 5 that the hydrogen

production rate increases as the temperature rises

from 800 to 950 �C and a hydrogen flux of 3.1 cm3

min�1 cm�2 was obtained at 950 �C [52]. When the

temperature is increased, the equilibrium constant of

the endothermic water splitting will increase
W
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W
ater, 

H 2

CH4

CO, H2

, H2)

 + 2H2

(b)

n and synthesis gas by combining water splitting and partial
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tion on the core/steam side as a function of temperature [52];

min�1 and FHe¼10 cm3 min�1. Shell/methane side:
2 cm3 min�1). Amount of packed Ni/Al2O3 catalyst: 0.8 g.
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according to the van’t Hoff equation. Therefore, the
equilibrium is shifted toward the water dissociation
and more hydrogen can be produced. Moreover, with
increasing temperature, both the rate of the POM
and the permeability of the BCFZ hollow-fiber
membrane will increase. So, the hydrogen produc-
tion rate becomes higher with rising temperature.

In fact, not only hydrogen is produced as retentate
on the steam/core side of the BCFZ hollow-fiber
membrane after water condensation, but also synth-
esis gas (CO and H2) can be simultaneously produced
on the methane/shell side. The exit gas of the
methane/shell side mainly consists of H2, CO, and
small amounts of CO2, H2O, and unreacted methane.
According to previous studies [79, 81], the so-called
POM process using a Ni-based catalyst is first a total
oxidation followed by steam and CO2 reforming.
However, the products of total oxidation (CO2 and
H2O) can be transformed with a fine-tuned amount
of unreacted methane by catalytic steam- and dry-
reforming steps to synthesis gas.
3.01.3 Selectivity Enhancement
in Distributor/Contactor-Type
Membrane Reactors Operating under
Reaction Kinetics Conditions

3.01.3.1 Partial Oxidation of Hydrocarbons
by Nonselective Supply of Oxygen through
a Porous Membrane as Reactor Wall

Pore membranes can be used for the nonselective
feeding of air or oxygen through membranes, thus
providing a low and uniform oxygen partial pres-
sure along the axial dimension of a tube reactor
[2, 9]. Because of the slight differences of the kinetic
diameters of oxygen (0.344 nm) and nitrogen
(0.364 nm), the air dosing is usually not combined
with an oxygen enrichment. The concept is based
on the different dependencies of the rates of partial
and total oxidation (hydrogenation), respectively,
on the concentration of oxygen (hydrogen). If the
reaction rate is described by a power law, the expo-
nent of the oxygen (hydrogen) concentration in the
rate equation is higher for total oxidation (hydro-
genation) than that for partial oxidation
(hydrogenation). A low oxygen (hydrogen) partial
pressure along the reactor should be beneficial,
therefore, for a high oxygenate (hydrogenate)
selectivity.

In the oxidative dehydrogenation of ethane
(ODE), the selectivity and yield for ethylene were
found to increase by �10% if air is dosed continu-
ously along a porous tube reactor [16]. A similar
improvement of the selectivity of 8–10% compared
to a conventional packed bed reactor at equal con-
versions was found for the oxidative
dehydrogenation of propane (ODP) [55].

In the case of the maleic acid (MA) anhydride
synthesis by n-butane partial oxidation on vanadium
phosphorous oxide (VPO), reactor simulations did
forecast improved selectivities by oxygen distribu-
tion along the length axis of the tube reactor [56];
however, in the experiments, only a modest improve-
ment of selectivity was found [57]. Due to a low
oxygen/n-butane ratio at the reactor inlet, the vana-
dium catalyst was in a reduced state. With increasing
conversion of n-butane, the oxygen/n-butane ratio
increased and the V5þ species responsible for the MA
selectivity were formed. However, by doping the
VPO catalyst with Co or Mo, the active V5þ species
could be stabilized even at the low oxygen/n-butane
ratio of 0.6 [58].

As a last example for improved selectivities in
partial oxidations when the oxygen is fed into the
reactor through a porous wall, the direct oxidation of
propane to acrolein is addressed. Acrolein selectiv-
ities which were two- to fourfold higher than those in
the classical co-feed reactor were obtained at equal
propane conversion (Figure 6) [59].
3.01.3.2 POM to Synthesis Gas in a
Perovskite Hollow-Fiber Membrane Reactor

In Section 3.01.3.1, the nonselective dosing through
the porous reactor wall was taken to control the
partial pressure of a gaseous reactant over the reac-
tor, whereas, here, the selective dosing of oxygen
from air through a highly oxygen-selective perovs-
kite membrane is discussed.

An attractive route for the utilization of natural
gas is its conversion to synthesis gas (COþH2). Up
to now, the strongly endothermic steam reforming
(StR) is the dominant process for producing syngas
from natural gas giving a H2/CO ratio of 3, which is
unsuitable for methanol or Fischer–Tropsch synth-
esis. Therefore, the slightly exothermic POM to
syngas, which gives a H2/CO ratio of 2, has drawn
much attention. Although POM with air as the oxy-
gen source is a potential alternative to StR, the
downstream requirements cannot tolerate the pre-
sence of nitrogen. Therefore, pure oxygen is
required, and a significant part of the investment
costs associated with conventional POM to syngas
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is those of the oxygen separation plant. In comparison

with StR, the catalytic POM is estimated to offer cost
reductions of about 30% [60]. Dense mixed oxygen-
ion- and electron-conducting membranes are selec-

tively permeable to oxygen at high temperatures
between 800 and 900 �C. Thus, from air only the
oxygen ions can be transported through the mem-

brane to the reaction side, where it reacts with the
methane to syngas. Local charge neutrality is main-
tained by the counter-current transport of electrons.

No external electrodes and electricity are needed
and cheap air can be used as oxygen source for

POM; the pure oxygen separation and the POM
reaction are combined in one reactor and hot spots,
as in the conventional co-feed reactor, can be elimi-

nated due to the gradual feeding of oxygen through
the membrane.

So far, mainly relatively thick disk-shaped mem-
branes with a limited membrane area were studied
because disks can be easily fabricated by a conven-
tional pressing method. Although a multiple planar

stack can be adopted to enlarge the membrane area to
an industry-relevant scale, many problems, such as
the high-temperature sealing and the pressure resis-

tance, have to be faced [61]. Tubular membranes
with diameters in the centimeter range with thick

walls were developed to reduce the engineering dif-
ficulties, especially the problems associated with the
high-temperature sealing [62]. However, their small

surface-area-to-volume ratio and their relatively
thick walls lead to a low oxygen flux and make
them unfavorable in practice. A membrane with a
thin wall in a hollow-fiber geometry can solve the

problems mentioned above. Compared to the disk
and tubular membranes, hollow-fiber membranes
possess much larger membrane area per unit volume

for oxygen permeation [63, 64]. Furthermore, the
resistance of the hollow-fiber membrane as a full
material (i.e., nonsupported) to oxygen permeation

is very much reduced due to the thin wall as it is the
case for supported thin perovskite films. Other model
solutions are multichannel monoliths, tube-and-plate

assemblies, or single-hole tubes. Praxair has devel-
oped about 2-m-long single-hole tubes prepared by

extrusion [65]. The so-called tube-and-plate concept
of Air Products consists of 10 cm� 10 cm plates con-
nected with a central support tube for the pure

oxygen [66–68]. Hydro Oil and Energy developed a
multichannel monolith for oxygen separation [69].
Whereas the industrial realization of a catalytic

membrane reactor is still an aim that is difficult to
realize, the implementation of a perovskite-based
plant for the production of oxygen-enriched air or

of air separation seems to be easier feasible. By Vente
et al. [70] the membrane geometries of single-hole
tubes, multichannel monoliths, and hollow fibers for

air separation are evaluated.
Looking back, the breakthrough in the wide appli-

cation of membranes in dialysis, natural gas and
refinery gas treatment is closely linked to the devel-
opment of organic hollow fibers spun from organic

polymers. Therefore, there are increasing activities
to prepare inorganic hollow fibers, including gas-
tight perovskite hollow fibers for oxygen transport



O2–e–

O2-depleted air Air

CH4

Syngas
(CO, H2)

CH4(+ steam) 

Syngas
(CO, H2)

Air

(a)

(b)

Tubular furnace

Gold paste Shell side

He + Ne
He + Ne + O2

GC-TCD

Core side

Hollow fiberSilicon rubber ring

Thermocouple

Dense AI2O3 tube

Air Air

Figure 7 Partial oxidation of methane (POM) to synthesis gas: (a) scheme of the POM reaction with oxygen separated from

air. Air is sent through the core side of the perovskite hollow-fiber membrane; oxygen is transported through the mixed ion
and electron-conducting membrane to the shell side where the catalytic partial and total oxidations of methane followed by

steam reforming and dry reforming take place [17]. (b) The one hollow-fiber catalytic membrane reactor using gold paste for

the hot sealing of the fiber. Effective fiber length: 11.9 mm, outer diameter: 0.88 mm, inner diameter: 0.52 mm [17].
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at elevated temperatures (e.g., References 71–74).

Recently, from the modified perovskite composition
BCFZ (xþ yþ z¼ 1.0) [75], O2-permeable hollow-
fiber membranes, with high O2 permeation flux and
excellent thermal and mechanical properties, have
been prepared [76–78]. Figure 7(a) schematically
shows a hollow-fiber membrane reactor; Figure 7(b)
demonstrates the experimental setup. Two ends of the
hollow fiber were sealed by Au paste and placed in a
gas-tight dense alumina tube. Therefore, such an Au-
sealed short piece of a hollow-fiber membrane can be
kept in the middle of the oven, thus ensuring real
isothermal conditions.

In the POM to synthesis gas, the optimization of a
laboratory-scale reactor as shown in Figure 7 using
BCFZ hollow-fiber membranes [76] gave CO selec-
tivities of S(CO)¼ 96% for methane conversions
X(CH4)¼ 95% if the commercial Ni-based StR cat-
alyst (Süd-Chemie) is placed around and behind the
perovskite hollow fiber (seen from reactor inlet to the
outlet direction) (Figure 8). The BCFZ hollow-fiber
membrane reactor could be operated up to 300 h in
the POM without failure [17]. Air, as the oxygen
source, was passed through the tube side of the
fiber; methane and the catalyst were outside.
Knowing that the mechanism of the POM cannot
be stopped at the intermediates CO and H2, this
reaction can be viewed as a total oxidation followed
by the so-called dry and steam reforming of the total
oxidation products CO2 and H2O by CH4 [79].
Therefore, the above-mentioned StR catalyst was
used. However, two problems had to be solved: (1)
coke deposition occurs and results in a mechanical
blocking of the reactor after about 50 h time on
stream. By using methane/steam mixtures as the
feed with CH4/H2O � 1, coke deposition could be
completely avoided. (2) The BCFZ hollow fiber was
destructed by BaCO3 formation in the cold region of
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the reactor near to the reactor outlet at about 600 �C.

Since CO2 formation cannot be avoided completely,

carbonate formation had to be stopped for thermo-

dynamic reasons by having the whole perovskite

fiber at 875 �C. This required a novel hot sealing

technique for short pieces of a hollow fiber by using

Au paste (Figure 7(b)). As a result, the laboratory-

scale reactor could be operated several hundred

hours in the POM (Figure 9).
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CH4, and 1.5% CO2 corresponds to X(CH4)¼95%, S(CO)¼96%,
5ml min�1, temperature¼875 �C; pressures on both sides of the B
Figure 10 represents the possible pathways in the
POM showing an interplay of total and partial oxida-

tions as well as reforming reactions as it was proposed

by Kondratenko and Baerns [80]. We could obtain

high methane conversions and high CO selectivities

only, when some Ni-based StR catalyst was packed

behind the oxygen permeation zone (zone 3 in

Figure 8) where the reforming of the total oxidation

products, CO2 and H2O, with unreacted CH4 can

take place. Consequently, the synthesis gas formation

from methane in a mixed-conducting perovskite

membrane reactor is called an oxidation-reforming

process [79, 81].
Perovskite hollow-fiber membranes were success-

fully tested over several hundred hours in the POM

to synthesis gas (typical product gas composition 65%

H2, 31% CO, 2.5% unreacted CH4, and 1.5% CO2)

and the production of oxygen-enriched air (O2 content

between 30% and 45%). When arranged in bundles,

hollow fibers can reach high membrane area per reac-

tor/permeator volume. Economic goals, as membrane

area per m3 permeator volume of the order of

5000 m2 m�3 at a price of about 1000Em�2 nonin-

stalled area, are met by the perovskite hollow fibers.

Based on our results, the amount of oxygen necessary

for a methanol plant with a capacity of 2000 tons day�1

based on POM could be delivered by 4 600 000 hollow

fibers. Assuming a fiber length of 1 m, this would lead –

depending on the packing – to a cylindrical module of

only 4-m diameter.
50 200 250 300

 H2

 CO

 CH4

 CO2

e (h)

(POM) reaction. The gas composition 65% H2, 31% CO, 2.5%

and S(CO2)¼4%, feed¼CH4 with 55 ml min�1þH2O with
aCoxFeyZrzO3–� (BCFZ) hollow-fiber membrane: 1 bar [17].
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It should be noted that mixed-oxygen-ion- and
electron-conducting membranes in hollow-fiber geo-
metry have been successfully tested not only for the
syngas production but also for the preparation of
oxygen-enriched air [82, 83], the oxi-dehydrogena-
tion of hydrocarbons to the corresponding olefins
[84], and the oxidative coupling of methane (OCM)
to C2þ hydrocarbons. These processes are discussed
in the following section.
3.01.3.3 Hydrocarbon Partial Oxidation
with Selective Oxygen Supply

Oxidative ODE and ODP to the respective olefins is
considered as a promising alternative to the (cata-
lytic) thermal dehydrogenation, since there is no
equilibrium constraint on the conversion.
However, the yields attained so far in the oxidative
dehydrogenations in conventional co-feed reactors
are too low for an industrial application. However,
during the past few years, remarkable progress
could be observed in the classical co-feed ODE,
especially by reaction engineering measures, lead-
ing to ethene yields up to 56% at 71% selectivity in
autothermal oxidative dehydrogenation at short
contact time of �45 ms, using catalysts as igniters
[85]. A high propene yield of 30% was obtained on
K-Mo catalysts on SiO2–TiO2 supports using a

diluted feed (92.5% inert, 5% propane, and 2.5%

O2) [86]. Propene yields of 22% are reported on

intercalated Mo catalysts also for diluted feeds

(73% inerts, 18% propane, and 9% O2) [87]. A

reasonable propene yield of 18% with an excellent

space time yield of 12 kg propene kg�1 h�1 was

obtained for VOx on MCM-48 [88].
First results on oxidative dehydrogenations using

oxygen-transporting membranes showed superior

yields compared to classical co-feed fixed-bed reactors.

In ODE using planar and tubular oxygen-conducting

membranes from Ba0.5Sr0.5Co0.8Fe0.2O3–� an ethene

selectivity of 80% at 84% conversion was found at

800 �C [89, 90]. The same material reached 66%

ethene yield at 807 �C, which could be further

increased to 76% at 777 �C by incorporation of Pd

clusters [91, 92]. An ethene yield of 56% per pass,

together with an ethene selectivity of 80%, was

achieved in a dense tubular ceramic membrane reactor

made of Bi1.5Y0.3SmO3 at 875 �C [93].
Compared to ODE, there are only a few papers on

ODP in mixed ion–electron-conducting (MIEC)

membrane reactors. Using a Ba0.5Sr0.5Co0.8Fe0.2O3–�

perovskite and a diluted feed (90% inert and 10%

propane), propene selectivities of 44.2% were found

[94]; at low propane conversion (5%), the propene



Basic Aspects of Membrane Reactors 13
selectivity was 52%. These results show that – in
contrast to ODE – there is no improvement for
ODP, as yet, in using oxygen-transporting mem-
brane; the performances reported are still below
those of classical co-feed fixed-bed reactors.

Because of the high temperatures in the perovs-
kite membrane reactors for the ODE and ODP, an
overlap of the desired oxidative dehydrogenation
with the noncatalytic gas-phase dehydrogenation,
including cracking, coking, and other high-tempera-
ture reactions, takes place [84]. The performance of
MIEC membrane reactors depends on membrane
geometry as well: for ODE using Ba(Co,Fe,Zr)O3–�

membranes with a disk geometry almost 80% selec-
tivity to ethene was observed, whereas hollow-fiber
membranes reached only 40% (Figure 11 and
Table 3). This was explained by the different contact
times in the two reactor configurations, that is, with
hollow-fiber membrane, deep oxidation of ethene to
CO and CO2 could not be avoided. Once ethene is
formed, it reacts again with lattice oxygen or gaseous
oxygen to form COx and H2O.
Table 3 Oxidative dehydrogenation of ethane to eth
(see Figure 11)

Reactor types
Membrane surface area
(cm2) C2H6

Disk membrane 0.9 85.2

Hollow fiber 3.52 89.6

Comparison between a Ba(Co,Fe,Zr)O3–� perovskite disk a
40 mlN min�1, ethane diluted with 90% He on the core sid

(a)

(b)

e

C2H6 C2H4

Air 

Air 
Oo

x

Oo
x

C2H6 C2H4 x

Figure 11 Comparison of the oxidative dehydrogenation
of ethane (ODE) in the oxygen-transporting disk membrane

reactor (a) and in the hollow-fiber membrane reactor (b) [84].

For the results see Table 3.
Similar to ODE and ODP, the OCM to C2 hydro-
carbons (ethane and ethene) is a widely studied topic in

C1 chemistry. Methane activation for OCM by lattice

oxygen from an MIEC membrane looks promising as

well (Figure 12). However, the high-temperature level

where the oxygen-transporting membranes work

implies that side reactions, such as thermal cracking

and a variety of radical reactions, occur. Most probably,

in oxygen-transporting membrane reactors (1) direct

POM at the perovskite surface, (2) formation of radicals

at the perovskite and/or catalyst surface, and (3) radical

reactions both at the catalyst surface and in the gas phase

occur simultaneously. Therefore, solid catalysts were

proposed to support the OCM reaction. One of the

highest C2 yields, that is, 35% at a C2 selectivity of

54%, was obtained in a tubular membrane reactor with

a Bi1.5Y0.3Sm0.2O3–� MIEC membrane [95]. However,

the feed was strongly diluted (2% CH4 in He):

BaSrCoFe O3–� [96] and BaCeGdO3–� [97] of different

chemical compositions. Typical results are C2 selectiv-

ities of 70–90% for methane conversions below 10%

and diluted feeds. If the CH4 content in the feed is

increased, the C2 selectivity drops below 40%.
On the one hand, the direct supply of oxygen from

air through an oxygen-transporting membrane for

ODE, ODP, and OCM seems to be very promising.

On the other hand, the high temperatures of 800–

900 �C, usually applied to achieve sufficient high

oxygen flux, spoil the selectivity of these reactions.

There are recent attempts to develop oxygen-trans-

porting materials with sufficient oxygen flux at low

temperatures, such as 500–600 �C. As an example,

Figure 13 shows the oxygen fluxes through a

BCFZ hollow-fiber perovskite membrane.

Figure 13(a) shows the low-temperature oxygen

fluxes through a BCFZ hollow-fiber membrane

after 20 min time on stream. As Figure 13(b) shows,

the oxygen fluxes decrease with permeation time but

the initial oxygen-transport characteristics can be
ylene according to C2H6 þ1=2 O2!C2H4þH2O

Product selectivity (%)

conversion (%) C2H4 CH4 CO CO2

79.1 10.7 5.4 4.8

39.9 12.1 15.4 32.6

nd a hollow-fiber membrane reactors at 850 �C. Feed:
e; air flow rate on the shell side: 300 mlN min�1) [84].
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Figure 12 Possible mechanisms of the oxidative coupling of methane (OCM) in an oxygen-transporting membrane reactor [94].
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restored after a 1-h treatment of the spent BCFZ
hollow-fiber membranes at 925 �C in air [98].
3.01.3.4 p-Xylene Oxidation to Terephthalic
Acid in a Reactor with a Bifunctional
Membrane

There are ambitious attempts to combine membrane
layers of different functionality. As a first example, for
shape-selective oxidations, a thin Ti-doped silicalite-1
layer was crystallized on a BCFZ oxygen-transporting
perovskite membrane in disk geometry [99, 100]. If a
mixture of the xylene isomers would be in contact
with this bilayer membrane facing the Ti-modified
silicalite-1 layer, it can be expected that mainly the
p-xylene isomer will enter the silicalite-1 layer and
will become oxidized to the terephthalic acid with the
oxygen released from the perovskite membrane. As
Figure 14 shows, this concept works indeed. From a
technical C8 stream, it is the p-xylene, indeed, that has
been partially oxidized to terephthalic acid.
3.01.3.5 Partial Hydrogenation of
Cyclooctadiene to Cyclooctene in a
Pore-through-Flow Membrane Reactor

The partial hydrogenation of a di-olefine to the
corresponding monoolefine represents a consecutive
reaction of the type A!B!C. The pore-through-
flow membrane reactor, as a special type of a
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Figure 15 Schema of the pore-through-flow catalytic

membrane reactor for hydrogenations of multi-unsaturated
hydrocarbons as a special case of a catalytic membrane

contactor reactor: the Pd catalyst is placed on the pore walls

over the whole cross section of a symmetric membrane. In

every loop, the feed becomes H2-saturated again [2].
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membrane contactor, was used for the partial hydro-
genation of 1,5-cyclooctadiene (COD) to
cyclooctene (COE) (Figure 15). A catalytic mem-
brane contactor is a device in which a membrane
containing a catalytically active phase is used to
provide the reaction zone, thereby the membrane
not necessarily has a separative function. In the
selective hydrogenation of COD to COE, we
have the case of a reaction network of the type

A�!þH2
B�!þH2

C , where the consecutive reaction
of the desired intermediate B to C should be avoided.
In fixed-bed reactor with catalyst pellets, the
selectivity of such reactions is limited by mass trans-

port due to diffusion processes into and out of the

pores of the catalyst. This pore diffusion increases the

contact time of the intermediate B at the catalytically

active sites, which promotes the formation of C. In the

pore-through-flow membrane reactor, the selectivity

limitation by diffusion can be avoided because the

reactants pass the membrane in a fast convective

flow. As a consequence, higher activity and increased

selectivity to the intermediate product C can be

expected. By applying a high flow rate, this operation

mode allows one to eliminate the influence of the

diffusional resistance present in conventional porous

catalysts, thus offering the perspective to exploit the

true kinetic properties of the solid active phase, that is,

higher activity and improved selectivity in consecu-

tive reactions. The catalytically functionalized pores

of the membrane provide a medium with defined

contact times for the co-feed of hydrogen and an

unsaturated hydrocarbon. Applications of membranes

with built-in catalysts for gas/liquid reactions have

been reviewed by Dittmeyer et al. [101].
A number of authors have investigated membrane

contactors to improve the performance of gas/liquid

reactions, mainly of hydrogenations. Several groups

studied the selective hydrogenation of nitrate and

nitrite in water to nitrogen on bimetallic Pd/Cu-

and Pd/Sn- or monometallic Pd catalysts, which

were either directly deposited into porous ceramic

membranes [102–104] or embedded as alumina-sup-

ported powder catalysts in porous polymer

membranes. Others tested the pore-through-flow con-

cept for the selective hydrogenation of edible oils

[105] and of various unsaturated organic substrates,
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such as 1-octyne to octene, phenylacetylene to styr-

ene, COD to COE, and geraniol to citronellol [106].
The porous alumina membranes were deposited

with Pd by wet impregnation with a Pd salt solution

and subsequent activation by a reducing agent. Their

catalytic activity and selectivity were investigated in

a reactor system constructed as a loop of a saturation

vessel and a membrane module for the partial hydro-

genation of COD to COE (see Figure 16). Details

about impregnation procedure and experimental

setup are given by Schomäcker et al. [107]. The

hydrogenation reactions were transferred from

laboratory to the pilot scale at Bayer Technology

Services GmbH. The volume of the saturation unit

was increased from 0.2 to 5.2 l and the membrane area

from 20 to 500 cm2. The flow rate of the reaction

mixture per membrane area was kept constant. The

loop reactor is shown in Figure 16(a). The 27-tube

membrane module used is shown in Figure 16(b).

The functionalization of the ceramic tubes by Pd

particles was done according to the same procedure

that was used for single membrane tubes. The COD

hydrogenation experiments were performed in a

range of 30–60 �C, 0.1–1 MPa hydrogen pressure,

and 0.5–2 kg m�2 s�1 circulation flow rates

and using membrane tubes with a pore diameter of

0.6–3.0 mm. Both in the laboratory and in the pilot

scale, the same loop reactor, the scheme of which is

shown in Figure 15, was used. The H2-saturated

liquid is pumped as feed at high flow rates through

the membrane, thus eliminating the diffusive mass

transfer resistance.
A B

C

((a)

Figure 16 Pilot-scale loop membrane contactor reactor for th
flow principle (a) and the porous 27-tube ceramic module used i

membrane module [17].
For the partial hydrogenation of COD, the selec-
tivity for COE is higher in the pore-through-flow

membrane reactor compared to a fixed-bed reactor

or a slurry reactor with catalyst pellets (Figure 17).

The highest COE selectivity (95% at complete con-

version) is obtained in a slurry reactor with a

suspended powder catalyst, because all mass transfer

limitations are avoided here. The same result is

obtained in the pore-through-flow membrane reac-

tor, indicating that the hydrogenation reaction in the

pore-through-flow membrane reactor is indeed only

controlled by the microkinetics of the reaction and

not by mass transfer effects, such as pore diffusion

(Table 4).
The selective hydrogenation of COD to COE was

successfully scaled up to the pilot scale by a factor of

27. This factor was applied to the system volume,

membrane area, and circulation flow rate in order to

ensure constant reaction conditions. As Figure 18

shows, the COD conversion and the COE selectivity

were comparable in the laboratory-scale apparatus,

using a single-tube membrane and in the pilot-scale

apparatus using a bundle of 27 membrane tubes. In

the pilot plant reactor, the reaction is even somewhat

faster than on laboratory scale, while the selectivities

are the same within experimental error. The differ-

ence in the rates may be explained by a higher

amount of palladium and better dispersion of palla-

dium within the membrane capillary bundle. With

these data, a space–time yield for COE of 1 mol l�1

h�1 and a productivity of 30 mol h�1 gpalladium
�1 is

obtained. The pore-through-flow membrane reactor
b)

e selective hydrogenation working due to the pore-through-
n the scale-up (b). A: saturation unit, B: circulation pump, C:
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Figure 17 Selectivity improvement when conducting the partial hydrogenation of cyclooctadiene (COD) to cyclooctene

(COE) at 50 �C and 1 MPa H2 pressure as a model reaction for a consecutive reaction of the type A!B!C in a pore-
through-flow reactor (porous �-alumina membrane; circulation flow rate 120 ml min�1¼0.5 kg m�2 s�1) in comparison with a

conventional fixed-bed reactor (FBR) and a slurry reactor (SR). Equal amount of 1 mg Pd for all reactors: Pd/Al2O3 (egg-shell

type) as 3-mm pellet catalyst with 0.5 wt.% Pd. COD concentration is 0.4 mol l�1: (a) COD conversion vs. time, and (b) COE
selectivity vs. COD conversion [17].

Table 4 Selectivities for cyclooctene (COE) in the selective hydrogenation of cyclooctadiene (COD) at

complete conversion of COD [17]

Reactor type Selectivity for COE at X(COD) � 100 %

Pore-through-flow membrane 94%

Slurry (with powder catalyst) 95%

Fixed bed (with shell catalyst) 45%
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Figure 18 Scale-up of the partial hydrogenation of cyclooctadiene (COD) to cyclooctene (COE) in a pore-through-flow

membrane reactor from the laboratory scale to a pilot plant [17, 106], overall volume of lab scale reactor 0.2 l, membrane area

20 cm2, amount of Pd¼ 1 mg; overall volume of pilot reactor 5.2 l, membrane area 500 cm2, amount of Pd¼ 30 mg. 50 �C,

1 MPa hydrogen pressure, cCOD,0¼ 0.41 mol l�1, pore diameter 1.9 mm, and circulation flow rate 0.5 kg m�2 s�1: (a) COD
conversion vs. time, and (b) COE selectivity vs. COD conversion.
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used for the partial hydrogenation of a multiunsatu-

rated hydrocarbon was successfully scaled up into the

pilot scale. For a process to produce 1 ton h�1 of a
product by a partial hydrogenation with a similar

kinetics than COD hydrogenation, an overall volume

of 2–10 m3 would be required, depending on a



Synthesis gas
(2H2+ CO)CH4

O2
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suitable reactant concentration. This solution would
be circulated through a membrane module with
60 m2 of porous alumina membrane containing 20 g
of palladium. The volume of this membrane module
would be below 1 m3.
N2O N2

N2O + 2e–

2H2+ CO + 2e–

O2–+ N2

O2–+ CH4

O2–e–

Figure 19 Mechanism of the direct decomposition of N2O

to N2 with in situ removal of the rate-inhibiting surface

oxygen by perovskite hollow-fiber membrane [108].
3.01.4 Removal of Oxygen as a
Reaction Rate Inhibitor in the NOx

Decomposition in an Extractor-Type
Membrane Reactor

Nitrous oxide (N2O) has recently received much
attention since it greatly contributes to the green-
house effect and causes a severe destruction of the
ozone layer in the stratosphere. N2O is produced by
both natural and anthropogenic sources. Compared
to the natural sources, N2O emissions, which can be
reduced in the short term, are associated with che-
mical and energy industries. The major N2O
emission of chemical production comes from adipic
acid and nitric acid plants. In the past few decades,
significant efforts have been devoted to the develop-
ment of technologies for N2O reduction, mainly the
selective catalytic reduction (SCR), and the catalytic
decomposition of N2O to O2 and N2. The major
drawback of the SCR is the high cost associated
with the consumption of reductants. Direct catalytic
decomposition of N2O without addition of reducing
agents is an attractive and economical option to
reduce N2O emission. Catalysts, including supported
noble metals, metal oxides, and perovskites, have
been reported to be active in the direct catalytic
N2O decomposition. However, metal-oxide catalysts
suffer from oxygen inhibition and a low reaction rate
of the N2O decomposition is observed.

The problem of product poisoning in the direct
catalytic decomposition of N2O could be solved by
in situ removal of the inhibitor oxygen, using a
perovskite membrane of the composition BCFZ in
hollow-fiber geometry [108]. The BCFZ membrane
fulfills two tasks: it acts as (1) a catalyst for the
decomposition of N2O and (2) a membrane for
the removal of the rate-inhibiting surface oxygen. The
basic concept is shown in Figure 19: N2O catalytically
decomposes on the perovskite membrane surface to
N2 and surface oxygen (O�) according to
N2O! N2 þ O�. Subsequently, O� is removed as
oxygen ions (O2–) through the membrane, while local
charge neutrality is maintained by counter-diffusion of
electrons (e�). In order to ensure a sufficient driving
force for the oxygen transport through the membrane,
methane is fed to the permeate side of the membrane to

consume the permeated oxygen via the POM to synth-

esis gas according to CH4þO2–!COþ 2H2þ 2e�.

As a result, surface oxygen (O�) can be quickly removed

by the membrane once it is generated from N2O

decomposition. Therefore, the average amount of

adsorbed oxygen (O�) is reduced and a higher reaction

rate of the N2O decomposition is obtained.
In order to demonstrate this concept, we carried

out experiments with and without oxygen removal

using a BCFZ perovskite hollow-fiber membrane.

N2O was fed to the core side and no sweep gas was

applied at the shell side, which means that none of

the oxygen surface species produced by the decom-

position of N2O was removed by permeation through

the membrane. The corresponding results are shown

in Figure 20(a). The N2O decomposition increases

with increasing temperature; however, the conver-

sion is relatively low (< 30% even at 900 �C). The

catalytic decomposition of N2O on the perovskite

membrane surface mainly proceeds in two steps: (1)

decomposition of N2O into N2 and adsorbed surface

oxygen (O�) according to Equation (1) and (2) deso-

rption of surface oxygen as O2 to the gas phase

according to O� ! ½O2þ�. This reaction, that is,

the oxygen–oxygen recombination, is known to be

the rate-limiting step in N2O decomposition [109,

110]. Since the surface oxygen O� generated by the

N2O decomposition occupies the surface active site

for the decomposition of N2O, only a low N2O con-

version is obtained. Contrary to this poor conversion,

if methane as an oxygen-consuming sweep gas is fed
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Experimental details – core side: 30 cm3 min�1

(FN2O¼ 6 cm3 min�1, FO2¼ 1.5 cm3 min�1,

FHe¼ 22.5 cm3 min�1); shell side: 40 cm3 min�1

(FCH4¼23 cm3 min�1, FH2O¼ 17 cm3 min�1); membrane area:
0.86 cm2. Amount of Ni-based catalyst on shell side: 1.2 g.
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to the shell side, the N2O decomposition is signifi-
cantly improved as shown in Figure 20(b).

The membrane approach presented here has to
use a reducing agent, so that it would be sustainable
and economically attractive to combine the N2O
removal with the simultaneous production of valu-
able chemicals. Here, we used the permeated oxygen
to produce the N2-free synthesis gas. Figure 21
shows the CO selectivity and CH4 conversion on
the shell side as well as the N2O conversion on the
core side as a function of time. N2O in the core side
was completely converted. Simultaneously, synthesis
gas is obtained with a methane conversion of 90%
and a CO selectivity of 90% for at least 60 h of
operation. The technology is more feasible when
the concentrations of nitrous oxide in the off-gas
are sufficiently high, such as in adipic acid plants.

The same mechanism, similar to that of the N2O
decomposition, could be successfully applied for the
NO splitting into the elements [111]. Figure 22
shows the concept of NO decomposition in the
BCFZ perovskite hollow-fiber membrane reactor.
First, the adsorbed NO is catalytically decomposed
on the surface of the BCFZ membrane into N2 and
surface oxygen (O�), based on the reaction NO
!1=2N2þO� [112, 113]. Then, the surface O� is
removed as oxygen ions (O2–) via the perovskite
oxygen-transporting membrane, and local charge
neutrality is maintained by the counter-diffusion of
electrons (e�). Thus, the surface oxygen (O�) can be
continuously removed via the BCFZ membrane once
it is generated from NO decomposition, which will
result not only in a kinetic acceleration of NO



Table 5 Conversion of NO at different temperatures without and with oxygen removal using methane as

oxygen consuming sweep gas

Temperature
(�C) (a): X(NO) (%) without O2 removal (b): X(NO) (%) with O2 removal

800 1 29

850 1 60
875 1 100

900 3 100

925 3 100

Experimental details–core side: 30 cm3 min�1(FNO¼ 3 cm3 min�1, FNe¼ 1 cm3 min�1, FHe¼26 cm3 min�1); shell side:
(a) no sweep gas applied, and (b) methane as oxygen consuming sweep gas, 50 cm3 min�1 (FCH4¼8 cm3 min�1,
FHe¼ 37 cm3 min�1, and FH2O¼ 5 cm3 min�1); 0.5 g Ni-based catalyst packed on shell side [111].
Reproduced from Jiang, H., Xing, L., Czuprat, O., et al. Chem. Commun. 2009, 44, 6738–6740.
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decomposition, but also in the prevention of NO2

formation. Table 5 shows the NO conversion for
different temperatures.
3.01.5 Conclusions

There are numerous examples for the application of
membranes to enhance a chemical reaction, such as a
dehydrogenation, partial oxidation, isomerization, or an
esterification. The traditional concept for an application
of membranes in reactors is focused on conversion
enhancement. If under equilibrium-controlled reaction
conditions product molecules like hydrogen or water
can be removed from the reactor through a permselec-
tive membrane, conversion and yield of e.g.
dehydrogenations or esterifications can be increased.
The corresponding reactor is called membrane extrac-
tor reactor.
By dosing one of the educts selectively or nonselec-
tively through the reactor wall, the partial pressure of

this reactant can be fine-tuned along a reactor dimen-

sion. Thus, the selectivity of a kinetically controlled
reaction can be influenced via the partial pressure of a

component. As a general rule, low partial pressures

of oxygen/hydrogen support a partial, instead of a

total, oxidation/hydrogenation. The corresponding
reactor is called membrane distributor/contactor

reactor. The so-called pore-through-flow membrane

reactor is a special type of membrane contactor.
In Section 3.01.4, the successful application of an

extractor-type membrane reactor in the case of the
reaction rate inhibition was dealt with. As an example,

the rate inhibition of the NOx decomposition by the

product molecule oxygen was discussed. The new
concept allows one to enhance the reaction rate of

catalytic processes, where the recombination and/or

desorption of one of the reaction products is the
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rate-limiting step. Using a semipermeable membrane,
which facilitates in situ removal of an inhibiting species
on a catalyst or catalyst support, helps to effectively
reduce the surface concentration of the inhibiting
species and, therefore, increases the reaction rate.

Up to now, there are no chemical membrane
reactors in high-temperature operation in the chemi-
cal industry; fuel cells and biochemical processes are
exceptions. It is believed that the use of oxygen-
transporting perovskite-type membranes in combi-
nation with a catalyst in partial oxidations, and the
selective hydrogenation of unsaturated hydrocarbons
in the pore-through-flow membrane reactor as a
special case of a catalytic membrane contactor are
promising candidates for incipient industrial applica-
tions of catalytic membrane reactors.
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[36] Caro, J., Noack, M., Kölsch, P. Adsorption 2005, 11, 215.
[37] Kwan, M. S. M., Leung, A. Y. L., Yeung, K. L. Proceedings

of the 4th International Zeolite Membrane Meeting,
Zaragoza, Spain, July 2007; p 15.

[38] Jensen, K. F. Chem. Eng. Sci. 2001, 56, 293.
[39] Wan, Y. S. S., Chau, J. L. H., Yeung, K. L., Gavriilidis, A.

Microporous Mesoporous Mater. 2001, 42, 157.
[40] Chau, J. L. H., Wan, Y. S. S., Gavriilidis, A., Yeung, K. L.

Chem. Eng. J. 2002, 88, 187.
[41] Chau, J. L. H., Yeung, K. L. Chem. Commun. 2002, 9,

960.
[42] Chau, J. L. H., Leung, A. Y. L., Yeung, K. L. Lab-on-a-Chip

2003, 3, 53.
[43] Leung, A. Y. L., Yeung, K. L. Chem. Eng. Sci. 2004, 59,

4809.
[44] Leung, A. Y. L., Yeung, K. L. Stud. Surf. Sci. Catal. 2004,

154, 671.
[45] Lai, S. M., Martin-Aranda, R., Yeung, K. L. Chem.

Commun. 2003, 2, 218.
[46] Lai, S. M., Ng C. P., Martin-Aranda, R., Yeung, K. L.

Microporous Mesoporous Mater. 2003, 66, 239.
[47] Zhang, X. F., Lai, S. M., Martin-Aranda, R., Yeung, K. L.

Appl. Catal. A 2004, 261, 109.
[48] Yeung, K. L., Zhang, X. F., Lau, W. N., Martin-Aranda, R.

Catal. Today 2005, 110, 26.
[49] Lau, W. N., Yeung, K. L., Zhang, X. F., Martin-Aranda, R.

Stud. Surf. Sci. Catal. 2007, 170, 1460.
[50] Wan, Y. S. S., Yeung, K. L., Gavriilidis, A., van Steen, E.,

Callanan, L. H., Claeys M., Eds. Stud. Surf. Sci. Catal.
2004, 154, 285.

[51] Wan, Y. S. S., Yeung, K. L., Gavriilidis, A. Appl. Catal. A
2005, 281, 285.

[52] Jiang, H., Wang, H. H., Schiestel, T., Werth, S., Caro, J.
Angew. Chemie 2008, 120, 9481.

[53] Balachandran, U., Lee, T. H., Wang, S., Dorris, S. E. Int. J.
Hydrogen Energy 2004, 29, 291.

[54] Balachandran, U., Lee, T. H., Dorris, S. E. Int. J. Hydrogen
Energy 2007, 32, 4451.

[55] Ramos, R., Menendez, M., Santamaria, J. Catal. Today
2000, 56, 239.

[56] Alonso, M., Lorences, M. J., Pina, M. P., Patience, G. S.
Catal. Today 2001, 67, 151.

[57] Miachon, S., Dalmon, J.-A. Top. Catal. 2004, 29, 59.
[58] Mota, S., Volta, J.-C., Vorbeck, G., Dalmon, J.-A. J. Catal.

2000, 193, 319.
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Glossary
Computer-aided framework Architecture of the

software tool.

Computer-aided methods and

tools Mathematical model-based solution

procedures that have been converted into software

tools.

Group contribution method Method for property

prediction of chemicals and their mixtures where

molecular structure of the chemicals is represented

by a set of functional groups (of atoms).
Hybrid process Process obtained by combining

at least two unit operations, which may be same or

different, to achieve improvements in terms of

performance, flexibility, and/or better utilization of

resources.

Incidence matrix Representation of equations

(in rows) and variables occurring in columns. It

helps to identify the structure of the model

equations.
25
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Modified UNIFAC A group-contribution model for

the prediction of activities of chemicals in the liquid

phase.
Revrese design approach First define design

targets and then identify design alternatives that

match these targets.
3.02.1 Introduction

The chemical process could either be a single unit
operation or a combination of several operations

involving, for example, reactions and separations.
Often, one or more chemical reactions are involved,

but other ways of changing chemical (or material)
composition may be used, such as mixing or separa-

tion processes. In this chapter, the synthesis and
design of hybrid processes are considered. Concerns

on the sustainability of the modern society coupled

with the economic and industrial activities of the
chemical and related industries are leading to

demands for improved process performance, more
flexible process operation, and better utilization of

resources. A hybrid process, which by definition
combines two or more process operations (same or

different) to achieve specified design targets, offers
opportunities for process improvements and thereby

more sustainable process designs [1].
A reaction process converts a set of raw materials

(reacting chemicals) to a set of products (desired
chemicals), satisfying a set of atomic balance

constraints and different conditions of operation.
A separation process may be used to transform a

mixture of chemicals (e.g., the effluent from a reac-
tor) into two or more compositionally distinct

products. The classification of separation processes
can be based on the means of separation: mechanical

or chemical. Depending on the feed mixture, various
processes can be employed to separate the chemicals.

Process design involves the design of a new pro-
cess and/or the modification or expansion of an

existing process. To obtain the desired physical
and/or chemical transformation of species, the pro-

cess must be designed accordingly. The process
design essentially amounts to deciding which unit

operations need to be performed on given feed
streams in order to obtain optimal end-use product

streams at minimal costs [2]. Model-based process
design is a quantitative problem solving approach

employing the use of heuristics, simulation, and opti-
mization. An important first step is to develop or
obtain the appropriate mathematical model repre-
senting the specific processing route and to identify

the important design variables to which this proces-
sing route is sensitive to. When more than one
processing option is considered, the availability of a

model-based computer-aided framework becomes
desirable. In many cases, the separation processes
may be assisted by special chemicals (materials) and

these are termed in this chapter as the formulated/
structured chemical materials. Examples of these
materials are catalysts for reaction systems, solvents

for solvent-based separations/reactions, polymers for
membrane-based separation processes, polymeric
micro-capsules for controlled-delivery systems, and

so on. Any process that requires these assisting struc-
tured materials depends very much on their
properties, which, in turn, depend on their structure.

Therefore, in order to design a process which is
assisted by structured materials, it is important to
design the membrane together with the process.

Hybrid processes offer opportunities for improv-
ing the reaction functionality by facilitating a
greater conversion of reactants to desired products

and for enhancing the separation efficiency by
uniquely offering selective separation of compo-
nents from a mixture. Whu et al. [3] explored the

use of organic solvent-resistant nanofiltration mem-
brane in the synthesis of pharmaceutical products
where the valuable products were separated from

the smaller-molecular-weight by-products and resi-
dual reactants present in the reaction mixture.
They also examined the potential enhancement of

reactant conversion, reduction of reaction time, and
the elimination of subsequent downstream separa-
tion. In addition, the advantage of membrane

techniques, especially vapor permeation and perva-
poration combined with reactive distillation, has
been employed in the synthesis of methyl

tert-butyl ether by Matouq et al. [4] and in the
production of n-propyl propionate by Buchaly
et al. [5] giving very promising results.

Design of a hybrid process scheme needs to take
into account the interdependency of the combined
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operations in terms of process conditions (defined by

temperature, pressure, and/or compositions) to

determine the optimal configuration. The need for

a hybrid process arises because a design target cannot

be achieved by a single operation. Therefore, differ-

ent combinations need to be tried until those that

satisfy the process constraints as well as the design

targets are identified. Obviously, while experiment-

based trial and error approaches validate the design

as it is being identified, there is no guarantee that the

optimal design has been found and they are resource

and time intensive. Another alternative solution

approach defines an initial search space by employ-

ing a model-based technique. In this case, the models

must be reliable and need to be integrated with

process synthesis-design tools to solve a large range

of hybrid process design problems efficiently. For

efficient identification of feasible designs of hybrid

process schemes, the models are used in qualitative

and quantitative analyses (principal steps of the

model-based technique) for each of the constituent

processes (e.g., pervaporation, vapor permeation,

nanofiltration, distillation, and reactor) at different

modeling depths. For each feasible design alternative,

the performance criteria are calculated and from this,

an optimal subset is selected for final validation and

analysis through rigorous modeling and/or experi-

ments. In this way, the expensive experimental

resources are used for verification rather than for

search.
In this chapter, two model-based computer-aided

frameworks for design of hybrid process schemes and

for simultaneous design of membrane and mem-

brane-based separation process are presented

together with the main elements of the frameworks

– the design technique, the modeling tool box, the

knowledge-base and the corresponding methods, and

tools. The types of membrane-based processes

considered are, membrane-based liquid and gas

separation processes using polymeric membranes,

whose design/selection is also considered. A case

study illustrating the use of the general model for

membrane-based operations together with the

reverse approach for simultaneous design of mem-

brane as well as the membrane-based separation

process is presented. A second case study highlight-

ing the application of the framework for design of

hybrid process schemes, including verification by

experiments for the enhancement of the synthesis of

n-propyl propionate from 1-propanol and propionic

acid, is presented.
3.02.2 Simultaneous Design of
Membrane Process

A membrane-based separation process separates an

influent stream into two effluent streams known as

the permeate and the retentate with the help of a

membrane. The membrane can be defined essentially

as a barrier, which separates two phases and restricts

transport of specific chemicals in a selective manner.

The stream that permeates through the membrane is

the permeate stream and the one retained by the

membrane is the retentate. Either of the two streams

could be the end-use products in a membrane-based

separation process. If the aim is to concentrate a

product, the retentate will usually be the end-use

product stream. However, in the case of purification,

the retentate or the permeate may be the desired

end-use product and depends on the impurities that

have to be removed.
Polymeric membranes can be classified as porous

membranes or nonporous membranes, which are very

similar in structure and function to a conventional

filter. They have rigid, highly voided structures with

randomly distributed, interconnected pores (normally

in the order of 0.01–10mm in diameter). Nonporous

membranes (also referred as dense membranes) consist

of a dense film through which the permeant is trans-

ported by diffusion under the driving force of a

pressure, concentration, or electric potential. The

separation is mainly determined by the diffusivity

and solubility of the permeant through the membrane

material. Thus, nonporous membranes can separate

permeant of similar sizes, given their solubility is sig-

nificantly different.
Membrane-based separation is an important pro-

cess that has been extensively used for many gas

separations, such as separation of hydrogen from

gaseous mixtures of nitrogen and/or methane, recov-

ery of hydrogen from product streams in ammonia

production process, separation of methane from bio-

gas produced by oxidation of biomass, enrichment of

oxygen from an air stream for medical or combustion

purposes, removal of water vapor and/or carbon

dioxide and/or hydrogen sulfide from natural gas,

and removal of volatile organic chemicals (VOCs)

from air or exhaust streams. Usually, nonporous

polymeric membranes are employed for these

membrane-based gas separation processes.
Membrane-based separation processes are also

used for liquid separations. Typical examples are

concentration and/or purification of the product as
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well as in water and in wastewater treatment. They
have a wide application range covering several
industrial sectors, such as the chemical, food and
beverage, and diary industries. They are also applied
in fermentation (and biotechnology) and in waste-
water treatment. Liquid separation using membranes
can mainly be divided in two groups: one where there
is a phase change and one where there is not.
Pervaporation and membrane distillation are exam-
ples of liquid separation using membranes with phase
change, while nano- and microfiltration are examples
of liquid separation using membranes without phase
change. In this work, however, we focus on liquid
separation using membranes with phase change. The
membranes used in these processes are classified
according to the nature of the separation being per-
formed. Hydrophilic membranes are used to remove
water from organic solutions. These types of mem-
branes are typically made of polymers with glass
transition temperatures above room temperatures.
Polyvinyl alcohol is an example of a hydrophilic
membrane (i.e., as assisting structured material).
Organophilic membranes are used to recover organic
chemicals from solutions. These membranes are typi-
cally made up of elastomer materials (polymers with
glass transition temperatures below room tempera-
ture). The flexible nature of these polymers makes
them ideal for allowing organic compounds to pass
through. Examples of this type of polymeric mem-
branes are nitriles, butadiene rubber, and styrene
butadiene rubber [6].
Process

Process parameters

Assisting structured materials

Feed

(Y )

(I )

(θ) = f(d )

Figure 1 Schematic diagram of the process.
3.02.2.1 Design Problem Definition

Given the details of the feed mixture and the product

(in terms of product purity or recovery), determine

the required degree of separation (e.g., in terms of

permeability in a membrane-based separation) and

then identify polymeric membranes that match this

design target. Schematic diagram of a process with

the use of structured materials is shown in Figure 1.
The different variables shown in the figure are

explained below:

• I , Inlet variables: Vector I defines feed inlet vari-
ables such as the feed flow rate, temperature,

pressure, and composition.

• X , Outlet variables: End-use product parameters
are given by vector X , for example, product

composition, and purity.

• Y , State variables: Vector Y represents the state
variables such as temperature and pressure

(process parameters).

• P, Performance criteria: Vector P defines the
performance criteria of the process, for example,

product recovery and concentration factor as

compared to the feed, which is normally a

function of the outlet variables X .

• �, Properties of the assisting structured materials:
The properties of the assisting structured materi-

als that effect the process are defined by vector �.

These properties depend on variables defined by

vector d , which could be either state variables Y

or microscopic structural parameters of the
End-use products

Perfomance criteria

(X)

(P ) = f(X )
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materials S (e.g., chemical structure, branch
length/frequency if the material is made of
polymer).

• M, Geometry of the process unit: The perfor-
mance of the process also depends on the
geometry of the process module (defined by vec-
tor M), for example, reactor geometry, membrane
separator structure, like length or height of the
module, thickness of the membrane or membrane
area, co-current or counter-current flow, etc.

Based on the above definition of variables, the simul-

taneous design problem is defined as follows. For
given feed conditions (I ), the objective is to design
the process to match the desired performance criteria
(P) set by market or process demands for the end-use
products. Therefore, for a known I and P, the design
variables could be related to the process conditions
(Y ), the structural parameters of the assisting struc-
tured materials (S), and/or the unit geometry (M).
For an already existing plant, due to economic
reasons, it is sometimes not possible to alter the unit
geometry or the structured materials. In such a case,
the design variables would only be related to the
process conditions, which will also have an impact

on the properties of the structured materials in most
cases.
Process

Assisting
structured
product

Modeling lib

Mass + ener
+ momentum ba

Transport phe

Component p

Structured pro
properties

Process/produ

Validation of 

Design
algorith

Product and proc

Figure 2 Architecture of a model-based design framework.
In the case of a new process design, there is more
freedom to choose the design variables. The design
variables could be a combination of process and
structured material parameters for simultaneous
product-process design. In the case of the design of
the structured material only (where design variables
are only the parameters related to the structured
material), the procedure requires to relate the end-
use product targets to the properties of the structured
material and then use the relation between the
properties and the microscopic structural parameters
to design the structured material.
3.02.2.2 Simultaneous Design Framework

The architecture of a general design framework for
simultaneous process–product design is highlighted
in Figure 2. The salient features of the design frame-
work include model generation, model validation,
and model application. Model generation involves
development of all multilevel process and structured
material property models. Once the models are
developed, it is important to validate the models
with experiments. The validated models can be
employed for process and product design. In this
work, this is done by using a reverse design
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algorithm. All these features are explained in the
subsequent sections.

3.02.2.2.1 Need for a systematic

model-based design framework

Most process–product design problems are solved on
an experiment-based trial and error procedure.
While they provide validation of the process–pro-
duct, they are time consuming, expensive, and do not
guarantee an optimal product or use of a wide search
space. Validated models coupled with easy genera-
tion of models and their flexible use for purposes of
design can eliminate some of the time and expenses
in process–product development. As highlighted in
Figure 2 of the model-based design framework, a
systematic design for the simultaneous process–pro-
duct design is shown. The process models and the
product models could be of different scales that need
to be solved simultaneously. It is thus important to
have a framework that gives a stepwise procedure to
solve different levels of interdependent models with
relevant design algorithms together in a way that
leads to a simultaneous process and product design
with computational ease.

A design framework, including macro-scale pro-
cess models and meso-/micro-scale models for
properties of structured materials, has been devel-
oped (Figure 2). The model-based design framework
divides the design technique into a subset of tasks
corresponding to model generation, model valida-
tion, and model application step in a systematic
way. Various components of this design framework
are explained in the subsections below.

3.02.2.2.2 Multilevel modeling
For a model-based product–process design proce-
dure, it is required to develop or obtain a rigorous
process model that relates the raw material condi-
tions, process conditions, component properties, flow
behavior, transport phenomena, structured material
properties, equipment geometry, etc. Process models
may be considered to be composed of balance
equations (mass, energy, and momentum), constitu-
tive equations, and conditional equations [7]
(equilibrium, controller, and defined relations). The
constitutive models may include physical and che-
mical properties of the chemical species present in
the system or phenomena models and their depen-
dence on the process conditions. Another kind of
constitutive models could be the property models
for the structured materials giving the properties as
a function of their structure.
As mentioned in the section above, there is a need
to integrate different levels of process and product

models in one framework in order to perform simul-

taneous process–product design. For a process shown

in Figure 1, various equations, variables, constitutive

models, etc., are enumerated below:

• Balance equations: For a given boundary for a
process, balance equations can be derived based

on mass, energy, and momentum conservation

principles. For any given process (see Figure 1),

if state variables such as temperature, pressure,

and composition are defined by vector Y , then the

balance equations can in general be written as

dY

dz
¼ f Y ;X ; �; I ;M; �

� �
ð1Þ

which are subject to

IC :Y z ¼ 0ð Þ ¼ Y 0 ð2Þ

BC :Y z ¼ zendð Þ ¼ Y z ð3Þ

where z is the independent variable, that could
be time or space, vector X is the outlet variables,
vector � is structured material properties, vector
I is inlet (feed stream) variables, vector M is
variables related to geometry of the process
unit, and vector � is the chemical and physical
properties of the various chemical species in the
system. For the evaluation of the balance equa-
tions, there is a need for evaluating different
variables and integration of different scales of
constitutive models. The balance equations give
profiles of composition, temperature, pressure,
etc., with respect to time and/or space.

• Control/definition equations: These are normally
conditional equations, for example, equilibrium,

control, or defined relations [7]. Another example

of control/definition equations are the equations

defining the performance criteria of the process,

such as product recovery or concentration factor

as compared to the feed, given in terms of the

outlet variables. All these conditions must be

satisfied in order to obtain a feasible design. The

performance criteria P is usually a function of the

outlet variables X :

P ¼ f Xð Þ ð4Þ

• Constitutive equations 1: Component properties – From
Equation (1) it can be noted that the process model

needs the evaluation of some chemical and physical

properties of the chemical species (defined by �)
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present in the system. These properties could be, for
example, the density, viscosity, activity coefficients,

specific heat, molecular weight, or vapor pressure. �
are generally functions of state variables Y and
chemical formula (cf ), and since these states may

change over time and/or space (see Equation (1)),
the property models should also be functions of the
rate of change of the state variables:

� ¼ f Y ; cf

� �
¼ f T ; P; x; cfð Þ ð5Þ

In this work, the pure component properties have
been estimated using property models based on
group contribution methods. In these models, the
property of a compound is estimated as a summa-

tion of the contributions of the functional groups
such as CH3, CH2, OH, etc., which can occur in
the molecular structure [8]. The general form of

this type of models is

f �
� �
¼
X

i
Ni Cið Þ þ

X
j

Mj Dj

� �
þ
X

k
OkEkð Þ ð6Þ

where f(�) is a property function for the property
� to be estimated, Ni, Mj, and Ok are numbers of

time of first-, second-, and third-order groups i,
j, and k appearing in the molecular structure
representation, respectively. Ci, Dj, and Ek are
the corresponding group contributions for the
property function f(�). A list of other forms of
property prediction methods that can be used
can be found in Soni et al. [9].

• Constitutive equations 2: Structured material prop-

erty models – The process performance depends
on some key properties of the structured
materials defined by vector �. These properties

could be reaction rate constants or dissociation
constants for reactive systems; driving forces
for distillation or liquid–liquid extraction;

thermodynamic or kinetic properties for solu-
tion diffusion-based separation; selectivity of
solvents for solvent-based separation; and poly-

mer structure-related properties (e.g., porosity
and tortuosity) for membrane-based separation.
The property parameters � in turn depend on

variables d , which could be either a function of
the process variables Y or a function of micro-
scopic structural parameters of the structured
materials S . This dependence of properties on

structure or process variables is usually given in
the following generic form:

� ¼ f dð Þ ð7Þ
Soni et al. [9] propose three different calculation
approaches to obtain properties � as a function of
process variables or variables related to the struc-
tured materials (Equation (7)):

1. Extensive literature survey where property values
are readily available for specific structured mate-
rials that could be either experimentally measured
or predicted from empirical models. These types
of models can only be used for materials listed in
the databases.

2. Group contribution models, where variables d are
the values of the weights of the groups that form
the chemical formula of the structured material.
This approach provides more freedom to choose
the product composition and the ability to design
the structured material with more versatility com-
pared to a simple database search.

3. The properties, as mentioned earlier, are
intimately related to not only its chemical compo-
sition but also molecular conformation. For most
structured materials, experimental techniques to
measure the needed properties may not exist or
could be very expensive and time consuming.
Theoretical and simulation advances along with
the developments in computational technologies
are now making it possible to address the design
challenges related to novel materials through
advanced atomistic simulations [10].

Once property data have been obtained using ato-
mistic simulations for different structures and process
conditions, closed-form models relating the proper-
ties with structures and architectures of the materials
could be obtained by regression [11].

3.02.2.2.3 Solution approaches

For the simultaneous process–product design, the
widely used conventional design algorithm is desig-
nated in this chapter as the forward solution
approach. Due to obvious limitations in the use of
this solution approach such as being computationally
expensive and iterative in nature, a new reverse
design approach is proposed. The reverse solution
approach (reverse algorithm) splits the design proce-
dure into two stages, hence solving different scales of
models separately and thereby making the design
procedure computationally simpler and more effi-
cient. The two algorithms are compared with each
other below.

The model has N equations, where
N¼NNþNPþNSM (NN being the process equations,
NP the performance equations, and NSM the structural
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material property equations), with M variables (out of
which MX are number of output variables, MY are
number of process variables, MI are number of input
variables, M� are number of structural material property
variables, MM are number of process geometry variables,
and M� are number of chemical species property vari-
ables). The degrees of freedom is
DF¼M� (NNþNSM), which means that DF variables
out of MX, MY, MI, M�, MM, and M� must be specified to
solve the NNþNSM model equations.

In the forward approach, MX, MY, M�, MM, and
M� are calculated for given values of MI and MM.
Using the calculated values of X , the specified values
of P are checked (through NP equations). If they do
not match, new sets of MI and/or MM are specified
and the procedure is repeated.

In the reverse approach, from the specified values
of P, using NP performance equations NP number of
outlet variables (e.g., X NP out of total X outlet vari-
ables) are calculated. This means that MXNP

variables (calculated from NP equations) are no
longer unknown variables in the original NNþNSM

equation set. So, for the original model, the number
of equations and variables has not changed but MXNP

variables that were originally unknown have now
become known variables in the model. This means
that since the number of unknown variables in the
original model is the same, MXNP number of vari-
ables from the solved NP equations are now specified
to calculate the structured material property vari-
ables (giving values of the target property
variables �).

The common requirements for both the algo-
rithms are the availability of process models,
identification of the design variables, setting the per-
formance criteria for the end-use products,
identification of the key properties of the structured
material, and availability of the property models for
the key properties. Once data (information) for all of
these have been obtained, either of the design algo-
rithms can be used.

Forward design algorithm: The forward design algo-
rithm is described below in terms of the sequential
calculation steps (work flow).

• Step I: For a given feed I and performance criteria
P, obtain the process model and identify the pro-
cess design variables (d 1) and the structured
material design variable (d 2).

• Step II: Choose the process conditions (d 1) and
the structured material (d 2) that could be used for
this process. This fixes the design variables (d 2) as

the structure of the structured material S is fixed

through the selection of the material.

• Step III: Calculate the properties of structured
material (�) using the property models embedded

in the process model, where properties are a func-

tion of S and/or process conditions.

• Step IV: Solve the process model to determine the
values of the outlet variables X .

• Step V: Compare the calculated (X ) against the
performance criterion (P). If the criteria are satis-

fied, stop. Otherwise, repeat from step II.

The new set could have different process conditions,

different structure of the structured material or a

completely different structured material. This pro-

cedure should be repeated until the desired

performance criterion P is achieved.

Reverse design algorithm: In contrast to the forward
approach, the reverse approach [11] employs two

design stages and one validation stage. In the first

stage only the process model is solved, whereas in the

second stage the property models for the structured

material are solved independently of the process

models. The work flow for the reverse design

approach is described below in terms of the sequen-

tial steps:

• Stage A: Setting the design targets.

• Step A-I: Similar to forward design algorithm, for
a given feed I and performance criterion P, the

first step is to obtain the rigorous process model

and identify the design variables.

� Step A-II: Calculate the outlet variables (X )
using the values of the performance criteria (P).

� Step A-III: Calculate the target property values,
defined by �target , with specified inlet and outlet

variables.

• Stage B: Matching the design targets.

� Step B-IV: Use different property models to
identify the structured materials that match

the design targets (�target ) for the properties. In

this stage, an extensive database search could

also be made to identify the structured material

with (�target ) property values.

� This procedure gives a set of options for the
structured material and the best choice is

made based on if the material is readily

available or is a new material. At this point,

it is also important to investigate if it is feasible
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to manufacture the structured material

economically.

• Stage C: Validating the design.

� Step C-V: Validate the different selection from
step B-IV, through rigorous simulations.

Comparison of algorithms: Forward design algorithm is

essentially a trial and error procedure. For each pro-

posed design in terms of process variables (process

design) or variables related to the structured material

(product design), the process model has to be solved

iteratively. All the steps of the algorithm have to be

repeated until one of the proposed designs matches

the performance criteria. Depending on the choice of

the structured material, there may or may not be any

solution. In the case of reverse design algorithm, how-

ever, the structured material property variables are

unknown variables when solving the process model.

For a given feed and performance criteria, values of

these variables are calculated from the process model.

Therefore, there is no trial and error or iterations

required to match the performance criteria.
With the forward design approach, since the prop-

erties of the structured material chosen need to be

evaluated during the solution of the process model,

the constitutive model for these properties is

embedded in the process–product model. It should

be noted that the constitutive model must be speci-

fied before the solution can be attempted. Therefore,

the design depends on the choice of this model. In

contrast, the reverse design algorithm is independent

of the choice of the constitutive model. In the second

stage of the algorithm, as many constitutive models as

available, are used (including databases) to predict

the structure of the material matching the target

(design) properties (�target ). From the calculated
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Figure 3 Schematic representation of the hybrid process with
(matched) values of the structured material property
variables, the inlet variables, and the known outlet
variables, values of all other process variables are
back-calculated.

Another disadvantage of having the property mod-
els embedded in the process model is that it may
become computationally demanding to solve both
models together. For instance, for pervaporation pro-
cess the key property that affects the solution diffusion
mechanism is permeability. Its calculation generally
needs diffusivity and solubility data, which for a given
component/polymer system can be predicted by using
a group contribution method. The above-mentioned
calculations depend on the composition, temperature,
and pressure at each spatially discrete point of the
membrane module. Consequently, incorporating
them in the membrane model, when possible, is not
simple. On the other hand, in the reverse design algo-
rithm, many polymers may be designed (identified)
without having to repeatedly solve the membrane pro-
cess model coupled with the corresponding polymer
property model.
3.02.3 Synthesis Design of Hybrid
Processes

The design of hybrid process schemes where reaction
(R) and separation (S) operations are combined
into R–S and S–S hybrid process schemes is consid-
ered, as illustrated in Figure 3. The objective is to
identify the best-possible hybrid process configura-
tion for R–S and S–S systems with desired targets for
improvements (or enhancements) in addition to the
original process constraints. The process enhance-
ments could be defined, for example, in terms of
Process 2
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higher product yield, faster reaction time, better
selectivity in reaction operations, and/or higher pro-
duct purity, lower energy consumption, and lower
environmental impact for separation operations.
Note that it is not possible to achieve the desired
process enhancements (design targets) if the reaction
or separation operations are performed individually.
Figure 4 illustrates a superstructure of hybrid
schemes consisting of all possible combinations of
reaction and separation operations.
3.02.3.1 Problem Definition

Given the details of the feed materials and the
desired process objectives, determine the feasible
set of hybrid process schemes that can satisfy all the
process and operational constraints and then identify,
from the feasible set, the hybrid scheme that best
matches the desired design target of process perfor-
mance enhancement. Also, consider the use of a
membrane-based separation technique in different
hybrid process schemes. The process enhancements
may be established in terms of reaction operation
parameters (such as product yield and reaction
time) and/or separation operation parameters (such
as product purity, separation efficiency, and energy
consumption).
3.02.3.2 Model-Based Framework

As shown in Figure 5, the framework consists of
three stages: (1) hybrid process design and analysis,
(2) process implementation (including experimental
setup), and (3) process-model validation.

3.02.3.2.1 Hybrid process design and

analysis (stage 1)

For the first stage, a systematic model-based metho-
dology for process design and analysis of hybrid
reaction–separation (R–S) and separation–separation
(S–S) systems has been developed. This methodol-
ogy consists of four main steps as highlighted in
Figure 5, which also shows the data flow and the
computer-aided tools used. Only reactions in liquid
phase are considered. The main steps of the metho-
dology are described below.

Step 1a-S. Separation data analysis: The objective of
this step is to gather available information about the
given mixture which needs to be separated with or
without the occurrence of reaction(s). The mixture is
analyzed in order to identify the physical boundaries
defined in terms of temperature, pressure, and/or
composition, within which the separation operations
may take place. The analysis consists of identification
of mixture type, analysis of pure component proper-
ties for the chemicals present in the system, and an
analysis of the mixture properties within the defined
physical boundaries.

Based on the information of chemicals present in
the mixture to be separated, it is classified as ideal or
nonideal (for example of type: polar, aqueous, elec-
trolyte, polymer, etc.) in order to select the
appropriate thermodynamic property models and to
establish the data needed for the pure component and
mixture property analyses. The method used is the
knowledge-based system developed by Gani and
O’Connell [12] for the selection of appropriate ther-
modynamic property models.

An initial estimate of the system boundaries is
quickly established through an analysis of the pure
component properties of the chemicals present in the
system. For example, knowledge of boiling points
and melting points helps establish the liquid-phase
region in terms of temperature at a specified pres-
sure. A liquid phase is likely to exist at a temperature,
which is higher than largest pure component melting
point and lower than the lowest pure component
boiling point. Information on mutual miscibility
plays an important role in reactor and separation
process design. Through the evaluation of the solu-
bility parameters (Hansen and/or Hildebrandt), it is
possible to establish existence of phase split. In this
case, a database of pure component properties may
be used together with pure component property pre-
diction software to fill in the gaps in the properties
database.

The mixture analysis is needed to establish the
available driving forces that may be used for
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different separation techniques, feasibility of the use

of some separation techniques, and the data (and/or
models) needed for separation process synthesis and
design. First a list of all binary pairs of chemicals

from the mixture to be separated is prepared. Then
each binary pair is ordered according to the driving
force (calculated with available data and/or model).
Based on this list, a list of feasible separation tech-

niques and/or binary pairs for which solvents or
membranes may be used for achieving the desired
separation is identified. In this case, if data for tern-

ary systems are also collected, they will help
evaluate the predictive power to the selected prop-
erty model. If performance of the selected

thermodynamic models is not acceptable, the
model parameters are re-estimated or fine-tuned.

Step 1a-R: Reaction analysis: This step is necessary
only when reactions occur within the process.
Appropriate reaction data need to be collected and/
or retrieved from a database. The reaction data need
to establish the following: number of reactions and

for each reaction, the reaction stoichiometry, the
reaction form (kinetics or equilibrium; exothermic
or endothermic), the reaction conditions (tempera-

ture, pressure, and phases involved) as well as known
conversions or yield, and mode of operation (batch or
continuous). Based on the reaction data, the design
target for the hybrid process may be established – for

example, the product yield must be higher than what
a single reactor operation (i.e., without the R–S
combination) may achieve. In the absence of experi-

mental data, the reaction composition at chemical
equilibrium for a given initial composition, tempera-
ture, and pressure can be computed by means of the

reactive flash calculation procedure proposed by
Pérez-Cisneros et al. [13]. If experimental data are
available, the calculated values are compared with

experimental data.
Step 1b. Establish need for solvent and/or membrane: In

this step, the influence of solvents in the reaction is
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considered in terms of whether a solvent is neces-
sary or not. Generally, the use of an inert solvent
might be considered if the reaction mass efficiency
is smaller than 80% [14, 15]. The product yield is
increased through the use of an appropriate solvent.
For example, solvents are used to create a second
phase with the product or precipitation of the pro-
duct, or to dissolve the reactant(s). Also, when an
undesired reaction occurs in the reaction system, a
solvent creates another phase with the by-product.
In nonreactive separation tasks, solvents might be
needed for those binary pairs (from step 1a-S) which
have been identified as infeasible with conventional
techniques such as distillation. In these cases, sol-
vent- or membrane-based separation techniques
may be used. Typically, binary pairs that form azeo-
tropes or close-boiling are good candidates for
separation by solvents or membranes. Also, removal
of a chemical from a liquid or gas mixture or
removal of solids, membrane-based separation tech-
niques may be used.

Step 2. Determine process demands: The objective of
this step is to define the process demands based on
the choice of the mode of operation – batch or con-
tinuous. This choice is made based on, among others,
production rate and residence time. Also, process
performance criteria (design targets) are defined in
terms of desired product purity, reaction conversion,
process yield, and processing time (in case of a batch
process), which are used in the next steps to evaluate
the generated process operation scenarios.

Step 3S. Selection of separation technique: In this step the
separation techniques to be combined with either
another separation task or a reaction task for the hybrid
scheme are identified. The steps to follow are different
for the S–S and R–S combinations. For hybrid S–S
schemes, the following five-step procedure is used:

S3.1. Generate and/or collect data of phase compo-
sitions for the separation methods that are to be
considered. Start the analysis by checking the
feasibility of employing distillation for the spe-
cific separation task. List all components with
their relative volatility, �ij, values and rank the
compounds in terms of their normal boiling
point values. Retrieve vapor–liquid equilibrium
data for each binary pair (already established in
step 1a-S). If step 1a-S pointed to the need for
solvents, the three-stage method for solvent
selection as given by Harper and Gani [16] is
employed, and for selected the solvent(s) and
separation technique (such as liquid–liquid
extraction or extractive distillation), the neces-

sary (separation) equilibrium data are generated.
Also, for these separation tasks, data from

the membrane database are retrieved; other

sources of data are considered; or, the model-

based design of membrane-based separation

(see Section 3.02.2) is considered for each bin-

ary pair to determine if use of any membrane-

based technique is feasible. If yes, data (such as

compositions in the feed and the permeate or

the retentate) related to the separation charac-

teristics for the specific membrane-based

operation are collected and/or generated.
S3.2. Calculate and plot all driving forces for each

identified separation method and separation

task (corresponding to the binary pair of com-

pounds from step S3.1). The driving force, as

defined by Bek-Pedersen and Gani [17], is the

difference in compositions of compound i in

two coexisting phases and is described by

FDi ¼ x1
i – x2

i

�� �� ð8Þ

S3.3. Screen for feasible solutions. A feasible solution
is characterized as having the driving force

value more than zero in the entire separation

operation region. In other words, it does not

have any separation boundaries such as an

azeotrope (where the driving force is zero). If

at least one of the driving force curves is

feasible in the entire separation region, com-

bine it with other separation techniques which

also have larger driving forces within the con-

centration range of interest. For example in the

separation of binary mixture presented in

Figure 6, neither of the separation methods

(distillation and pervaporation) can alone

achieve the desired high-purity product

streams because both techniques have their

own limitations. However, by combining dis-

tillation with pervaporation, it is possible to

achieve the desired high-purity product

streams (in this case, dehydrated ethanol).
S3.4. Feasible combinations obtained in the pre-

vious step are analyzed by the use of the

derivative (FDx) of driving force with respect

to the key components. These derivatives

identify the region where the individual

separation technique becomes inefficient,

indicated by the occurrence of a local mini-

mum along the composition axis. However,

since the objective is to design a process with
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the largest driving force, a separation techni-

que (e.g., A) may be considered with a

separation technique (e.g., B) if at the same

composition, separation technique B has a lar-

ger absolute value for FDx than for separation

technique A [18, 19]. For example, consider

the separation of a binary mixture of water

and acetic acid. The derivative FDx (see

Figure 7) for distillation (bold line) has a

local minimum between xH2O¼ 0.80 and 0.90.

The FDx value for pervaporation (dashed line
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has a larger absolute value. Therefore, it is

beneficial to combine distillation and perva-

poration into a hybrid scheme in such a way

that pervaporation is used to separate mixture

from xH2O¼ 0.80 to at least xH2O¼ 0.90.
S3.5. Plot all feasible combinations (hybrid schemes)

to identify those that are able to use the largest

available driving force. Prepare a list in terms

of descending driving forces used, for evaluate,

selection in step 4.
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Step 3R. Selection of separation technique for R–S scheme:

For hybrid reaction–separation schemes, the follow-

ing five-step procedure is proposed. The objective

here is to identify the compounds whose removal will

enhance the reaction and, based on this, to select

suitable separation techniques for the given reaction

system.

R3.1. Based on reaction kinetics and identified mix-
ture boundaries in step 1, identify reaction

products whose selective removal will increase

the conversion of reaction. In the case of multi-

reaction systems, identify products whose

removal will slow down and/or even eliminate

unwanted reaction(s).
R3.2. Check for feasibility of distillation to remove

the product(s) from reaction mixture. List all

components with their relative volatility, �ij,

and rank the compounds by their normal boil-

ing point values. If the identified reaction

product from the previous step (R3.1) is in

the top or bottom of the list and relative vola-

tility is greater than 1.05, then use of

distillation is recommended for separation of

the product from the reacting mixture.
R3.3. Retrieve data from the membrane database or

other appropriate literature sources if infor-

mation on a membrane-based separation

performing the same task for the same or

similar mixture is available. Collect data

related to separation characteristics and, for

each membrane separation, list all the compo-

nents according to decreasing component
Table 1 Candidate processes for hybrid S–S and R–S scheme

Process barrier Hybrid scheme

Homogeneous azeotrope Distillation and membran

Heterogeneous azeotrope Distillation and membran

Low relative volatility Distillation and membran

Eutectic point Crystallization and distilla

Removal of undesired compound(s) Distillation/extraction and

Membrane-based separa

Reaction equilibrium Reactor and distillation (r
Reactor and membrane

Reactor and extraction

Reactor and distillation w

a External agent might be catalyst, adsorbent, or membrane.
flux. Select the membrane for which the
component that needs to be removed from
the mixture (identified in step R3.1) is at the
top of the list. If there is more than one mem-
brane satisfying the required conditions,
select all of them in this step for future screen-
ing in step R3.5.

R3.4. Analyze the possibility of adding a solvent to
(a) create a second phase which would
extract product(s) from reactants or (b) promote
precipitation of a product. At this step the
solvent selection methodology given by
Gani et al. [14, 15] is applied. Note that in
the case of activity driven reactions, the sol-
vent may also decrease product activity and
therefore move reaction equilibrium toward
the product(s).

R3.5. Compare all separation techniques obtained in
steps R3.2–R3.4, calculate the driving forces
between products, plot and identify the
separation technique, which offers the largest
driving force for the corresponding separation
task and leads to the desired reaction operation
enhancement.

A list of feasible combinations that may lead to
feasible hybrid process schemes for S–S and R–S is
given in Table 1 in terms of process barrier.

Step 4. Establish process conditions: In this step, for
the separation techniques identified in step 3 and
from a superstructure of hybrid schemes (see
Figure 4), different process scenarios are generated
and evaluated using performance criteria specified
in step 2. The superstructure of hybrid process
s

Other process scheme

e Extractive separation

Pressure swing distillation

Pressure distillation

e Azeotropic distillation
Liquid–liquid extraction

Distillation and decanter

e Extractive separation

tion/extraction (MSA required) -

external agenta -

tion

eactive distillation) -
(membrane reactor)

ith membrane
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schemes consists of two processes, process 1 and
process 2, which are linked by four connectors,
namely, �1�;�1�;�2�, and �2� . In this superstructure,
each constituent process is allowed a maximum of
two outlet and three inlet streams. Each constituent
process corresponds to the single separation process
where inlet streams are separated into two product
streams. Each stream in Figure 4 represents the
chemicals present in the system and their corre-
sponding molar flow rate.

3.02.3.2.2 Implementation (stage 2)

This stage is needed if the hybrid schemes from
stage 1 need to be verified by experiment. In this
case, an experimental setup needs to be built using
the design data from stage 1. Note, however, that if
and when experimental data are available, it is not
necessary to perform experiments. Experiments
need to be carefully planned in order to verify not
only hybrid process schemes but also constitutive
models such as reaction kinetics, component flux
through the membrane, and phase equilibrium.
The quality of the experimental data needs to be
checked by formulating a proper data reconciliation
problem.

3.02.3.2.3 Validation (stage 3)

In this stage a final validation is made by comparing
model-based simulation results with experimental
data if available (or collected in stage 2). Based on
available experimental data, the model parameters
may also be adjusted. The ultimate objective is to
identify the hybrid scheme that best satisfies the
process demands set in step 2.
3.02.3.3 Generic Model for a Hybrid
Process

A simple generic model for any hybrid process
represented by the superstructure (see Figure 4)
has been developed. The model consists of mass
and energy balance equations and connection equa-
tions. Depending on operation mode, batch, or
continuous operations (selected in step 2), dynamic
or steady-state models are generated for each pro-
cess operation scenarios. Dynamic model is used
when batch or semi-batch processes are considered,
or when the effect of disturbances on the process
variables needs to be investigated or when changes
in any of the inlet or outlet streams change in time,
namely
F 1in
i ¼ f tð Þ _ F 2in

i ¼ f tð Þ _ F 1�
i ¼ f tð Þ _ F

1�
i

¼ f tð Þ _ F 1�
i ¼ f tð Þ _ F

2�
i ¼ f tð Þ

or for nonisothermal process operation, or if heat
addition or heat removal is required. If steady-state
analysis is needed, the corresponding process model
is obtained by setting the left-hand side (LHS) of
Equations (9) and (10) to zero.

Mass balance for compound i:

qni

qt

� �
¼ �1�1inF 1in

i

	 

þ �2�2inF 2in

i

	 

– �1�1�F 1�P

i

	 

– �1�1�F

1�P
i

h i
– �2�2�F 2�P

i

	 

– �2�2�F

2�P
i

h i
–

"
�R

 
�ðhomogÞ

XNKR

k¼1

�1�
i;k r

1�ðhomogÞ
k

þ �ðheterogÞ
XNKRh

h¼1

�1�
i;h r

1�ðheterogÞ
h

!#

ð9Þ

Energy balance:

qH

qt

� �
¼ �1�1in

XNC

i¼1

F 1in
i h1in

i

" #
þ �2�2in

XNC

i¼1

F 2in
i h2in

i

" #

– �1�1�
XNC

i¼1

F 1�P
i h1�P

i

" #
– �1�1�

XNC

i¼1

F
1�P
i h

1�P
i

" #

– �2�2�
XNC
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F 2�P
i h2�P

i

" #
– �2�2�a

XNC

i¼1

F
2�P
i h

2�P
i

" #

þ Q1½ � þ Q2½ �
ð10Þ
The existence of process 1 and/or process 2 is
described by decision variable �1and �2. The outlet
streams from process 1 are defined in terms of molar
fraction x1�

i ;x1�
i and outlet total molar flow rates

F 1�
TOT;F

1�
TOT (defined by the designer):

F 1�
i ¼ a�1x1�

i F 1�
TOTÞ ð11Þ

F
1�
i ¼ a�1��x

1�
i F

1�
TOT ð12Þ

�� defines existence of a second phase (�) in process
1. The component composition in process 1 depends
on the separation factors �1�

i and �1�
i :

x1�
i ¼

�1�
i niPNC

i¼1

�1�
i ni

ð13Þ

x
1�
i ¼

�1�
i niPNC

i¼1

�1�
i ni

ð14Þ



40 Basic Aspects of Membrane Reactors
From mass balance around process 2, the outlet
streams are defined by the component separation
factors �2�

i and �2�
i :

F 2�
i ¼ �2�

i �
2 �2inF 2in

i þ F
1�R
i þ F 1�R

i

� �
ð15Þ

F
2�
i ¼ �

2�
i �

2 �2inF 2in
i þ F

1�R
i þ F 1�R

i

� �
ð16Þ

Existence of streams Fi
1in and Fi

2in is defined by
binary decision variables �1in and �2in, which can
either be 0 or 1. Other streams are defined by deci-
sion variables �1�, �1�, �2�, and �2� which can vary
between 0 and 1, and expressed as follows:

F 1�P
i ¼ �1�F 1�

i ð17Þ

F
1�P
i ¼ �1�F

1�
i ð18Þ

F 1�R
i ¼ 1 – �1�

� �
F 1�

i ð19Þ

F
1�R
i ¼ 1 – �1�

� �
F

1�
i ð20Þ

F 2�P
i ¼ �2�F 2�

i ð21Þ

F
2�P
i ¼ �2�F

2�
i ð22Þ

F 2�R
i ¼ 1 – �2�

� �
F 2�

i ð23Þ

F
2�R
i ¼ 1 – �2�

� �
F

2�
i ð24Þ

In cases where minimum concentration of com-
pound(s) in process 1 is necessary to start process 2,
an additional binary variable a is defined (see Equation
(25)) which depends on switching time (tswitch):

a ¼ if ðt � tswitchÞ than ð1Þ else ð0Þ ð25Þ
Table 2 List of equations in general hybrid process mo

Mass balance

Energy balance

Outlet streams from process 1 and process 2

Molar composition
Relations between streams

tswitch condition

Reaction kinetics (homog.)

Reaction kinetics (heterog.)
Components activity

Components enthalpy

Total number of ordinary differential equations (ODEs): N

Total number of algebraic equations (AEs): 22 NC þNRK

Total number of equations: 23 NC þNRKþNRKhþ2

NC, number of components; NRK, number of independent ho
heterogeneous reactions.
The reaction rate of homogeneous reaction
(rk

1�(homog)) in general can be expressed by the follow-

ing law of mass action:

r
1�ðhomogÞ
k ¼ kðhomogÞ

p V 1�
YNRK

i¼1

a1�
i

� �u1�
i;k ð26Þ

When heterogeneous catalyst is used the reaction
rate is expressed in many cases in the form of
pseudo-homogeneous reaction kinetics:

r
1�ðheterogÞ
h ¼ kðheterogÞ

p mcatL
YNRK

i¼1

a1�
i

� �u1�
i;h ð27Þ

The component activity �i
1� is defined by

�1�
i ¼ x1�

i �1�
i ð28Þ

The enthalpies of each inlet and outlet stream from
the hybrid process scheme can be calculated:

h
j
i ¼

ZTj

T0

Cpi
dT þ 	 j �H

j
vap;i

¼ Ai?T þ
Bi ?T

2

2
þ Ci ?T

3

3
þ Di ?T

4

4
þ Ei ?T

5

5

����
����

Tj

T0

þ	 j �H
j
vap;i

ð29Þ

This simple model consists of 23?NC þNRKþ
NRKhþ2 equations summarized in Table 2
with 36?NC þNRK?NCþ2?NRKþNRKh?NCþ2?
del

Equations Number of equations

9 NC

10 1

11–12, 15–16 4 NC

13–14 2 NC
17–24 8 NC

25 1

26 NRK

27 NRKh
28 2 NC

29 6 NC

C þ1

þNRKhþ1

mogeneous reactions; NRKh, number of independent
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NRKhþ3 variables, which are reported in detail in
Table 3, where NC is the number of components, NKR
and NKRh are the number of independent homoge-
neous and heterogeneous reactions which occur only in
phase (�). The degree of freedom is therefore equal to
13?NC þNRK?NC þNRKþNRKh?NCþNRKhþ33
(see Table 3 for a list of these variables).
Table 3 List of variables in general hybrid process model

Differential variables

Molar hold-up in hybrid process ni

Enthalpy hold-up H

Algebraic variables

Outlet streams of process 1 and process 2 Fi
1

Product streams Fi
1

Recycled streams Fi
1

Reaction rate (homogeneous) rk
1

Reaction rate (heterogeneous) rk
1

Molar fraction xi
1

Component activity ai
1

Other variable a

Enthalpies of inlet and outlet streams hi
1

Decision variables (specify)

Existence of process 1 and process 2 �1,
Existence of outlet streams from process 1 and process 2 �1�

Existence of inlet streams �1i

Existence of reaction �R

Type of reaction �(h

Existence of second-phase when reaction occurs �R

Switching time tsw

Phase of the stream (liquid or vapor) 	 j

Parameters (specify)

Inlet streams of process 1 and process 2 Fi
1

Total flow rates of outlet stream from process 1 FT
1

Reaction volume V1

Mass of catalyst mC

Concentration of active sides L
Separation factors si

1

Temperature in hybrid process T j

Energy added Q1

Known variables (specify)
Stoichiometric coefficients (homogeneous) ui,k

1�

Reaction rate constants (homogeneous) kp,

Stoichiometric coefficients (heterogeneous) ui,h
1�

Reaction rate constants (heterogeneous) kp,

Heat of vaporization �H

Liquid heat capacity Ai,

Reference temperature T0

Total unknown variables 22

Total number of differential variables NC

Total number of specified variables 13

Total number of variables in model equations (9–29) 36

NC, number of components; NRK, number of independent homogeneou
The specific hybrid process model is obtained
from the generic model by specifying all the decision
variables (see Table 3), substituting them in the
model equations (Equations (9)–(29)) which elimi-
nates some of the terms in balance equations and
Equations (11)–(29). Therefore, the specific hybrid
process model contains fewer equations and variables
Number

NC
1

�, Fi
1�, Fi

2�, Fi
2� 4 NC

�P, Fi
1�P, Fi

2�P, Fi
2�P 4 NC

�R, Fi
1�R, Fi

2�R, Fi
2�R 4 NC

�(homog) NRK
�(heterog) NRK
�,xi

1� 2 NC
�, �i

1� 2 NC
1

in, hi
2in, hi

1�P, hi
1�P, hi

2�P, hi
2�P 6 NC

�2 2
, �1�, �2�, �2� 4

n, �2in 2

1
omog), �(heterog) 2
� 1

itch 1

6

in,Fi
2in 2 NC

OT
� , FTOT

1� 2
� 1

AT 1

1
�, si

1�, si
2�, si

2� 4 NC

6

, Q2 2

NRK NC

k
(homog) NRK

NRKh NC

k
(heterog) NRKh

vap,i NC

Bi, Ci, Di, Ei 5 NC

1

NCþNRKþNRKh þ1

þ1

NCþNRK NCþNRKþNRKh NCþ NRKhþ33

NCþNRK NCþ2 NRKþNRKh NCþ 2 NRKhþ35

s reactions; NRKh, number of independent heterogeneous reactions.
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(that need to be specified) when compared to the
generic model. Note however that the generated
specific model employs separation factors that need
to be set or defined through additional model equa-
tions in a different scale. The detailed derivation of a
specific hybrid process model is highlighted in
Appendix A.
3.02.4 Computer-Aided Methods and
Tools

Two model-based frameworks [11,19] presented
above employ various computer-aided methods and
tools, which are summarized in Table 4. Since the
model-based design framework is also a computer-
based approach, a number of computer aided tools
are employed. Note that the choice of the computa-
tional tools is specific to the design problem being
solved. For the simultaneous design of membrane-
based separation processes and polymers that can be
used as membranes as well as hybrid process
schemes, a list of computational tools that may be
used are given in Table 4.

ICAS-MoT [20]: It is an equation-based modeling
tool capable of handling steady-state simulations
(models based on algebraic equations), lumped and/
or dynamic system simulations (models based on
differential algebraic equations), distributed systems
simulation (models based on partial differential equa-
tions), steady-state optimization, and dynamic
Table 4 Computer-aided tools used in the framework

Name of tool Purpose

CAPEC DB

Manager

Retrieval of pure component properties and m

properties

ICAS-ProPred Prediction of pure component properties base
group contribution methods

ICAS-TML VLE, LLE calculations. Estimation of thermody

parameters.
SMSWin VLE, LLE and SLE calculations.

ICAS-MoT Solution and analysis of user defined model.

ICAS-

ProCAMD

Computer-aided tool for molecular and mixtur

for solvents design.

ICAS-PDS Reactive flash calculation.

Design and synthesis of distillation-based sep
schemes.

MemData Search of membrane-based separation used

separation.

ICAS-Sim Process simulation and optimization.
parameter optimization [20]. This modeling

tool performs translation, solution, analysis, and vali-
dation of mathematical models. The generated

models in this work have been solved through

ICAS-MoT.
Pro-Pred [21]: It is a pure component property

estimation tool [8] that predicts pure component
primary properties (dependent only on the molecular

structures of the chemical): secondary properties

(dependent on other properties) and functional prop-
erties (dependent on temperature and/or pressure).

The molecular description is given in several ways:

by drawing the molecular structure; by providing the

SMILES string; or by providing the mol.file. Several
methods for prediction of properties are available [8,

22, 23]. Pro-Pred [23] was used for the estimation of

pure component properties for various components
involved in the case studies.

TML [24]: This tool is a thermodynamic model
library (TML) for predicting thermodynamic proper-

ties of mixtures and is part of the integrated computer-

aided system called ICAS [21]. For predictions of
activity coefficients of compounds in liquid solution,

TML has been used. The thermodynamic models

library contains a wide range of GE-based activity
coefficient models and equations of state.

LAMMPS: LAMMPS, which stands for Large-
scale Atomic/Molecular Massively Parallel Simulator,

is a molecular dynamics program (LAMMPS:

Distributed by Sandia National Laboratories, a
US Department of Energy (DOE) laboratory).
Used in Reference

ixture Step 1a-S Nielsen and Gani

[24]

d on various Step 1a-S Marrero and Gani
[8]

namic model Step 1a-S Sales-Cruz and

Gani [20]
Step 1a-S Gani [21]

Step 1a-S, Step 1b,

Steps 3-4

Sales-Cruz and

Gani [20]

Stage 3
e design; used Step 3 Gani [21]

Step 1a Gani [21]

aration Step 3

for mixture Step 3 Mitkowski [19]

Step 4 Gani [21]
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LAMMPS has potentials for soft materials (biomole-
cules and polymers) and solid-state materials (metals

and semiconductors) and coarse-grained systems. It can
be used to model atoms or, more generically, as a

parallel particle simulator at the mesoscale or conti-

nuum levels. LAMMPS runs on single-processor
machines or in parallel using message passing techni-

ques and a spatial decomposition of the simulation
domain. The code is designed to be easy to modify or

extend with new functionality. LAMMPS is distributed
by Sandia National Laboratories, a US Department of

Energy (DOE) laboratory. Extensive equilibration of
trajectories for molecular modeling to predict perme-

ability of different structures of polymers was done
with LAMMPS.

Materials Studio 4.0: Material Studio by Accelrys is
a computational tool for molecular modeling of struc-

tured chemical products. In this work it was used to
predict the solubility and diffusivity of small gas mole-

cules through polymers at different temperatures.
The CAPEC Database Manager [25] contains

data of pure component properties, solid solubility
data, and binary phase equilibrium data. It has an

easy-to-use interface for data retrieval and search.
SMSwin [21]: SMSWIN is a software package

developed at Syngenta and currently maintained,

further developed and integrated with ICAS.
SMSWIN performs many useful calculations with

respect to pure component and mixture properties

and phase diagrams. Currently, ProPred [21] and the
KT-UNIFAC [21] model have been integrated with

SMSWIN.
Membrane
based

processes

Pervapora

VMD

SGMD

DCMD

OMD

Liquid
separation

(with phase
change)

Gas
separation

Solution
diffusion
model

Figure 8 Models for membrane-based separation processes a

membrane distillation; SGMD: Sweeping gas membrane distilla

osmotic membrane distillation).
ICAS-PDS [21]: This is a special tool box for
design and analysis of separation processes involving
vapor–liquid phases with or without reactions. For
reactive and nonreactive systems, PDS calculates
phase envelopes, distillation boundaries, residue
curves, as well as columns design for specified product
recoveries. For reactive flash calculations, the ele-
ment-based approach [13] is available in ICAS-PDS.

ICAS-utility [21]: This is a tool-box to generate
and analyze mixtures with respect to their phase
diagrams and single unit separation. It also calculates
the driving force plots needed for separation task
selection and design of separation processes.

MemData [19]: The separation characteristics
data for membrane-based operations are available in
the MemData database. The data consist of the type
of membrane-based process, operational conditions,
and compositions of separated mixtures, membrane
characteristics, component permeability, component
flux, reference, and many more. The data stored in
the MemData have been collected from the open
literature and have been organized for efficient
search/retrieval of the needed data.

ICAS-Sim provides process simulation options,
such as process simulation and optimization with
generic models and/or generated specific models
3.02.4.1 Model Library

A number of membrane-based models are available
in the model library. Figure 8 gives an overview of
the membrane-based models available through the
Reverse
osmosis

Solvent
nanofiltration

-

tion

Liquid
separation
(without phase

change)

vailable in the model library of the framework (VMD: vacuum

tion; DCMD: direct contact membrane distillation; OMD:
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two frameworks [11, 19]. All the models listed in in
the figure can be combined with other separation or
reactor models through the generic model presented
in Section 3.02.3.3.
3.02.5 Case Studies

Two case studies are presented here. The first
involves the application of the simultaneous
design of process and the structured material
(polymeric membrane) highlighted through a
conceptual case study (see Section 3.02.5.1). For
additional details involving different membrane-
based separation processes, the reader is directed
to the paper of Soni et al. [9]. The synthesis
design of an R–S hybrid process scheme is illu-
strated through a second case study (see Section
3.02.5.2) involving an esterificaton reaction com-
bined with pervaporation to achieve a desired
product yield. Here, the optimal hybrid process
scheme has been verified by experiments. For
more details, the reader is directed to the paper
of Mitkowski et al. [26].
3.02.5.1 Simultaneous Design of
Membrane and Separation Process – A
Conceptual Study

A conceptual study to demonstrate the use of the
design algorithms is presented in this section. In this
case study, the model equations are solved using two
different design algorithms and the differences in the
solution steps are pointed out. The first step is to
have the mathematical equations that constitute the
process model. It is therefore important to define
different types of equations (e.g., balance equations,
constitutive equations, and constraint equations) and
to identify different types of variables (e.g., differen-
tial variables, design variables, and known and
unknown variables) associated to them. The model
and variable analysis is an important step prior to
model solution.

3.02.5.1.1 Design problem definition

For a given process, assisted by structured materials,
the modeling goal is to determine the values of the
design variables in the process that will satisfy the
targeted performance criteria. The design variables
are related to the process (process design) and/or the
structured material (product design).
3.02.5.1.2 Model equations and

characterizing variables

If Y represents the state variables that vary as a

function of the dependent variable (time or space)

within the process boundaries, then the balance

equations can be derived from the laws of conserva-

tion of mass, momentum, and energy. For this

conceptual study, the balance equations are given in

the form:

0 ¼ C1ðY1?A1 þ �1=X2Þ ð30Þ

0 ¼ C2ðY2?A2 – �2?X1Þ ð31Þ

0 ¼ C1?X2 þ �1?Y3 – A1 ð32Þ

Considering only the process at steady state, the LHS
of Equations (30)–(32) is set to zero. X and A are
vectors of intermediate variables that need to be
evaluated for every evaluation of the right-hand
side (RHS) of Equations (30)–(32) together with
models or fixed data for � (the constitutive variables)
and a vector of known parameters (vector C). The
model equations relating the intermediate variables
X and A for this conceptual study are defined as

A1 ¼ h1?X1 þ Y1?ðX2Þ2 ð33Þ

A2 ¼ �2=X2 þ Y2ðX1Þ2 ð34Þ

X1 ¼ ðA1?Y1?tÞ=ðA1 þ A2Þ ð35Þ

X2 ¼ ðA2 þ Y2Þ=t ð36Þ

where t is the residence time. A set of constitutive
equations are now needed to complete the process
model. Let us assume that the vector � is represented
by �1 and �2 and are related to the variables Z1 and Z2

and the state variables Y1 and Y2 according to the
following constitutive equations:

�1 ¼ Z1Z2Y1=ðZ1 þ Z2Þ ð37Þ

�2 ¼ ½ðZ1Þ2 þ ðZ2Þ2�=Y2 ð38Þ

If �1 and �2 are the property values (such as perme-
ability and flux), then the (structural) design variables
Z1 and Z2 affecting the property values could be
macroscopic (e.g., the molecular structural para-
meters), mesoscopic (e.g., atoms and connectivity), or
microscopic (e.g., microscopic structural parameters
such as orientation or alignment of the atoms or
functional groups) in nature. Z1 and Z2 could also be
related to the process design if they represent variables
such as membrane area, temperature, or pressure of
operation. In the process model (Equations (30)–(38))
listed above, Y1 and Y2 are the output variables, but
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in process design, a desired value is usually specified
for them (directly or indirectly). Indirectly, the
optimal/desired values of Y1 and Y2 could be given
in terms of process constraints (such as a desired
product purity or recovery). Therefore, in a design
problem, solution of process model must also satisfy
some constraint equations (see Equations (39)
and (40)):

P1 –P1ðY ; PÞ ¼ 0 ð39Þ

P2 –P2ðY ; PÞ ¼ 0 ð40Þ

Equations (30) and (40) represent a process model
with process constraints and the solution of these
equations gives a feasible design. The variables in
this process model for design are listed in
Table 5(a).

Here, Y1 and Y2 are indirectly dependent on the
design variables Z1 and Z2 and property variables �1

and �2. So, the idea is to find out the values of the

design variables Z1 and Z2 that match the property

(design) target values for �1 and �2 to find the design

that satisfies the specified performance criteria (spe-

cified values of P1 and P2) given by Equations (39)

and (40). Note also that we have nine equations

(Equations (30)–(38)) plus two performance criteria

equations (Equations (39) and (40)). Besides the
Table 5(a) Variables definition

Variable Type

Y1 , Y2 and Y3 Dependent (differential or state) variables
Z1 and Z2 Design (decision) variables

�1 and �2 Property parameters (constitutive

variables)

A1, A2, X1, X2 Intermediate variables (unknown)
P1 and P2 Performance criteria

C1 and C2 Known parameters

Table 5(b) Incidence matrix for fo

Eqs. X1 X2 Y1 Y2 Y3

31 � �
30 � �
33 � � �
34 � � �
32 � �
35 � �
36 � �
37 �
38 �

� indicates the presence of the variable
design variables, Z1 and Z2, there are nine unknown
variables (Y1, Y2, Y3, A1, A2, �1, �2, X1, and X2) that
need to be solved with the nine equations (Equations
(30)–(38)).
3.02.5.1.3 Solution approaches

Forward design algorithm: The step-by-step algorithm
is given as follows (values of P1 and P2 are known):

• Step 1: Assume values of design variables Z1

and Z2.

• Step 2: Solve model equations (30)–(38) for Y1,
Y2, Y3, A1, A2, �1, �2, X1, and X2 with Z1 and Z2 as
known variables (guessed) – the incidence matrix
for this system of equations is given in Table 5(b)
– it can be noted that given all input variables,
output variables are calculated and then the
design is checked.

• Step 3: Check if Equations (39) and (40) are satis-
fied. If yes, stop (solution found because the
design variables and corresponding state variables
match the desired process performance).
Otherwise, assume new values for Z1 and Z2 and
repeat from step 2.

Reverse design algorithm: The step-by-step algorithm is
given below (values of P1 and P2 are known). The
incidence matrix for this solution scheme is shown in
Table 5(c), which is divided into three partitions.
The first partition solves Equations (39) and (40) for
Y1 and Y2. The second partition solves Equations
(30)–(36) for Y3, A1, A2, �1, �2, X1 and X2. The third
partition solves Equations (37) and (38) for Z1 and Z2

(where the target defined by �1, �2 is matched). It can
be noted that no iterations are involved.

• Step 1: Use known values of P1 and P2 and
Equations (39) and (40) to calculate for Y1 and
Y2 (first partition).
rward algorithm

A1 A2 �1 �2 Z1 Z2

� �
� �
�

�
� �
� �

�
� � �

� � �

in the corresponding equation.



Table 5(c) Incidence matrix for reverse approach

Eqs. Y1 Y2 X1 X2 Y3 A1 A2 �1 �2 Z1 Z2

39 � �
40 � �

35 � � � �
36 � � �
32 � � � �
33 � � � �
31 � � � �
30 � � � �
34 � � � � �

37 � � � �
38 � � � �

� indicates the presence of the variable in the corresponding equation.
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• Step 2: Solve Equations (30)–(36) (second parti-
tion) for X1, X2, Y3, A1, A2, �1, and �2 for known
values of Y1 and Y2 (reverse simulation to deter-
mine the design target) to define the target values
of �1 and �2.

• Step 3: Use calculated �1 and �2 (and Y1 and Y2) to
determine Z1 and Z2 from Equations (37) and (38)
(match the design target). Note that there is no need
to iterate if a consistent set of P was specified, that is,
a match is found and that other forms of Equations
(37) and (38) may also used as long as they give the
correct behavior of the constitutive variables.

This conceptual case study illustrates that decompos-
ing the model equations to solve the property
(constitutive) model equations separately not only
avoids the iterative trial and error approach but also
makes the solution of equations computationally easier.
3.02.5.2 R–S Hybrid Process – Propionic
Acid Case Study

The framework for hybrid process design/analysis
has been tested by generating and verifying hybrid
process schemes for synthesis of n-propyl-propio-
nate from 1-propanol and propionic acid. N-propyl
propionate is used as a paint thinner, a food addi-
tive, and as essence for perfumes by giving an
apple-like, fruity taste. This ester is commercially
available from the Dow Chemical Company with a
minimum purity of 99.5 wt.%. The objective of the
membrane-assisted hybrid separation scheme is to
investigate the possibility of removing one of the
products from the reacting mixture and thereby
move the reaction equilibrium toward a higher
product yield. A detailed solution of the problem
can be found in Reference 27 and a summarized
version is presented below.
3.02.5.2.1 Stage 1: Hybrid process design

and analysis

Step 1a-S. Separation task analysis: The reaction effluent
consists of water and three organic chemicals
(1-propanol, propionic acid, and n-propyl propionate)
and the mixture is classified as nonideal and of aqu-
eous type and for phase equilibria calculations
involving this mixture the Modified UNIFAC
(Lyngby) [27] is selected for calculations of activities
in the liquid phase. For the vapor phase, the SRK
equation of state [28] is selected.

Since the largest melting temperature is 273.15 K
and the lowest boiling temperature is 370.35 K, the
mixture is assumed to be in the liquid state at 1 atm
for temperature between 273.15 and 370.35 K. Since
the solubility of water is almost 2 times higher than
other components in the reacting mixture, formula-
tion of a second liquid phase is likely (for more
details, see Mitkowski et al. [19, 26]).

The total number of binary pairs of components
that needs to be analyzed with respect to their
boiling points is 6. The calculation and analysis of
VLE-phase equilibrium data has identified three
binary azeotropes and a ternary azeotrope (see
Table 6).

Step1a-R reaction analysis: The esterification of 1-
propanol with propionic acid to n-propyl propionate
and water is represented by
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The reaction kinetics of this heterogeneous ester-
ification reaction has been studied by Duarte et al. [29]

at a pressure of 5 atm and temperatures ranging from

363.15 to 383.15 K. The reaction takes place only in

the liquid phase in the presence of a heterogeneous

catalyst Amberlyst 46, which is an acidic ion-exchange

resin and can withstand a maximum temperature of

393.15 K. The use of this very selective catalyst elim-

inates other competing etherification reactions to form

di-n-propyl ether and dehydration of propanol to

propene. The chemical equilibrium of this reaction is

expressed in terms of component activities [29]:

Keq ¼
aProPro?aH2O

aPAc?aPOH

ð42Þ
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Figure 9 Phase fraction distribution at P¼1 atm.

Table 6 List of azeotropes present in analyzed m

Molar

Composition Type of azeotrope POH

POH–H2O–ProPro Heterogeneous 24.50
ProPro–H2O Heterogeneous

H2O–ProAc Homogeneous

H2O–POH Heterogeneous 57.26

POH, 1-propanol; ProAc: propionic acid; ProPro: n-pro
To confirm that experimental data and equilibrium
constant (Keq) reported by Duarte et al. [29] do repre-
sent chemical equilibrium, reactive flash calculations
were performed. The results confirmed that all experi-
ments reached chemical equilibrium. Therefore,
reaction parameters (Keq and reaction rate parameter)
given by Duarte et al. [29] describe this reaction system
very well. Moreover, the assumption that only ester-
ification reaction takes place, when Amberlyst 46 is
used as catalyst, is also correct.

Based on reactive flash calculations performed at a
wide range of temperatures (350–415 K) at atmo-

spheric pressure, the corresponding phase diagrams

are shown in Figure 9. The reactant ratio in all these
390
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calculations was 1:1 (1-propanol:propionic acid). The

two-phase region was found to be between 363.4 and

376.7 K. The maximum temperature at which only

liquid is present was found to be 363.4 K. Therefore,

this temperature is defined as the maximum operating

temperature.
Simulations of batch operations of the reactor were

performed to determine the relationship between the

product yield and feed ratios of 1-propanol to propio-

nic acid. The results indicated that the process yield

increased with increase of the molar ratio. However,

the increase of molar ratio above 3 does not give

significant increase in the yield; therefore, the range

for this design variable was set between 2 and 3.
Step 1b. Need of solvent: In this study, the use of

solvents was not investigated since all reactants were

liquid and miscible within the operation window.
Step 2. Determine process demands: In this case study,

the focus was on the batch operation of the process.

The main objective was to obtain as high a conver-

sion of acid to the ester product as possible. More

precisely, a molar process yield >0.9 was the desired

target. The time for the batch operation was limited

to 12 h and the operating pressure was set to atmo-

spheric pressure.
Step 3. Selection of separation technique: Since the

continuous removal of product and/or products was

likely to enhance the conversion of the reactants,

therefore, in this step, techniques for downstream

separation of the reactor effluents were identified

through the procedure outlined in Section 3.02.3.2

(see step 3R of the methodology).

R3.1. Since the reaction is equilibrium controlled,
the addition of the reactant in excess will

increase the conversion of the limiting reac-

tant, while removal of the product(s) will

push the equilibrium toward the product(s)

and simultaneously increase the overall

conversion. Two options were considered: (1)

remove the main ester product and (2) remove

water. Since for the first option, the formation

of heterogeneous azeotropes between alcohol,

water, and ester had to be considered, the

second option was found to be advantageous

since water was present in all binary and tern-

ary azeotropes (see Table 6). By removing

water from the reactor effluent (quaternary

mixture), the remaining ternary mixture of

organic compounds would be free of separa-

tion boundaries.
R3.2. Analyzing the boiling points and relative vola-
tilities, it was established that separation by

simple distillation was not feasible. However,

it was found that there was a significant differ-

ence in relative volatilities between products,

water and ester, which pointed to the possibi-

lity of the use of reactive distillation to

separate them. Also, the three components

1-propanol, water, and n-propyl propionate

were likely to form a heterogeneous azeotrope

at the top of the column.
R3.3. Based on data available in the MemDat data-

base, it was found that many membrane-based

separation processes offer selective removal of

a specific chemical. For example, pervapora-

tion and vapor permeation are widely used for

dehydration of organic mixtures [30].

Comparison of driving force curves for differ-

ent membrane processes for separation of

binary mixtures of 1-propanol and water (see

Figure 10) was made and the selectivity of

these membranes was found to be close to 1.

Since reaction proceeds in liquid phase, perva-

poration was found to be favorable compared

to vapor permeation because it does not need

phase change of the feed.
R3.4. Addition of solvent was not investigated in this

work.
R3.5. High selectivity toward water and a relatively

large driving force available for pervaporation

made it a favorable candidate for further

investigation.

Step 4. Establish process conditions: In this step, hybrid
process schemes together with corresponding speci-

fic models are developed. Simulations with the

specific generated models were made at various con-

ditions. From the superstructure (see Figure 4)for

hybrid process schemes, the configuration as shown

in Figure 11, where process 1 is a reactor and process

2 is a membrane-based separator for selective

removal of water, was considered. Since Amberlyst

46 is a heterogeneous catalyst, a packed bad reactor

with an additional tank to maintain a specific hold-up

in the processing system was added.
From the general model (see Section 3.02.3.3) a

dynamic process model was generated (for more

details on the generated model, see Reference 26).

Since a high conversion of acid was desirable,

the introduction of excess of 1-propanol was
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investigated to shift the reaction toward higher ester
concentrations.

3.02.5.2.2 Implementation (stage 2)

The implementation stage involves the use of an
experimental setup to verify the design obtained
from stage 1. This was carried out in a systematic
way by first establishing (through experiments)
the constitutive models for reaction kinetic
and the membrane-based separation as a function
of temperature (between 343 and 353 K).
Experiments were performed next to establish the
membrane-based separation model. Membrane-
assisted batch reaction experiments were designed
next in order to verify the influence of identified
operational variables on the overall process perfor-

mance. The effect of the initial molar ratio of

reactant (alcohol to acid), the mass ratio of catalyst
to reaction mixture (mcat/mmix), and the switching

time from batch reaction to the membrane-assisted
batch reaction mode as well as the process

temperature were investigated. Details of the

experimental design for membrane-assisted batch
reaction are given in Mitkowski et al. [26]. Finally,

the multipurpose lab-scale hybrid process was
designed and constructed in order to perform

following process operations:

1. Heterogeneously catalyzed batch reaction (opera-
tion around packed bed reactor (PBR) and tank.
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2. Membrane-based separation (operation around
pervaporation unit and tank.

3. Membrane-assisted batch reaction (operation
around pervaporation unit, tank, and PBR.

3.02.5.2.3 Validation (stage 3)

The process conditions, such as the ratio of the mass
of catalyst to the mass of the reactants, the reactants
ratio, the operating temperature, as well as the switch-
ing time have significant influence on the overall
process performance, and therefore, these were
further investigated. Validation results in terms of
experimental observations as well as simulations cor-
responding to the experimental measurements are
presented here. All simulation results have been
obtained through the ICAS-MoT modeling tool
[20] using the models developed in stage 2.

Heterogeneously catalyzed batch reaction: The reaction
kinetic data have been verified with the aid of two
experiments of heterogeneously catalyzed batch reac-
tion. The simulation of the heterogeneously catalyzed
batch reaction has been made with the developed
specific model (see appendix of Mitkowski et al. [26]
Table 7 Pervaporation experiment at T¼346.15

Components �wi
F,exp (g�1g) wi

P,exp (g�1

Propionic acid 0.0890 0.0007

1-Propanol 0.7400 0.0054

N-propyl propionate 0.0931 0.0001
Water 0.0778 0.9939
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Figure 12 Batch reaction experiment, T¼ 353.35 K, mcat/mmix

propionate; PAc: propionic acid; POH: 1-propanol).
for more details). The transient concentrations profiles
presented in Figure 11 represent batch reaction
experiment performed at an average temperature of
353.35 K. It can be noted from Figure 11 that the
concentration of substrates (1-propanol and propionic
acid) is decreasing over time since concentration of
products (n-propyl propionate and water) is increasing
as reaction is taking place. The lines shown in
Figure 12 represent a simulation result which is in
good agreement with experimental points (with accu-
racy of within 1%). The measured system was
considered to be at chemical equilibrium when the
concentrations of reactants and products did not
change significantly after 150 min.

Membrane-based separation. Pervaporation: For better
prediction and comparison of the membrane-assisted
batch reaction simulation with experimental data,
more detailed pervaporation model has been devel-
oped, based on the transmembrane component flux
in pervaporation process [9, 11, 19, 26]. From results
presented in Tables 7 and 8, it is clear that the
membrane (PERVAP� 2201-D) is highly selective
toward water because the permeate consists of more
K, PP¼10 mbar

g) Ji
exp (g�1m�2. min) Ji

calc (g�1(m�2. min)

0.0399 0.0000

0.0006 0.0000

0.0011 0.0000
7.4397 7.5080

150

(min)

200 250

p. w% ProPro
p. w% PAc
p. w% POH
p. w% H2O

sim. w% ProPro
sim. w% PAc
sim. w% POH
sim. w% H2O

¼ 0.22, POH:ProAc¼2:1, mmix¼1328.9 g (ProPro: n-propyl



Table 8 Pervaporation experiment at T¼ 326.15 K, PP¼8 mbar

Components �wi
F,exp (gg�1) wi

P,exp (gg�1) Ji
exp (kgm�2. h�1) Ji

calc (kgm�2 h�1)

Propionic acid 0.0885 0.0005 0.0091 0.0000

1-Propanol 0.7305 0.0049 0.0014 0.0000

N-propyl propionate 0.0909 0.0001 0.0007 0.0000
Water 0.0901 0.9945 1.8436 1.8775
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than 99% water. Only traces of organic compounds
were found in the permeate. The flux of water was
found to increase 4 times when temperature was
increased by 25 K.

Membrane-assisted batch reaction: In this section the
dynamic process model with semi-empirical Meyer–
Blumenroth model for calculation of component flux
was used. Six membrane-assisted batch reaction
experiments were performed in order to verify the
applicability of the process model for variations in
process operational variables. The summary of all
experiments is presented in Table 9 where the pro-
duct yield (measured) is calculated by

Yexp;ProPro ¼

min
PAc

MwPAc

� �
– min

total –mt
total;permeate

� �
win

PAc
MwPAc

� �
min

PAc
MwPAc

� �
ð43Þ

The heterogeneously catalyzed batch reaction was
allowed to progress until a switching time, which is
the time when the membrane-assisted batch reaction
process starts, is reached. The results indicated that
when the hybrid process was operated at tempera-
tures above 345 K, the water fraction decreased
immediately after switching time, pointing to a faster
separation than reaction and thereby leading to a
higher product yield. The same was observed for all
membrane-assisted batch reaction operations,
thereby confirming a higher conversion of reactants
to the desired ester was feasible. The experiments
also confirmed the model-based results from stage 2 –
Table 9 Comparison of process yield obtained in simulatio

reaction (process time¼720 min)

Experiment number

Yield PAC (reaction) (mol mol�1)

Yield PAC (membrane-assisted batch reaction) (mol mol�1)

Difference
that the increase of process temperatures increased
the product yield. The switching time, however, was
found to have little influence on the yield. The
experimentally measured data, in general, matched
reasonably well with the corresponding simulation
results, thereby confirming that the model validated
earlier in separate experiments (e.g., heterogeneously
catalyzed batch reaction and pervaporation) did
not need further improvements, that is, the specific
models generated and used for hybrid process design
and analysis were acceptable.

The process yields obtained in the membrane-
assisted batch reaction (hybrid process) are much
higher than for heterogeneously catalyzed batch reac-
tion obtained in the same process time of 720 min (see
Table 9). The best result has been obtained for experi-
ment 5 where the yield of propionic acid is 95.6%.
3.02.6 Conclusions

Two model-based computer-aided frameworks, one
for simultaneous design of the membrane and the
membrane-based operation and another for hybrid
process design/analysis, have been presented
together with computer-aided techniques for sys-
tematic investigation of processes involving
membrane-assisted operations. Generic models for
various types of membrane-based operations and
R–S and S–S hybrid process schemes have been
presented. The advantage of this framework is the
ability to quickly set up model-based calculations for
process design and analysis. The framework also
includes work flows (based on the reverse approach)
n for batch reaction and membrane-assisted batch

6 5 4 3 2 1

83.9% 78.7% 73.2% 76.4% 75.0% 79.1%

87.4% 95.6% 85.0% 85.3% 90.2% 93.5%

3.5% 16.9% 11.8% 9.0% 15.2% 14.5%
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for design of the membrane, the membrane-based

separation process, as well as hybrid processes with

or without membranes. The developed frameworks

have been tested with several case studies – two of

these have been discussed in this chapter.
From this work, it is clear that systematic model-

based design techniques can help to quickly estab-

lish achievable design targets for process

enhancements that otherwise would not be possible.

For the second case study, the generated hybrid

process scheme consisting of a reactor and a highly

selective membrane separation unit showed advan-

tages with respect to achieving increased product

yield by overcoming limitations of equilibrium and

kinetically controlled reaction. Current work is

further extending the computer-aided framework

in terms of membrane database, models, and case

studies.
Appendix A: The specific hybrid process model
is obtained from the generic model by specifying all

decision variables (see Table 3), substituting them in

the model equations (Equations (9)–(29)) which

eliminates some of the terms in the balance

equations and other corresponding Equations

(12)–(29). Therefore, the specific hybrid model

contains fewer equations and variables that need to

be specified compared to the generic model. Note,

however, that the generated specific hybrid model

includes separation factors that need to be set or

defined through additional model equations in a

different scale. The derivation of a specific hybrid

model is illustrated by the following example.
Let us define the decision variables as follows:

�1¼ 1, �2¼ 1, �1in¼ 0, �2in = 0, �1�¼ 1, �1�¼ 1,

�2�¼ 1, �2�¼ 0, �R¼ 1, �R�¼ 0, �(homog) = 1,

�(heterog) = 0, tswitch = 0 and consider only dynamic

mass balance. Substituting the decision variables to

the model equations (Equations (9)–(29)) and

simplifying them, the following mass balance is

obtained:
Process 1
T 1, P 1

nt
1, σi

1

Proce
T 2, P
nt

2, σ

Fi
2βR

Fi
1α Fi

1αRζ1α

Figure 13 Example of generated hybrid scheme, separation (
qni

qt

� �
¼ – �2�

i x1�
i F 1�

TOT

	 

þ

XNKR

k¼1

�1�
i;k r

1�ðhomogÞ
k

" #
ð44Þ

All existing process streams are related by the follow-
ing equations:

F 1�
i ¼ x1�

i F 1�
TOT ð45Þ

F 2�
i ¼ �2�

i x1�
i F 1�

TOT ð46Þ

F
2�
i ¼ �

2�
i x1�

i F 1�
TOT ð47Þ

x1�
i ¼

niPNC

i¼1

ni

ð48Þ

F 1�R
i ¼ F 1�

i ð49Þ

F
1�R
i ¼ F

1�
i ð50Þ

F 2�P
i ¼ F 2�

i ð51Þ

F
2�R
i ¼ F

2�
i ð52Þ

r
1�ðhomogÞ
k ¼ kðhomogÞ

p V 1�
YNRK

i¼1

a1�
i

� �u1�
i;k ð53Þ

where rk
1�(homog) is given by Equation (26). In order

to solve this model only si
2�, si

2�, �i,k
1�(homog), FTOT

1� ,
kp,k

(homog), and the initial conditions for ni (for all i)
need to be provided. Note that when tswitch = 0, � is
equal to 1 since this is the beginning of the opera-
tion. The derived model represents the hybrid
process scheme shown in Figure 13. Summarizing,
by setting values for the decision variables, the
general model equations has been transformed and
a specific process model is easily generated without
losing any of the important characteristics of the
general model and is analyzed and solved (through
a DAE solver).

Advantage of such a reformulated model is sim-
plicity to investigate the performance of different

hybrid process schemes rapidly and efficiently.

Using the superstructure of hybrid process schemes

together with the generic model and the specific

details of the process design problem, the specific
Product

ss 2
2

i
2 Fi

2α
Fi

2αp

Fi
2β ζ2β

ζ2α

Process 2) assisting reaction (Process 1).
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hybrid R–S or S–S process schemes are generated

and tested. Note that by allowing the product from

one operational scenario to serve as the feed to a

subsequent operational scenario leads to the design

of a network.
Note that in the generic model the component

separation factors (si
1�, si

1�, si
2�, si

2�) are specified

and are therefore constant. However in some cases,

these separation factors depend on the feed composi-

tion and specific condition of the separation

technique (like in pervaporation, where the trans-

membrane component fluxes depend on the

difference between activities in the feed and perme-

ate sides of the membrane). In this case, separation

factors need to be computed using additional models.

The component separation factor is defined as the

ratio between inlet and outlet component flow rate

from the process (Equation (54)):

�i ¼
F out

i

F in
i

ð54Þ

Knowing the process component inlet flow rate, the
component outlet flow rate can be easily computed
by using appropriate models for the separation fac-
tors (which are actually design targets). For example,
when pervaporation is selected as process 2, the
process inlet is

F in
i ¼ F 2in

i þ F
1�R
i þ F 1�R

i ð55Þ

Therefore for given inlet flow rate the outlet compo-
nent, flow rate can be calculated using various kinds
of models. In such case the component flux (Ji) is
related to the component and membrane-specific
permeance (Qi) and the driving force between the
feed and permeate (�DF) which is expressed by
Equation (56). The driving force in general is
expressed as the difference in chemical potential
between the feed and the permeate side [32]:
Table 10 Experimental and semi-experimental

Mass transport model Permeance
(Qi)

Short-cut-model Qi
0

Arrhenius
Q0

i ?exp –
Ei

R

1

T0
–

1

T

� ��
Empirical correlation Qi

0wi
F

Meyer–Blumenroth Pi

�̃i

Sorption/diffusion ḊM;iCM;i

aM;i

1

lM
Ji ¼ Qi ?�DF ¼ Qi ?�
i ð56Þ

Permeance can be expressed as the constant perme-
ability (short-cut model) or by the one of the other
permeance models summarized in Table 10.

When a two-phase flash operation is considered as
the separation technique for process 2, the separation

factors can be obtained by solving the model

equations representing a two-phase flash separation

scheme, which involves solving the following

overall mass balance equations (Equation (57)), com-

ponent compositions in phase-2� (Equation (58)),

and the component compositions in phase-2�
(Equation (59)):

F 2�
TOT ¼ F in

TOT – F
2�
TOT ð57Þ

0 ¼ x2�
i –

zi F
in
TOT

Ki F
2�
TOT – F 2�

TOT

� � ð58Þ

0 ¼ x
2�
i –Ki x

2�
i ð59Þ

In additional, the solution of Equations (57)–(59)
must also satisfy the equilibrium condition, defined
by

0 ¼
XNC

i¼1

x
2�
i –

XNC

i¼1

x2�
i ð60Þ

The K-values (see Equations (58) and (59)) are cal-
culated through Equations (61) and appropriate
models for calculating the component fugacity coef-
ficients in the coexisting phases (e.g., the SRK-EOS
[29] equation of state):

Ki ¼
�2�

i

�2�
i

ð61Þ

The inlet composition zi is defined by

zi ¼
F in

i

F in
TOT

ð62Þ
models of permeance

Notice

Constant permeability�
Temperature dependence of permeance

Weight fraction dependency
Dependence of activity in the membrane

Dependence of activity in the membrane
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F in
TOT ¼

XNC

i¼1

F in
i ð63Þ

Finally, the component molar outlet flow rates are
calculated through Equations (64) and (65) and mod-
els (or fixed values) for the corresponding separation
factors:

F 2�
i ¼ x2�

i F 2�
TOT ð64Þ

F
2�
i ¼ x

2�
i F

2�
TOT ð65Þ

This two-phase flash model consists of 6NCþ 3
equations (Equations (57)–(65)), NCþ2 specified
variables (FTOT

in , FTOT
2� , Fi

in), and 5NC þ1 unknown
variables (FTOT

2� , FTOT
2� , zi, Ki, xi

2�,xi
2�,FTOT

2� ), not
counting the fugacity coefficients and their models.

In a similar manner, it is possible to generate
specific models for various hybrid process schemes

where according to the process description, it would

be necessary to define the new separation factors.

Different process models can be found in

Mitkowski et al. [26].
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Nomenclature
A surface area (m2)

C concentration (mol m�3)

Cp specific heat (J mol�1 K�1)

D diffusivity (m2 s�1)

E activation energy (J mol�1)

F molar flow rate (mol s�1)

h enthalpy (J mol�1)

ID inner diameter (m)

J permeating flux (mol m�2 s�1)

k kinetic constant

Kequilibrium equilibrium constant

Kp equilibrium constant in terms

of partial pressures

k thermal conductivity

(W m�1 K�1)

L length (m)

m reactant feed molar ratio (�)

n number of mole (�)

N molar flux (mol m�2 s�1)

OD outer diameter (m)

P pressure (Pa)

Permeability self-explanatory

(mol m�1 s�1 Pa)

Permeability self-explanatory

(mol m�1 s�1 Pa�0.5) (Sieverts)
Permeance self-explanatory

(mol m�2 s�1 Pa)

Permeance self-explanatory

(mol m�2 s�1Pa�0.5) (Sieverts)

Permeating flux self-explanatory (mol m�2 s�1)

Q volumetric flow rate

(m3(STP) s�1)

R gas law constant

(8.314 J K�1 mol�1)

RI recovery index

r radial coordinate (m)

rij jth reaction rate referred to the

ith species (mol m�3 s�1)

S solubility (mol l�1)

T temperature (�C or K)

t time (s)

U overall heat transfer

coefficient (W m�2 K�1)

V volume (m3)

X conversion (�)

z axial coordinate (m)

�
?

membrane thickness shell

thickness for interfacial

reaction (m)

"
?

porosity (�)

� density (g m�3)
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� space time (s)

� tortuosity

�I,j stoichiometric coefficient with

respect to the reference

component of ith species in jth

reaction
C
?

heat generated by chemical

reactions (W m�2)

j
?

enthalpy flux associated to

hydrogen permeation (W m�2)
3.03.1 Introduction

In the last decade, membrane science and technology
has greatly improved, particularly in relation to the
possibility of its application to substituting conventional
technologies, integrating various membrane operations
in the industrial cycles, with overall important benefits
to product quality, plant compactness, environmental
impact, energetic aspects, etc. The boost to redesigning
the traditional operations was introduced by the pro-
cess intensification strategy [1, 2], an innovative
methodology for process and plant design that proposes
a new design philosophy for achieving significant
reductions (by factors of 10–100 or more) in plant
volume and at the same production capacity or improv-
ing overall efficiency, etc.

Membrane reactors (MRs) represent an interest-
ing alternative to traditional reactors (TRs) for their
peculiarity. They are defined, in fact, as the most
important class of the multifunctional reactor, being
able to carry out simultaneously reaction and selec-
tive separation in the same vessel. A permselective
membrane, dividing the reactor into two reaction
volumes, reaction and permeate sides, allows the
selective removal of products from the reaction
volume to the permeation one, under the effect of a
permeation driving force. The driving force is a
function of the species chemical potential on the
reaction and permeate sides (e.g., species partial pres-
sures in gas-phase systems). The simultaneous
reaction-separation process implies several advan-
tages, reduces the load of the downstream
separation, because both (permeate and retentate)
the outlet streams leaving the MR are concentrated
in the more and less permeable species, respectively.
In addition, the separation/purification is not
required in the special case of pure permeate.

In general, the advantages of MRs operation with
respect to traditional ones are as follows:

• yield enhancement of equilibrium-limited reac-
tions, owing to the possibility of a continuous
removal of one or more reaction products;
• selectivity enhancement;

• coupling of two or more reactions, for example,
dehydrogenation (endothermic) with an hydroge-
nation (exothermic) on the two membrane sides;

• modification of reaction mechanisms by the
removal of main or secondary products by
means of appropriate configurations of the cata-
lytic membranes;

• higher residence time owing to the product
removal;

• lower operating conditions (e.g., temperature)
having analogous conversion, etc.; and

• controlled addition of a reactant through the
membrane in particular for reactions such as par-
tial oxidations where the same oxygen amount
can be fed in a distributed way along with the
whole membrane length.

The overall effect is an improving of the global
efficiency of the process both in terms of better
performance (conversion, selectivity, yield, etc.) and
reduction of the reaction volume [3, 4] and catalyst
amount in the case of catalytic reactions.

The membrane present in the reactor can be
inert or catalytic. In the first case, it acts only as a
separator and is coupled with a catalytic bed in
which the reaction takes place. In the other case,
the catalyst is distributed in the membrane and the
reaction takes place inside it or on the membrane
surface.

Gas-phase reactions and in particular hydrogena-
tion/dehydrogenations (e.g., hydrogen production,
upgrade and cleanup, partial oxidation) carried out
using Pd-based, zeolite, perovskite membranes are
considered in this chapter as examples of reactions
carried out in MRs with an inert membrane
(Table 1).

These reactions were widely studied [5–33] and
some investigations are still in progress both experi-
mentally and by modeling. A scheme of a catalytic
MR as shown in Figure 1 presents a tube-in-tube
configuration, where the inner tube is the selective
membrane.
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Figure 1 Scheme of a tubular membrane reactor.

Table 1 Examples of reactions investigated in catalytic MRs and catalytic membranes

Reaction Membrane

Dehydrogenation of:

iso-butene Dense Silica

Ethylbenzene to styrene Dense Pd–Ag
Ethane to ethylene Dense; porous Pd–Ag; Al2O3

1-butene to butadiene Dense Pd

n-butane Porous �-Al2O3

Methanol Porous �-Al2O3

Hydrogenation of:

Butenes Dense Pd–Sb

Butadiene Dense Pd
Ethylene to ethane Dense; porous Pd; Al2O3

Other

Methane steam reforming (MSR) Dense Pd–alloy

Methane dry reforming Dense Pd–alloy
Partial oxidation of methane (POM) Dense Pd-based, perovskite

Water gas shift (WGS) Dense Pd–alloy

CO cleanup Porous Zeolite

Decomposition of H2S Porous �-Al2O3

Oxidation of secondary amine (liquid phase) Porous; dense Polymeric

Photooxidation of n-pentanol (liquid phase) Porous; dense Polymeric
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The function of porous or dense, ceramic, or
metallic membranes is only to remove selectively
one or more species from the reaction volume; how-
ever, these membranes do not participate actively in

the reaction (inert membrane). The permeating spe-
cies are collected inside the core of the inner tube,

which is the permeate side. The driving force pro-
moting the permeation is given by the partial
pressure difference of the i-species on both the mem-

brane sides. This can be created reducing the partial
pressure on the permeate side by means of a sweep

gas (inert such as N2, Ar, and He), or increasing the
pressure on the retentate/reaction side. The increase
of the feed pressure allows a permeate stream con-

centrated in the permeating species to be obtained,
not requiring further separation steps, which would

be necessary if a sweep gas were used. The choice on
which volume (annular space or tube core) can be
used for the reaction depends also on the energy
transport [34]. If the reactions such as methane

steam reforming (MSR) are energy intensive, the

annular space gives a better heat exchange than that

shown by same MR geometry with the catalyst

packed inside the membrane.
As stated previously, the membranes can also have

catalytic properties. In this case, since the reaction

takes place inside the membrane, the concentration

of reactants and products arises inside the membrane

itself. In particular, the fact that the reactants flow

through the membrane pores, passing at a short dis-

tance from the catalytic sites, leads to a higher

reactant–catalyst interaction with improved possibi-

lity in terms of conversion and selectivity (Figure 2).
A very high conversion can be achieved, for

example, in a purification process [35] operated

by reaction when the component to be removed

has a concentration lower than the other desired

species.
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Figure 2 (a) Cross section (scanning electron micrograph (SEM)) of a polyvinylidene fluoride (PVDF) hollow fiber membrane

loaded with Pd for in water dissolved oxygen removal [36]. (b) Scheme of a catalytic membrane with a cylindrical geometry

(tubular, capillary, or hollow fiber).
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3.03.2 Mathematical Modeling
of Catalytic MRs

A mathematical model of an MR is a set of equations

(partial or ordinary differential equations, algebraic

equations), which are able to simulate all the possible

evolutions of the variables describing the modeled

system in accordance with operating conditions: the

local variables (temperature, pressure, composition,

etc.) and the overall ones (e.g., flow rates, conversion,

and recovery). The general structure of these equa-

tions is the same as that of TRs. Generally, these

equations are the momentum, mass, and energy bal-

ances written for the reaction and permeate volumes

(Figure 3) and for the membrane (only for the cata-

lytic membranes). The local velocity field can be

considered known/assigned in most cases.
i-th species
perm

eation

M

Permeation si

Reaction sid

Sweep

Feed

Figure 3 Scheme of a catalytic membrane reactor (MR).
Moreover, for the liquid-phase reactions in which

no significant heat development is expected (e.g.,

membrane bioreactors for wastewater treatment)

and for isothermal reactions, the energy balance can

also be neglected.
In general, a mass balance accounts for the net

mass flow through an MR (‘in’� ‘out’þ ‘production’¼
‘accumulation’). The total mass entering into a system

(in) must react (production) or leave the system (out) or

accumulate in it (accumulation). If steady-state condi-

tion is considered, the accumulation on the reaction and

permeate sides is zero. The expressed mass balance,

on the reaction side, contains the term related to the

ith permeating species through the membrane. In

the mass balance for the permeate side, the same

permeation term has to be considered with the

opposite sign with respect to the reaction side.
embrane

de

e

Permeate

Retentate
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Usually, no reaction occurs in the permeate side,
even if some examples of coupled reactions in MRs
[37, 38] are present in the literature. In such a case,
the species produced on one membrane side perme-
ates through the membrane and reacts on the other
membrane side [39].

The above-reported considerations are general
and independent of the membrane type. The permeat-
ing flux law depends on the permeation mechanism
(solution-diffusion in dense or metallic membranes,
viscous, or Knudsen flux in porous membranes, etc.).

In the case of solution-diffusion mechanism (for
instance, dense polymeric membranes) the ith species
permeating flux through the membrane can be
expressed as

J
Permeating
i ¼ SiDi

Thickness
PFeed side

i – PPermeation side
i

� �
ð1Þ

where D is the diffusion and P the pressure.
For Pd-based membranes, the only permeating

species is the hydrogen (infinite membrane selectiv-
ity) and the permeating flux has to be expressed with
Sieverts’ law:

J Sievert
H2

¼
PermeabilityH2

Thickness

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
PFeed side

H2

q
–

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
PReaction side

H2

q� �
ð2Þ

In the case of porous membrane, when the pore size
is comparable or smaller than the mean free path of
molecules (e.g., microporous or zeolite membranes),
the permeation of species controlled by the Knudsen
diffusion and the permeating flux is expressed by

J
Permeating
i ¼ dpore

"

�
?

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1

3 R T Mi

r
�Pi

Thickness
ð3Þ

where "
?

is the porosity, � the space time, and P the
pressure.

The MRs might be distinguished as:

• distributed parameter systems, such as tubular
MRs, in which the state variables for both reac-
tion and permeate sides depend on axial and/or
radial position and

• lumped parameter systems such as completely
stirred MRs, in which both reaction and permeate
sides are described by global variables.
3.03.2.1 Tubular MR

A tubular MR is a tube-in-tube device in which the
inner tube is a permselective membrane promoting
the selective mass transfer of reactants/products
between the reaction and permeation sides. On both
sides, species compositions, temperature, and pres-
sures change along the reactor length and radial
direction; in addition, the permeation rate through
the membrane changes along the reactor length.
Therefore, in general, these systems must be
described by partial differential equations (PDEs).

A one-dimensional (1D) mathematical model pro-
vides satisfactory description of systems in which
radial gradients can be neglected. In this section, a
1D mathematical model for gas-phase reactions in
tubular MRs operating in steady state is presented.
The hypotheses are listed below:

1. Absence of radial species concentration profiles.
2. Assigned velocity field (plug flow on both mem-

brane sides).
3. Isobaric conditions on both membrane sides (neg-

ligible pressure drops in the catalytic bed of
laboratory-scale reactors. However, Ergun’s equa-
tion can be used for large-scale MRs).

4. Ideal gas behavior on both membrane sides.
5. Pseudo-homogeneous description of heteroge-

neous catalytic reactions: the void fraction and
specific catalytic surface are included into the
reaction rate expressions.

The mass balances on both membrane sides for a
tubular MR must be written for a differential refer-
ence volume, of dz length (see Figure 1). The MR
configuration (reaction in the lumen or in the annu-
lus) does not affect the mass balance equations for
both the reaction and permeation side.

The equations and the corresponding boundary
conditions (all defined at the inlet of the system,
initial value problem for the co-current configura-
tion) for the plug flow MR are reported in Equations
(4) and (5) for the reaction and permeate sides,
respectively. This equation set can be used indiffer-
ently for the reaction in the annulus or in the lumen.
All the constitutive equation terms are reported in
Table 2 for the reaction side.

The peculiarity in Equation (4) is given by the
term

–
AMembrane

V Reaction
J

Permeating
i

expressing the permeation of the species through the
membrane, with Ji

Permeating being the permeating
flux, which can be expressed, for instance, by one of
the equations (1)–(3), depending on the membrane
type considered. The selective removal of one or
more species involved in the reaction (reaction



Table 2 Mass balance of a tubular MR with cylindrical symmetry plug-flow MR (1D-first

order model) – co-current flow configuration – steady state

Reaction side
–

dNReaction
i

dz
þ

XNReactions

j¼1

vi;j rj –
AMembrane

VReaction
JPermeating

i ¼ 0

B:C: NReaction
i jz¼0 ¼ NFeed

i

ð4Þ

Permeate side

–
dNPermeation

i

dz
þ AMembrane

VPermeation
JPermeating

i ¼ 0

B:C: NPermeation
i jz¼0 ¼ NSweep

i

ð5Þ
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product) enhances the conversion as a direct conse-
quence of the Le Chatelier principle (i.e., improving
the kinetics by means of reduction of the reverse
reaction rate, increase of residence time owing to
the reduction of reaction side flow rate).

The equations of the permeate side are consti-
tuted of the same terms as at the reaction side,
except the one relative to the chemical reaction.
The term of the permeating flux through the mem-
brane has a positive sign because in this case H2

enters the permeation volume (see Figure 1). In
case MR operates as a reactant distributor, the signs
of the permeation terms for both the reaction and
permeation sides have to be reversed.

In the case of nonnegligible axial dispersion, a
term related to diffusive transport for the species
along the MR axis must be added in the equations.
A 1D second-order model has to be considered and
an additional boundary conditions (B.C.s) (e.g.,
Danckwerts’ condition expressing the absence of the
concentration gradient at the reactor exit) is required
for both the reaction and permeation volumes.

When radial profiles cannot be neglected, the com-
position, temperature, and pressure depend on the
radial coordinate and a different differential (axial
and radial) reference volume must be assumed. In
this case also, a term related to radial diffusion appears
in the balance equations and the mathematical model
is second-order 2D . In the meantime, the term related
to the permeation disappears from the equation; in
Table 3 Constitutive terms of mass balance

–
@NReaction

i

@z

Convective flux varia

þ
PNReactions

j¼1

vi;j rj

Reaction term involv

–
AMembrane

VReaction
JPermeating

i

Permeation term of t
fact, the membrane permeation is taken into account
by means of the B.C. at the membrane surface. This
B.C., expressing the permeating flux between the two
membrane phases, is the same for both the reaction
and permeate sides. Further, a second B.C. for the
radial coordinate is required (e.g., the absence of radial
flux on the symmetry axis and shell internal surface
for tube and annulus, respectively) (Table 3).
3.03.2.2 Catalytic Membranes

In the case of noninert membrane, the mass, energy,
and momentum balances have to be considered also
for the membrane itself as well as the feed/retentate
and sweep/permeate volumes. In particular, the cat-
alytic conversion of species that selectively permeate
through the membrane produces species concentra-
tion and also temperature profiles along the
membrane thickness. These profiles depend not
only on membrane catalytic activity and/or on cata-
lyst distribution inside the membrane, but also on the
permeating flux of reactants through the membrane.
In general, the operating conditions (temperature,
pressure, and stream composition) and the membrane
permselectivity affect the species-selective permea-
tion and, therefore, the reactants conversion and
reactions selectivity. For this reason, usually, mass
balance equations in the membrane phase have to be
coupled to the mass balance of the external phases.
equation

tion of ith species along the reaction side

ing ith species in all the reactions

he ith species through the membrane
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The enzyme-loaded MRs are an important cate-
gory of reactors that are increasingly becoming a
valuable alternative to traditional processes, for
example, in pharmaceutical application, water treat-
ment, and food processes. The enzyme interacts in the
membrane pores with species transported via convec-
tion or diffusion; the reactants are progressively
converted and the products continuously removed.

A typical enzyme-loaded MR has a tube (hollow
fiber)-and-shell configuration in which the big
enzyme molecules are immobilized in the pores of
asymmetric microfiltration membranes [40].

Depending on the process application (e.g., resolu-
tion of racemic mixtures in pharmaceutical industry or
wastewater treatment), a different main transport
mechanism can arise in the enzyme-loaded membrane.

In particular, two different examples of enzyme-
loaded MRs are discussed:

• A two-separate-phase MR for kinetic resolution
of racemic mixtures

• A pore-through flow for liquid-phase-dissolved
species conversion.
3.03.2.3 A Two-Separate-Phase
Enzyme-Loaded MR

The S-naproxen methyl ester hydrolysis via lipase is
considered as an important reaction widely used in
nonsteroidal anti-inflammatory drug production.

The reaction takes place at the interface between
two immiscible phases, the organic phase containing
only the reactant (S-naproxen methyl ester) and an
aqueous buffer solution in which only the product
(S-naproxen acid) is dissolved. The interface
between the organic and aqueous immiscible phases
is located inside the membrane pores.

The two separate phases, contained in two different
tanks, are continuously recycled into the hollow fiber
membrane module. The S-naproxen diffuses from the
bulk organic phase toward the interface inside the
membrane. From a modeling point of view, the inter-
face of phases where the reaction takes place is
assumed to be a slight shell located in the membrane
at a given radial position, depending on operating con-
ditions, namely the transmembrane pressure difference.
The thickness of this reactive layer has to be assumed
comparable to the dimension of enzyme molecules.

Looking at the whole system, the high stream
recycling rate and the low reaction kinetics allow
the external mass transfer resistances to be neglected
since no radial concentration profiles in the feed/
retentate and sweep/permeate sides or along (axial)

the hollow fiber membranes arise. Thus, both mem-
brane sides can be considered as lumped parameter

systems. In such a case, the two different membrane

sides can be considered as two time-evolving batch
systems, the concentration of reactant and product

being described by taking into account the instanta-

neous fluxes between the bulk phases and membrane.
Therefore, only the radial transport (diffusion and

reaction of reactants and diffusion of products)

occurring in the hollow fiber membranes charac-

terizes this system and is considered in the

modeling. A conceptual scheme is shown in Figure 4.
Considering an interfacial layer located on the

external membrane surface and a shell side feed

configuration (i.e., the products are recovered in the

hollow-fiber core), Equation (6) gives the transient,
1D, second-order mass balances and the initial and

boundary conditions (I.C. and B.C.s) in dimensionless

form for a Michaelis–Menten kinetics. The signs ‘þ’
or ‘�’ have to be referred to the product (S-naproxen

acid) and reactant (S-naproxen methyl ester),

respectively:

qCi

qt
þ 1

r

q
qr

– r
qCi

qr

� �	 

¼ �G2�2 DEster

Di

CEster

1þ CEster

� �
;

i ¼ ester or acid

t ¼ 0) Ci ¼ 0 ðI:C:Þ

r ¼ 1) CEster ¼ CEster tð Þ and
qCAcid

qr
¼ 0 ðB:C: 1Þ

r ¼ ODMembrane – 2d

ODMembrane
) qCEster

qr
¼ 0 and

CAcid ¼ CAcidðtÞ ðB:C: 2Þ
ð6Þ

Thiele modulus; �2 ¼ VMAX?�2

DEsterKM
ð7Þ

where V is the volume, C the concentration, D the
diffusivity, and K the kinetic constant.

Geometric factor; G2 ¼
ODMembrane
� �2

4ðlayer thicknessÞ2
ð8Þ

where OD is the outer diameter.
The Thiele modulus is the ratio of the intrinsic

chemical reaction rate in the absence of mass transfer
limitation to the rate of diffusion through the mem-

brane pores and G2 is a geometric factor, depending

on the length reference value used for the dimension-
less variables and � is the layer thickness.
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Figure 4 Two separate phase enzyme-loaded membrane reactor (MR).
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Equation (9) expresses the time evolution of reac-
tant (S-naproxen methyl ester) taking into account its
permeating flux (JEster(t)). A similar equation can be
obtained for the evolution of S-naproxen acid in the
buffer solution (Equation (10)):

Cbulk
Ester tð Þ ¼ C0

Ester –
AMembrane

V Organic

Z t

0

JEsterjr¼1dt ð9Þ

Cbulk
Acid tð Þ ¼ C0

Acid þ
AMembrane

V Inorganic

Z t

0

JAcidjr¼1dt ð10Þ

3.03.2.4 Pore-through Flow Mode Enzyme-
Loaded MR

The second proposed example deals with the model-
ing of wastewater-contained phenol degradation in
enzyme-loaded MR. In some applications, the porous
membrane acts as support, with the double advantage
of both improving the contact/interaction between
the immobilized enzyme and reactant molecules
contained in the feed stream flowing through the
membrane and reducing the separation cost of
enzyme from reactant mixtures at the end of homo-
geneous phase batch operations. In the second case,
each single membrane pore can be considered as a
plug flow reactor in which the reactant stream, flow-
ing from the feed/retentate to the sweep/permeate
side, is progressively converted. With respect, for
instance, to the case of the two-separate-phase
enzyme-loaded MR, the mass balance equations
contain also the term related to the convective flux,
besides the diffusive and, obviously, the reactive ones
(Table 4).

In the case of lumped parameter systems (no
species profiles in the bulk phases), the steady-state,
1D, second-order, dimensionless species mass bal-
ance equations in membrane and related B.C.s for a
reactant species are

PèPhenolG
qCPhenol

qr
¼ 1

r

qCPhenol

qr
þ q2CPhenol

qr 2

� �

– �2G2 CPhenol

1þ �CPhenol

r ¼ OR) C ¼ CFeed
Phenol ðB:C: 1Þ

r ¼ IR) qCPhenol

qr
¼ 0 ðB:C: 2Þ

ð11Þ

Peclet number; PèPhenol ¼
vr ?�

DPhenol
ð12Þ

The Peclet number, PèPhenol, relates the advection of
a flow to its diffusion, while �2 and G2 are the same
dimensionless groups already defined in Equations
(7) and (8); � ¼ �/vr is the residence time,

� ¼ CFeed
Phenol=KM is dimensionless Michaelis–Menten

constant. Finally, the velocity field in the porous
membrane, vr, can be predicted by Darcy’s law or
Brinkman’s equation. An equation similar to
Equation (11) must be considered for the reaction
product.



Table 4 Energy balance equations of a tubular MR plug-flow MR (1D-first order model) – steady-

state

Annulus

–
PN species

i¼1

NiCpi
qT Annulus

qz
þ UShellAShell

V Annulus
T Furnace –T Annulus
� �

þ

–
UMembraneAMembrane

V Annulus
T Annulus –T Lumen
� �

þCþ j
AMembrane

V Annulus
¼ 0

I:C: T Annulusjt¼0 ¼ T Annulus; Initial

B:C: T Annulusjz¼0 ¼ T Feed or T Sweep

ð13Þ

Lumen

–
PN species

i¼1

NiCpi
qTLumen

qz
þ UMembraneAMembrane

VLumen
TAnnulus – TLumen
� �

þ

þCþ j
AMembrane

VLumen
¼ 0

I:C: TLumenjt¼0 ¼ TLumen; Initial

B:C: T jz¼0 ¼ TFeed or TSweep

ð14Þ
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3.03.2.5 Energy Balance

Usually, heat developed during chemical reactions

promotes a temperature profile. Any temperature var-

iation means variations of kinetics (reaction rate) and,

specifically for MRs, species permeance and permeat-

ing flux. When the heat involved in the reaction

produces a sensible temperature change (e.g., the

MSR in a highly endothermic reaction), the energy

balances for both the membrane sides have to be con-

sidered as part of the equation set in addition to the

mass balances. In the cases in which a low concentra-

tion dissolved species reacts in a liquid phase (e.g., the

S-naproxen methyl ester hydrolysis), negligible ther-

mal effects can be assumed. In any case, the knowledge
Table 5 Characteristic terms of energy balance in MRs

j ¼
0 on reaction side

JPermeating
i

�
hTReaction

i – hTPermeation

i

�
on permeation side

8<
:

C ¼
PNReaction

j¼1

rj – �Hj

� �
on reaction side

0 on permeation side

8>><
>>:
of the temperature profiles and the effect that these
profiles produce on the membrane properties allow the
MRs to be performed in the best operating conditions.

Equations (13) and (14) are the energy balances
and the corresponding initial and boundary condi-
tions written down for the 1D tube-in-tube systems.
These equations have to be coupled to the mass
balance equations (4) and (5). The energy balance
contains the heat exchange between the two mem-
brane sides and that transported by the permeated
species. The annulus exchanges heat with the furnace
and lumen side, whereas the stream in the lumen
exchanges heat only with the annular volume.

The heat generated by the reaction, (see
Table 5), is present in the equation of the annulus
Temperature variation owing to enthalpy flux

associated with ith species permeation

(15)

Heat produced by chemical reactions (16)
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or lumen side, depending on the configuration used.

The contribute transported by permeated species, j,

is different from zero on the permeate side (it con-

tributes to increase the temperature), but is null on

the other side, because it leaves the reaction side at

the same temperature. The system behaves as a split-

ting point of a stream, where only the extensive

variables (flow rate, stream enthalpy, etc.) but not

the intensive one (e.g., temperature) undergo

variations.
3.03.3 Simulations

In this section, the analysis of some simulations of

catalytic MRs and catalytic membranes is provided,

with the aim to highlight the role of selective per-

meation through the membrane of some of the

involved species on conversion and selectivity of

reaction.
In particular, as in the previous section, some

examples of tubular MRs (1D models for Pd-based

MRs) and enzyme-loaded MRs are discussed.
The main parameters affecting the MR perfor-

mance are:

• reaction and permeation pressures;

• temperature on both membrane sides;

• space velocity, space–time residence;

• feed molar ratio;

• reactor length;

• sweep factor; and

• amount of immobilized catalyst (enzyme).
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The main variables expressing the MR performance are:

• conversion;

• species recovery;

• volume index; and

• conversion index.

The temperature strongly affects the performance of
an MR both in terms of conversion and recovery of the
permeating species. Although from a thermodynamic
point of view the temperature promotes endothermic
(e.g., MSR) or depletes exothermic (e.g., water gas
shift, WGS) reactions, it always acts positively on the
kinetics and, in an MR, on permeation too.
3.03.3.1 Tubular Pd-Based MRs

Figures 5 and 6 show the CO conversion and H2

recovery calculated with a 1D nonisothermal model
[41], simulating the WGS reaction in a Pd–Ag MR.
The simulations were carried out for two equimole-
cular feed mixtures, the first one containing only CO
and H2O, the other having a typical syngas composi-
tion and, thus, containing H2 and CO2 also.

CO conversion in both MR and TR shows an
increasing trend following the kinetics at a low reactor
temperature, then decreases for a reactor temperature
higher than 250 �C, owing to the limitations imposed
by the thermodynamics of the WGS exothermic reac-
tion. For both the feed mixtures, CO conversion of an
MR is always higher than that of a TR and exceeds
also the traditional reactor equilibrium conversion
(TREC). However, TREC is significantly exceeded
when a H2-containing mixture is fed to the MR.
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H2 recovery increases with the temperature, since
H2 permeation is favored and it is much higher as the

feed pressure is much higher, owing to the increase in

driving force. Higher recoveries were obtained with

the H2-containing mixture, confirming the greater

advantages in the use of an MR with respect to the

conventional applications.
Figure 7 shows CO conversion and H2 recovery

of a tubular Pd–Ag MR in which the WGS reaction is

performed. The simulations carried out with a 1D

model analyze the effect of the Damköhler’s number

(the ratio between reaction rate and convective mass

transport rate) on the MR performances:

Da ¼ kCn – 1
o � ð17Þ

Both CO conversion and H2 recovery increase along
the MR up to a plateau, which is reached faster for a
higher Da. In particular, a high Da (higher space time)
favors CO conversion and thus the H2 produced,
allowing higher H2 recovery to be obtained. On the
contrary, a low Da (reaction time much higher than
space time) indicates that less H2 is produced by the
reaction with consequent low recoveries.

By means of the model it was possible to analyze
the temperature profiles corresponding to CO con-

version and compare them with TR results, at given

Da, temperature, and different feed pressures.

Figure 8 shows that the CO conversion profile

increases along the reactor length. As the feed pres-

sure increases, higher CO conversions are obtained at

a shorter MR length, owing to the positive effect of

the pressure on H2 permeation. Temperature profiles

increase on the first part of the MR and then decrease

because the heat exchange is higher than the heat
generated by the reaction. Therefore, the maximum

temperature and, thus, the slope of the temperature

profile after the maximum depend on CO conversion

establishing the heat production. The temperature

reduces when CO conversion tends to a plateau,
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since when CO is almost completely converted the

net heat flux leaves the system by conductive

exchange with the external environment.
An analogous model, taking into account also the

energy transfer associated with the hydrogen per-

meation through a Pd-based membrane during

MSR reaction, was used for analyzing the energy

transport for different (annular and tubular) config-

urations of the MR. In particular, the simulations at

different furnace temperatures showed that in all the

cases the annular MR has higher efficiency with

respect to the tubular MR (Figure 9). In fact, an

annular MR reaches the equilibrium conversion in

a shorter reactor length, since the endothermic reac-

tion energy requirement can be more easily supplied

from the furnace to the annulus with respect to the

tube side (lower overall energy transfer resistance).

The energy required by reaction increases with the

temperature due to an increase in the equilibrium

conversion. Further, the difference in the conversion

between annular and tubular configurations increases

with the temperature due to an increasing difference

in the overall heat transfer coefficient between the

furnace and reaction side.
The analysis of the species profiles along the reactor
axis gives interesting indications also for foreseeing the
MR behavior as a function of some operative para-
meters. In the simulation of WGS reaction in Pd–Ag
MR, Brunetti et al. [3, 41] proposed the analysis of the
species distribution and partial pressure profiles along
the MR axis at different feed pressure and Damköhler’s
numbers. In the case of only reactants containing mix-
ture (Figure 10), all the species, except H2, present
monotonic profiles. H2 profile increases in the first part
of the reactor, reaches a maximum, and then decreases.
In fact, in the first part its concentration increases,
owing to both its production due to the reaction
and, until an opposite driving-force exists, the back-
permeation through the membrane (in z¼ 0, there is
no H2 in the reaction side and 100% of H2 in the
permeation side). On the second part of the MR, the
H2 concentration decreases since the H2 permeation
flux is higher than its production by the reaction.

When the second mixture is fed to the MR, H2

begins to permeate also at z¼ 0 (Figure 11), the H2

partial pressure on the reaction side being higher
than that of the permeation side. The retentate H2

partial pressure decreases until it reaches a plateau
(no more significant permeation).

The MR length at which the partial pressure
profile achieves a plateau depends on the feed con-
dition (Da and feed pressure). A low Da (the catalyst
is not enough to give higher conversions and as a
consequence higher hydrogen production,
Figure 12) means a space time lower than the
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characteristic reaction time, and thus the reactor
volume is not sufficient to complete the reaction,
this being the rate-determining step. Furthermore,
only a part of H2 produced by the reaction is recov-
ered on the permeate side, and a significant residual
permeation driving force is observed at the MR out-
let. On the contrary, for a high Da, the residence time
between the reactants and the catalyst is enough to
achieve higher conversions and, as a consequence,
higher hydrogen production.

Caravella et al. [43] presented an interesting ana-
lysis about the advantages in using a permeative-
stage MR instead of a conventional MR. In this
study, a unit consisting in intermediate Pd-based
membrane stages for H2 permeation alternated to
reactive stages was considered with the aim to max-
imize some important performance indexes for the
reaction considered (namely, CH4 conversion and H2

recovery in the case of MSR reaction). In particular,
using a 1D model and assuming the total length for
all the reactive stages equal to one of the permeative
stages, two optimal distributions of these lengths
were found (providing the highest CH4 conversion
or the highest H2 recovery). The performances
obtained from the optimization were compared to
the ones of a conventional MR with the same total
amount of catalyst and installed membrane area. The
authors showed (Figure 13) that the permeative-
stage MR allows, alternatively, the CH4 conversion
or H2 recovery of a conventional MR (dashed line in
the plots) to be exceeded, depending on the consid-
ered optimization criterion (objective function).
While CH4 conversion remains constant along the
permeative stages, H2 recovery reduces along the
reactive stages, but this reduction has to be consid-
ered apparent owing to the fact that the total already
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Reproduced from Caravella, A., Di Maio, F. P., Di Renzo, A. J. Me
permeated H2 is now compared with an increasing
amount of produced H2 (the reaction is continuous).

The modeling and simulation analysis is not only
important for the prediction of the system perfor-
mance, but it can also provide useful tools to foresee
some important phenomena occurring in a mem-
brane system that must be taken into account in the
MR design. One of these is the concentration polar-
ization that affects the permeation capability of a
membrane reducing the permeation driving force of
the faster species. In particular, Caravella et al. [44]
quantified this phenomenon in the so-called polar-
ization maps for the hydrogen separation membrane
system with a Pd–Ag membrane. These maps pro-
vide an opportune factor, the concentration
polarization coefficient (CPC), corresponding to a
driving force reduction term that must be considered
in Sieverts’ law. The CPC depends on operating
conditions and must be included in the permeating
flux expression. The CPC is obtained as the ratio of
the flux calculated considering the resistance of all
the elementary steps involved in the H2 permeation
(Figure 14) and the one obtained by Sieverts’ law
utilizing the bulk driving force and hydrogen
permeance.

The analysis showed that the polarization effect
(Figure 15) can be relevant (CPC higher than 20%)
not only when using very thin membranes (1–5 mm),
but also when thicker membranes (e.g., 50 mm) are
operated in specific conditions (CPC¼ 0.05–0.10).

When radial functions (e.g., polarization concen-
tration) unfavorably affecting the MR performance
begin to be important, 2D mathematical models are
needed in order to provide exhaustive prediction of
MRs. For instance, in Pd-based membrane applica-
tions a fast H2 permeation, a slow radial species
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diffusion, and an enhanced velocity gradient in the

feed/retentate side are all factors promoting the per-

meating species radial profiles.
Tiemersma et al. [45] elaborated a radial diffusion

model that provides better prediction than the ideal

plug flow mode, mostly when a high sweep factor

promotes a high H2 recovery (high H2 flux). In parti-

cular, a 2D pseudo-homogeneous model was

developed for simulating autothermal reforming of

methane in a packed-bed MR. Even if radial concen-

tration profiles are not very pronounced with the

currently available membrane fluxes, the model

shows how an increased membrane permeability (by

a factor of 2 and 4 with respect to the reference case

with a 4.5-mm thick membrane) enhances transport of

hydrogen also producing significant concentration

polarization (Figure 16). At a higher permeability,

the relative difference in H2 weight fraction between

the center and the membrane wall (at 10% of the

reactor length) increases from 8% to approximately

30% at quadrupled permeability, indicating that at

higher membrane permeabilities indeed mass trans-

port limitations to the membrane wall will negatively
affect the reactor performance resulting in a decrease
of H2 permeation driving force.
3.03.3.2 A Two-separate-Phase
Enzyme-Loaded MR

In the case of the S-naproxen methyl ester hydro-
lysis, solving the PDE system reported in Equation
(9) is possible to evaluate the species concentration
profiles in the respective phases inside the membrane
pores at the two interface sides [46]. In particular,
using the overall mass balance equations (Equation
(9)), the organic bulk phase S-naproxen methyl ester
conversion as a function of time for values of three
Thiele moduli was evaluated and is shown in
Figure 17. The same figure also indicates some
experimental data carried on a laboratory scale
setup (full circles, [47]). According to the fact that
the higher the �2 (Equation (7)) the higher the cat-
alytic activity, increasing this parameter a higher
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S-naproxen methyl ester conversion is achieved in
the enzyme-loaded MR.

In particular, since the right VMAX and KM values
for the immobilized lipase in porous asymmetric
membranes are unknown and the effective S-
naproxen methyl ester diffusivity was experimentally
evaluated [48], the modeling allows the Michaelis–
Menten kinetic parameters to be estimated, provid-

ing a conversion trend matching the experimental
data:

�2 ¼ VMAX?�2

DEsterKM

where V is volume, D is diffusivity, and K is kinetic
constant.
3.03.3.3 Pore-through Flow Mode: An
Enzyme-Loaded MR

Regarding the biodegradation of wastewater-con-
tained phenol by means of tirosinase in a hollow
fiber MR, Figure 18 [50] shows the predicted phenol
concentration profile along the radial coordinate
inside the porous enzyme-loaded membrane, at dif-
ferent Thiele modulus (�2). A large value of �2

indicates that the process is diffusion limited while
its small value means limitation by reaction kinetics.
In this case, the phenol concentration reduces mono-
tonically from its maximum value (the feed
concentration) at the outer membrane surface. A
large value of this parameter (�2) indicates a fast
kinetics. The higher the Thiele modulus, the higher
the phenol conversion (i.e., the lower the phenol
concentration at the inner membrane surface).
Based on these results, much more enzyme should
be loaded in unitary membrane area to accelerate the
biotransformation of the phenol.

Figure 19 shows the effect of feed composition on
the enzyme-loaded MR performance. In particular,
the conversion was evaluated as a function of phenol
feed concentration for three Thiele modulus values
(1, 5, and 10) at a Peclet of 3.04. Any change in the
reactant feed concentration means a variation of the
dimensionless Michaelis–Menten parameter (�). As
expected, the higher the feed concentration, the
lower the phenol conversion, owing to the fixed
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biocatalyst loading, at a fixed Thiele modulus. At a
higher �2, the phenol conversion is shifted toward
higher values. The MR is able to process a higher
amount of phenol for a concentrated feed with
respect to a diluted one, in a given operation time.
Considering, for instance, the case of �2¼ 10, pas-
sing phenol feed concentration from 0.1 to 1 mM,
the conversion reduces from 51% to 33%.
However, in the second case (1 mM) the overall
amount of converted reactant is about six times
the one converted when the feed composition is
10-fold lower.
3.03.4 Potentiality and Perspectives
of MRs

Today, membrane technologies are becoming a valu-
able alternative to the traditional process, not only in
the field of separations [51], but also in the field of
chemical transformations [52]. In fact, MRs are today
well studied, developed, and applied to an increasing
number of processes in all the fields of chemical
industry.

For instance, in H2 production for fuel-cells-
powered vehicles or turbines, by means of natural
gas steam reforming, apart from the enhanced exploi-
tation of the fossil fuels (higher conversion and H2
recovery at a given operating condition), the use of

MRs allows in the meantime to concentrate the pro-

duced CO2 (in the retentate stream).
Currently, MRT (Membrane Reactor Technology)

has developed a proven, proprietary technology to

generate low-cost, high-purity hydrogen [53, 54]

more efficiently than conventional methods of steam-

methane reforming natural gas. Based on patented

fluidized-bed Pd-alloy MR technology, the process

combines hydrocarbon reforming, shift conversion

and hydrogen purification in a single step.
One unit was supplied to Tokyo Gas, giving

improved performance in comparison with fixed-
bed membrane reformers (Figure 20). Another

unit was also provided to BOC (BOC Gases – a

company of The Linde Group [55]) in a project

sponsored by the US Department of Energy.

Actually, the units are initially geared to capacities

in the 15–50 N m 3 h�1 range; the technology can be

readily scaled to higher and/lower capacities as

required by the applications.
MTR is also working to combine sorbent-

enhanced reforming, with calcined-limestone cap-
ture of CO2, with membrane-enhanced reforming.

This combination can improve reforming efficiency,

greenhouse gas capture, and better energy

integration.
Recently, new metrics for comparing membrane

operation performances with those of conventional

units have been introduced [56, 57, 58]. With

respect to the existing indicators, these new metrics

take into account the size, the flexibility, and the
yield of the plants. They are useful for having an

immediate indication of the eventual gain that a

membrane operation offers with respect to a tradi-

tional one. In this sense, they are useful also for

indicating whether the membrane or the traditional

operation is more suitable for a specific process. In

particular, referring to the evaluation of the

MRs performances, the following indexes were

defined [41]:

• volume index (VI), defined as the ratio of the
catalytic volume of an MR and a TR, for reaching

a set CO conversion:

Volume index ¼ VolumeMR

VolumeTR

�����
Conversion

ð18Þ

• conversion index (CI), the ratio between the con-
version of an MR and a TR, for a set reaction

volume:
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Figure 20 Photograph of the Tokyo gas hydrogen fuel station [53].
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Conversion index ¼ ConversionMR

ConversionTR

�����
Catalyst

ð19Þ

The volume index is an important parameter in
installing new plants which must be characterized
by low size and high productivities. VI is an indicator
of the productivity of MR and it compares the MR
reaction volume with that of a TR, necessary to
achieve a set conversion.

VI ranges from 0 to 1. A low VI means that the
reaction volume required by an MR to reach a set
CO conversion is much lower than that necessary for
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Barbieri G., Drioli E., J. Membr. Sci. 2007, 306, 329–340, with p
a TR. As a consequence, the catalyst weight neces-

sary in MR is significantly reduced.
Considering the WGS reaction as a case study, it

can be seen that VI is a decreasing function of the

feed pressure, owing to the positive effect that the

latter has in an MR on CO conversion. MR reaction

volume is 75% of the TR one at 600 kPa and

reduces down to 25% at 1500 kPa, when an

equimolecular mixture is fed and a final conver-

sion of �80% (corresponding to 90% of the

TREC) is considered. This means a reduction in

plant size and related costs (Figure 21). Feeding a
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typical syngas stream containing also hydrogen

(20:20:50:10¼CO:H2O:H2O:CO2) into the Pd–Ag

MR, the VI is further lower owing to the low

value of the equilibrium conversion (Figure 22).

Therefore, the catalyst amount necessary to reach

a suitable conversion is drastically reduced with

clear gain also in terms of plant size reduction.
Figure 23 shows the dependence of the VI on the

reactor temperature. Feeding an equimolecular mix-

ture or a syngas stream VI decreases at the higher

temperature, owing to the positive effect that the

temperature has on the hydrogen permeation,
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Figure 23 Volume index as a function of feed pressure
with two different feeds. Feed pressure¼1000 kPa. Set CO
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which implies higher CO conversion and that, in
other terms, less catalyst volume is required at higher
temperature for reaching a set CO conversion. This
effect is much more evident for the reformate feed
stream containing also hydrogen.

Another improvement in the MR configuration
that leads to a further reduction of the VI was pro-
posed by Barbieri et al. [59]. Referring to the feed
mixtures at high CO content, the authors proposed to
allocate the membrane only in the second part of the
catalytic bed, in order to assure a good exploitation of
the whole membrane area for the permeation.
Considering an equimolecular feed mixture, at
600 kPa the innovative MR showed a VI of 40%,
lower than that shown by the simple MR (65%) at
the same operating conditions (Figure 24).

This suggests the clear gain in the use of the
innovative solution that, allowing the problems
related to the good exploitation of the membrane
area to be overcome, shows further reaction volume
reduction with respect to that achieved with the
traditional MR. From the evaluation of VI, also con-
sidering membranes other than Pd–Ag, such as silica,
it was observed that globally the MR offers better
performance than TR. At high feed pressure, the
reaction volume of the MR with the silica membrane
was calculated to be one-half of the TR volume at the
same operating conditions, but higher than that of a
Pd–Ag MR (Figure 25).

This effect is mainly due to the fact that Pd–Ag
shows infinite hydrogen, whereas a microporous
membrane is permeable also by the other gases;
hence, more catalyst volume is required for reaching
the same CO conversion.

The capability of reaching a conversion higher than
a TR, exceeding the TR equilibrium limits, is a typical
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innovative membrane reactor (MR) configuration.
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property of an MR. The conversion index, defined as
the ratio between the conversion achieved in an MR
and that of a TR, for a set reaction volume, gives an
evaluation of the gain in terms of conversion and its use
is particularly indicated when the feed mixture also
contains reaction products. A high CI implies a rele-
vant gain in terms of conversion achieved in an MR
with respect to the conventional reactor one, with the
same reaction volume, meaning better raw material
exploitation and lower waste. The MR are pressure-
driven systems. Therefore, CI is an increasing function
of the feed pressure as shown in Figure 26.

In particular, a CI of �2 was achieved at
200 kPa, whereas a CI of �6 was reached
at 1500 kPa feeding the reformate stream
(20:20:50:10¼CO:H2O:H2O:CO2). However, already
at 500 kPa, a CI is equal to 4. When an equimolecular
0

2

4

6

C
on

ve
rs

io
n 

in
de

x 
(–

)

500 1000 1500
Feed pressure (kPa)

H2O:CO = 50:50
Syngas mixture

Figure 26 Conversion index as a function of the feed

pressure for different feeds. Furnace temperature¼280 �C.
feed containing only reactants is fed to MR, CI
ranges from 1.5 to 1 because the TR conversion is
already high. However, a CI equal to 1.5 indicates
�95% of CO conversion, implying not only a pure
H2 stream in the permeate side but also a CO2 con-
centrated retentate stream easy to recover.
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Nomenclature
AM membrane area (m2)

CA molar concentration of specie A

(mol m�3)

D diffusivity (m2 s�1)

Da Damköler number (–)

Deff effective diffusivity (m2 s�1)

DK Knudsen diffusivity (m2 s�1)

DK
eff

effective Knudsen diffusivity (m2 s�1)

Dm
eff effective molecular diffusivity

(m2 s�1)

Eapp apparent activation energy

(J mol�1)

Ediff activation energy describing the

temperature dependence of the

specie A diffusivity (J mol�1)
Ein intrinsic activation energy (J mol�1)

Esat activation energy describing the

temperature dependence of the

specie A solubility (J mol�1)

Gz Graetz number (–)

H Henry constant (–)

k kinetic constant (m s�1)

kc local mass transfer coefficient

(m s�1)

kg mass transfer coefficient in the gas-

phase boundary layer (m s�1)

kl mass transfer coefficient in the

liquid-phase boundary layer (m s�1)

KG overall mass transfer coefficient

defined against the gas-phase molar

concentration (m s�1)
81
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KL overall mass transfer coefficient

defined against the liquid-phase

molar concentration (m s�1)

L membrane length (m)

M molecular mass (mol kg�1)

NA molar flux (mol s�1 m�2)

P pressure (Pa)

rA reaction rate per volume of catalyst

(mol s�1 m3)

r9A reaction rate per mass of catalyst

(mol s�1 kg)

Re Reynolds number (–)

rp pore radius (m)

Sc Schmidt number (–)

Sh Sherwood number (–)

tM membrane thickness (m)

u fluid velocity (m s�1)

VM membrane volume (m3)

� dimensionless coordinate (–)
�p breakthrough pressure (Pa)

" porosity (–)

� int internal effectiveness factor (–)

� overall overall effectiveness factor (–)

� contact angle (–)

� viscosity (kg m�1 s�1)

� membrane density (kg m�3)

s surface tension (N m�1)

� tortuosity (–)

� Thiele modulus (–)

Subscripts

G, g gas phase

i interface

L, l liquid phase

r radial coordinate in channel

geometry

x, z axial coordinate
3.04.1 Introduction

There is very little doubt that membranes were cer-
tainly conceptualized and introduced for their ability to
separate different components by exploiting their dif-
ferent physical characteristics. Nevertheless, their use
as a process plant unit, where a chemical reaction also
takes place, has been proved to be of enormous poten-
tial, and a very large number of studies have been
carried out in universities and research center labora-
tories. At the same time, membrane chemical reactors
have started to become a reality in modern process
plants. Process intensification is one of the many rea-
sons for such a vast interest: the possibility, for example,
to merge the reaction and the separation step in a single
unit is far too appealing to leave it uninvestigated [1].

To provide a thorough review of all the scientific
works published in the past few decades on the sub-
ject of membrane reactors is not an aim of the present
work, and, in any case, it would be an impossible task
given the sheer size of the information currently
available. For this purpose, the reader can refer to
excellent works which have been published in recent
years for a summary of scientific advancements, start-
ing, for example, from the work of Krishna and Sie
[2] who addressed the individuation of the best reac-
tor configuration compatible with process
requirements for multiphase reactor systems, to the
contributions by Coronas and Santamaria [3] and by
Dixon [4] devoted to the development and opportu-
nities in the use of inorganic membrane reactors, to
finally the recent presentation of Rios et al. [5] who
reported the huge potential applications in the not-
so-distant future of membranes in biotechnology.

As any other chemical reactor unit, membrane
reactors can be first classified depending on the pre-
sence or absence of a catalytic material to enhance
reaction rate. Moreover, the reaction can take place
on the inner side of the membrane, or the outer side,
or inside the membrane structure itself, so that six
possible arrangements can be identified overall. Each
arrangement is briefly described, and typical results
from the literature are presented in the next section.
3.04.1.1 Some General Considerations
on Membrane Reactors

In general, membranes are used to separate selec-
tively at least one of the components present in a
gas or liquid phase. An interesting and less-known
use of membranes is their use as an interface, which
segregates two different fluid phases, with a chemical
reaction also taking place. The two fluid phases can
be two immiscible liquids, or a gas phase and a liquid
phase. The role of the membrane is to offer a well-
defined and constant contact area between the two
fluid phases. When no chemical reaction is taking
place on a catalyst, as in a membrane contactor, the
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membrane is simply used to interface the two phases;

the use of the proper membrane configuration and

geometry allows the achievement of a very high

interphase contact area in very small volumes and,

in turn, in very compact systems. The mass transfer

between the two phases interfaced by the membrane

is obviously improved or enhanced in the presence of

a homogeneous reaction in one of the two phases.
In a three-phase catalytic membrane reactor, the

membrane has catalytic properties such that a reaction

takes place in the membrane structure. The mass

transfer phenomena, typical of a membrane contactor,

can also be encountered in a three-phase catalytic

membrane reactor; in this case, the overall efficiency

concerning the effective catalytic layer utilization will

depend, as discussed subsequently, both on the influ-

ence of the mass transfer rate in the two phases and on

the combined mass transfer and reaction rate in the

catalytic membrane structure.
The interface area per unit of system volume is

related to the geometry and configuration of the

membrane module [6]. Different membranes and

membrane modules are now commercially available,

and each of them can be characterized in terms of

packing density. Packing density is usually defined

as the ratio between the membrane surface area and

the volume of the membrane module. Table 1

shows some typical membrane packing density

values. Membranes can have different geometries,

for example, as

1. flat sheets which can be assembled either in a plate
and frame or in a spiral-wound module; or

2. tubes (single or multichannel) or hollow fibers
(diameter between 50 mm and 3 mm).

Hollow-fiber membranes offer the highest interfacial
area and are therefore thoroughly investigated for

applications in membrane contactors [7].
Table 1 Packing density of some membrane modules

Membrane geometry and module
Packing density
(m2 m�3)

Single plate 30–40

Plate and frame 200–400
Spiral wound 300–900

Single tube 30–300

Multichannel 300–600
Hollow fiber 9000–30 000

Adapted from Hsieh, H.P. Inorganic Membranes for Separation
and Reaction. Elsevier: Amsterdam, 1996.
3.04.1.2 Materials for Membrane Reactors

Membrane reactors material can be inorganic or
polymeric. The commercially available hollow fibers
are polymeric, but there is a great effort in exploring
methods to manufacture mechanically resistant inor-
ganic hollow fibers. Polymeric porous membranes
are usually employed as membrane contactors; how-
ever, recently, there is a growing interest in the use of
zeolite membranes [8]. Both polymeric and inorganic
porous catalytic membranes are used for catalytic
membrane reactors, and there are also some exam-
ples of dense polymeric catalytic membrane reactors.
The catalyst is introduced in the membrane porosity
using various methods, such as impregnation techni-
ques (using catalyst precursors which may or may not
interact with the membrane material) or homoge-
neous controlled precipitation [9].

In three-phase catalytic membrane reactors, the
membrane usually acts as an interface between two
phases. The membrane then imposes the modality of
meeting between the reactants contained in the dif-
ferent fluid phases and, eventually, with the catalytic
specie contained in the membrane structure. It is
then clear that the proper membrane material selec-
tion and a suitable design of the catalytic membrane
are crucial for the success and effectiveness of a
three-phase membrane reactor.

The selection of the membrane material and
structure is clearly related to the characteristic the
reaction environment (solvent properties of the fluid
phases, pH) and to the operating conditions (e.g.,
temperature and pressure). Membranes are typically
made from polymers or inorganic materials (e.g.,
ceramics and metals) or from polymer-inorganic
composites. Since the application of membrane reac-
tors for gas- or vapor-phase reactions requires a good
thermal stability of materials, a greater interest has
been typically devoted to inorganic materials. With
specific reference to three-phase membrane reactors,
the possibility of using milder operating conditions
opens new and interesting opportunities for poly-
meric membranes as well. The choice of a suitable
material for a membrane reactor is related to its
stability in the reaction environment during the reac-
tion and on the operation time. Moreover, the
presence of a hydrophobic or hydrophilic character
can have an influence on the reactor performance,
since the membrane is filled by one fluid rather than
the other one. Considering a three-phase membrane
reactor working between a gas phase and an aqueous
phase, most of the nonhydrosoluble polymeric
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membranes could find an application. When one of
the reacting phases is (1) an aqueous phase containing
aggressive components (e.g., chlorine) or (2) an
organic solvent, the compatibility or the stability of
the polymeric membrane in the solvent at the oper-
ating conditions should be verified.

Polymeric membranes are widely available in the
market in several configurations and with different
structures. For the applications as membrane contac-
tors and, in turn, as membrane reactors, the flat,
tubular, and hollow-fiber configurations are the
most investigated. Polymeric membranes to be
applied in three-phase membrane reactors can be
dense or porous. For example, a dense membrane
can be applied to a fluid phase containing a reactant,
which, because of its solubility in the membrane
polymer, can diffuse on the other side of the mem-
brane to meet the gas-phase reactant. Concerning
porous membranes, the pore distribution along the
membrane thickness can be uniform (symmetric
membranes) or can vary with/without the presence
of cavities. The membrane synthesis methods now
available allow one to obtain several distribution
models of pore and cavities, especially for hollow-
fiber membranes.

Common inorganic materials for membranes are
single oxides (alumina, titania, and zirconia) or mixed
oxides (e.g., alumina–titania and alumina–zirconia),
aluminosilicates and zeolites, and porous stainless
steel, glass, or carbon. Inorganic composite mem-
branes can be obtained by the combination of
the previous inorganic materials. Table 2 sum-
marizes the stability characteristics of some ceramic
materials. Inorganic membranes studied for the
application in multiphase membrane reactor usually
have a tubular geometry, either single channel
(Figure 1(a)) or multichannel (Figures 1(b)–1(f)).
Recently, inorganic hollow-fiber membranes are
Table 2 Chemical and thermal stability of some inorganic mat

Composition Stability in acid and alkali

Alumina Stable in HCl, HNO3

Unstable in HF, H3PO4, hot H2

NaOH

Titania Stable in HCl, HNO3, NaOH

Unstable in HF, hot H2SO4

Zirconia Stable in HCl, HNO3, NaOH

Unstable in HF, H3PO4, hot H2

Silica Stable in HCl, HNO3, H2SO4, H
Unstable in HF, NaOH
under development and, in principle, they can offer
a higher packing density, although they are in many
cases still too brittle; therefore, they will probably
find interesting applications as three-phase mem-
brane reactors in the near future.
3.04.1.3 Catalytic Membrane Preparation

The deposition of the catalyst in the membrane
structure can be carried out using different methods,
which in turn results in different catalytic activity
and catalytic site distribution. A review about the
preparation methods of polymeric catalytic mem-
branes was given by Ozdemir et al. [10], which is
not reiterated here. Most of the deposition methods
on inorganic supports have been adapted from the
traditional ways of deposition of a catalyst on pellets;
a general overview is presented in the following
paragraphs with the aim to introduce the reader to
a topic that still requires further investigations.

When a catalytic membrane reactor is considered,
it can be interesting to tune the catalyst distribution
inside the membrane structure. Figure 2 shows some
possible catalyst distributions. Figure 2(a) refers to a
membrane made up of a single support material on
which the catalysts have been deposited homoge-
neously all over the membrane structure (case 1) or
preferentially in a specific position in the membrane
itself (cases 2 and 3). Conversely, Figure 2(b) repre-
sents a membrane made up of two different materials,
with the catalysts deposited only in one of the mate-
rials. Needless to say, since in three-phase membrane
reactors the membrane acts as an interface between
the two reacting phases, a catalyst deposition which
results in a distribution of the active specie leading to
a reduction of the diffusion path of reactants would
be desirable.
erials for membrane preparation

Notes

pH stability: 0–14
SO4, hot 	-Alumina shows a wider pH

stability range than 
-alumina

pH stability: 0–14

Unstable under hydrothermal

SO4 conditions

pH stability: 0–14

3PO4 pH stability: 0–10
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(d) (e) (f)

Figure 1 Some commercial ceramic membrane modules:

(a) single-channel module; (b, c) three-channel ceramic (b)
and composite carbon–ceramic (c) modules; (d–f)

multichannel modules.

(1)

Membrane section Catalyst distribution(a)

(b)

(2) (3)

Figure 2 Catalyst distribution in catalytic membranes.
(a) The membrane is constituted of a top layer containing

the catalyst. (b) The catalyst distribution (1, 2, or 3) can be

coupled with different pore-size distributions along the

membrane cross section (1, 2, or 3).
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Basically, the catalyst deposition techniques from
solutions of the catalyst or of a catalyst precursor can
be roughly grouped into two functional categories:

1. Deposition techniques without interactions with the

membrane material. The deposition process of the
catalyst is practically independent of the nature of
the membrane material. The membrane is impreg-
nated or dipped into solution of the catalyst
precursor for a certain time. The starting membrane
can be dry or wet with the same solvent used for
the preparation of the catalyst precursor solution.
The impregnation operation can be repeated many
times in order to increase the catalyst loading on the
membrane. Depending on the pore size of the mem-
brane, different impregnation times can result in
differing penetrations of the precursor solution in
the membrane structure and, in turn, on different
catalyst distributions. The membrane, after contact
with the precursor solution, is dried, then stabilized
(e.g., by calcination), and activated prior to use in
the reactor. An example of membranes prepared by
impregnation with a catalyst precursor solution
(H2PtCl6 aqueous solution) followed by a drying
step can be found in the work by Vospernik et al.

[11] for the preparation of Pt/ceramic membranes
and Bottino et al. [12] for the preparation of noble-
metal catalysts on ceramic membrane supports.
Espro et al. [13], in order to carry out the selective
oxidation of light alkanes by Fe2þ–H2O2 Fenton
system, prepared Nafion-based porous catalytic
membranes from a paste of carbon and Teflon sup-
ported on a carbon paper followed by incipient wet
impregnation with a Nafion isopropanol solution.

The precipitation methods can be included in this
category as well. The porous membrane is impreg-
nated with a solution of the catalyst precursor (e.g., a
nitrate of the metal) and the precipitation in an inso-
luble specie of the catalyst is induced, for example, by
addition of a base (in order to precipitate the hydro-
xide of the metal). Since the precipitating agent could
be consumed by the precursor in the solution sur-
rounding the membrane rather than by the precursor
solution filling the pores, a slow precipitation rate
would be preferable. An effective method to obtain a
uniform precipitation is to use urea, which decom-
poses very slowly at 90 �C giving a homogeneous
OH� concentration both in the bulk and in the pores
[14].

2. Deposition techniques involving interaction with the

membrane material. Many membrane materials offer
the presence of functional groups on the pore wall
surface, which can interact with a proper catalyst
precursor. The ion-exchange method is one such
type of well-known technique. Some functional
groups (e.g., hydroxyl group) can have a different
charge value (positive or negative) at different pH.
The pH value where the number of positive charges
on the surface equals the number of negative charges
and the overall charge is neutral is called point of
zero charge (PZC). When pH > PZC, the membrane
surface is negatively charged, while at pH < PZC, the
membrane surface is positively charged. A positively
charged surface can easily interact with an anion of
the catalyst precursor (e.g., PtCl6

2�) in solution and,
on the other hand, a negatively charged surface can
interact with a cation specie of the catalyst in solu-
tion. Examples of application of the ion-exchange
technique to catalytic membrane preparation can be
found in Reference [15] for the preparation of cata-
lytic ceramic membranes. In some cases, it can be
convenient to introduce suitable functional groups or
compounds in the membrane structure in order to
exploit the interaction with the catalyst precursor.
Bottino et al. [16] prepared polyvinylidene fluoride
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membranes functionalized with polyvinylpyrroli-

done in order to favor the interaction of the

membrane surface with the platinum precursor.

Usually, a deposition technique based on the inter-

action or a reaction with functional groups present on

the surface of membrane pore walls results in a better

dispersion of the catalytic specie. Moreover, when

the membrane is constituted of different materials

geometrically arranged (e.g., a high surface top

layer of a hydroxyl-group-rich oxide on a macropor-

ous support with low density of surface functional

groups), the deposition of the catalyst will occur only

in the interacting material of the membrane (e.g., in

the top layer).

Among the methods which cannot be classified in the

previous two categories, vapor deposition methods

(e.g., chemical vapor deposition (CVD)) were used

for catalytic membrane preparation in some specific

cases. Reif and Dittmeyer [17] prepared catalytic

membranes by metal-organic CVD process with

palladium(II)-hexafluoroacetylacetonate as palla-

dium precursor. Palladium was obtained in the form

of highly dispersed metal clusters on the ceramic

membrane top layer.
Finally, an interesting preparation of composite

polymeric–ceramic catalytic membranes was

reported by Choi et al. [18] where heteropolyacid–

polymer composite catalytic membranes were

obtained for the vapor-phase decomposition of

methyl tert-butyl ether (MTBE). A porous ceramic

tube was coated with a polyphenylene oxide/hetero-

polyacid layer.
Figure 3 shows examples of different catalyst

distributions, which can be obtained on catalytic

membranes prepared in our laboratories. The

membrane depicted in Figure 3(a) was obtained

by the urea-precipitation method of iron oxide (in

the stabilized form) on an asymmetric macroporous

alumina support. The precipitation of the catalyst

occurred in all the pores of the tubular support

(the red color is uniform on all the membranes).
(a) (b) (c)

Figure 3 (a) Alumina membrane with a distribution of iron
oxide along all the cross section; (b) asymmetric alumina

membrane with platinum in the 5-nm top layer inside the

tube; and (c) alumina membrane with two Pt/zeolite layers.
The membrane in Figure 3(b) was prepared by the
ion-exchange technique using a H2PtCl6 solution
at pH 3 and a membrane comprising a 
-alumina
top layer (PZC � 8) on an 	-alumina macroporous
support (low density of hydroxyl groups). It can be
easily noted that the catalyst was preferentially
deposited on the internal 
-alumina top layer.
Finally, the membrane in Figure 3(c) was obtained
by deposition of a zeolite layer (ZSM-5) on both
the external and the internal side of a macroporous
ceramic tube and by subsequent Pt deposition by
ion exchange.
3.04.2 Overview of Multiphase
Membrane Reactors

This section gives a short overview of the main
types of multiphase membrane reactors. As men-
tioned earlier, the membrane reactors are classified
depending on the presence or absence of a cataly-
sis, and on whether the reaction takes place in the
membrane lumen, in the membrane structure, or
outside the membrane itself. For each case, a typi-
cal result taken from the vast literature available is
presented.

3.04.2.1 The Reaction Takes Place in One
of the Two Fluid Phases

The case considered here is that of a two-phase
noncatalytic reaction, with one of the reactants
being present in one of the phases and the reaction
taking place in the other phase. In general, we can
describe this as a reaction where reactant A is present
in phase 1, reactant B is present in phase 2, and the
reaction takes place either in phase 1 or in phase 2.
Gas–liquid and liquid–liquid systems are the classical
cases for this phenomenon, cases that have been
extensively reported in literature. For the gas–liquid
case, reactive adsorption of a component from a gas
stream, such as carbon dioxide removal with an
ammine solution, is probably the most commonly
used case to illustrate a system of this type in prac-
tical terms [19–21], whereas the reaction of an
aqueous phase with an organic phase for nanoparticle
production [22– 25] is often used as an example to
illustrate the characteristic behavior of a liquid–
liquid system. Being the most common, we very
often refer to the case where the reaction of a com-
ponent from the gas phase takes place in the liquid
phase with a component already present there,
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although we should keep in mind that the reaction
could take place in the gas phase as well (or the first
component could be from a different liquid phase).

Similar to any other multiphase reaction system, it
is obvious that the use of a membrane reactor is not
essential for the conduction of the reaction, and con-
ventional devices, such as bubble column, spray
tower, and packed tower, are normally used in indus-
try. However, as pointed out by Li and Chen [26],
membrane systems have various ascertained and
potential advantages in the area of

• operational flexibility,

• cost,

• scale-up, and

• behavior prediction.

Clearly, the presence of the membrane reduces mass
transfer rate. This rate could be even further reduced
if laminar flow is established in one or both phases;
however, overall advantages seem to outdo disadvan-
tages [27].

The way the whole process is arranged is rather
straightforward: one phase will flow inside the mem-
brane hollow fibers, with the other phase flowing
outside in a longitudinal mode (either counter-
currently or concurrently) or in cross-flow mode.
The choice of longitudinal or cross-flow module
will depend on various variables whose influence
goes beyond the limit of the present report; in any
case, however, it is of paramount importance to
establish precisely the position of the interface that
separates physically the two phases. Two limiting
situations can arise: (1) the interface is situated prac-
tically on the outside surface of the membrane fiber
and (2) the interface is situated on the inner surface of
the membrane fiber. Nevertheless, these two situa-
tions are easier to describe mathematically, whereas
the intermediate case, with the interface inside the
membrane structure, is most likely the one generally
encountered in practice and, at the same time, the
least susceptible to precise mathematical modeling.

Finally, we should consider that, regardless of the
interface position, the chemical reaction can then take
place inside, outside, or in the solid structure of the
membrane, and these cases are now discussed separately.

3.04.2.1.1 The reaction takes place

outside the membrane

The situation arises when one of the reacting com-
ponents flow inside the membrane fibers, whereas the
reaction takes place in the other phase which is
situated completely outside the membrane fiber.
There are many examples which belong to this
category. The most commonly studied and reported
in the literature are probably carbon dioxide absorp-
tion by a reactive liquid solution [28, 29] or water or
wastewater treatment by oxidation with the use of
air, pure oxygen, or ozone [30].

The first problem that must be considered in
order to satisfy the present assumption of reaction
taking place outside the membrane fibers, however, is
the assurance that the liquid does not penetrate into
the membrane.

This problem is known in the scientific commu-
nity as membrane wettability. For a given liquid, the
minimum pressure to be applied on the liquid phase
so that it would enter the membrane pore is given by
the well-known Laplace equation (to be presented
and discussed later), which indicates the maximum
threshold pressure required by the liquid phase in
order to avoid entering the membrane pores.
Obviously, this pressure depends on the physical
characteristics of the membrane, such as the mem-
brane material (which has a direct influence on the
contact angle) and the membrane pore size. Detailed
advices on the membrane wettability conditions have
been given in many papers and are not repeated here,
but they address the following areas:

• use of hydrophobic membrane;

• membrane surface modification;

• composite membrane;

• denser fiber membranes;

• liquid with suitable surface tension; and

• operating conditions.

In order to give an idea of the qualitative behavior of
the membrane reactor working with the present
arrangement, some results, which are reported here,
are taken from a specific work that had investigated
CO2 removal from a gaseous stream by a reactive
solution [31]. In that work, capillary membranes
Accurel S6/2 (Membrana, Germany) were used.
Four modules were prepared using different numbers
of capillary membranes (1, 3, 10, and 18) with the
same length of 17 cm, in order to obtain different
contact areas. Tests were performed using the labora-
tory-scale plant. A gas mixture containing 15% (v/v)
of CO2 and 85% of N2, which is the typical composi-
tion of a flue gas from a coal combustion plant, of was
fed to the membrane lumen. Monoethanolamine
(MEA) and NaOH aqueous solutions were used as
CO2 absorbents. The liquid phase was fed on the
shell side of the membrane module with a recircula-
tion pump at a flow rate of about 100 l h�1. Its
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pressure was kept at a proper value, in order to avoid

any possible penetration of the solution into the

membrane pores as well as any gas bubble formation

in the absorbent solution. Temperature was varied

between 20 and 60 �C. The influence of the various

operating parameters was investigated experimen-

tally with the results supporting expected behavior.
Figure 4, for example, illustrates the influence of

the type of reacting liquid, quantified by carbon dioxide

transferred through the membrane. MEA has a definite

better performance when compared with NaOH solu-

tion, indicating therefore that in this process the

reaction, together with diffusion, affects the overall

rate. The effect of overall contact area and gas flow

rate is depicted in Figure 5. As expected, CO2 removal

increases by increasing contact area and decreases by

increasing gas flow rate in the membrane module.
The second example considered here concerns

water (or wastewater) biological treatment apparatus.

In the classical arrangement, one of the reactants

(oxygen) is supplied to the aqueous solution to be

treated through a gas sparger positioned at the bot-

tom of the reacting tank. In the alternative

membrane-using solution, air (or oxygen) is supplied

with the help of a fiber-membrane module. This

solution has been tested by few authors [32, 33],

with very good results, as Figure 6 shows, which

compare substrate consumption when air is fed

through the membrane as well as through the sparger.
Moreover, it should be stressed that this solution is

particularly appealing if the same membrane is then
used as solid/liquid separator, as investigated by
Parameshwaran et al. [33]. They reported that the
same submerged membrane was very effective in alter-
natively aerating the liquor and filtrating clear water,
which resulted in the treated water having very good
characteristics as far as chemical (chemical oxygen
demand (COD), nitrates content, etc.) and physical
(turbidity and color) parameters were concerned.
3.04.2.1.2 The reaction takes place inside

the membrane

Since the publication of the first seminal works (Qi
and Cussler [34, 35], Kreulen et al. [36, 37]), the
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arrangement with the gas phase flowing outside and

the liquid phase flowing inside the membrane chan-

nel has also been taken into consideration. There is

no general consideration that would make one

arrangement preferable to the other, the choice

depending on the specific system and the operational

constraint to be respected. With the liquid moving

inside the fiber in laminar flow regime, the volume

available for the chemical reaction is generally much

more restricted. Examples reported in literature are

nearly entirely devoted to the case of absorption of a

gas component, such as CO2, H2S, SO2, and NH3, by

a liquid reacting aqueous phase. The component to

be removed from the gas stream has to diffuse

through the membrane and then has to react with

the liquid. As in the case seen earlier when the reac-

tion takes place outside the membrane, diffusion and

reaction are the important steps controlling the over-

all process rate, and this was clearly put forward in

one of the earliest works to deal with this subject [35].

The experimental findings by Qi and Cussler, sum-

marized in Figure 7, for the adsorption of different

gas species by a NaOH 1 M solution, show different

overall removal efficiencies, depending on the com-

ponent adsorbed, for the same apparatus and

identical conditions. From the result obtained, the

authors concluded that the absorption of H2S, SO2,

and NH3 was controlled by the resistance in the

membrane, but the absorption of CO2 was probably

controlled by both diffusion and reaction in the

liquid.
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reactor for various absorbed gases.
The effect of the liquid velocity in the fiber on the
amount of CO2 transferred from the gas to the liquid
solution was reported by Kreulen et al. [37] and
reproduced here in Figure 8, indicating, as expected,
the positive influence of the liquid velocity. Needless
to say, the increase in efficiency function of the liquid
velocity in the fiber must, however, take into con-
sideration the negative effect on the pressure drop on
the liquid side, and, as usual, a compromise must be
sought. The results of Kreulen et al. [37] also indicate
that there is a different overall behavior, depending
on a possible transition from laminar to turbulent
flow regime when the velocity is increased.

In agreement with previous works, Kim and Yang
[38] reported the effect on CO2 removal efficiency
by varying different operational parameters together
with three adsorbent solutions and concluded that
the choice of the optimum working point will depend
on temperature, module size, flow rate of gas and
liquid, and overall mass transfer.
3.04.2.1.3 The reaction takes place inside

the membrane structure

For the example reported in the previous section,
hydrophobic membranes are generally employed so
that the membrane pores are occupied completely by
the gas phase. If the membrane is hydrophilic, the
pores are filled with stagnant liquid, with negative
effect on mass transfer. As pointed out earlier, liquid-
phase pressure should not exceed breakthrough pres-
sure of the membrane to prevent membrane wetting.
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Figure 8 The effect of liquid velocity in a gas–liquid
membrane reactor on carbon dioxide flux.
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However, the control of the process conditions is
generally quite difficult and some membrane wetting
is to be expected in many practical applications –
wetting which is facilitated by the occurrence of
phenomenon, such as capillary condensation or the
presence of polluting component, which can decrease
liquid surface tension.

The occurrence of membrane wetting leads to a
degradation of the membrane performance, given the
increased influence of mass transfer on the overall
rate, as the reaction in this case takes place completely,
or at least in part, inside the membrane structure, and
the reactant must diffuse there in order to react and, at
the same time, products must diffuse back [39].

Although it is difficult in principle to estimate if
wetting phenomenon is taking place, a comparison
between observed membrane performance with the
ones expected from theory is a valid indication of
establishing the occurrence of wetting. This is well
illustrated in the following example reported by
Mavroudi et al. [21] who found the membrane per-
formance, expressed in terms of CO2 outlet
concentration to be different from the values calcu-
lated using the assumption of nonwetted system
(Figure 9).

The same conclusion can be drawn from the work
of Bao and Trachtenberg [19] who presented their
data in terms of CO2 permeance and found that
experimental permeance was much lower than
expected and attribute the disagreement to partial
wetting. A good fit with experimental observation
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removal efficiency for a partially wetted gas–liquid

membrane reactor function of liquid flow rate.
was then searched by using the wetting fraction as
adjustable parameter (Figure 10). Needless to say,
this approach requires a good description of the
membrane behavior, which is dealt with
subsequently.
3.04.2.2 The Reaction Takes Place
on a Catalyst

In this section, multiphase membrane reactors, where
the reaction rate is facilitated by the use of catalysts,
are considered. The presence of the catalysts will
obviously simplify the analysis as the reaction will
take place exclusively where the catalysts have been
physically deposited, although all the problems indi-
cated in the previous sections will still exist, as the
reactant will have to reach the catalysts in order to
react and the product will have to leave the catalysts
and join the exit stream for the process to be
completed.

This specific process has also been studied and
presented in a very comprehensive manner in pre-
vious works of the highest quality, such as those of
Dittmeyer et al. [40, 41] and, as before, only a very
brief summary is given here.

3.04.2.2.1 The catalysts are placed in the

membrane lumen

The first situation we consider here concerns a mul-
tiphase reaction system where the membrane
controls the addition of reactants or the preferential
removal of products from the main stream. The
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catalysts are placed away from the membrane struc-

ture, most generally in the form of a fixed bed inside

the membrane lumen, although some suggestions of

using the catalysts in a fluidized bed state have also

been put forward. Given the passive role played by the

membrane in this case, the system is generally referred

to as inert membrane reactor.
Selective or preferential product removal is the most

common process studied, and given the relatively easy

way to separate hydrogen from other compounds, it is

not surprising that dehydrogenation reactions are

greatly favored in the inert membrane configuration.

Other popular areas of study are equilibrium reactions:

the potential advantages here are obvious, given that

the removal of one of the products will keep the system

away from the equilibrium composition, with a result-

ing increase in overall conversion.
Reactant distribution through the membrane to a

fixed bed of catalysts is indicated for series–parallel

reactions, with the aim of increasing the selectivity of

one product compared to the others. It is considered

that the increase in selectivity can be achieved by

controlling the relative concentration of the reactants,

such as the local oxygen concentration in various oxi-

dations. Moreover, the use of a membrane can also

result in an overall safer operation, given the possibility

to control hot spot formation and runaway reactions.
One typical example of the cases discussed above

is reported in Figure 11, referring to the investiga-

tion of the classical gas–water shift reaction [42],

which depicts how hydrogen production can be
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Figure 11 Comparison of carbon monoxide conversion in

different water–gas shift reactors function of space velocity.
increased when an inert membrane reactor, selec-

tively separating the hydrogen from the gas stream,

is employed.
The cases discussed above all refer to the reactions

carried out in the gas phase. One exception found in

the literature is the work by Piera et al. [43]. They

studied oligomerization of i-butene by carrying out

the reaction in the liquid phase over a catalytic bed.

The bed was placed inside a zeolite inert membrane

which allowed to remove i-octane, the intermediate

product, representing the desired product compared

to other larger hydrocarbon (C12þ). i-Octane was

removed via the membrane in the gas phase through

a pervaporation process. Experimental results quite

clearly showed how the selectivity to i-octane could

be increased, by a more or less large amount depend-

ing, for example, on the space velocity, with the use of

an inert membrane compared to a traditional fixed-

bed reactor (see Figure 12).
3.04.2.2.2 The catalysts are placed
on the membrane surface

In the situation considered here, the reactant from

the gas phase meets the other reactant from the liquid

phase inside the structure of the catalytic layer

deposited on the membrane where the reaction

occurs. Hydrogenations and oxidations are examples

of reactions which can be carried out in three-phase

systems [13, 44–48]. Various modes of system feed

can be used, as schematically represented in
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Figure 13, where A and B represent the gas and the
liquid reactants [17].

Without going into a very detailed description,
the analysis of Figure 13 reveals that at least four

different feeding configurations are possible. In case
1, the membrane is exploited only as a catalyst sup-

port, the two reactants are fed from the same point,
and the system resembles very much a monolith

chemical reactor. In case 2 also the reactants are fed
together to the membrane reactor, but there they are

forced through the membrane where the catalysts are
deposited so that an improved contact between fluid

and solid phases is achieved. In cases 3 and 4, the feed
arrangement is different from the previous example

considered, in the sense that gas and liquid are fed to
the two different sides on the membrane. The differ-

ence between the two cases concerns the way the
product streams are collected, separately in case 3

and mixed together in case 4, so that a phase is forced
to pass though the membrane.

Experimental evidence of the advantages resulting
in the use of a gas–liquid catalytic membrane reactor
has been presented, among others, by Bottino et al. [12]

who investigated competitive hydrogenation isomer-
ization of methylenecyclohexane and compared the

results with tests carried out on a conventional slurry
reactor (SR). As evidenced in Figure 14, the novel

membrane reactor configuration utilized does not
seem to be mass transfer limited, with the reaction

rate steadily increasing with temperature as expected
in kinetic controlled processes.

Another example reported in literature concerns
oxidation of liquid effluent with air (or pure oxygen),

which was comprehensively investigated and reported
in a series of papers [15, 49–58] where the results of a

joint project involving both universities and industries,
financially supported by the European Union, were

disseminated. The project aimed at the comparison
between a novel gas–liquid catalytic membrane reac-

tor and traditional technologies used in the industry
for the treatment of liquid effluents. Different inert
material membrane types were utilized, either single
channel or multiple channel with a thin layer of Pt
catalysts (6.2–7 gPt m�2) being deposited with an
impregnation technique. Details of the investigation
are reported in the original papers, to which readers
are referred to for specific points. However, overall,
the conclusions clearly pointed out that the novel
catalytic membrane reactor could be successfully
used for the process, and thanks to milder temperature
and pressure operating conditions and a better catalyst
utilization, it compared favorably from an economic
viewpoint when weighed against traditional processes.
If we limit our attention here to the working regime of
the systems as resulting from the laboratory and pilot-
scale rigs, it could be that the membrane reactor was
not limited by mass transfer but operated in kinetic
regime (Figures 15 and 16).

3.04.2.2.3 The catalysts are dispersed

on the membrane structure

Contrary to the case reported in the previous section,
there are situations where the catalysts are distribu-
ted all over the membrane structure. This solution
has been studied and reported extensively, especially
for enzyme-catalyzed reaction, and multiphase mem-
brane reactors offer some very peculiar advantages in
tackling this situation.

Many examples have been reported in literature
[59–66] and the hydrolysis of a poorly water soluble
ester to the corresponding carboxylic acids, a highly
water-soluble product, is reported here as an
example [63].
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The process arrangement is made up of a hydro-
philic membrane loaded with the active enzyme, the

membrane separating the immiscible organic and

aqueous process stream. In this manner, the interface

of the phases is placed on the side of the membrane in

contact with the organic phase. Reactants diffuse into

the membrane from the organic phase, react inside

the membrane structure, and the products are

removed from the aqueous side. The membrane,

therefore, acts both as enzyme support and as phase
contactor, avoiding all the problems connected with
the dispersion of one liquid phase into another.

Experimental tests have demonstrated a small
effect on yield and selectivity for different enzyme
loading, indicating in this way that the enzyme is
efficiently utilized in the range investigated [59].
3.04.3 The Mathematical Modeling of
Multiphase Membrane Reactors

In this section, the rate at which process takes place
in a membrane reactor is considered. It is obvious, by
definition, that as we are considering a chemical
reaction, the overall rate must take into account the
reaction kinetic; therefore, no general conclusions
can be reached because the kinetic rate law is a
specific characteristic of the given process. It is well
known that the overall rate, in a multiphase reactor,
must consider both mass transfer and reaction rate
[67–69], with one of the two being the limiting step
when the other is much faster. Therefore, the con-
siderations are generally valid for the mass transfer
step, the reaction step depending obviously on the
specific reaction. First, the limiting case of negligible
reaction rate in a membrane contactor is presented,
then the effect of a noncatalyzed reaction is dis-
cussed, and, finally, the overall effect of a catalytic
reaction in a membrane reactor is presented.
3.04.3.1 Membrane Contactors

Membrane contactors allow to avoid some disadvan-
tages of the traditional fluid–fluid contactors as well
as packed or bubble columns [7, 70, 71]. In most of
the traditional contacting devices, the two fluid
phases (e.g., the gas and the liquid phases) are inter-
dependent, and if the operating conditions and
materials are not properly selected, emulsion forma-
tion, foaming, unloading, or flooding can occur. In
many traditional contacting devices (except for
packed towers), the contact between the two phases
takes place in a dispersive way [72]. For example, in a
spray tower the liquid is introduced in a continuous
gas phase in small droplets, while in a bubble column
the gas phase is in bubbles immersed in the liquid
continuous phase. In general, the interfacial area is
not always easy to assess for such systems, and can
strongly change with the operating conditions.

The use of a membrane makes the contact non-
dispersive and the fluid–fluid interface is located at
the mouth of membrane pores. Therefore, the two
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fluid flows are independent, and the interfacial area is
known and constant for each condition, since it cor-
responds to the membrane area. The advantages with
respect to many traditional contactor devices are that
the emulsion formation can be avoided, no density
difference between the two fluids is required, and a
low solvent holdup can be used. Since a very large
membrane surface can be used in membrane contac-
tors, the achieved efficiency is high and the scale-up
from a small up to a larger unit is easy, thanks to the
modular nature of commercial membranes.

On the other hand, the presence of a membrane
between the two phases introduces an additional
mass transfer resistance, which, however, can be
minimized by a proper choice of the membrane.

If we consider a porous membrane keeping in
contact a gas and a liquid phase, two extreme situa-
tions can be found:

1. Membrane pores can be completely filled by the
liquid phase, and then the membrane contactor
operates in the wetted mode (Figure 17(a)).
This situation occurs when the membrane mate-
rial has affinity for the liquid phase (e.g., both the
membrane and liquid phase are either hydrophilic
or hydrophobic).

2. Membrane pores are occupied only by the gas
phase, so the membrane contactor operates in the
nonwetted mode (Figure 17(b)). The nonwetting
fluid (liquid phase) can displace the wetting fluid
(gas phase) only when its pressure overcomes the
breakthrough pressure defined by

�p ¼ 2�cos �

rp
ð1Þ

where rp is the pore radius, s is the surface tension (or
the interfacial tension when a liquid–liquid system is
considered), and � is the contact angle between the
wetting fluid and the membrane pore.

In general, since the membrane is not sym-
metric in structure and is characterized by a
pore-size distribution, the real situation could
Liquid phase Liquid phase

Gas–liquid interface

(a) (b)

Gas phase

Membrane
Membrane

Gas phase

Gas–liquid
interface

Figure 17 Two operating modes of membrane

contactors: (a) wetted mode; (b) nonwetted mode.
easily correspond to a partially wetted membrane.
In this work, the effect of pore-size distribution is
ignored throughout.

In the following subsections, overall mass transfer
coefficient for both the cases is evaluated in the
absence or presence of a homogeneous reaction in
the liquid phase.

3.04.3.1.1 Membrane contactors working

in wetted mode with negligible

homogeneous reaction

The concentration profile of the A specie absorbed
from the gas phase into the liquid phase, B, through a
membrane contactor working in wetted mode, can be
depicted as in Figure 18.

Since the liquid phase wets the membrane, the
interface between the gas and the liquid phases
corresponds to the gas side surface of the membrane.
In general, the following mass transfer resistances
can be met by A diffusing from the gas side to the
liquid side:

• mass transfer from the bulk of the gas phase to the
gas–liquid interface at the pore mouth;

• dissolution of A into the liquid phase;

• mass transfer of A through the liquid phase wet-
ting the membrane; and

• mass transfer of the specie A from the membrane
to the bulk of the liquid phase.

Similarly, the specie constituting or being present in
the liquid phase could also follow an opposite path
from the liquid phase to the gas phase. We will
assume that the liquid phase is nonvolatile and does
not transfer toward the gas phase.

Starting from the concentration profile drawn in
Figure 18, material balances can be written in terms
Gas film

CA(l)
CA(m,l)

External liquid film

Figure 18 Concentration profile without reaction for a

membrane contactor operating in wetted mode, in

accordance with the film model.
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of molar fluxes through the membrane surface of area

AM and the local mass transfer coefficients.

Mass transfer resistance in the gas film interfacing the

membrane:

NA ¼ kgðCAðgÞ –CAiðgÞÞ ð2Þ

Mass transfer through the wetted membrane:

NA ¼ kMðCAiðm;lÞ –CAðm;lÞÞ ð3Þ

Mass transfer through the external liquid film:

NA ¼ klðCAðm;lÞ –CAðlÞÞ ð4Þ

The dissolution of A in the liquid phase is con-
sidered to be at the equilibrium and the Henry’s law

is assumed as

CAiðm;lÞ ¼ HCAiðm;gÞ ð5Þ

The molar flux can be also written in terms of
overall mass transfer coefficients referred to the gas

phase concentrations

NA ¼ KGðCAðgÞ –C�AiðgÞÞ ¼ KG CAðgÞ –
CAðlÞ

H

� �
ð6Þ

or to the liquid phase concentrations

NA ¼ KLðC�AiðlÞ –CAðlÞÞ ¼ KLðHCAðgÞ –CAðlÞÞ ð7Þ

where

C�AiðlÞ ¼ HCAðgÞ ð8Þ

and

C�AiðgÞ ¼
CAðlÞ

H
ð9Þ

obviously will be

KL

KG
¼ H ð10Þ

From Equations (2)–(4), using the Henry’s law and
by comparison with Equation (6) or (7), the overall
mass transfer coefficients, KL and KG, can be
expressed in terms of the local mass transfer coeffi-
cients corresponding to each resistance met by the
specie A during the absorption process through the
membrane contactor:

KL ¼
1

H
kg
þ 1

kM
þ 1

kl

� � ð11Þ

or

KG ¼
1=H

H
kg
þ 1

kM
þ 1

kl

� � ð12Þ
In other words, the total mass transfer resistance
(e.g., 1/KL) is due to the contribution of the gas phase

resistance (e.g., H/kg), the wetted membrane resis-

tance (1/kM), and the mass transfer resistance in the

liquid phase (1/kl). The evaluation of the mass trans-

fer resistances in the liquid and gas phases adjacent to

the membrane depends on the flow conditions on

both sides of the membrane, which is discussed later.
For the moment, we focus on the evaluation of the

mass transfer coefficient expressing the resistance

offered by the membrane. In the wetted membrane,

the mass transfer resistance is offered by the liquid

incorporated in the membrane pores. The membrane

volume is defined as

VM ¼ AMtM ð13Þ

where tM is membrane thickness.
However, not all the membrane geometric

volume VM is available for diffusion of the dissolved

A. The volume fraction filled by the liquid corre-

sponds to the porosity, ", of the membrane:

" ¼ Vpores

VM
ð14Þ

Using the stagnant film model [73, 74], the mem-
brane mass transfer coefficient can be defined as

kM ¼
Deff

tM
ð15Þ

where Deff is the effective diffusivity.
For membranes constituted of macropores or

mesopores, it may be sufficient to consider the solute

diffusion coefficient in the liquid phase multiplied for

a factor taking into account the presence of the

membrane:

Deff ¼
"

�
DAB ð16Þ

DAB is the binary diffusivity of A in the B liquid.
The effective diffusivity corrects the binary diffu-
sivity, since the liquid is only filling the membrane
porosity, ", and that the A specie traveling from
one side of the membrane to the other side has to
follow a more or less tortuous path defined by the
tortuosity, � .

The binary diffusion of the solute can be evalu-
ated using well-known correlations [75]. The Wilke–

Chang diffusivity is often used to evaluate the binary

diffusivity:

DAB ¼
7:4� 10 – 12ðjMBÞ1=2

T

�BV 0:6
A

ð17Þ
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where DAB is the mutual diffusion coefficient of
solute A at very low concentration in solvent B
(m2 s�1), MB the molecular weight of solvent B (g
mol�1), T the temperature (K), �B the viscosity of
solvent B (cP), j the association factor of solvent B
(dimensionless), and VA the molar volume of solute A
at its normal boiling temperature (cm3 mol�1).

VA can be evaluated from the critical volume Vc

using the Tyn and Claus method:

VA ¼ 0:285V 1:048
c ð18Þ

For microporous membranes and, in particular,
zeolite membranes, the estimation of the diffusivity
can be more difficult and has to be carried out con-
sidering the specific characteristic of membrane and
the permeating species.
3.04.3.1.2 Membrane contactor reaction

working in nonwetted mode with negligible

homogeneous reaction

For a membrane contactor operating in the nonwetted
mode, the film model allows one to depict the situa-
tion represented in Figure 19. The gas–liquid
interface is now located on the liquid side of the
membrane. The molar flux can be written in terms
of local mass transfer coefficients for each resistance
step, or in terms of overall mass transfer coefficients.
Using the same approach applied for the wetted mem-
brane, the overall mass transfer coefficients can be
written in terms of the local mass transfer coefficients
corresponding to the single resistance encountered by
the diffusing A specie from gas to liquid phase.

In addition, we can express the molar fluxes in
terms of overall mass transfer coefficients:

NA ¼ KGðCAðgÞ –C�AiðgÞÞ ð19Þ
Gas phase

Gas film

CA(g)

CA(l)

CA(m,g)

CA,i(m,l)

CA,i(m,g)

Liquid film

Membrane Liquid phase

Figure 19 Concentration profiles in a membrane contactor

operating in the nonwetted mode without any reaction.
and

NA ¼ KLðC�AiðlÞ –CAðlÞÞ ð20Þ

where

C�AiðgÞ ¼
CAðlÞ

H
ð21Þ

C�AiðlÞ ¼ HCAðgÞ ð22Þ

Then it will result that

KG ¼
1=H

H
kg
þ H

kM
þ 1

kl

ð23Þ

KL ¼
1

H
kg
þ H

kM
þ 1

kl

ð24Þ

As we have seen above, the mass transfer coefficient, kM,
depends on the structure of the porous membrane and it
can be evaluated again using Equations (13) and (14).

When the membrane is macroporous, molecular
diffusion is the main mechanism driving mass trans-
fer. Gas molecular diffusion can be evaluated using
well-known correlations [75]. For example, the
Fuller–Schettler–Giddings correlation for binary dif-
fusivity DAB (m2 s�1) is

DAB ¼
1� 10 – 7T 1:75M

1=2
AB

P
P

vð Þ1=3
A þ

P
vð Þ1=3

B

h i2 ð25Þ

where the atomic diffusion volumes
P

vð Þi for single
molecules are tabulated or calculated from the
atomic composition using the atomic structural
diffusion-volume increments vi ; T is the temperature
in K and P the pressure in bar; MAB is defined from
the molecular masses MA, MB of the diffusing species
(g mol�1) by

MAB ¼
2

1
MA
þ 1

MB

� � ð26Þ

If the membrane pore size is comparable to the
mean free path, a Knudsen mechanism can be domi-
nant and a Knudsen effective diffusivity can be
expressed as [76]

DK
eff ¼ DK

"

�
ð27Þ

where

DK ¼ 48:5d

ffiffiffiffiffi
T

M

r
ð28Þ

When a combined bulk-Knudsen diffusion
mechanism is controlling the mass transport, then



Multiphase Membrane Reactors 97
the Bonsaquet equation can approximate the effec-
tive diffusivity:

1

Deff
¼ 1

Dm
eff

þ 1

DK
eff

� �
ð29Þ
3.04.3.2 Evaluation of Local Mass Transfer
Coefficients in the Boundary Layers Located
on Both Sides of the Membrane Surface

The estimation of the mass transfer coefficients in the
boundary layers depends on the fluid dynamic
regime occurring on each side of the membrane.
Mass transfer rate, in theory, can be evaluated by
utilizing physical models (film model, penetration
model, etc.) [73, 74], which have been proposed in
the past decades in chemical engineering. However,
here, a more practical and simple approach is
reported which relies on experimental observations
and dimensionless data elaboration.

Mass transfer coefficients in the boundary layers
can be estimated using correlations expressed in
terms of dimensionless groups:

Sh _ Re 	Sc �f ðgeometryÞ ð30Þ

where Sh is the Sherwood number, which compares
the mass transfer rate in the interface with the diffu-
sion rate in the bulk fluid phase:

Sh ¼ kc,

D
ð31Þ

When Sh is known, the mass transfer coefficient,
kc, in the boundary layer can be estimated. Therefore,
Sh is often correlated with the Reynolds number, Re :

Re ¼ ,u�

�
ð32Þ
Table 3 Mass transfer correlations for ducts of various geome

Duct geometry Correlation

Cylinder Sh ¼ 3:67

Cylinder Sh ¼ 3:673 þ 1:623Gz
� �1=3

Cylinder
Sh ¼ 1:62

ud2

DL

� �1=3

Cylinder Sh¼ 0.026 Re0.8Sc0.33

Parallel plate Sh ¼ 7:54

Parallel plate Sh¼ 0.036 Re�0.2Sc�0.67

Adapted from Gabelman, A., Hwang, S.-T. J. Membr. Sci. 1999, 159,
Applications; CRC Press: Boca Raton, FL, 2004.
and the Schmidt number, Sc :

Sc ¼ �

�D
ð33Þ

As for membrane contactors, the Graetz number
has proven to be useful. The Graetz number char-

acterizes the laminar flow in a duct:

Gz ¼ ul2

DL
ð34Þ

The parameters and the form of correlations depend
on the system geometry and on the fluid dynamic
near the membrane surface. The fluid can be in a
turbulent regime or in a laminar flow regime. If the
fluid is in a laminar flow regime (Re < 2100), an entry
region will be followed by a fully developed flow
region and the correlations will be different in both
situations. Therefore, in the case of a laminar flow
regime, it is convenient to use a correlation which
averages Sh over the entire length of the duct.
Table 3 summarizes some correlations which can
be used to estimate the mass transfer coefficients in
different fluid dynamic situations, in ducts with
cylindrical or flat geometry.

Table 4 shows similar correlations for the
external side of the membrane when the geometry

is cylindrical, like in hollow-fiber membranes. In

that case, a dependence on the packing fraction of

the fibers in the module can be present in the

correlation.
Finally, also a Sherwood number (namely, wall

Sherwood number) can be defined for a hollow fiber

membrane:

Shw ¼
kMdM

D
ð35Þ

where dM is the diameter of the channel in the fiber.
tries

Application

Laminar region; fully developed flow

or Gz < 10

Laminar region: 10 < Gz < 20

Laminar region: Gz > 20

Turbulent region

Re > 20 000
Laminar region; fully developed flow

Turbulent region

Re > 106

61–106; and Basmadjian, D. Mass Transfer: Principles and



Table 4 Mass transfer correlations for shell side of hollow-fiber modules

Correlation Application

Sh ¼ 1:25
Re de

L

� �0:93

Sc0:33
0.5 < Re < 500 and packing fraction of the fibers ¼0.03; flow parallel to the fibers

Sh¼0.019 Gz Gz < 60; closed packed fibers; flow parallel to the fibers

Sh¼0.61 Re0.32Sc0.33 0.6 < Re < 49; pd¼0.003 flow across the fibers

Adapted from Basmadjian, D. Mass Transfer: Principles and Applications; CRC Press; Boca Raton, FL, 2004.

98 Basic Aspects of Membrane Reactors
3.04.3.2.1 Membrane contactors in

the presence of a homogeneous reaction

in the liquid phase

The physical mass transfer between the two phases
interfaced by the membrane has been described in
terms of an overall mass transfer coefficient which
lumped all the single mass transfer resistances met by
the component diffusing from one phase (e.g., gas
phase) to the other (e.g., liquid phase).

In the chemical absorption, the component from
the gas phase reacts in the liquid phase. The effect
of the reaction on mass transfer can be again
lumped in an overall mass transfer coefficient.
The modeling treatment of the membrane contac-
tor in presence of a chemical reaction is similar to
the one reported in traditional chemical engineer-
ing textbooks [77, 78], with the introduction of the
term relative to mass transfer through the mem-
brane. In the following discussion, only some
commonly used concepts and definitions are dis-
cussed, without giving a detailed explanation of all
possible cases. It will be useful to introduce this
matter to the reader to refer to more detailed
textbooks on multiphase mass transfer with homo-
geneous chemical reactions. Figure 20 shows as
example of the interface concentration profiles for
(a) (b) (c)

A(g) A(g) A(

B(l) B(l)

Extremely fast reaction

Reaction only in liquid film

Reaction plane Reaction zone

Figure 20 Profile concentration for different kinetic regimes fo

reaction A(g)þbB(l)!Products(l).
a membrane contactor in nonwetted mode, in the

presence of a homogeneous reaction in the liquid

phase. The membrane acts as an additional resis-

tance in the gas-phase side.
For instantaneous reactions, the reactants meet

and react in a reaction plane (Figure 20(a)) and the

position of this reaction plane in the film depends on

the relative diffusivity of the two reactants. When the

reaction rate is comparable to the mass transfer rate,

the reaction takes place again in the liquid film but in

a reaction zone (Figures 20(b) and 20(c)). When the

reaction rate is extremely slow, the reaction occurs in

the bulk of the liquid phase (Figure 20(d)). The

reader can try to draw similar profiles for the case

of a wetted membrane.
Based on such considerations, it seems reasonable

to define a parameter that can give an idea of the

relative importance of chemical reaction rate and

physical mass transfer rate. In the specific literature

Hatta number, Ha, is often introduced, which is a

dimensionless number defined as

Ha ¼
maximum conversion rate of A
in the film for unit of interface area

maximum diffusional transport
through the film without reaction

ð36Þ
(d)

g)
A(g)

B(l)

B(l)

A(l)

A(l)

Reaction in main
body of liquid

Extremely slow reaction

Reaction zone

r mass transfer in a nonwetted membrane contactor with
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For example, for a first-order reaction
A(g)þ bB(l)!Products(l) having the following reac-
tion rate equation:

ð – rAÞ ¼ kCA ð37Þ

the Hatta number is

Ha ¼ �
ffiffiffiffiffiffi
k

DA

r
¼

ffiffiffiffiffiffiffiffi
kDA

p

kl0
ð38Þ

where � is the film thickness, DA is the component A
diffusivity in the liquid phase, and kl0 is liquid-phase
mass transfer coefficient in absence of reaction,
defined as

kl0 ¼
DA

�
ð39Þ

Considering the case of a nonwetted membrane as
an example, the molar flux through the interface for
the liquid phase can be

NA ¼ klEA0 CAiðm;lÞ –CAðlÞ
� �

ð40Þ

Equation (35) takes into account the presence of a
reaction in the liquid phase through the enhance-
ment factor, EA0, which compares the absorption
rate with and without chemical reaction:

EA0¼

absorption rate of a gas in the liquid
in the presence of a chemical reaction

absorption rate in the absence of
chemical reaction

¼ kl

kl0

ð41Þ

The enhancement factor is a function of (1) the
maximum possible enhancement factor, (2) the
Hatta number, and (3) component A liquid bulk
concentration:

EA0 ¼ f ðE1;Ha; CAðlÞÞ ð42Þ

The maximum enhancement factor, E1, is
obtained when an extremely fast reaction takes
place; it can be obtained by

E1 ¼ 1þ
DBCBðlÞ

BDACAiðm;lÞ

DB

DA

� �n – 1

ð43Þ

where n¼ 1 and n¼ 0.5, depending if the film
model or penetration model is assumed,
respectively.

The general expressions of EA0 are quite complex
and we suggest the reader to refer to specialized
textbooks [77]. In the presence of a reaction, the
enhancement factor can assume value (up to 1000)
that can greatly enhance the mass transfer in the
contacting system. When a chemical reaction is
extremely slow, then EA0! 1.

Considering the example of the membrane con-
tactor, the molar flux of A can be still expressed with
an in-series resistance model:

NA ¼
1

H
kg
þ H

kM
þ 1

klEA0

 !
ðC�AðlÞ –CAðlÞÞ ð44Þ

As expected, in all the cases, the presence of the
membrane as interphase contactor introduces an
additional mass transfer resistance. However, by
properly choosing the membrane, this resistance
can be low, and the very high interfacial area offered
by some membrane configurations can allow a suc-
cessful application of the membrane contactor.
3.04.3.3 Catalytic Three-Phase Membrane
Reactors

In a three-phase catalytic membrane reactor
(TPCMR), a gas and a liquid stream are brought in
close contact using a catalytic membrane. The reac-
tant from the gas phase meets the other reactant from
the liquid phase inside the structure of the catalytic
membrane where the reaction occurs. In the
TPCMR, the catalytic membrane offers the interface
between the two phases, being at the same time in the
place where the reaction can take place. When the
system is compared to classical arrangements, such as
slurry or three-phase fluidized bed reactors (where
the catalyst is suspended into the fluid), various
advantages and features can be pointed out.
Catalytic reactions in gas–liquid–solid (GLS) sys-
tems are usually carried out using an SR or a trickle
bed reactor (TBR) [79, 80]. In the SR, the gas phase
(dispersed phase) is bubbled into the liquid phase
(continuous phase), containing particles of the cata-
lyst. The catalyst is moving with the other two
phases. The TBR is a vertical fixed bed of catalyst.
Usually, the liquid phase is introduced from the top
of the fixed bed, while the gas phase is introduced
from the bottom. The reactant in the gas phase has to
dissolve in the liquid phase where the other reactant
is and both reactants have to reach the catalytic site
to give the product of reaction.

In an SR, the catalyst particle, with a size gener-
ally ranging from 1 to 50 mm, is dispersed into the
liquid phase by stirring. The gas is dispersed into the
liquid phase in bubbles with a size ranging from 0.5 to
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Figure 21 Interface concentration profile of the reactant A

in a gas–liquid–solid reaction in a slurry reactor.
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5 mm (depending on the gas dispersion system and

on its power). The reaction takes place when both the

reactants, which are respectively in the liquid phase

and in the gas phase, meet on the catalyst particle.

The reactive process in a conventional SR system

can be generally described as composed of the fol-

lowing steps (Figure 21). Considering the gas-phase

reactant and assuming that the reactant in the liquid

phase and the reaction product are not volatile (they

are not stripped by the gas phase) we have:

1. mass transfer of the gaseous reactant from the gas
phase through the gas film, in turn, through the

gas–liquid interface (if the gas phase is composed

only by the reactant, this resistance is not

considered);
Catalytic
layer

Macroporous
inert support

Liquid
phase

Gas
phase

Figure 22 Contact between the two phases on the catalytic la
2. dissolution of the reactant in the liquid phase;
3. mass transfer through the liquid film on surround-

ing the gas phase;
4. mass transfer through the liquid film on the parti-

cle of the catalyst; and
5. diffusion and reaction inside the porous structure

of the catalyst.

Obviously, the product of reaction has to diffuse back

from the catalyst particle to the liquid phase.
The influence of mass transfer on the overall

reaction rate of a TPCMR is completely different

and is due to the modality of contact between the two

fluid phases and the solid catalytic phase (the mem-

brane). Figure 22 schematically shows the situation

occurring in a catalytic membrane constituted of a

catalytic layer supported by a macroporous structure

which does not participate in the reaction.
In a TPMR, the catalyst is a thin layer (in the

order of a few microns) and is generally wetted by the

liquid phase. The gas phase is directly available both

on the liquid phase and on the catalyst surface.
The main difference between the membrane reac-

tor and the traditional reactor in three-phase systems is

in the different paths that the reactants have to use to

reach the catalytic site. In the SR, the mass transfer path

is usually longer than in the membrane reactor. As a

consequence, the overall resistance to mass transfer can

be smaller than in traditional three-phase reactors.

Another advantage is related to catalyst deposition on

the membrane active layer, which eliminates any cat-

alyst loss due to elutriation from the fluid flow in the

reactor.
Liquid phase

Catalytic
particles

Gas
phase 5−20 nm

About
2−5 µm

yer of a membrane reactor.
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3.04.3.3.1 Internal diffusion in a TPCMR

The particular case where the liquid phase wets a
catalytic porous symmetric membrane is considered
and, for the sake of simplicity, no inert support is
present in the membrane. For the time being, the
presence of eventual mass transfer resistances in both
the liquid and the gas phases will not be considered
and a first-order reaction A(g)þbB(l)!C(l) is assumed
to occur on the catalytic membrane. The expected
concentration profiles of the reactants and products
in the catalytic membrane are depicted in Figure 23.
e sy
by

Gas phase

CA(g)

CA(l)

CA,i (m,l)

CA(m,l)

CB(l)

CC(l)

Membrane Liquid phase

Figure 23 Profile concentration for a three-phase

catalytic membrane reactor with the reaction A(g)þbB(l)!
C(l) and without mass transfer limitation in the gas and liquid
phases.
For our purpose, the thin catalytic membrane can
be considered as a slab. It is useful to write the

differential mass balance of the reactants in a differ-

ential volume of the catalytic membrane, dV, defined

as

dV ¼ AMdz ð45Þ

where z is the coordinate perpendicular to the mem-
brane surface of area AM.

Considering the reactant A, the material balance
stemg – rate of flow of A out of the systemf g
chemical reaction within the systemg ð46Þ
rate of accumulation of Af g ¼ rate of flow of A into thf
þ rate of generation of Af

we can write

0 ¼ NAjzAM –NAjzþdzAM þ RAdV ð47Þ

where the first-order reaction rate is expressed by

RA ¼ – kCA ð48Þ

and eliminating the membrane area in all the terms,
we obtain

0 ¼ NAjz –NAjzþdz – kCAdz ð49Þ

Based on the Taylor approximation, for the infi-
nitesimal dz length

NAjzþdz ¼ NAjz þ
dNA

dz

				
z

dz ð50Þ

and using the Fick’s law

NA ¼ –Deff
dCA

dz
ð51Þ

the following differential equation is obtained

d2CA

dz2
–

k

Deff
CA ¼ 0 ð52Þ
The second-order differential equation (47) solved
for the boundary conditions, which are common in
the considered system, will give the profile concen-
tration of the reactant A along the catalytic
membrane of thickness tM:

CAjz¼0 ¼ CAS ð53Þ

dCA

dz

				
z ¼ tM

¼ 0 ð54Þ

Introducing dimensionless parameters, the frac-
tional coordinate in z direction is:

� ¼ z

tM
ð55Þ

The dimensionless concentration is:

C� ¼ CA

CAS

ð56Þ

The square of the Thiele modulus [78]:

�2 ¼ L
k

Deff
ð57Þ

Equation (47) written in a dimensionless form
becomes

d2C�

d�2
–�2C� ¼ 0 ð58Þ

The obtained differential equation is a homogeneous
linear second-order differential equation of the type

y0þ ay ¼ 0 ð59Þ

and its characteristic equation is

�2 þ a ¼ 0 ð60Þ

where

� ¼ �
ffiffiffiffiffiffiffi
– a
p

¼ �� ð61Þ
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The general solution of the differential equation (52)
is

C� ¼ M1e –�� þM2e�� ð62Þ

where M1 and M2 are constants, which can be
obtained by imposing the boundary conditions (sta-
ted by Equations (48) and (49)) in a dimensionless
form:

C�j� ¼ 0 ¼ 1 ð63Þ

dC�

d�

				
� ¼ 1

¼ 0 ð64Þ

by deriving Equation (57)

dC�

d�
¼ M1�e –�� þM2�e�� ð65Þ

M1 and M2 can be evaluated as

M1 ¼
e�

e� þ e –�
ð66Þ

M2 ¼
e –�

e� þ e –�
ð67Þ

Therefore, concentration profile in the catalytic
membrane is described by

C� ¼ e�ð1 – �Þ þ e –�ð1 – �Þ

e� þ e –�
ð68Þ

which can be rewritten in terms of hyperbolic
functions:

C� ¼ cosh �ð1 – �Þ½ �
cosh�

ð69Þ

A similar expression can be obviously obtained for
the reactant B.

At this point, the concept of effectiveness factor
can be introduced [81, 82]. The effectiveness factors

�int is defined as

�int ¼
Observed reaction rate

Reaction rate at external surface conditions

¼ NAjz ¼ 0?AM

rðCASÞ?VM
¼

–Deff
dC
dz
jz¼ 0?AM

r CSð Þ?VM
ð70Þ

The effectiveness factor compares the reaction
rate in the presence of diffusion in the membrane

structure and the reaction rate not limited by the

internal diffusion. This is also known as internal

effectiveness factor because it refers to the catalyst

utilization efficiency influenced only by the diffusion

in the porous catalytic layer.
Since

AM

VM
¼ 1

tM
ð71Þ

and

–Deff
dCA

dz
¼ –

Deff AM

L
CAS

dC�

d�
ð72Þ

where

dC�

d�
¼ –

�sinh½�ð1 – �Þ�
cosh�

ð73Þ

with

dC�

d�

				
� ¼ 0

¼ –�tanh� ð74Þ

the effectiveness factor for the catalytic membrane
referred to the reactant A is obtained:

�int ¼
tanh�

�
ð75Þ

When �int tends to 1, the catalyst in the membrane
layer is effectively used.

For a reaction rate of nth order

ð – rAÞ ¼ �kCn
iðm;lÞ ð76Þ

and the Thiele modulus becomes

� ¼ tM
kCn – 1

S

Deff

� �1=2

ð77Þ
3.04.3.3.2 Influence of external mass

transfer

We have seen how the internal diffusion can influ-

ence the reaction rate in the catalytic membrane

reactor. The presence of mass transfer resistance in

the gas phase is now considered. Figure 24 shows a

qualitative view of the concentration profiles in such

situation.
In this case, it is convenient to write the mass

transfer rate in terms of rate of diffusion per catalytic

membrane mass:

– r 9A ¼ NA
AM

VM�M
¼ kg

AM

VM�M
CAðgÞ –CAiðgÞ

 �

ð78Þ

At the gas–liquid interface, the concentration of A in
both phases is in equilibrium according to Henry’s
law:

CAiðm;lÞ ¼ HCAiðgÞ ð79Þ
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Figure 24 Profile concentration for a three-phase

catalytic membrane reactor with the reaction A(g)þbB(l)!
C(l) and with mass transfer limitation in the gas phase.
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Figure 25 The membrane separates two fluids in well-

mixed conditions.

Multiphase Membrane Reactors 103
Diffusion and reaction in the catalytic membrane
is described by

– r 9A ¼ �ð – r 9ASÞ ¼ �k9CAiðm;lÞ ð80Þ

and equating the Equations (82) and (84), the overall
rate equation for A can be obtained:

– r 9A ¼
1

HVM�M
kgAM

þ 1
�intk

CAðgÞ ð81Þ

The overall effectiveness can be defined as

�overall ¼
�int

1þ �int
HkVM�M

kgAM

¼ �int

1þ �intDa
ð82Þ

where Damköler number, Da, expresses the relative
rates of the intraphase reaction to external mass
transport.

Cini and Harold [82] carried out pioneering studies
on TPCMR and classified different situations consider-

ing the influence of different mass transport resistances.

For each considered situation, they obtained some

expressions for the apparent activation energy.
When the reaction is limited neither by internal

nor by external mass transfer (�overall ¼ 1, �int ¼ 1),

by plotting the logarithm of the observed reaction

rate against the inverse of the temperature

(Arrhenius type diagram)

Eapp ¼ –R
dðln rateÞ

d 1
T

� � ð83Þ

the apparent activation energy will correspond to the
intrinsic activation energy of the reaction:

Eapp ¼ Ein ð84Þ

For the gas-phase mass transfer limitation

Eapp ¼ Esat þ
Ein þ Ediff

2
ð85Þ
3.04.3.4 Some Considerations on the Mass
Balance in Membrane Contactors and
Three-Phase Membrane Reactors

In the previous sections, the local mass balances at

the interfaces were presented for some typical con-

ditions that can be encountered with membrane

contactors and three-phase membrane reactors. We

have also seen that, when an external mass transfer is

present in the gas and the liquid phases, the estima-

tion of local mass transfer coefficients depends on the

type of fluid dynamic regime governing on the fluid

phase interfacing the membrane.
Figure 25 shows a system where the two phases

are separated by the membrane, and each of them is

well mixed. With this assumption, the concentration

profile in the reactor volume will be constant on both

sides of the membrane. On the other hand, Figure 26

shows the case where both the fluids on the two sides

of the membrane are moving along the axial direc-

tion; then, a profile of both velocity and

concentration can take place along the reactor length

in the two sides of the membrane. Figure 27 shows a

membrane separating a fluid in well-mixed condition

from the other with concentration and fluid velocity

dependent on the reactor length.
Consequently, it then seems clear that material

balances in the phase contacting the membrane

should be written keeping into account the fact that,

because of the membrane presence, a concentration

profile of the components can be both in the axial

direction and in the direction perpendicular to the

membrane surface (in cylindrical geometries as well

as in hollow fibers, along the radial direction). This

fact can lead to partial differential equations, which

often need to be solved numerically. Therefore,

when possible, some simplifying assumptions can
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Figure 26 The membrane separates two fluids in laminar flow conditions.
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Figure 27 The membrane separates a fluid in laminar flow

condition from a fluid in well-mixed conditions.
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help reduce the two-dimensional problems to a one-
dimensional problem.

For example, hollow fibers and tubular mem-
branes are commonly used as membrane contactors
and three-phase membrane reactors. Typically, the
flow regime in the lumen of such tubular membranes
is laminar and the consequence for both fluid velocity
and component concentration profiles is that they
depend not only on the axial coordinate but also on
the radial position.

When the gas phase (there is no reaction term)
flows into the inner side of the hollow fiber, the mass
balance of the component A in the gas phase in
cylindrical coordinates takes the following form
(where the dispersion effects along the axial direction
are neglected) (Figure 28):
Phase 1

Phas

CA(r,z)z

z

0

r

r

u(r,z)

Figure 28 Expected concentration profile in the radial directio
ur

qCA;g

qz
¼ DA;g

1

r

q
qr

r
qCA

qr

� �� 
¼ DA;g

q2CA

qr 2
þ 1

r

qCA

qr

� 
ð86Þ

If a developed laminar regime is assumed, the
radial velocity profile is parabolic and can be

described by

ur ¼ 2um 1 –
r

R

� �2
� 

ð87Þ

The boundary conditions for a wetted membrane are

DA;g

qCAðgÞ
qr

� �
r ¼ R

¼ – kM CAðgÞjr ¼ R –CA;iðgÞ
� �

ð88Þ

qCAðgÞ
qr

� �
r ¼ 0

¼ 0 ð89Þ

CAðgÞjz ¼ 0 ¼ CA0ðgÞ ð90Þ

On the contrary, when the liquid phase (in pre-
sence of a homogeneous reaction) flows inside the

membrane lumen, then the material balances are

ur

qCAðlÞ
qz
¼ DAðlÞ

q2CA

qr 2
þ 1

r

qCA

qr

� 
– kf ðCA;CBÞ ð91Þ
e 2

L

Phase 1

n for a tubular membrane geometry.
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and the boundary conditions for a nonwetted mem-
brane are

DA;g

qCAðgÞ
qr

� �
r ¼ R

¼ 1
1
kg
þ 1

kM

 !
CAðgÞ –CA;iðgÞ
� �

ð92Þ

DA;g

qCBðlÞ
qr

� �
r ¼ R

¼ 0 ð93Þ

since B is assumed nonvolatile at the centerline of the
tube

qCAðlÞ
qr

� �
r ¼ 0

¼
qCBðlÞ
qr

� �
r ¼ 0

¼ 0 ð94Þ

and the initial conditions are

CAðlÞjz ¼ 0 ¼ 0 ð95Þ

CBðlÞjz ¼ 0 ¼ CB0 ð96Þ

These are partially differential equations that must
be solved numerically or by applying some
simplifying assumptions, allowing the reduction to a
one-dimensional problem after defining, for example,
an average concentration in the flowing fluid as

CA;av ¼

Z R

0

CAðr ;zÞdS

dS
ð97Þ
3.04.4 Conclusions

A membrane used as an interface between different
fluid phases offers a novel contact modality between
the phases, which can be used to improve the mass
transfer of components between them (concept of
membrane) or to carry multiphase heterogeneous
reactions (TPCMR) with less mass transfer limita-
tions than in traditional reactors. The approach to the
matter given in this chapter would be a starting point
for further studies on the topic.
References

[1] Lim, S. Y., Park, B., Hung, F., Sahimi, M., Tsotsis, T. T.
Chem. Eng. Sci. 2002, 57, 4933–4946.

[2] Krishna, R., Sie, S. T. Chem. Eng. Sci. 1994, 49, 4029–4065.
[3] Coronas, J., Santamaria, J. Catal. Today 1999, 51, 377–389.
[4] Dixon, A. G. Int. J. Chem. Reactor Eng. 2003, 1, R6.
[5] Rios, G. M., Belleville, M.-P., Paolucci-Jeanjean, D. Trends

Biotechnol. 2007, 25, 242–246.
[6] Hsieh, H. P. Inorganic Membranes for Separation and

Reaction. Elsevier: Amsterdam, 1996.
[7] Gabelman, A., Hwang, S.-T. J. Membr. Sci. 1999, 159,

61–106.
[8] Wu, S., Gallot, J.-E., Bousmina, M., Bouchard, C.,
Kaliaguine, S. Catal. Today 2000, 56, 113–129.

[9] Regalbuto, J. Handbook of Catalyst Preparation; CRC
Press: Singapore, 2006.

[10] Ozdemir, S. S., Buonomenna, G., Drioli, E. Appl. Catal. A:
Gen. 2006, 307, 167–183.

[11] Vospernik, M., Pintar, A., Bercic, G., et al. Chem. Eng. Sci.
2004, 59, 5363–5372.

[12] Bottino, A., Capannelli, G., Comite, A., Del Borghi, A., Di
Felice, R. Sep. Purif. Technol. 2004, 34, 239–245.

[13] Espro, C., Arena, F., Frusteri, F., Parmaliana, A. Catal.
Today 2001, 67, 247–256.

[14] Hermans, L. A. M., Geus, J. W. Preparation of Catalysts II;
Elsevier: Amsterdam, 1979; p 113.

[15] Uzio, D., Peureux, J., Giroir-Fendler, A., Torres, M.,
Ramsay, J., Dal mon, J.-A. Appl. Catal. A: Gen. 1993, 96,
83–97.

[16] Bottino, A., Capannelli, G., Comite, A., Di Felice, R.
Desalination 2002, 144, 411–416.

[17] Reif, M., Dittmeyer, R. Catal. Today 2003, 82, 3–14.
[18] Choi, J. S., Song, I. K., Lee, W. Y. Catal. Today 2001, 67,

237–245.
[19] Bao, L., Trachtenberg, M. C. Chem. Eng. Sci. 2005, 60,

6868–6875.
[20] Bottino, A., Capannelli, G., Comite, A., Firpo, R., Di

Felice, R., Minacci, P. Desalination 2006, 200, 609–611.
[21] Mavroudi, M., Kaldis, S. P., Sakellaropoulos, G. P. Fuel

2003, 82, 2153–2159.
[22] Charcosset, C., Fessi, H. J. Membr. Sci. 2005, 266, 115–120.
[23] He, F., Wang, P., Jia, Z., Liu, Z. J. Membr. Sci. 2003, 227,

15–21.
[24] Zarkadas, D. M., Sirkar, K. K. Chem. Eng. Sci. 2006, 61,

5030–5048.
[25] Chen, G. G., Luo, G. S., Xu, J. H., Wang, J. D. Powder

Technol. 2004, 139, 180–185.
[26] Li, J.-L., Chen, B.-H. Sep. Purif. Technol. 2005, 41, 109–122.
[27] Gabelman, A., Hwang, S.-T. J. Membr. Sci. 1999, 159,

61–106.
[28] Kumar, P. S., Hogendoorn, J. A., Feron, P. H. M.,

Versteeg, G. F. Chem. Eng. Sci. 2002, 57, 1639–1651.
[29] Wang, R., Li, D. F., Liang, D. T. Chem. Eng. Process. 2004,

43, 849–856.
[30] Heng, S., Yeung, K. L., Djafer, M., Schrotter, J.-C. J.

Membr. Sci. 2007, 289, 67–75.
[31] Bottino, A., Capannelli, G., Comite, A., Di Felice, R.,

Firpo, R. Sep. Purif. Technol. 2008, 59, 85–90.
[32] Gonzalez-Brambila, M., Monroy, O., Lopez-Isunza, F.

Chem. Eng. Sci. 2006, 61, 5268–5281.
[33] Parameshwaran, K., Visvanathan, C., Ben Aim, R. J.

Environ. Eng. 1999, 125, 825–834.
[34] Qi, Z., Cussler, E. L. J. Membr. Sci. 1985, 23, 333–345.
[35] Qi, Z., Cussler, E. L. J. Membr. Sci. 1985, 23, 321–332.
[36] Kreulen, H., Smolders, C. A., Versteeg, G. F., van

Swaaij, W. P. M. J. Membr. Sci. 1993, 78, 197–216.
[37] Kreulen, H., Smolders, C. A., Versteeg, G. F., van

Swaaij, W. P. M. J. Membr. Sci. 1993, 78, 217–238.
[38] Kim, Y.-S., Yang, S.-M. Sep. Purif. Technol. 2000, 21,

101–109.
[39] Keshavarz, P., Fathikalajahi, J., Ayatollahi, S. J. Hazard.

Mater. 2008, 152, 1237–1247.
[40] Dittmeyer, R., Hollein, V., Daub, K. J. Mol. Catal. A: Chem.

2001, 173, 135–184.
[41] Dittmeyer, R., Svajda, K., Reif, M. Top. Catal. 2004, 29, 3–27.
[42] Criscuoli, A., Basile, A., Drioli, E. Catal. Today 2000, 56,

53–64.
[43] Piera, E., Tellez, C., Coronas, J., Menendez, M.,

Santamaria, J. Catal. Today 2001, 67, 127–138.
[44] Peureux, J., Torres, M., Mozzanega, H., Giroir-Fendler, A.,

Dalmon, J.-A. Catal. Today 1995, 25, 409–415.



106 Basic Aspects of Membrane Reactors
[45] Torres, M., Sanchez, J., Dalmon, J.-A., Bernauer, B.,
Lieto, J. Ind. Eng. Chem. Res. 1994, 33, 2421–2425.

[46] Diakov, V., Varma, A. AIChE J. 2003, 49, 2933–2936.
[47] Schmidt, A., Wolf, A., Warsitz, R., et al. AIChE J. 2008, 54,

258–268.
[48] Bottino, A., Capannelli, G., Comite, A., Di Felice, R. Catal.

Today 2005, 99, 171–177.
[49] Vospernik, M., Pintar, A., Levec, J. Chem. Eng. Process.

2006, 45, 404–414.
[50] Vospernik, M., Pintar, A., Bercic, G., Levec, J. J. Membr.

Sci. 2003, 223, 157–169.
[51] Vospernik, M., Pintar, A., Bercic, G., Levec, J. Catal. Today

2003, 79–80, 169–179.
[52] Bercic, G., Pintar, A., Levec, J. Catal. Today 2005, 105,

589–597.
[53] Iojoiu, E. E., Landrivon, E., Reader, H., Torp, E. G.,

Miachon, S., Dalmon, J.-A. Catal. Today 2006, 118,
246–252.

[54] Iojoiu, E. E., Miachon, S., Landrivon, E., Walmsley, J.,
Reader, H., Dalmon, J.-A. Appl. Catal. B: Environ. 2006, 69,
196–206.

[55] Iojoiu, E. E., Walmsley, J., Reader, H., Miachon, S.,
Dalmon, J.-A. Catal. Today 2005, 104, 329–335.

[56] Miachon, S., Perez, V., Crehan, G., et al. Catal. Today
2003, 82, 75–81.

[57] Reader, H., Bredesen, R., Crehan, G., et al. Sep. Purif.
Technol. 2003, 32, 349–355.

[58] Iojoiu, E. E., Miachon, S., Dalmon, J.-A. Top. Catal. 2005,
33, 135–139.

[59] Lopez, J. L., Matson, S. L. J. Membr. Sci. 1997, 125,
189–211.

[60] Giorno, L., Zhang, J., Drioli, E. J. Membr. Sci. 2006, 276,
59–67.

[61] Findrik, Z., Presecki, A. V., Vasic-Racki, D. J. Biosci.
Bioeng. 2007, 104, 275–280.

[62] Liu, J., Cui, Z. J. Membr. Sci. 2007, 302, 180–187.
[63] Giorno, L., D’Amore, E., Mazzei, R., et al. J. Membr. Sci.

2007, 295, 95–101.
[64] Gonzo, E. E., Gottifredi, J. C. Biochem. Eng. J. 2007, 37,
80–85.

[65] Yawalkar, A. A., Pangarkar, V. G., Baron, G. V. J. Membr.
Sci. 2001, 182, 129–137.

[66] Bessarabov, D. G., Theron, J. P., Sanderson, R. D.
Desalination 1998, 115, 279–284.

[67] Park, B., Ravi-Kumar, V. S., Tsootsis, T. T. Ind. Eng. Chem.
Res. 1998, 37, 1276–1289.

[68] Kieffer, R., Charcosset, C., Puel, F., Mangin, D. Comput.
Chem. Eng. 2008, 32, 1325–1333.

[69] Pedernera, M., Mallada, R., Menendez, M., Santamaria, J.
AIChE J. 2000, 46, 2489–2498.

[70] Dindore, V. Y., Brilman, D. W. F., Versteeg, G. F. Chem.
Eng. Sci. 2005, 60, 467–479.

[71] Bathia, S., Long, S. W., Kamaruddin, A. H. Chem. Eng. Sci.
2004, 59, 5061–5068.

[72] Treybal, R. E. Mass-Transfer Operations; McGraw-Hill:
Singapore, 1981.

[73] Basmadjian, D. Mass Transfer: Principles and Applications;
CRC Press: Boca Raton, FL, 2004.

[74] Bird, R. B., Stewart, W. E., Lightfoot, E. N. Transport
Phenomena; Wiley-VCH: New York, 2007.

[75] Reid, R. C., Prausnitz, J. M., Poling, B. E. The
Properties of Gases and Liquids; McGraw-Hill:
Singapore, 1988.

[76] Cunningham, R. E., Williams, R. J. J. Diffusion in Gases and
Porous Media; Plenum: New York, 1980.

[77] Westerterp, K. R., Van Swaaij, W. P. M.,
Beenackers, A. A. C. M. Chemical Reactor Design and
Operation; Wiley: New York, 1988.

[78] Carberry, J. J. Chemical and Catalytic Reaction
Engineering; McGraw-Hill: New York, 1976.

[79] Fogler, H. S. Elements of Chemical Reaction Engineering;
Prentice Hall: Upper Saddle River, NJ, 1999.

[80] Biardi, G., Baldi, G. Catal. Today 1999, 52, 223–234.
[81] Torres, M., Sanchez, J., Dalmon, J. A., Bernauer, B.,

Lieto, J. Ind. Eng. Chem. Res. 1994, 33, 2421–2425.
[82] Cini, P., Harold, M. AIChE J. 1991, 37, 997–1008.



Multiphase Membrane Reactors 107
Biographical Sketches

Gustavo Capannelli has been an associate professor of industrial chemistry at the University of Genoa since

1990. He obtained his degree in industrial chemistry at the University of Genoa in 1974. He held a position as

researcher at the University of Genoa until 1987. From 1987 to 1990, he was associate professor of industrial

chemistry and of petrochemistry and technology of oil products at the University of Messina (Italy). His

research activity is principally dedicated to the preparation and characterization of membranes and their

application, not only to conventional membrane processes (microfiltration, ultrafiltration, nanofiltration,

reverse osmosis, etc.), but also to innovative fields (catalytic membranes, catalytic membrane reactors, mem-

brane contactors, etc.). He is a coordinator of the Laboratory of Electronic Microscopy and of the Membrane

and Membrane Processes Research Group, both based at the Department of Chemistry and Industrial

Chemistry, University of Genoa. Gustavo Capannelli has been the head and proponent of numerous research

activities and collaborations with several industries, research centers, and public and private organizations.

Gustavo Capannelli has coauthored more than 120 publications (mainly published in international journals)

and 13 patents.

Antonio Comite obtained his degree in industrial chemistry at the University of Genoa in 1998 with a thesis

titled ‘Volatile organic compounds removal by a catalytic membrane combustor.’ In 2005, he discussed a PhD

thesis titled ‘Development of inorganic membrane reactors.’ His research activity mainly focuses on hetero-

geneous catalysis and the application and development of membrane reactors in catalysis, covering different

topics such as catalyst preparation, characterization (morphological, structural, etc.), testing (activity, kinetic

parameter estimation, etc.), catalytic inorganic membranes and supports characterization (gas permeability,

structural properties, etc.), and catalytic membrane reactors (applied to both gas-phase reactions and three-

phase reactions). Recently, his interest has also been focused on innovative membrane and electrodes for fuel

cells. He has coauthored many publications and congress communications.



108 Basic Aspects of Membrane Reactors
Renzo Di Felice is currently a professor of chemical reactor engineering at the University of Genoa (Italy).
He obtained his bachelor’s degree in chemical engineering from the University of L’Aquila (Italy) in 1981, and
his PhD and DSc (Eng) from the University of London (UK) in 1988 and 1997, respectively. Before moving to
Genoa, Renzo Di Felice was an assistant professor at the University of L’Aquila from 1983 to 1992. During this
period, he spent 2 years at the Department of Chemical and Biochemical Engineering, University College
London. He was also involved in teaching and research at the University of Addis Ababa (Ethiopia) and at the
National University of Singapore (Singapore).

His research is focused on the fluid dynamic behavior of two-phase suspensions, with particular relevance on
liquid–solid systems – a field for which he has obtained international recognition. Recently, his attention has
also been focused on multiphase membrane reactors. Renzo Di Felice has authored more than 100 papers in
international scientific journals. He is a member of the American Institute of Chemical Engineers (AIChE), the
Institution of Chemical Engineers (IChemE), and the Italian Association of Chemical Engineering (AIDIC).



3.05 Catalytic Membranes and Membrane Reactors
E Fontananova and E Drioli, Institute of Membrane Technology, ITM-CNR, University of Calabria,
Rende (CS), Italy

ª 2010 Elsevier B.V. All rights reserved.
3.05.1 Introduction
 110
3.05.2 Classification of MRs
 111
3.05.3 Membrane Functions in a MR
 111
3.05.4 Organic MRs
 121
3.05.5 Immobilization of Catalysts in Membranes
 122
3.05.6 Industrial Applications of MRs and the As-Yet Existing Limitations
 128
References
 130

Glossary
Convective flow The movement of particles

forced by the action of a fluid.

Electrochemical potential The sum of the

chemical and electrical potentials for a component

which, in the presence of a gradient of the

electrochemical potential, will tend to move from

areas with higher electrochemical potential to areas

with lower electrochemical potential; it is

expressed in units of energy (usually J mol–1).

Hydrophobic recovery A phenomenon that can

occur when polar groups are grafted by plasma

technique on hydrophobic polymeric surfaces. This

comprises the orientation with the time of the

untreated polymeric chains outward the modified

interface, and that of the grafted polar groups

inward, leading to the recovery of the surface

properties of the original polymer and to the

reduction of the polar groups available on the

surface.

Membrane contactor Membrane operation in

which a membrane facilitates the diffusive mass

transfer between two contacting phases (liquid–

liquid, gas–liquid, gas–gas, etc.) without dispersion

of one phase within another.

Membrane fouling The deposition of retained

particles, colloids, emulsions, suspensions,

macromolecules, salts, etc. on or in the membrane

during a membrane separation process.

Membrane module A unit in which one or more

membranes (in flat or tubular configuration) are

packed.
Molecular imprinted polymer Polymer prepared

in the presence of a template molecule

successively extracted, thus leaving

complementary cavities able to work as molecular

recognition site for the original molecule.

Molecular weight cutoff (MWCO) The minimum

molecular weight of a solute to obtain a rejection of

90% in a membrane separation process. The

MWCO is expressed in daltons and determined by

measuring the rejection of materials with various

molecular weights that usually consist of biological

molecules (e.g., albumin) or organic polymers (e.g.,

dextran).

Plasma State of matter electrically conducting

produced when the atoms in a gas become ionized.

Polymer electrolyte membrane or proton

exchange membrane (PEM) Membrane made

from ionomers (polymer with fixed ionic groups)

that is able to conduct protons.

Polymers of intrinsic microporosity

(PIMs) Polymers with behavior like molecular

sieves in the solid state; because of their rigid and

contorted molecular structures, they are unable to

pack efficiently.

Polyoxometalalte or polyoxoanions

(POM) Polyanionic metal oxide cluster of early

transition metals (V, Nb, Ta, Mo, W, etc.).

Turnover number (TON) The number of moles of

product produced for each mole of catalyst

(products (mol)/catalyst (mol)).
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3.05.1 Introduction

Membrane reactors (MRs) are multifunctional reac-

tors combining a chemical reaction (generally

catalytically promoted) with a membrane-based

separation. MRs have been investigated since the

1970s, primarily employing polymeric membranes

in enzymatic reactions or metal membranes for

high-temperature reactions.
MRs are today accepted as proven technology for

many biotechnological applications; however, there

is a huge potential for these integrated systems in

various industrial sectors.
The necessity to realize a sustainable growth, also by

the so-called process intensification (PI) strategy [1], is

the driving force of the increasing worldwide interest in

MRs in different fields, including not only biochemical

and petrochemical, but also chemical production, envir-

onmental remediation, and energy sector.
The PI strategy consists of innovative equipment

design and process development methods that are

expected to bring substantial improvements in man-

ufacturing and processing, decreasing production

costs, equipment size, energy consumption, and

waste generation, as well as improving remote con-

trol, information fluxes, and process flexibility [1].
Reactive separations respond well to the require-

ments of this strategy, not only combining a reaction

with a separation process, at the equipment level

(multifunctional reactors), but also introducing func-

tional interrelations between the operations

involved, resulting in an improved process [2].
MRs are examples of reactive separations which,

in comparison with other reactive separations (reac-

tive distillation, reactive adsorption, and reactive

crystallization/precipitation), present the advantages

to use intrinsically more clean and energy-efficient

separation routes for high-quality products.
In numerous cases, membrane separation pro-

cesses operate at much lower temperature,

especially when compared with thermal processes

such as reactive distillation. As a consequence, they

might provide a solution in the case of limited ther-

mal stability of catalyst and products. Furthermore,

by membrane separation processes, it is also possible

to separate nonvolatile components.
Various membrane unit operations are available

today for a wide spectrum of industrial applications,

such as microfiltration (MF), ultrafiltration (UF),

nanofiltration (NF), reverse osmosis (RO), gas

separation (GS) and vapor separation (VS),
pervaporation (PV), dialysis (D), electrodialysis
(ED), and membrane contactors (MCs).

The possibility to integrate various membrane
operations in the same process, or in combination
with conventional separation units, allows, in many
cases, one to obtain better performance in terms of
product quality, plant compactness, environmental
impact, and energy use [3–6].

A special case of integrated membrane system,
with much interest in the logic of the PI strategy, is
represented by the MRs.

The combination of advanced separation and che-
mical conversion realized in an MR allows one to
achieve many advantages in comparison to tradi-
tional reactors, depending on the specific functions
performed by the membrane [7].

However, in order to have a synergic combination
of the separation and reaction process that allows one
to obtain optimal performances, a multidisciplinary
approach in the MR design is necessary.

In this approach, different disciplines, such as chem-
istry, chemical engineering, membrane engineering, and
process engineering, give their specific contribution to
the general objective to obtain improved performance in
terms of productivity and sustainability (Figure 1).

In the following sections, the advantages and the
as-yet existing limitations of MRs technology are pre-
sented. It is shown that the selective membrane-based
separation and transport of the products and/or the
reagents from or toward the reactor can increase the
yield and/or the selectivity of some processes.

The downstream processing of the products can
be substantially facilitated by an appropriate process
design when they are removed from the reaction
mixture by means of a membrane [8].

Moreover, when the membrane is used to immo-
bilize a homogeneous catalyst, the catalyst recovery,
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regeneration, and reuse in successive catalytic runs,

are generally easier in comparison with other hetero-
geneous catalytic systems.

The membrane can also define the reaction
volume (e.g., by providing a contacting zone for two

immiscible phases, as in phase-transfer catalysis),

excluding polluting solvents and reducing the envir-
onmental impact of the process membrane [8].

In the past few years, significant progress has
also been made in the modeling and simulation

for investigating the overall performance of the

MRs in terms of mass transport of substrates/
products, by determining the concentration and

velocity profiles. The ultimate goal is to improve

the reactor performance by optimizing the reactor

design and operative conditions, as well as provid-
ing important inputs for the realization of

membranes and catalysts through the understand-

ing and optimization of structural/functional

relationships at the molecular level in the systems

investigated.
New metrics such as the volume index and con-

version index have also been recently proposed as

simple and valuable tools analyzing the volume

reduction or improved conversion shown by MRs

in the logic of the PI strategy [9].
The scientific literature on MRs is significant

today; however, practically only few large-scale

industrial applications have been reported, princi-

pally in the biotechnology field.
MRs are today successfully applied in small-scale

operations; however, for their use on a large indus-
trial scale, additional efforts, mainly related to the
Classifications 

Transport function
of the membrane

•

•

•

Membrane material

•  Extractor

•  Distributor 

•  Contactor

•
– Polymers

••  Organic

•
– Ceramics
– Metals

••  Inorganic

Figure 2 Some possible classifications of the membrane reac
optimization of membrane manufacturing and reac-
tor design, are required.
3.05.2 Classification of MRs

As there are different ways to combine a catalyst with
a membrane in a MR, there are numerous possible
categorizations of these systems (Figure 2) [10].

The most general is based on transport function of
the membrane, and it is possible to have extractor,
distributor, and contactor type MRs [11].

The nature of the membrane material (organic or
inorganic) is another criterion used to distinguish
between the MRs [8, 12].

Another possible classification is based on the role
of the membrane in the catalytic process. If the mem-
brane is itself catalytically active, the MR is indicated
as a catalytic membrane reactor (CMR); alternatively,
if the membrane provides only a separation function
and the catalyst is in solution, in the packed-bed or
fluidized-bed configuration, the system is indicated as
inert or membrane-assisted reactor [13].

The nature of the catalyst, biological or artificial,
is also used as a classification tool [14].
3.05.3 Membrane Functions in a MR

The variety in the MR classification reflects the
diversity of the functions that the membrane can
serve in the reactor (Figure 3). Typical examples
are the separation of products from the reaction
of the MRs

Role of the membrane in the 
catalytic process

•

Nature of the
catalyst

••••  Catalytic (CMR)

•
– Metals
– Oxides

••  Nonbiological
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– Enzymes
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•••  Biological

•
Catalyst configuration:

Catalyst (homogeneous 
or heterogeneous)

retained in the reactor 
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tors.
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Figure 3 Schematization of the different functions of a membrane in a membrane reactor. Reproduced with permission
from Sirkar, K. K., Shanbhag, P. V., Kovvali, A. S. Ind. Eng. Chem. Res. 1999, 38, 3715–3737.
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Figure 4 Selective removal of a product in a membrane
extractor for a thermodynamically controlled reactions with

consequent conversion (i) and/or selectivity increase (ii).
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mixture, the separation of a reactant from a mixed

stream for introduction into the reactor, and the

controlled addition of reactants.
In a membrane extractor the removal of one or

more products allows the enhancement of the con-

version of thermodynamically controlled reactions

(Figure 4, i), as in esterification and dehydrogenation

reactions in which the removal respectively of water

or hydrogen increases the reaction yield.
In a membrane extractor it is also possible to have

an improvement of the selectivity toward an instable

intermediate product by its selective extraction from

the reaction zone (Figure 4, ii). In addition, the

downstream processing is substantially facilitated.
Numerous examples of extractor-type MRs have

been applied in H2-producing reactions such as
methane steam reforming (MSR; Equation (1)) and

water gas shift (WGS; Equation (2)) [15]:
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CH4 þH2O, COþ 3 H2ð�H298K¼ 206 kJ mol – 1Þ
ð1Þ

COþH2O, CO2 þH2ð�H298K¼ – 41 kJ mol – 1Þ
ð2Þ

CH4 þ 2 H2O, CO2 þ 4 H2ð�H298K¼ 165 kJ mol – 1Þ
ð3Þ

According to Le Chatelier’s principle, the H2

removal by a Pd-based membrane (having a theoreti-

cally infinite selectivity for H2) allows the shifting of

these equilibrium-limited reactions and the conse-

quent yield increase. The reforming operating

temperatures can be reduced from the conventional

700–800 �C down to 500–550 �C, thanks to this equi-

librium shift.
Tokyo Gas Co., Ltd. and Mitsubishi Heavy

Industries have recently developed a membrane

reformer system with nominal high-purity hydrogen

(99.999% level) production capacity of 40 N m 3 h�1

from natural gas (typical composition used: 88.5%

CH4, 4.6% C2H6, 5.4% C3H8, and 1.5% C4H10) [16].
The reformer has 112 reactor tubes, each of which

has two planar-type membrane modules composed of

stainless steel support and palladium–rare earth

metal-based alloy films of less than 20-mm thickness

(Figure 5).
A Ni-based catalyst supported on alumina (Ni/

Al2O3) is used in two forms: pellet form of 2–3-mm

diameter in the primary catalyst bed, and a specially

designed monolithic corrugated form placed close to

the membrane modules to prevent mechanical
R
Membrane reformer(a) (b)

Figure 5 External view (a) and scheme of the membrane refor
Heavy Industries. Reproduced with permission from Shirasaki, Y

Int. J. Hydrogen Energy 2009, 34, 4482–4487.
damages to membrane surface as a result of friction

between the catalyst and membrane.
The CO produced in an MSR reaction and sepa-

rated from H2 can be burned to CO2 in the WGS

reaction (Equation (2)). The role of the WGS is to

increase H2 yield (Equation (3)) and decrease the CO

concentration, which is a poison for some catalysts

used in downstream processing, as in ammonia

synthesis or oil dehydrogenation. Moreover, the

heat released in the exothermic WGS can be used

in the endothermic MSR.
Many interesting advantages have been demon-

strated in PV-assisted catalysis in which the

membrane works as extractor. In PV reactor, both

inorganic or organic and catalytic or inert mem-

branes have been used.
PV is today considered as an advantageous alter-

native for the separation of liquid mixtures, which are

difficult or impossible to separate by conventional

distillation methods.
In PV-assisted catalysis, contrary to the reactive

distillation, the separation efficiency is not limited by

relative volatility of the species to be separated; more-

over, in PV only a fraction of feed is forced to permeate

through the membrane and undergoes the liquid-to

vapor-phase change and, as a consequence, energy

consumption is generally lower compared to

distillation.
In the PV-assisted catalysis, the continuous

extraction of one of the formed products is used to

improve conversion of the reactants or to increase

reaction selectivity.
eactor tube
Membrane module

Natural gas + steam

Off gas

Hydrogen

Exhaust gas

Burner

Primary catalyst bed

Furnace

mer (b) developed by Tokyo Gas Co., Ltd. and Mitsubishi
., Tsuneki, T., Ota, Y., Yasuda, I., Tachibana, S., Nakajima, H.



Figure 7 Dosing of a reactant in a membrane distributor

for a kinetically controlled reaction (i) and avoiding of an
undesired reaction (ii).
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Figure 6 Schematization of water removal under the

driving force of a partial pressure gradient in a

pervaporation (PV)-assisted esterification process. Pf
H2O

and Pp
H2O are respectively the water partial pressure in the

feed and permeate side and Pf
H2O > Pp

H2O.
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By far the most-studied reaction combined with
PV, is the esterification, an equilibrium-limited reac-

tion with a great deal of industrial relevance.
The conversion can exceed the equilibrium limit,

by the selective removal through the membrane of

water (Figure 6).
The esterification of acetic acid with ethanol

(Equation (4)) has been investigated using zeolite

membranes grown hydrothermally on the surface of

a porous cylindrical alumina support (the membrane

has not catalytic activity but only separation func-

tion; the catalyst used for the reaction is Amberlyst 15

cation-exchange resin dispersed in solution under

stirring at 343 K) [17]:

CH3CO2Hþ CH3CH2OH<¼>CH3CO2CH2CH3

þH2O ð4Þ

The conversion exceeded the equilibrium limit by
the selective removal through the membrane of water

and reached to almost 100% within 8 h [17].
The same reaction has also been successfully car-

ried out using a polymeric (inert) hydrophilic

poly(vinyl alcohol) (PVA) membrane (Pervap 1000,

Sulzer) and Amberlyst resins [18].
A catalytic membrane has been instead developed

by coating the Pervap membrane with a thin super-

ficial layer of catalyst particles in PVA solution [18].
In the first configuration (inert membrane), reac-

tion and separation were conducted in two separate

steps; in the second one (catalytic membrane), the

two processes have been carried out in a single step,

demonstrating an increase up to 60% in ethyl acetate

conversion [18].
In addition to PVA, Nafion [19], and chitosan [20]
membranes are also frequently used for the selective

water extraction in PV-assisted, equilibrium-limited

reactions.
The extraction of an instable intermediate pro-

duct by a membrane represents a possible method to

increase the selectivity of reactions in which the

desired product is more reactive than the reagents

and can give a secondary product. An interesting

example is the direct synthesis of phenol by benzene

oxidation. The oxidation reaction has low selectivity

because phenol is more reactive toward oxidation

than benzene, and a relevant formation of over-

oxidized by-products is typically found (benzoqui-

none, hydroquinone, etc.).
An increase of the reaction selectivity has been

obtained in a photocatalytic MR employing a micro-

porous hydrophobic polypropylene membrane to

remove phenol from the aqueous to the organic

phase. The phenol, formed in water during the

photocatalytic process by using TiO2 as suspended

catalyst, is selectively extracted to the organic phase

constituted by the benzene, working as both reactant

and extraction solvent [21].
The membrane can also work as a distributor in

the MR by dosing of the reactants and increasing the

selectivity of kinetically controlled reactions such as

hydrogenation and selective oxidation, preventing

hot spots and side reactions (Figure 7).
The controlled addition of the reactants by the

membrane can reduce possible dangerous interac-

tions (e.g., with flammable or explosive mixtures) by

controlling the composition of the local reactants.
The membrane can be also used as upstream

separation unit, selectively dosing (and distributing)

one component from a mixture (Figure 8).
In numerous examples of distributor MRs, inor-

ganic membranes are employed for reagents
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Figure 8 Integration of separation and distribution

functions in a membrane distributor reactor.
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dosing/separation, such perovskite membranes for

O2 [22] and Pd/�-Al2O3 [23], or zeolite membranes

[24, 25] for H2. These systems are used in high-

temperature hydrogenation or oxidation reactions.
However, selective hydrogenation or selective

oxidation reactions at mild conditions can also be

carried out by means of solid electrolyte MRs work-

ing as distributors, and employing low-temperature

proton conductors coated by catalytic layers on their

surfaces or hot-pressed between two catalytic gas

diffusion layers [26].
The most established low-temperature proton

conductors are polymer electrolyte membranes

(PEMs) made of ion-exchange perfluoropolymers

such as Nafion (Du Pont), Aciplex (Asahi

Chemical), Flemion (Asahi Glass), and Gore-Select

(Gore and Associates), used both in polymer electro-

lyte membrane fuel cells (PEMFCs) for energy

conversion and in MRs [27].
The polymers discussed above are also called

long-side-chain (LSC) perfluoro-ionomers in order

to distinguish them from the so-called short-side-

chain (SSC) perfluoro-ionomers initially proposed

in the 1980s by the Dow Chemical Company

(under the trade name Dow Ionomer) and more

recently by the Solvay Solexis (under the trade

name Hyflon Ion) [28]. These SSC ionomers are

characterized by shorter pendant groups carrying

the ionic functionality, higher crystallinity, and

higher glass transition (Tg) than LSC ionomers at

given equivalent weight [29].
Considering the high cost of the perfluoropoly-

mers and the partial decay of their proton

conductivity at temperatures higher than 90–100 �C
[30], a huge number of nonfluorinated polymer iono-

mers, such as the sulfonated poly(butadiene styrene)

block copolymer, polystyrene, polyimides,
H2OH+---OH2---OH2  H2O---H+OH

Figure 9 Schematization of the proton transport by Grotthus
poly(arylether sulfones), poly(arylether ketones),
polyphosphazenes, and polybenzimidazole, have
been investigated as starting material to prepare
PEMs [31–33].

Moreover, organic–inorganic (hybrid) proton
exchange membranes have also been realized in
order to improve the membrane performance by
dispersion/linking of inorganic additives, such as
SiO2, TiO2, ZrO2, zirconium phosphate, and hetero-
polyacids, in the polymeric matrix [34].

To understand the proton mechanism in PEMs, it
is necessary to keep in mind that protons cannot exist
in the bare state (except in particular situation such as
plasmas and synchrotron rings) [35], but they
strongly interact with electronic density of the sur-
rounding environment. The proton localization
within the valence electron density of electronega-
tive species (e.g., nitrogen and oxygen) and self-
organization due to solvent interactions, play a key

role in the proton diffusivity.
In hydrated solid proton conductors, the transport

can occur by a vehicle or by a Grotthus-type
mechanism [36, 37].

In the first one the protons are linked to a vehicle,
in the specific case, water (e.g., as H3Oþ and H5O2

þ

ions), and they diffuse together under a gradient of
electrochemical potential.

In the Grotthus mechanism, the vehicle molecules
are stationary and the transport involves the struc-
tural intermolecular reorganization of hydrogen
bonds with the concomitant reorientation of the
vehicle molecules (protons hopping) as illustrated
schematically in Figure 9.

At low water content, the rate of bond breaking
and forming is significantly reduced. Moreover, the
interaction of the water molecules with the acid
functional groups of the polymer polarizes the pro-
tons near the anionic sites. This distribution and, as
a consequence, the inhomogeneous electrostatic

potential distribution depend on the chemical
interaction of the protons with the anions (effect
of the pKa), the local dielectric constant of the
water and the spatial separation of the acid groups.
The decreasing of both the acidity and the dielec-
tric constant as well as the increasing of the
separation distance between the polar groups
favor the restriction of proton transport through
2---OH2  H2O---H2O---H+OH2

mechanism.
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the hydrophilic domains and reduce the transport
coefficient [37].

PEM reactors operating in electrolysis configura-
tions (Figure 10(a); external electric energy input is
used as driving force to transport charged species
through the solid electrolyte) have been used for
the oxidation of various aliphatic alcohols with oxy-
gen produced by in situ water electrolysis [38].

The electrolysis of water has also been used in
hydrogenation reactions [39, 40].

PEM reactor can also work in the electrochemical
configuration (Figure 10(b); electric power output
from the electrochemical process) [26].
C + DA

B C + D

Interfacial

Figure 11 Membrane reactors in which the membrane works
In both configurations, a PEM is used to separate
the anode compartment, where the oxidation reac-
tion occurs, from the cathode compartments, where
the reduction reaction takes place. The PEM selec-
tively transports the protons from the anode to the
cathode, avoiding the direct contact of the anodic
with the cathodic reagents.

The membrane can also define the reaction
volume facilitating the contact between the reactants.
An interfacial membrane contactor can provide a
contacting zone for two immiscible phases excluding
polluting solvents and reducing the environmental
impact of the process (Figure 11).
A + B

C + D

Flow through

as an interfacial or a flow-through contactor.
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Iron phthalocyanine encaged in zeolite Y (FePcY,
this type of catalyst is also indicated as zeozyme) has

been occluded in a polydimethylsiloxane (PDMS)

membrane and successfully used in a catalytic mem-

brane contactor for cyclohexane oxidation by

tertiary-butyl hydroperoxide at room temperature

(Figure 12) [41].
By separating the two immiscible reactant phases,

the membrane eliminates the need for a common

solvent and actively controls the concentration of

the reactants near the catalytic sites.
An efficient process using a catalytic membrane

contactor for oxidation of dissolved compounds in

water has been developed in order to reduce the
Catalytic
layer

Air or O2
H

Waste
molecules

Liquid

Figure 13 Operative principle of the interfacial membrane con

wastewater. Reproduced with permission from Iojoiu, E. E., Land
Catal. Today 2006, 118, 246–252.
chemical oxygen demand and the total organic car-

bon in industrial wastewaters [42a–d].
Oxygen has been employed as a green oxidant in

the CMR using porous ceramic membranes contain-

ing Pt nanoparticles in the top layer operating in an

interfacial gas–liquid contactor configuration [42b].
Wastewater is pumped along the catalytic layer

side, while air or oxygen flows along the other side of

the contactor. The gas–liquid interface is then

located within the membrane wall by means of a

transmembrane differential pressure used to com-

pensate the gas–liquid capillary pressure (Figure 13).
It has been demonstrated that this configuration

favors a better accessibility of the reactants to the
2O + CO2

Partially
oxidized
products

Ceramic
porous

contactor

tactor used for the oxidation of dissolved compounds in

rivon, E., Raeder, H., Torp, E. G., Miachon, S., Dalmon, J.-A.
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catalyst, which improves the conversion rates [42b].

The catalytic activity of the catalyst was up to 4 times

higher than in the conventional perfectly mixed stir-

red tank reactor [42c–d].
This process can operate at much lower tempera-

tures and pressures than the conventional wet air

oxidation or incineration and it offers much smaller

volume requirements than biological treatment

plants. This catalytic membrane contactor has been

successfully upscaled from lab scale to pilot unit [42].
A three-phase catalytic MR (3PCMR) has been

used in the selective oxidation of propane to oxyge-

nates (n-propanol, isopropanol, propionic aldehyde,

and acetone), taken as reaction model for the conver-

sion of light alkanes into higher value-added

products under mild conditions [43].
Polymeric membranes, both in flat and tubular

configuration, made of an amorphous polyaryle-

netherketone indicated as PEEK-WC [44], have

been functionalized by deposition of Nafion (used

as co-catalyst) from a isopropanol solution (Nafion

loading 1 mg cm�2).
The catalytic membranes have been tested in the

3PCMR using an aqueous liquid phase containing

the Fe2þ–H2O2 Fenton system, and a gas phase con-

stituted of a propane/helium mixture, operating in

the temperature range 70–120 �C and with a pressure

difference between the gas and the liquid phase of
Vent

Condense

Liqui

Gas tank
F

Gas pump

V

C3H8

He

GC

Figure 14 The three-phase catalytic membrane reactor used f

chromatography. Reproduced with permission from Espro, C., A
A. Catal. Today 2006, 118, 253–258.
3 kPa. The catalytic test has been performed in batch

mode with separate recirculation of the two phases;

the oxygenated product formed was trapped in the

gas phase (Figure 14).
Nafion/PEEK-WC catalytic membranes denoted

a good performance in the selective oxidation of

propane (from 0.2 to 0.50 mmol g�1
Nafion), with a

higher selectivity to the primary products (n-propa-

nol and isopropanol) operating with the catalytic

hollow-fiber membranes. This configuration allows

one to achieve a higher productivity value per unit of

reactor volume than those obtained with a flat one

(0.36–2.91 mmoloxyg cm�3 s�1) [43].
PVA functionalized with sulfosuccinic acid and

Nafion membranes has been used as a solid acid

catalyst in the transesterification of soybean oil, car-

ried out in a contactor-type CMR [45]. The

concentration profiles obtained with the catalysts in

the form of pellets exhibited an initial induction

period, which disappears when the reaction is per-

formed in the MR keeping in contact the methanol

with the soybean oil without accumulation of the

glycerol product in the membrane, also reducing

the inhibition effect of the product.
When the membrane is catalytically active, as it is

made of a catalytic material (many metal membranes

have catalytic activity) or the catalyst is immobilized

in the membrane, the control of the contact-time
r

d product

Liquid pump

Liquid tank

Membrane reactor

low meter

V1

or the selective oxidation of propane to oxygenates. GC, gas

rena, F., Tasselli, F., Regina, A., Drioli, E., Parmaliana,



Catalytic Membranes and Membrane Reactors 119
reactant-catalyst, by the control of the convective

flux in the flow-through CMR, can improve the

reaction selectivity [46]. This represents a funda-

mental advantage of MRs in comparison with

traditional heterogeneous reactors.
In classical heterogeneous catalysis (catalyst

absorbed or linked in porous polymeric or inorganic

solids), the conversion and selectivity of the catalytic

process are in fact often limited by the diffusion of the

reagents to the catalytic sites and the product from them.
On the contrary, the convective flux in a catalytic

MR is easier to control and to adjust to the reaction

kinetic, by the control of the driving force and/or the

membrane structure and properties.
In a membrane separation process, the transport

rate of a component can be activated by various

driving forces such as gradients in concentration,

pressure, temperature, or electrical potential. In

numerous membrane processes, more than one driv-

ing force is involved (pressure and concentration in

gas separation, concentration and electrical potential

in electrodialysis, etc.); however, all these parameters

can be included in one thermodynamic function, the

electrochemical potential � (Figure 15(a)). For a

single component i transported, the flux Ji can be

described by a semi-empirical equation:

Ji ¼ – L ?
d�i

dx
ð5Þ

where
d�i

dx
is the gradient in electrochemical potential

of the component i and L is a phenomenological
coefficient.

In multi-component systems, driving forces and
fluxes are interdependent, giving rise to more com-

plex interactions [47].
Of course, the transport depends on the

membrane structure and, for a dense membrane in
A + B

C

C DX
dx

dηiFi = −L ⋅ 

(a)

Figure 15 Examples of specific effects of the catalyst entrapm
the membrane: (a) increase of the reaction selectivity by control

reactor; (b) influence on the transition states and reaction kinetic

restriction and transport dynamics.
which the transport occurs by a solution–diffusion
mechanism, on the membrane material as well.

The contact time (� ) between the catalytic mem-
brane and the reactant can be estimated by

� ¼ �

Ji

ð6Þ

where � is the membrane thickness.
Moreover, in a catalytic membrane, especially if

polymeric, the catalyst entrapment in the functional
microstructured environment constituted by the
membrane can have a positive influence on the tran-
sition states and reaction kinetics by electronic and
weak interactions, as well as by spatial restriction and
transport dynamics (Figure 15(b)).

Porous polymer membranes based on polyacrylic
acid (PAA) have been functionalized with Pd nano-
particles prepared from Pd(OAc)2 with reducing
agents such as NaBH4 or LiAlH4 [48]. The effect of
the membrane porosity, catalyst loading, and flow
rate of the reactant mixture, on the catalytic behavior
of these membranes, has been investigated in the gas-
phase partial hydrogenation of propyne to propylene
(Equation (7)) carried out at 298 K:

+ H2

The range of flow rate investigated was varied from
20 to 80 ml min�1 corresponding from about 4 to
1 second of residence time of the reactants in the
catalytic membrane. Increasing the flow rate (decreas-
ing the residence time) resulted in a decreased
conversion and an increased selectivity (Figure 16).

In addition, the membrane porosity influenced the
catalytic performance: the conversion decreased with
increasing porosity because, with equal amount of
catalytic particles but larger pore diameters, the cat-
alyst is more widely distributed. On the contrary, a

(7)
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better distribution of the catalyst is expected in a
membrane with lower porosity and a faster conver-
sion occurred operating at the same flow rate
(20 ml min�1) and catalyst loading (2.0 mg) [48].

The selectivity to propene decreases with the
increasing of the conversion because of the competi-
tive conversion of propene to propane (Equation (8)):

+ H2

However, the plot of the selectivity versus conver-
sion for different Pd loadings (from 2.0 to 5.5 mg) and
porosities (10% or 20%) falls on the same trajectory
(within the experimental error), indicating that there
is no change in the kinetics of the reactions due to
mass-transfer effects caused by the different mem-
brane structures or catalyst contents. The
conversion/selectivity depends on the residence
time in the catalytic membrane; this parameter can
be more easily modulated than in a fixed-bed reactor
(FBR) employing an egg-shell catalyst specially
developed for partial hydrogenation reactions [48].

PAA membranes loaded with Pd nanoparticles
have also been used for the selective hydrogenation
in liquid phase of various unsaturated substrates in a
flow-through catalytic MR operating at 323 K and
40-bar hydrogen pressure [49].

(8)
OH
1 2

H2

k1

Figure 17 Reaction scheme of hydrogenation of geraniol (1),
Compared to experiments carried out with sup-
ported catalysts (Pd/C and Pd/Al2O3) in an FBR or a
slurry reactor (SR), the selectivity for the desired

products can be increased up to 50% in the MR for
the geraniol conversion to citronellol (Figure 17),

versus 20% and 40%, respectively, in the FBR and
SR (100% conversion for all reactors), avoiding
mass-transfer limitations on reaction kinetics.

However, the reaction in the SR proceeds much
faster than in the MR and FBR [49].

In some specific cases, the mass transport can be
coupled, at least in principle, with the heat transport
through a metal membrane for reactions occurring at
the two opposite sides of the membrane. For exam-

ple, the heat dissipated in an exothermic reaction
(like hydrogenation) can be used in an endothermic
reaction (dehydrogenation reactions), taking place at

the opposite side of a membrane (palladium mem-
brane selective for hydrogen) [50, 51].

The membrane can also be used for the retention
of the catalyst in the reactor by using a membrane
with appropriate molecular weight cutoff

(MWCO). However, in the selection of the mem-
brane, it is necessary to consider that the MWCO
depends on the solvent and the solution composi-

tion (and polarity) can greatly vary during the
reaction [8].
OH OH

3

H2

k2

to citronellol (2) and tetrahydrogeraniol (3). k1� k2.
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In some cases, the catalyst retention can be opti-
mized by enlargement of the catalyst in the form of
dendrimers, hyperbranched polymers, and catalyst
bound to a soluble polymer [52].

Recently, the coupling of solvent-resistant nano-
filtration (SRNF) with homogeneous reactions has
opened up new possibilities [53].

SRNF, compared to traditional separation techni-
ques (distillation, chromatography, and extraction),
allows one to reduce energy cost and waste produc-
tion in the recovery of homogeneous catalysts.

The process is carried out in continuous or in
batchwise filtration–reaction cycles. The second
operative mode is usually employed if the operative
conditions (solvent, temperature, pressure, etc.) are
not adequate for the membrane.

The catalyst can be also immobilized inside or on
the membrane surface, generally allowing an easy
catalyst recovery, reuse, and regenerations in succes-
sive catalytic runs. Moreover, when a catalyst is
heterogenized within or on the surface of a membrane,
the membrane composition (characteristics of the
membrane material: hydrophobic or hydrophilic, pre-
sence of chemical groups with acid or basic properties,
etc.) and the membrane structure (dense or porous,
symmetric or asymmetric) can positively influence the
catalyst performance, not only by the selective sorp-
tion and diffusion of reagents and/or products, but
also by influencing the catalyst activity through elec-
tronic (electron-donating and electron-withdrawing
groups) and conformational effects (stabilization of
the transition states). These effects are similar to
those occurring in biological membranes.
3.05.4 Organic MRs

In the previous section, numerous examples of MRs
operating with catalytic or inert membranes, made of
inorganic (ceramics or metals) or organic materials
(polymers), have been reported.
Table 1 Organic vs. inorganic membranes

Advantages

Lower capital costs

Wider choice of materials for different applications

Higher permeability at lower temperatures

Higher packing density (membrane surface per unit volume) in m
Better developed technology to manufacture polymer membran

Easier membrane to module sealing
Inorganic membranes are widely used in the field
of high-temperature reactions because of their high
chemical and thermal stability.

Organic membranes are usually employed when
the reaction temperatures are lower, such as in the
field of fine chemicals or when biocatalysts are
present.

The use of organic membranes in MRs elicits
much interest because a much wider choice of poly-
meric materials is available as compared with
inorganic membranes; the cost of the polymer mem-
branes is generally lower and the preparation
protocols allow a better reproducibility (Table 1).
The relatively low operating temperatures, typical
of the polymeric membranes, are also associated
with less stringent demands for materials used in
the reactor construction [8].

Despite polymeric membranes being generally
less resistant to high temperatures and aggressive
chemicals compared to inorganic ones, polymeric
materials that could resist under rather harsh condi-
tions are currently available, such as PDMS,
polyvinylidene fluoride (PVDF), Hyflon, Nafion,
and polyimides [54].

However, the development of polymer mem-
branes having advanced or novel functions is a key
issue to be addressed in order to better exploit the
potentialities of polymer membranes in MRs.
Important approaches addressing this aim have
been presented by Ulbricht in a recent review [55]
(Figure 18):

1. development of polymer membranes in the form
of composite or mixed-matrix membranes in
which an organic and an inorganic phase coexist
in order to have synergistic effect on transport
properties, mechanic and thermal stability, as
well as to introduce new functionalities;

2. advanced functionalization by coating of func-
tional layer or grafting of functional groups on
the membrane surface or inside the pores;
Limitations

Lower thermal stability

Lower resistance to harsh environments

Lower inertness to microbial degradation

odules Lower selectivity
es and modules More difficult cleaning after fouling

Lower resistance to high pressure drops



1. Hybrid (mixed-matrix) membranes

2. Advanced functionalization

3. OSR  membranes

4.  Molecular imprinting (MIP)

5. Polymer of intrinsic microporosity (PIM) 

Figure 18 Some relevant breakthroughs in polymer membranes.
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3. development of organic solvent-resistant (OSR)
membranes (in particular, NF membranes – SRNF);

4. use of templates for realizing molecular imprinted
(MIP) membranes; and

5. synthesis of novel polymers with controlled
architecture such as polymers of intrinsic micropor-

osity (PIMs) [56].

Of course, the strategies devoted to obtain advanced
membrane materials have to be combined with
novel processing technologies of polymers in order
to obtain tailored structures controlling the density,
size, size distribution, shape, and alignment of mem-
brane pores, on a nanometric scale.

The basic objective is to obtain ordered structures
similar to track-etched polymer and anodically

oxidized alumina membranes, and tailored surface

properties, such as biological membranes, but

prepared by simple, reliable, reproducible, and eco-

nomical methods.
Micro-fabrication, self-assembling, and phase
separation micro-molding are tending toward this
direction; however, more work is necessary to
obtain systems commercially competitive and avail-
able on a large scale [57–60].
3.05.5 Immobilization of Catalysts in
Membranes

The main requirements that must be considered to
produce an ideal catalyst are: low costs, high selec-
tivity, high stability under reaction conditions,
nontoxicity and the possibility to recover and reuse
it reducing the cost and environmental impact of the
catalytic process [61, 62].

In this perspective, the heterogenization of cata-
lysts has interesting implications because it allows the
reuse of the same catalyst several times. Among the
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different heterogenization methods, the entrapping

of a catalyst in/on a membrane offers new possibili-

ties for the design of new catalytic processes.
In addition to the membrane selection criteria ((1)

stability (mechanical, thermal, and chemical); (2)

rejection; (3) permeability and selectivity; (4) fouling

tendency; and (5) cost (capital and operating)) that

have to be considered in a membrane-assisted reac-

tor, additional technical complexities, such as catalyst

stability during the immobilization procedure; influ-

ence of the catalyst particles on the membrane

properties (mechanical, transport, etc.); effect of the

catalyst loading, dimensions and distribution, on the

catalytic efficiency; and leaching of the catalyst in

liquid phase, are present in the design and realization

of catalytic membranes by the immobilization of

catalyst in/on the membrane.
However, catalytic membranes deserve special

advantages that in many cases justify these additional

efforts.
In the design of a catalytic membrane, major issues

in the polymer selection are the mechanical, thermal,

and chemical stability under reaction conditions

(Figure 19).
It is fundamental to realize a stable catalyst

immobilization in order to avoid its leaching out

from the membrane. Different immobilization stra-

tegies can be used in order to achieve this goal:

covalent bindings, electrostatic interactions, and

weak interactions (van der Waals or hydrogen
Membrane material

Chemical and thermal resistance

Mechanical properties

Affinity properties
•   For catalyst, reactants and products

Surface properties
•   Wettability, fouling

Catalyst immobilization strat

Catalyst location 
•   In/on the membrane, encaps

Type of interaction
•   Covalent bond, ionic interact
    interactions, hydrogen bond 

Polymer/
membrane

functionalization

Polymer catalytic

Membrane pre

Figure 19 Basic flow sheet of polymer catalytic membranes d
bonds) of the catalyst with the membrane or catalyst

encapsulation.
A good affinity for the catalyst is desirable in order

to avoid catalyst leaching and to have a good adhe-

sion between the polymer and the catalyst, with an

optimal dispersion of the latter.
The affinity between a compound and the mem-

brane polymer can be often anticipated by the

calculation of the affinity parameters [54, 63].

These parameters reflect the ability to form hydro-

gen bond, polar and van der Waals interactions in

condensed phase.
The polymer/catalyst affinity can be also

improved by an appropriate chemical functionaliza-

tion of one or both components.
Ideally, the solvent used for the reaction needs to

be a nonsolvent for the catalyst, and the membrane

should be free from excessive swelling.
It is also possible in some cases to improve the

catalyst retention in the membrane by the catalyst

enlargement as dendrimers, hyperbranched poly-

mers, and catalyst bound to a soluble polymer [52].
Mass transfer of the reagents to the catalytic sites,

and of the product away from them, should be fast

enough in order to not limit the reaction but, at the

same time, the contact-time catalyst/reagent should

also be appropriate.
For a porous membrane, the choice of the poly-

mer material is of less importance for transport

properties in comparison with a dense membrane,
Membrane type

Structure and morphology
•   Dense, porous, symmetric, asymmetric, etc.

Transport properties
•   Rejection, permeability, selectivity

Geometry
•   Flat, fibers, microcapsules

egy

ulated

ion, van der Waals 

Catalyst
functionalization

 membrane

paration
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because permeation does not take place through the
polymer matrix, but through the membrane pores
[8]. However, the membrane material is relevant for
the membrane stability and surface properties, such
as wettability and fouling tendency.

The membrane preparation conditions depend on
the membrane material and desired structure and
morphology. In the case of a polymer catalytic mem-
brane, the incorporation of the catalyst complicates
the process because the catalyst should be firmly
entrapped in the membrane and the catalyst structure
and activity have to be preserved during the mem-
brane preparation procedure.

Moreover, the properties (including transport
properties) of a catalytic membrane are usually dif-
ferent from those of a pure polymer membrane
prepared in the same conditions.

Different techniques for polymeric membrane
preparation are currently available and can also be
opportunely employed to prepare catalytic mem-
branes; for example, phase inversion, coating,
sintering, stretching and track etching [64].

The most versatile is the phase-inversion techni-
que, in which a polymer is transformed, in a
controlled mode, from a liquid to a solid state (the
membrane).

In some cases, the catalyst is entrapped in/on the
membrane already formed, by covalent bonds, elec-
trostatic interaction, and absorption by weak
interactions or physical entrapment. Alternatively,
the catalyst immobilization can be carried out at the
CO2 + H2O

h ν C6H5OH

RH

ROH

R1 R2

OH

R1 R2

O

(a)

Figure 20 Fundamentals aspects of decatungstate catalytic a

synthetic procedures as well as in environmental remediation (a

oxidation cycle (b); partial overlapping of decatungstate (W10) a
same time of the membrane formation, for example,
by dispersing the catalyst in the polymer casting
solution and successive phase inversion.

An interesting example of catalyst immobilization
is the heterogenization of the decatungstate
(W10O4 –

32 ), a polyoxometalalte (POM, polyanionic
metal oxide cluster of early transition metals) [65],
having interesting properties for application in oxi-
dation catalysis for fine chemistry and wastewater
treatments (Figure 20).

Decatungstate exhibits particularly interesting
properties for the photocatalytic detoxification of
wastewater since its absorption spectrum (�max¼ 324
nm) partially overlaps the ultraviolet (UV) solar
emission spectrum opening the potential route for
an environmentally benign solar-photo-assisted
application [66].

However, decatungstate has some relevant limita-
tions: it is characterized by low quantum yields, small
surface area, poor selectivity, and limited stability at
pH higher than 2.5 [67].

Membrane technology can offer interesting possi-
bilities in order to overcome these limitations by the
multi-turnover recycling associated to heteroge-
neous supports, the selectivity tuning as a function
of the substrate affinity toward the membrane phase,
and the effect of the polymeric micro-environment
on catalyst stability and activity.

In this respect, the design of alternative hetero-
geneous photo-oxygenation systems able to employ
visible light, oxygen, mild temperatures, and solvent
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with a low environmental impact (water or neat
reaction) has been investigated by the immobilization
of the decatungstate in polymer membranes [68, 69].

The successful heterogenization has been guaran-
teed by a proper choice of both, the catalyst and the
polymer material.

Considering the interest toward the photo-oxida-
tion reactions of organic substrates, principally in
aqueous phase, two hydrophobic polymer materials
have been selected for membrane preparations: the
partially fluorinated PVDF and the perfluorinated
polymer Hyflon AD60X. Both polymers are trans-
parent in the region of interest of the catalyst,
characterized by a high chemical, thermal, and UV
stability. Moreover, the use of a fluorinated media to
carry out aerobic oxidation reactions is particularly
useful because of the well-known high solubility of
oxygen in fluorinated environment.

In order to improve the catalyst/polymer interac-
tions, and to avoid catalyst leaching out from
the membrane, liphophilic (insoluble in water)
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Figure 21 Decatungstate in the form of the tetrabutilammoniu

decatungstate, ([CF3(CF2)7(CH2)3]3CH3N)4W10O32) (b); the PVDF

polymers used as membrane materials.
derivatives of the decatungstate have been employed:
the tetrabutilammonium salt ((n-C4H9N)4W10O32

indicated as TBAW10) and a fluorous-tagged
decatungstate ([CF3(CF2)7(CH2)3]3CH3N)4W10O32

indicated as RfN4W10) (Figures 21(a) and 21(b)).
The first one has been heterogenized in PVDF

membranes (Figure 21(c)) and used for the aerobic
photo-oxidation of phenol in water [70]. This reac-
tion has been chosen because phenol and its
derivatives constituted one of the main organic pol-
lutants to be removed from wastewater, and the
development of new effective and environmental
benign methods for phenol degradation is an impor-
tant research area [71].

The second one has been heterogenized in per-
fluorinated Hyflon membranes (Figure 21(d)) and
used in the solvent-free oxygenation of benzylic
hydrocarbons [72].

PVDF polymeric matrix can interact with liphophi-
lic salt of decatungstate by van der Waals interactions.
The insaturation of electron donor–electron acceptor
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interactions between the catalyst and fluorinated poly-
mer is also possible [73].

The TBAW10 heterogenization can be carried out
by solubilization of the catalyst into the polymer solu-
tion using a common solvent (dimethylacetamide) to
prepare nano-hybrid membrane (PVDF-W10) using
the phase-inversion technique. The catalytic mem-
branes obtained are characterized by a homogeneous
distribution of the catalyst in membrane, as evident
from scanning electron micrographs (SEMs) in back-
scattered electron (BSE) mode (Figure 22(a)) and
linear X-ray (RX) maps on the cross sections.

Solid-state characterization techniques (Fourier
transform infrared (FT-IR) analysis; UV–Vis spec-
troscopy in diffuse reflectance) confirmed that the
catalyst structure and spectroscopic properties have
been preserved within the membranes.

The dependence of the phenol degradation rate
by the catalyst loading in membrane and the trans-
membrane pressure has been investigated, allowing
one to identify the catalytic membrane with catalyst
loading 25.0 wt.% and operating at 1 bar (contact
time 22 s), as the more efficient system [70].

The rates of phenol degradation catalyzed by
homogeneous Na4W10O32 and heterogeneous
(c)

20 µm

(a)

(c)(c)

Figure 22 Scanning electron microscope (SEM) images in ba
decatungstate: cross section of a porous polyvinylidene fluoride

an Hyflon membrane immobilizing the TBAW10 catalyst (b); dow

catalyst (c).
PVDF-W10 (25.0 wt.%) have been compared in simi-
lar operative conditions. The amount of phenol
degraded in the homogeneous and heterogeneous
reaction was similar. In both cases, after 5 h of reac-
tion, about 50% of the phenol is converted (starting
from 150 ml of a 0.002-M phenol solution). However,
in the case of the homogeneous reaction, several
persistent intermediates were observed, and only
the 34.0% of mineralization to CO2 and water has
been obtained. On the contrary, during photodegra-
dation performed by PVDF catalytic membrane, the
phenol converted is also mineralized to CO2 and
H2O, as confirmed by a similar (49%) percentage of
total organic carbon loss.

The high catalytic activity of the PVDF-W10

membranes, in comparison to the homogeneous cat-
alyst, can be ascribed to the selective absorption of
the organic substrate from water on the hydrophobic
PVDF polymer membrane that increases the effec-
tive phenol concentration around the catalytic sites,
allowing an intensive contact in the flow-through
CMR.

Moreover, the polymeric hydrophobic environ-
ment protects the decatungstate from the conversion
to an isomer absorbing only light under 280 nm,
10 µm

(b)

20 µm

ckscattered electron (BSE) of membranes containing
(PVDF) membrane containing TBAW10 (a); down surface of

n surface of an Hyflon membrane immobilizing the RfN4W10



Table 2 XPS analysis carried out on the up surface of the

PVDF pure membrane, of the membrane treated with Ar/
NH3 plasma (PVDF-NH2) and the catalytic membranes

containing W10 or W12 catalysts (respectively PVDF-NH2-

W10 and PVDF-NH2-W12)

Membrane C% O% W4f% P2p% F% N%

PVDF 54.2 1.9 - - 43.8 /

PVDF-NH2 57.6 4.7 - - 28.0 9.4
PVDF-NH2-

W10

58.9 19.1 3.3 - 12.1 6.2

PVDF-NH2-

W12

53.1 18.3 3.5 0.4 19.3 5.1

Data from Lopez, L. C., Buonomenna, M. G., Fontananova, E.,
et al. Adv. Funct. Mater. 2006, 16, 1417–1424.
Lopez, L. C., Buonomenna, M. G., Fontananova, E., Drioli, E., Favia,
P., d’ Agostino, R. Plasma Process. Polym. 2007, 4, 326–333.
Fontananova, E., Donato, L., Drioli, E., Lopez, L., Favia, P.,
d’Agostino, R. Chem. Mater. 2006, 18, 1561–1568

PVDF

PVDF-NH2

PVDF-NH2-W10
PVDF-NH2-W12

W10 or W12
aqueous solution

Ar/NH3 plasma

Figure 23 Heterogenization of catalysts on the surface of
plasma-functionalized PVDF membranes.
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which instead occurs in homogeneous solution at

pH > 2.5 [70].
Polymeric catalytic membranes have also been

prepared by immobilizing photocatalytic POMs,

sodium deacatungstate (Na4W10O32; W10) [74, 75]

and phosphotungstic acid (H3PW12O40; W12) [76],

on the surface of PVDF membranes modified by

Ar/NH3 plasma discharges (PVDF-NH2)

(Figure 23).
Polar chemical groups (principally NH2, together

with OH, CN, NH, and CO) have been grafted by a

NH3 plasma discharge on the upper surface of PVDF

membranes, pretreated with Ar in order to control

hydrophobic recovery [77].
The groups grafted on the surface are able to bind

the W10 or W12 catalysts dissolved in aqueous

solution, forming charge transfer complexes.
Surface-diagnostic techniques, such as X-ray

photoelectron spectroscopy (XPS; Table 2), contact

angle (CA) measurements, and RX maps, have been

used to attest the surface modification.
The XPS N% value can be taken as a measure of

the efficiency of the grafting of N-groups after the

NH3 plasma treatments.
The N content is lowered from 9.4 for PVDF-

NH2, to 6.2 for the PVDF-NH2-W10 and 5.1 for

PVDF-NH2-W12 surfaces, since W10 or W12 is

added to the surface, and W%, O% (and P% for

the second one) XPS value increase.
The catalytic membranes obtained (PVDF-NH2-

W10 and PVDF-NH2-W10) showed superior perfor-

mances (higher reaction rates) compared to the

corresponding homogeneous catalysts in the aerobic

phenol degradation reaction carried out in an

un-buffered solution [74–76].
The TBAW10 has also been heteorogenized in the
Hyflon matrix; however, the low affinity between the
catalyst and the polymeric matrix (no common sol-
vents between the two systems) induced the
formation of irregular catalyst aggregates, not well
dispersed in the polymeric matrix, which tend to
precipitate toward the down surface (Figure 22(b)).

On the contrary, in the case of the fluorous-tagged
decatungstate, SEM images of the membrane surface
(Figure 22(b)) and cross section highlight a homo-
geneous distribution of the catalyst domains which
appear as spherical particles with uniform size
(Figure 22(c)).

The cationic amphiphiles RfN
þ groups induce

the self-assembly of the surfactant-encapsulated clus-
ters [78, 79] (RfN

þ groups capped on W10O4 –
32 )

which, during membrane formation process, gives
supramolecular assemblies of the catalyst, stabilized
by the polymeric matrix.

The dimensions of these clusters and, as a conse-
quence, the surface area and catalytic activity of the
decatungstate, can be modulated acting on the mem-
brane preparation conditions. Increasing the membrane
formation time by an increase of the membrane thick-
ness (increase of the casting solution initial thickness)
the mean dimensions of the RfN4W10 clusters became
larger because they have more time for aggregate
before the solidification of the membrane (Figure 24).

In addition, the increase of the catalyst loading
contributes to increase in the mean dimension of the
clusters.

The catalytic Hyflon-based membranes have been
tested in batch solvent-free oxygenation of benzylic
C–H bonds of the ethylbenzene (Figure 25) at 25 �C
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under O2 atmosphere (membrane cut in small pieces

and immersed in ethylbenzene).
The key observation was provided by an increase

of the selectivity toward the alcohol (product of

interest) and turnover number (TON) when the cat-

alyst is heterogenized in Hyflon membrane (Table 3,

entries 4–7) in comparison with homogeneous cata-

lysts (entries 1 and 2) or the catalyst heterogenized in
O
 W10O32

4–

1

Figure 25 Photo-oxygenation of ethylbenzene. The products

Table 3 Photocatalytic oxygenation of eth

decatungstate or heterogeneous catalytic m

Catalyst Solve

1 aTBA W10 CH3C

2 aRfN4 W10 HFP

3 PVDF-TBA W10 Neat
4 Hy- TBA W10 Neat

5 Hy- RfN4 W10 (thickness 7 mm) Neat

6 Hy- RfN4 W10 (thickness 50 mm) Neat

7 Hy- RfN4 W10 (thickness 94 mm) Neat

a Pseudo-neat conditions by addition of 20 ml of
1: peroxide, 2: alcohol, 3: keton. Reaction condit
�< 345 nm; T¼ 25 �C; 4 h irradiation time. Turnov
catalyst (mol).
Data from Carraro, M., Gardan, M., Scorrano, G.
Chem. Commun. 2006, 43, 4533–4535.
PVDF (entry 3). Moreover, the use of the fluorous-
tagged decatungstate well dispersed in Hyflon mem-
brane (entries 5 and 6) improves the TON in
comparison with the TBAW10 only physically
entrapped in Hyflon (entry 4).

Only with the thicker Hyflon membrane (entry 7)
the TON was lower because in the operative condi-
tion used the reagent can only diffuse inside the
membrane and mass transfer limitations reduce the
process efficiency.

The catalytic membranes with smaller catalyst
cluster are characterized by a higher activity in the
photo-oxygenation of ethylbenzene (entries 5–7).

Better performance is expected using these mem-
branes in a CMR operating with flow through.
3.05.6 Industrial Applications of MRs
and the As-Yet Existing Limitations

Despite the clear advantages of the MRs and the
numerous lab-scale studies, only few large-scale
plants are running yet, principally in biotechnologi-
cal applications, employing polymeric membranes.

Membrane bioreactors (MBRs) are already recog-
nized as the best available technology for wastewater
OH OH O

+

2 3

are hydroperoxide (1), alcohol (2), and acetophenone (3).

ylbenzene by homogeneous

embranes made of PVDF or Hyflon

nt
Cat.
(�mol)

Products
(mM) (% 1:2:3) TON

N 0.20 64 (36:32:32) 351

0.18 95 (56:23:21) 581

0.32 23 (45:23:32) 78
0.20 81 (14:66:20) 443

0.03 94 (16:46:38) 3447

0.18 196 (25:41:34) 1198

0.70 270 (15:48:37) 424

solvent (HFP¼ hesafluoroisopropanol).
ions: ethylbenzene, 1.1 ml; pO2, 1 atm;
er number calculated as: products (mol)/

, Drioli, E., Fontananova, E., Bonchio, M.
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treatments and the capacity of installed plants is
increasing continuously, even if fouling problems
still limit their performance and their costs need to
be reduced [80].

A MBR (i.e. membrane reactor employing biolo-
gical catalysts) is composed of two parts: the
biological reactor in which the reaction occurs
(active sludge containing purifying bacteria) and the
membrane module for the physical separation of the
different compounds.

MBRs can be classified into two main groups
according to their configurations. The first group,
commonly known as the recirculated or external
MBRs, involves the recirculation of the solution
through a membrane module that is outside the bior-
eactor. Both inner-skin and outer-skin membranes
can be used in this application.

The second configuration is the integrated or
submerged MBRs, involving outer-skin membranes
that are internal to the bioreactor.

Over 1000 MBRs are currently in operation
around the world with approximately 66% in Japan,
and the remaining part largely in Europe and North
America. Of these installations, about 55% use sub-
merged membranes, while the rest have external
membrane modules [81].

One of the largest MBR units in the world was
recently built in Porto Marghera (Venice, Italy) in
order to extract remaining pollutants in tertiary
water prior to disposal into the Venetian Lagoon [82].

The UF unit, containing submerged PVDF hol-
low-fiber membranes (ZeeWeed� by Zenon), is
designed to treat 1600 m3 h�1 of wastewater with a
chemical oxygen demand (COD) per hour of 445 kg
and the suspended matter of the treated water is
<1 mg l�1 [82].
(a) (b)

Figure 26 Enzyme membrane reactors at different scales: (a) la

from Wöltinger, J., Karau, A., Leuchtenberger, W., Drauz, K. Adv. B
There are two interconnected UF lines, each line
contains 4 units composed by 9 ZeeWeed� modules
and the total membrane area is 100 000 m2.

Large-scale applications can also be found with
enzymatic membrane reactors (EMRs) in which
enzymes are immobilized in/on the membrane, or
retained by a membrane in the reactor.

The recent trend toward environmentally
friendly technologies makes these biocatalytic MRs
particularly attractive because of their ability to
operate at moderate temperature and pressure, and
to reduce the formation of by-products [83].

Enzymes, compared to artificial catalysts, gener-
ally permit greater stereospecificity and higher
reaction rates under milder reaction conditions.

Degussa has installed several EMRs (hydrophilic
UF hollow fibers used for enzyme retention) for
pilot, small, and large-scale acylase process, used for
the enzymatic resolution of N-acetyl-D,L-amino acids
(Figure 26) [84].

The nominal capacity of the Degussa large-scale
plant, dedicated to producing enantiomerically
pure L-amino acids via EMR technology using
the acylase process, is several hundreds of tons per
year.

Another EMR (Sepracor reactor) has been used at
industrial level for the production of (–)MPGM
(3-(4-methoxyphenyl)glycidic acid methyl ester), an
important intermediate for the production of diltia-
zem hydrochloride, a coronary vasodilator [85].

The reactor utilizes lipase from Serratia marcescens

immobilized in hollow-fiber UF hydrophilic mem-
branes for the enantioselective hydrolysis of
(þ)MPGM to (2S,3R)-(þ)-3-(4-methoxyphenyl)-
glycidic acid and methanol, starting from a
(þ/�)MPGM racemic mixture [86]. The pilot
(c)

b scale, (b) pilot scale, and (c) production scale. Reproduced

iochem. Eng./Biotechnol. 2005, 92, 289–316.
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plant Sepracor reactor annually produces about

40 kg (–)MPGM per square meter of membrane.
From a general analyses of the MR technology, it

is evident that the limitations of these technology are

principally related to the manufacturing costs of the

membranes and membrane modules, and their lim-

ited durability over long times.
In order to better exploiting the potentialities of

this technology, it is important to develop advanced

(catalytic) membranes and modules with acceptable

costs, stable in a wide range of solvents and condi-

tions, and showing high and reproducible

performance in the long term.
The design of an efficient MR needs to be derived

from an application-based multidisciplinary approach,

and high-throughput screening methods and mathe-

matical modeling are fundamental tools for the

analyses and better understanding and optimization

of these promising multifunctional reactors.
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3.06.1 Introduction

Pervaporation is a well-known membrane separation
technique for liquids. The term pervaporation itself
reflects the process principle: it is a contraction of
permeation and evaporation. Figure 1 shows schema-
tically a pervaporation setup in which a (heated) liquid
feed circulates over the membrane surface [1]. A
vacuum is applied to the permeate side to create a
driving force. One (or several) of the feed components
sorbs into the membrane, diffuses through the mem-
brane, and desorbes into the vapor phase at the
permeate side, where usually condensation takes
place. In this manner, a separation is achieved between
components in the feed mixture that are easily sorbed
and have a fast diffusion through the membrane, and
components that have less affinity with the membrane.
Vaporization may occur near the downstream face of
the membrane, such that the membrane can be con-
sidered to operate with two zones, a liquid-phase zone
and a vapor-phase zone. The exact point in the mem-
brane where the liquid becomes vapor is not
determined and, in fact, cannot be determined.
During transport through the membrane, all species
are present as individual molecules within a solid
membrane structure, so that a phase cannot be defined.
Nevertheless, the conditions are very different at both
sides of the membrane, which may lead to problems
due to different swelling behavior at the feed side of
the membrane compared to the permeate side of the
membrane.
Thus, the membrane characteristics largely deter-
mine the separation potential between components
in the feed mixture. It should be understood that
pervaporation is best applied for feed solutions hav-
ing a relatively low concentration in the permeant,
because sensible heat of the feed mixture provides
the enthalpy of vaporization of the permeant. On the
other hand, the concentration should not be too low
since the driving force in pervaporation is the differ-
ence in concentration between the feed and the
permeate. The hydrophilic or hydrophobic nature
of the membrane are the main determinants of
separation, although solute size may also play a role
[2]. In this sense, three types of membranes are dis-
tinguished: hydrophilic membranes, hydrophobic
membranes, and organophilic membranes (the latter
sometimes corresponding to hydrophobic).
Hydrophilic membranes preferentially transport
water from a (nonaqueous) mixture. Hydrophobic
membranes do the opposite: they have the least affi-
nity with water and preferentially transport
nonpolar, organic compounds. Organophilic mem-
branes may have more specific affinities for organic
solvents, not necessarily at the end of the polarity
scale [3].

Polymeric (organic) membranes are most often
used in industrial applications, for example, for dehy-
dration of organic solvents (hydrophilic membranes),
for recovery of organic components from water
(hydrophobic membranes), and for the separation of
organic mixtures (organophilic membranes).
135
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Figure 1 Schematic diagram of the pervaporation process.
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Research was initially focused on the application of

pervaporation in wastewater treatment, using hydro-

phobic (typically poly(dimethyl siloxane) (PDMS))

membranes [4–13]. This has not led to a breakthrough

on industrial scale, due to two fundamental reasons.

The first is related to the process cost, which is high in

comparison with conventional wastewater treatment

techniques. During this time, before the awareness of

the cradle-to-cradle principle, waste and wastewater

were considered end-of-pipe fractions not having any

added value to production; the target was usually to

discharge at the lowest possible cost. This, of course,

did not catalyze the use of pervaporation.
A second reason was more fundamental: the driv-

ing force used within the process is a difference in

partial pressure, that is, concentration. Typical appli-

cations in wastewater treatment where pervaporation

can be applied are in the low concentration range,

yielding a low to very low driving force. Although

this may be technically possible, it is not the target

concentration range for applying pervaporation.
In industrial applications, pervaporation has to

compete with conventional separation processes,

such as distillation, liquid–liquid extraction, adsorp-

tion, and stripping. Pervaporation is a promising

alternative to conventional energy-intensive tech-

nologies for being more economical, safe, and

ecofriendly, and for having interesting energetic

aspects [14–16]. In the chemical industry, pervapora-

tion is explored for separations that are difficult to

achieve by distillation, for example, separations giv-

ing azeotropic mixtures and separations of

components with a small difference in volatility.

Hydrophilic pervaporation for solvent dehydration

was more successful as a stand-alone process. Already

in the 1980s, this application was suggested as an

attractive solution for alcohol–water separations

[17–20]. In the 1990s, pervaporation became well

established in this application, using, for example,

polyvinylalcohol (PVA) membranes, but also with a

broad range of newly developed polymeric mem-

branes, and even ceramic membranes [21–30]. Pilot-
scale plants were set up [31, 32], and solvent dehydra-
tion slowly became an accepted application for
pervaporation. Nowadays, numerous publications
can be found regarding advanced applications of sol-
vent dehydration using pervaporation, shifting the
challenge from well-established alcohol applications
to other solvents such as benzene [33], tetrahydro-
furan (THF) [34, 35], caprolactam [36], and 2,2,2-
trifluoroethylamine (TFEA) [37]. Dehydration of
acetic acid–water mixtures is a special challenge,
which has been studied since the 1990s [38–44], but
remains an unsolved question, mainly due to insuffi-
cient membrane stability [45]. However, the search for
the ideal membrane is ongoing [46–48].

However, in general, pervaporation as a stand-
alone technique will rarely offer the optimal solution,
but as part of a hybrid process, combined with, for
example, distillation, it is very promising for difficult
separations and may yield considerable energy sav-
ings. Until now, penetration of hybrid processes
including pervaporation in the (petro)chemical indus-
try has not gone very far for two reasons: (1) the
methodology for design and optimization of perva-
poration-based hybrid processes is still insufficiently
developed; and (2) commercially available polymeric
membranes are not generally applicable to organic
solutions, due to insufficient chemical and tempera-
ture stability. However, the principle of applying
pervaporation as a hybrid process, making advantage
of the optimal working range for each individual
process, is widely understood. Lipnizki et al. [49]
have discussed hybrid separation processes based
on pervaporation, and have given several examples
of possible processes, such as benzene–cyclohexane
separation, dimethyl carbonate–methanol, water–
ethanol, fusel oil–water, water–isopropanol, and
water–methyl isobutyl ketone (MIBK). Applications
of hybrid separation processes can even be found in
wastewater treatment [50].

Challenges in developing hybrid processes, in
addition to insufficient membrane stability that can
be encountered in specific applications, are related to
process simulation and the optimal design of hybrid
processes. As pointed out by Stephan et al. [51], a
distillation column and a pervaporation membrane
module can be combined in different ways:

1. the membrane module is placed in the column
feed stream;

2. the membrane feed stream is taken as a side stream
from the column and the permeate and retentate
streams are fed back to the column; and



Figure 2 Schematic representation of a distillation–pervaporation hybrid process in different configurations.

(a)

Reactor Reactor 

(b)

Pervaporation Membrane Reactors 137
3. the membrane is located on the head or bottom of
the column performing the final product
purification.

This is schematically depicted in Figure 2.
The determination of the optimal configuration

remains a nontrivial matter due to the introduction of
many extra degrees of freedom in the hybrid system.
The optimal configuration will, for instance, be
determined by the product-purity requirements, spe-
cified operating conditions, and the separation
characteristics of the installed membrane compo-
nents. Moreover, the economic optimization desired
or required in an industrial context should also take
into consideration the operating cost of (thermal and
mechanical) energy consumption, together with
information about the investment cost of the hybrid
configuration (total number of separation stages of
conventional separation process, size of chemical
reactor, required membrane area, and so on).

A further integration of pervaporation can be
achieved when not only separation processes are
considered, but also when pervaporation is integrated
with a chemical reactor. Again, this may involve
hydrophilic, hydrophobic, or organophilic mem-
branes, although hydrophilic membranes for
removal of water from a reaction medium are by far
the most used membranes. The sections in the fol-
lowing describe the possible applications of
pervaporation in combination with reactors that
have been described in the literature.
 PV 

Product 

PV 

By-product 

Figure 3 R-type (reaction) hybrid processes: (a) type R1

(removal of reactor product) and (b) type R2 (removal of by-

product) [49].
3.06.2 Definition of a Pervaporation
Membrane Reactor

Lipnizki et al. [49] distinguished various possible
hybrid processes involving pervaporation, including
both separation-type and reaction-type hybrid
processes. The latter are an offspring of two different

processes (a separation and a reaction) and are

denoted as R-type hybrid processes. Two configura-

tions are distinguished (Figure 3). In the first one,

denoted as type R1, the pervaporation unit removes

the product from within the reactor (or from a recycle

loop around the reactor). In this case, the product

removal improves the productivity of the reactor, so

that the overall process can be considered to be inte-

grated and optimized. Therefore, the combination of

both is a hybrid process. Type R2 is similar, but in this

case not the final product from the reactor is removed,

but a side product, which is often water. By using a

hydrophilic pervaporation membrane, the equili-

brium in a reaction can shift to a higher product

yield in this case. Again, the removal of the by-

product influences the reaction (in a positive way) so

that the combination of reaction and separation can

be considered to be a hybrid process.
Lipnizki et al. [49] pointed out that applications of

pervaporation-based hybrid processes generally

cover the separation of all kinds of liquid mixtures

in all concentration ranges. An overview of applica-

tions already running or in development given by



Table 1 Potential hybrid processes of type S1

Process Application Hybrid? Membrane

Ethanol–water Azeotrope ethanol–water PV-distillation Hydrophilic

Benzene–cyclohexane Azeotrope benzene–

cyclohexane

Extractive distillation-PV Organophilic (Bz)

Acetic acid dewatering Small fractions of water from

acetic acid

PV–RO Hydrophilic

Carboxylic acid ester
production

Azeotrope with methanol PV-distillation Organophilic (MeOH)

Isopropanol production Azeotrope with water PV-distillation Hydrophilic

Dimethylcarbonate production Azeotrope with methanol PV-distillation Organophilic

Dimethyl acetal production Azeotrope with water PV-distillation Hydrophilic
Ethyl t-butyl ether production Azeotrope with C4 PV-distillation Organophilic

Modified from Lipnizki, F., Field, R. W., Ten, P. K. J. Membr. Sci. 1999, 153, 183–210.

(a)

Permeate 

Permeate 

(b)

Figure 4 Schematic representation of two possible

layouts for reactor-pervaporation unit, with (a) external

pervaporation unit and (b) internal pervaporation unit.
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Lipnizki et al. [49] involves only hybrid processes of

type R2. These include butyl acetate production,

n-butyl oleate production, diethyltartrate produc-

tion, dimethyl urea (DMU) production, ethyl

acetate production, ethyl carboxylate production,

ethyl oleate production, ethyl valerate production,

isopropyl propionate production, MIBK production,
hexadecyl eruciate production, and propyl propio-

nate production. All these processes were already

described in the literature in the 1990s, which proves

that many applications can be defined and, moreover,

have industrial relevance. Hybrid processes of type

R1 are to be found in wastewater and biotechnology

applications and were not included in Table 1.

Hybrid processes of type R2 were found to make

use of hydrophilic membranes, due to the fact that
the vast majority of these applications are based on

the removal of water. The reaction equilibrium shifts

in these reactions when water is removed, so that the

reactor is operated in a more efficient way, at

enhanced yield. The membranes used in these appli-

cations may be made of PVA, PVA/polyacrylonitrile

(PAN), polyetherimide (PEI), or 4,49-oxydipheny-

lene pyromellitimide (POPMI).
For the realization of the process, two process

designs can be applied [49]. The pervaporation unit

can be an external process, with a loop from the

reactor to the membrane unit and back to the reactor.

Alternatively, the pervaporation unit can be directly

integrated in the reactor; this layout is often referred

to as a membrane reactor in the literature, although

in both cases the pervaporation unit and the reactor

influence each other mutually, and optimization of

the design must take this interdependency into
account. Both layouts are schematically represented

in Figure 4, with the external pervaporation unit on
the left-hand side and the internal pervaporation unit
on the right-hand side. Important parameters for
such an optimization are the selectivity of the mem-
branes, process temperature, and pervaporation feed
stream composition [49].

Type-R2-pervaporation-based hybrid processes
can be used in esterification reactions, or can be
used in other reactions such as the production of
DMU, MIBK, and methyl t-butyl ether (MTBE),
among others. The classification proposed by
Lipnizki et al. [49] is further used in this chapter.
3.06.3 Conventional Approach Using
Reactive Distillation

Kulprathipanja [52] described possible reaction–
separation possibilities, including reactive distillation,
combined extraction–reaction units, combination of
absorption with reaction, combination of adsorption
with reaction, reactive membrane separation (includ-
ing pervaporation membrane separation, but also
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other applications such as membrane bioreactors), and
reactive crystallization. The most conventional
approach to enhance the yield of a chemical or bio-
chemical conversion in a reactor is by using reactive
distillation. Similar to a pervaporation membrane
reactor, a reactive distillation may also integrate a
reaction and a separation. However, the separation is
carried out in a traditional way using a distillation
column.

The chemical reaction in a reactive distillation
usually takes place in the liquid phase, often in the
presence of or at the surface of a solid catalyst in
contact with the liquid phase [53]. Terrill et al. [54]
described the fundamentals of the process in a gen-
eral way. Typically, two components A and B are
involved. In the classical approach, it is assumed that
these are a close boiling or azeotropic mixture, since
distillation is taken as a reference. However, it is
obvious that when a comparison is made to perva-
poration membrane reactors, this assumption is
irrelevant, since the separation unit (distillation in
this case) is only used to remove one of the reaction
products in the conversion. A reactive entrained E is
introduced into the distillation column; if A is the
lower boiling component, it is preferable that E be
higher boiling component than B and that it reacts
selectively and reversibly with B to produce reaction
product C, which also has a higher boiling point than
component A and does not form an azeotrope with A,
B, or C. Component A is removed from the distilla-
tion column as distillate, and components B and C,
together with any excess E, are removed as bottoms.
Components B and E are recovered from C in a
separate distillation step, where the reaction is
reversed to completely react C back to B and E; B
is taken off as distillate, and E is taken off as bottoms
and recycled to the first column [53].

However, A and B may also be two reagents in a
reaction, yielding C and D where C is the desired
product and D is a by-product. This concept dates
back from 1921 when Backhaus [55] obtained a
patent for esterification reactions in a distillation
column. Early experimental observations were
reported by Leyes and Othmer [56], for the ester-
ification of acetic acid with an excess of n-butanol
in the presence of sulfuric acid as a catalyst to
produce butyl acetate and water. This is thought
feasible when the reaction takes place in the liquid
phase, with temperatures and pressures similar for
reaction and separation. The reaction should be
limited by the equilibrium such that if one or
more of the products can be removed, the reaction
can be driven to completion, avoiding a large excess
of reactants to achieve a high conversion. For
reactions that are irreversible, it is thought more
economical to carry out reaction and separation in
different units. In general, reactive distillation is not
attractive for supercritical conditions, for gas-phase
reactions, and for reactions that take place at high
temperatures and pressures or that involve solid
reactants or products [53].

It is not surprising that the esterification of acetic
acid and ethanol to yield ethyl acetate and water is
the most-studied application of reactive distillation
[57]. When distillation is considered, the boiling
points of the reagents and reaction products should
be taken into account: at atmospheric pressure, the
boiling points of ethyl acetate, ethanol, water, and
acetic acid are 77.1, 78.4, 100, and 118.1 �C, respec-
tively. This means that water has an intermediate
boiling point between ethyl acetate and ethanol on
the one hand, and acetic acid on the other. Moreover,
minimum boiling binary azeotropes are formed by
ethanol and water at 78.2 �C with 10.57 mol.% etha-
nol, and by ethanol and ethyl acetate at 71.8 �C with
46 mol.% ethanol. A minimum boiling binary hetero-
geneous azeotrope is formed by ethyl acetate and
water at 70.4 �C with 24 mol.% water, and a ternary,
minimum boiling azeotrope is formed by ethanol–
ethyl acetate–water at 70.3 �C with 12.4 mol ethanol
and 60.1 mol.% water. Thus, this system is extremely
complex and nonideal. Therefore, reactive distilla-
tion is not the most straightforward solution. In
addition, even when the intrinsic challenges related
to the mixtures involved can be solved, reactive dis-
tillation still has the fundamental disadvantages that
(1) pure water cannot be selectively removed at the
top or bottom of the column and (2) energy require-
ments related to the distillative separation are high.

In spite of these disadvantages, several studies of
reactive distillation were published for esterification
reactions and other reactions. Some of the esterifica-
tion reactions include the reaction of acetic acid and
butanol to n-butyl acetate [58], esterification of
succinic acid with ethanol [59], esterification of
1-propanol and propionic acid to propyl propionate
[60], synthesis of triethyl citrate from citric acid and
ethanol [61], esterification of acrylic acid with
1,4-butanediol to produce 4-hydroxybutyl acrylate
[62], the reaction of acetic acid with methanol to
methyl acetate and water [63–65], esterification of
lactic acid with n-butanol [66], and esterification of
citric acid with ethanol [67]. Many more studies can
be found on these and other esterification reactions.
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An interesting suggestion in that context is given by
Buchaly et al. [68], who described the combination of
reactive distillation with membrane separation, for
the heterogeneously catalyzed n-propyl propionate
synthesis from 1-propanol and propionic acid. The
membrane module is located in the distillate stream
of the reactive distillation column in order to selec-
tively remove the produced water without use of
entrainers. Although this is not an example of a
pervaporation membrane reactor, it recognizes the
need for more innovative separation processes in
esterification reactions.

Reactions other than esterification for which reac-
tive distillation has been suggested, less reported,
include the reaction of formaldehyde and methanol
to produce methylal and water, using a solid catalyst
[69], the production of ethyl t-butyl ether (ETBE)
[70], and the production of MTBE [71–74].
3.06.4 R1-Type Pervaporation
Membrane Reactors

The potential of membrane reactors has already been
understood in the 1990s, although some membrane
processes still had to come of age [75]. Drioli et al.
[76] pointed out that traditional membrane separa-
tion operations, which are already largely utilized in
many different areas, are today completed with new
membrane systems, including (catalytic) membrane
reactors. The possibility to redesign important indus-
trial production cycles by combining various
membrane operations available in the separation
and conversion units, so realizing highly integrated
membrane processes, is an attractive opportunity
because of the synergetic effects that can be reached.
Additionally, the design of the integrated membrane
Feed

CO2

Fermentation

Microfiltration

Bleed

Retentate 

Figure 5 Fermentation reactor coupled to hydrophobic perva
pretreatment, and dehydration with hydrophilic pervaporation [7
production cycle satisfies the requirements for an
advanced process intensification strategy.

R1-type pervaporation membrane reactors can be
mainly found in biotechnology, where the perva-
poration unit removes the product that is obtained
from a fermentation broth. It is clear that biotechno-
logical processes have evolved significantly during
the last 15 years, so that this type of membrane
reactors is still in a growth phase. Nevertheless, its
prospects are remarkably good, and a continuous
growth can be expected. A general prospect on the
use of membranes in biotechnology can be found in a
review paper by Lutz et al. [77].

The production of bioethanol is a logical applica-
tion. Vane [78] suggests a pervaporation-bioreactor
hybrid process for ethanol fermentation and dehy-
dration, making use of a hydrophobic membrane for
ethanol extraction, and a hydrophilic membrane for
further purification by dehydration (Figure 5).

In the fermentation broth, the yield of ethanol is
limited by its concentration, so that production essen-
tially is operated at a very low efficiency. By removing
the ethanol continuously using a pervaporation mem-
brane, the yield can be drastically increased. A plant
design comprising fermentation, pervaporation fol-
lowed by distillation and dehydration was suggested
by O’Brien et al. [79]. It was found that fermentation
coupled to pervaporation is cost effective on condition
that a satisfactory flux can be achieved in the pervapora-
tion unit, together with a separation factor above 10.
Later on, Wasewar and Pangarkar [80] carried out a
more advanced economical evaluation for a hybrid
fermentation–pervaporation–distillation continuous
process for the production of 30 000 l day–1 of ethanol
with a concentration of 95%. Composite hollow fiber
polydimethyl siloxane membranes were used for per-
vaporation. It was found that the minimum direct
Hydrophobic PV 

Hydrophilic PV

Water-enriched
permeate 

Retentate
(dehydrated
ethanol) 

Ethanol-
enriched
permeate

poration for ethanol extraction, with microfiltration
8].
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production cost of ethanol was about 0.2 $ l�1, at a
concentration of ethanol in the fermenter of
55 kg m�3. These results were further refined by
Arifeen et al. [81], who proposed a novel design for a
wheat-based biorefinery for bioethanol production inte-
grated with a pervaporation membrane for ethanol
concentration, and fuel-grade ethanol purification by
pressure-swing distillation. The production cost was
found to be within the range of 0.13–0.25 $ l�1, for a
production capacity of the plant of 37.85–126.8 ml yr�1.
This was a confirmation of the earlier findings.

Ikegami et al. [82] used a silicone rubber coated
silicalite membrane to extract ethanol from a fermen-
tation process using pervaporation. The membrane
was thought to be highly ethanol selective; in this
manner, the recovered ethanol concentration in the
permeate was 67% (w/w), which was a significant
improvement. It was also noted that succinic acid and
glycerol, by-products created during fermentation,
may interfere with the membrane performance. In a
further study [83], they observed that a stabilized
production of bioethanol from Zymomonas mobilis

was influenced by the nutrients used for the prepara-
tion of the fermentation broths. In the separation of a
broth prepared with yeast extract, pervaporation per-
formance was greatly compromised by accumulation
of substances having a ultraviolet (UV) absorption
maximum at approximately 260 nm. When a broth
was prepared with corn steep liquor without the
accumulation of these substances, the permeate etha-
nol concentration did not decrease. Treating the
prepared broth with activated carbon was effective
in restraining the decrease in total flux. It was also
found that lactic acid, present in corn steep liquor,
adsorbed on the silicalite crystals. Therefore, it was
concluded that it is important to prepare ethanol
fermentation broths by Z. mobilis in which the lactic
acid concentration is as low as possible.

The role of succinic acid was also understood by
Nakayama et al. [84], who tried finding fermentative
yeasts secreting no organic acids, in order to avoid
the inhibition of ethanol permeation by succinic acid.
Pichia and Candida yeasts were tested, and Candida

krusei IA-1 showed the highest ethanol productivity,
comparable to strains of Saccharomyces cerevisiae, but
with much less production of acid. The reduction
was about three times under semi-aerobic conditions,
but under aerobic conditions, the strain IA-1 showed
no acid production at all. It was concluded that C.

krusei IA-1 efficiently takes up succinic acid and
metabolizes it in the Krebs cycle, producing an extre-
mely low level of by-products in the culture medium.
Hydrophobic membranes that can be used for
ethanol removal are discussed in a review by
Huang et al. [85]. These include membranes made
of poly(1-trimethylsilyl-1-propyne) (PTMSP) [86,
87], PDMS [88–90], zeolite membranes [91–93],
and composite membranes of silicalite-1 particles
dispersed in PDMS [94–96]. Separation factors
reported for ethanol–water separation in the litera-
ture are in the order PDMS (4.4–10.8) < PTMSP (9–
26) < composite membranes (7–59) < zeolite mem-
branes (12–106).

In addition to ethanol, butanol also may be con-
sidered for removal by a pervaporation membrane.
Qureshi and Blaschek [97] present an economic
assessment to produce butanol from corn using the
hyper-butanol producing strain of Clostridium beijer-

inckii BA101. Butanol is recovered by distillation, but
may be more economically produced by pervapora-
tion. In a further study [98], pervaporation is
successfully applied (with high productivity
obtained). It is remarked that the application of per-
vaporation on an industrial scale is expected to
decrease the overall cost of production significantly.

Another possible extract from fermentation reac-
tors are aroma components [99]. This has not been
explored in detail yet, presumably because of the
complex nature of the aroma compounds involved.
Aroma recovery using pervaporation is well known
in the food industry [100, 101]; it may also be another
interesting new application for R1-type pervapora-
tion membrane reactors, when specific aromas are
produced.

Application of R1-type pervaporation membrane
reactors in wastewater treatment is less often applied.
It should be reminded that in this type of reactors, the
product is to be removed by pervaporation.
Wastewater treatment involves the production of
purified water, which is not considered a valuable
product. Furthermore, the matrix is composed of
water, so that it is not feasible to remove all of the
product. In some cases, however, it may be possible to
recover a specific component by using a hybrid pro-
cess. Lipnizki and Field [102], for example, describe a
combination of adsorption and pervaporation to
recover phenol from wastewater. The study was suc-
cessful, but cannot be classified as a R1-type reactor
since the adsorption unit is essentially a separation
unit, not a reactor. In another application, pervapora-
tion was combined with ozonation. The purpose was
to treat phthalate-contaminated water by ozonation,
which was evaluated by measuring total organic car-
bon (TOC) values. A membrane contactor was used
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to increase the TOC reduction; pervaporation was

used for simultaneous removal of water, which
yielded a 40% TOC reduction [103]. Again, the

product from this operation is purified water,

whereas the components that were present in the

water had to be destroyed.
3.06.5 R2-Type Pervaporation
Membrane Reactors: Esterification
Reactions

3.06.5.1 Pervaporation-Aided
Esterification

Lipnizki et al. [49] gave an overview of the state of the

art in using R2-type pervaporation membrane reac-
tors at the end of the 1990s. The integration of

pervaporation into the conventional esterification

process offers the opportunity to shift the chemical

equilibrium by removing water. In esterification,
water is a by-product, which is continuously

removed from the chemical reactor by the perva-

poration membrane. The idea of removing water as
a by-product in chemical reactions was fast under-

stood, which led to an early patent [104].
Esters are one of the most useful classes of organic

compounds, which can be converted to a variety of

other compounds. They can be used for synthetic
polymer; volatile esters lend pleasant aromas to

many fruits and perfumes. This leads to their exten-

sive use in the fragrance and flavor industry. Natural

fruit flavors are complex blends of many esters with
other organic compounds. Synthetic fruit flavors are

usually simple blends of just a few esters with a few

other substances [105].
The general structure of an ester is written as

RCOOR. Thus, they contain a carboxylic group
and two chains, which can be short or long. When

both groups are methyl groups, methyl acetate is

obtained, a volatile ester with a pleasant odor. Ethyl

acetate has an ethyl group linked to the oxygen atom
in the carboxylic group and also has a pleasant odor.

An endless variety of esters can be derived and can be

further used in aromas or in other applications.
Esterifications are among the simplest and most

often performed organic transformations. The pre-
paration of esters is usually carried out starting from

a carboxylic acid and an alcohol:

RCOOHþ R9OH$ RCOOR9þH2O
Alternative pathways to prepare esters exist, but are
less applicable. Possibilities are preparation from acid
halides and alcohols, from an anhydride and an alco-
hol or phenol, and from a carboxylate and a reactive
alkyl halide. All these reactions do not have water as
by-product but may be less applicable, and not con-
sidered further here.

Lactones are cyclic esters, which are fairly com-
mon in natural sources, for example, vitamin C and
nepetalactone, the cat attractant in catnip, are both
lactones. These esters are also important compounds
and are formed from molecules that contain a car-
boxyl group and a hydroxyl group. These molecules
undergo an intramolecular esterification, with again
water as the by-product.

However, esterification is a reversible reaction.
Hydrolysis, involving the addition of water and a
catalyst (e.g., NaOH), yields the sodium salt of the
original carboxylic acid and the alcohol. As a result of
this reversibility, esterification reactions are typically
equilibrium reactions and therefore need to be driven
to completion according to the Le Chatelier–Braun
principle, stating that ‘‘any change in status quo
prompts an opposing reaction in the responding sys-
tem.’’ For esterification reactions, this means that the
equilibrium shifts to the right when water is
removed; thus, to a higher conversion into the ester.

The idea of using a pervaporation module to
remove water from an esterification reaction was
already suggested by Kita et al. [106], for esterification
of carboxylic acid with ethanol. Remarkably, they
used an asymmetric PEI membrane, and not a PVA
membrane as did many other researchers. Later,
David et al. [107, 108] described the esterification
reactions of 1-propanol and 2-propanol by propionic
acid, and established a model describing the kinetics of
the system, with reaction rates determined
experimentally.

Parulekar [109] presented an analysis of perva-
poration-aided esterification of organic acids. The
efficacy of pervaporation in driving esterification
of lactic and succinic acids with ethanol (both rever-
sible reactions) in particular, was shown to be very
high, leading to near completion by stripping water
from the reaction medium. Parulekar generalized
this approach to reversible condensation reactions,
where one of the products (always water) is
removed by a membrane, in several reactor–separa-
tor configurations. The esterification of lactic acid
and alcohol was already described in an earlier
work [110], where a comparison was made of the
reaction with and without pervaporation. A catalyst
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(Amberlyst XN-1010) was used. It was observed that
the fractional conversions of the two reactants and
the yield of ethyl lactate exceeded the corresponding
maximum values in a reaction-only operation by
stripping of the by-product water. Furthermore,
they argue that in order to achieve a high ester
yield, it is typical to use a large/excess volume of
alcohol, or follow the reaction by distillation to
remove in situ products to drive the equilibrium to
the ester side [111]. Employing a large excess of one
reactant leads to higher cost of subsequent separa-
tions to recover the unused reactant, and operations
involving reaction followed by distillation have sev-
eral pitfalls. Coupling the reaction with water
removal by pervaporation, however, allows one to
attain near near-total utilization of the stoichiome-
trically limiting reactant within a reasonable time.
Challenges were mainly found in the limited solubi-
lity of succinic acid, with the risk of precipitation of
succinic acid on the membrane surface. The sus-
pended succinic acid crystals can be abrasive and
plug the narrow channels in a compact membrane
module. This problem was solved by applying simul-
taneous esterification of lactic and succinic acid,
which may be a commercially viable solution since
both acids are derived from fermentation and agri-
processors may be interested in producing both ethyl
lactate and diethyl succinate. It was concluded that
the benefits of increased production of the esters in
the separation-aided reaction process will outweigh
the costs associated with additional equipment
required (pervaporation module and vacuum
pump). Conventional multistage distillation could
be used to separate and recover ethyl lactate and
diethyl succinate from the pervaporation retentate,
since the alcohol–ester mixtures are not prone to
azeotrope formation.
3.06.5.2 Esterification of Acetic Acid
and Ethanol

The most reported esterification reaction by far is the
reaction of ethanol with acetic acid to yield ethyl
acetate (and water). Although experimental work
was booming after 2000, pervaporation-assisted
esterification of ethanol and acetic acid was pre-
viously known (and patented) [112]. This patent
from the University of Chicago comprised the ester-
ification of lactic acid, propionic acid, butyric acid,
acetic acid, and succinic acid (and combinations
thereof) with an alcohol, including the reaction of
acetic acid and ethanol, aided by the use of a
pervaporation membrane. The first reported obser-
vations in the literature were obtained from a
continuous tube membrane reactor equipped with
PVA pervaporation membranes [113]. These are
classical membranes that can be used in any applica-
tion where water has to be removed in nonexcessive
conditions. The membranes were inert, which means
that the catalyst in this application was separated
from the membrane. The process was compared to
distillation, and it was found that a decrease of the
energy input of over 75% could be achieved, and a
50% reduction in investment and operating costs.
Similarly, Krupiczka and Koszorz [114] used a
GFT Pervap 1005 membrane, which is also made of
PVA, and derived a three-parameter model to
describe the concentration profiles in the process.
They used a kinetic approach for both the conversion
reaction and the pervaporative removal of water,
which led to fairly simple equations that could
describe the concentration profiles quite well. The
model was limited to only three differential equa-
tions, which could be easily solved by the Runge–
Kutta procedure. It was, however, necessary to take
activities into account instead of concentrations,
which is not surprising in this system. Tanna and
Mayadevi [115] used a somewhat different method
to analyze a membrane reactor. The performance of
the pervaporation membrane reactor was repre-
sented by a two-step series model. A distinction was
made between the kinetic regime of the reactor,
where the performance of the pervaporation mem-
brane reactor was similar to that of a batch reactor; in
the intermediate and equilibrium regime, the perfor-
mance of the pervaporation membrane reactor was
superior. The membrane flux was the most important
factor in the intermediate region, whereas the selec-
tivity was more important in the equilibrium region.
It was suggested to select a low flux membrane for
the reactor, with sufficient surface area.

A detailed model of a pervaporation membrane
reactor based on available experimental data for the
esterification of acetic acid with ethanol was pre-
sented by Lim et al. [116]. They state that reactive
distillation, which favorably shifts the equilibrium
through product removal, is becoming more common
in plant-scale production. Nevertheless, this opera-
tion is energy intensive and pervaporation membrane
reactors may be a competitive alternative to reactive
distillation. A simulation model was developed and
used to describe a number of alternative reactor
configurations, and to analyze the factors that affect
and optimize the performance. The model was
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developed in terms of activities for both the reactor
and transport through the pervaporation membrane,
in order to consider nonideal effects into account.
The authors make a detailed analysis of a plug
flow pervaporation membrane reactor (PFPMR), a
continuous stirred pervaporation membrane reactor
(CSPMR), a batch pervaporation membrane
reactor (BPMR), a recycle plug flow pervaporation
membrane reactor (RPFPMR), a recycle continuous
stirred pervaporation membrane reactor (RCSPMR),
and a recycle batch pervaporation membrane reactor
(RBPMR). These configurations are schematically
represented in Figure 6.

Zhu et al. [117] used a hydrophilic composite
polymeric-ceramic membrane for the same applica-
tion and obtained good results. However, this
membrane was also inert (noncatalytic).

In terms of reactor design, Dams and Krug [118]
analyzed three different layouts for the connection of
the pervaporation unit (using inert, noncatalytic
membranes) with the reactor. This is illustrated in
Figure 7.

The first layout was a combination of pervapora-
tion with a distillation column. The latter was used to
recover unreacted ethanol from the reactor, to a top
product from the distillation column containing c. 87
wt.% ethanol and 13 wt.% water, which was then
further treated by pervaporation. In this layout, per-
vaporation is rather used in a hybrid separation
process, not as a pervaporation membrane reactor.
The concentration of ethanol after pervaporation was
98 wt.%. The second layout is the classical approach
of a pervaporation membrane reactor where the
liquid mixture is fed to a pervaporation unit with a
hydrophilic membrane. This was technically more
difficult than the first layout, because of additional
requirements for membrane stability and integrity,
but history has proved that this is feasible. In the third
layout of Figure 7, the pervaporation unit was used
to dehydrate a circulated stream evaporated from the
reaction mixture. This was advantageous because the
vapors did not contain any acids or esters, and were
composed of ethanol and water. This would shield
the membrane from interaction with these com-
pounds. Energy costs of the three layouts were
compared: the reduction of energy consumption
with the conventional distillative approach as a refer-
ence was 58%, 93%, and 78%. The same results
were observed by comparing the investment costs.

Brüschke et al. [119] proposed an alternative pro-
cess layout, as shown in Figure 8. The starting point
for this configuration was the observation that both a
batch process and a continuous cascade operation
with recycling would lead to high investment costs.
The chemical reactor in Figure 8 is operated in
batch mode; the reaction product was recycled by
the first pervaporation unit to reduce water contents
without significant concentration changes [49]. A
bleed stream was taken from the recycle stream,
and was completely dehydrated in a second perva-
poration unit. Subsequently, the retentate stream
from the second pervaporation unit was further pro-
cessed in a second reactor with a layout similar to the
first reactor (including two-step pervaporation treat-
ment, as shown in Figure 8). A conversion rate of
97% was obtained with a final water concentration of
less than 0.5 wt.% [119].

Recent work on pervaporation-aided esterifica-
tion of acetic acid and ethanol focuses on the
development of new membrane structures and cata-
lysts integrated with the membranes. The fixation of
the catalyst to a membrane was proposed by Shah
and Ritchie [120]. However, in this work, a micro-
filtration was proposed instead of a pervaporation
membrane. This membrane does not have any mole-
cular-separation properties, and should therefore
only be considered in view of catalyst fixation. The
microfiltration membrane may play a role as a pre-
treatment prior to pervaporation (as shown in
Figure 5), in combination with the catalytic activity.
A polyethersulfone microfiltration was taken as the
starting point. The catalytic sites were located on
each repeat unit of sulfonated polystyrene chains
grafted in the flow pathways of the membrane. The
catalytic membranes proved to possess good site
accessibility with no separation and corrosion pro-
blems. A moderate loss (�25%) of grafted
polystyrene in the reaction permeate was observed
in the experiments. An increase in the molar mass of
the sulfonated polystyrene grafts decreased the loss
by 60%, and when the membrane catalyst was pre-
pared by free-radical polymerization, graft loss was
negligible. Nevertheless, the (catalytic) microfiltra-
tion step requires an additional pervaporative
removal of water if a pervaporation membrane reac-
tor is envisaged.

Bernal et al. [121] used a catalytically active inor-
ganic pervaporation membrane, which acts both as
catalyst and separator. An acid zeolite, H-ZSM-5,
was used in what was called an active zeolite mem-
brane reactor (AZMR). Zeolite membranes have
pores in the range of molecular sizes, which implies
that they are capable of very specific interactions
(e.g., selective adsorption and molecular sieving)
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with the target molecules, and their characteristics
make them ideal candidates to integrate reaction and
separation [122]. In spite of this, the number of
publications regarding the use of zeolite membrane
reactors in esterification is rather limited; most stu-
dies use a discontinuous configuration similar to that
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described for polymeric membranes. Gao et al. [123]
and Tanaka et al. [124] studied the esterification of
acetic acid and alcohol, catalyzed by an exchange
resin, using a zeolite A-PVA composite membrane,
and a zeolite T membrane, respectively. Membranes
were prepared according to a procedure described by
Tuan et al. [125]. The membranes were tested at
423 K for 14 h, or at 348 K for 70.5 h, at a pH 3.5
after reaction. The zeolite was found stable under
these (reaction) conditions. The differences in the
performance of the reactor, compared to a classical
approach with a polymeric, noncatalytic membrane
are mainly to be found in the elevated reaction con-
ditions (which is favorable), and, in fact, that water
and ethyl acetate are now formed on the membrane
itself, which influences significantly the transport
through the membrane. The AZMR configuration
yielded higher conversions than other reactor con-
figurations, where the H-ZSM-5 catalyst was either
packed as a powder inside an impervious tube, or
inside a tubular Na-ZSM-5 membrane.

A similar approach was followed by de la Iglesia
et al. [126], who described the preparation of two-
layered mordenite-ZSM-5 membranes for the same
reaction. The two-layered approach is interesting,
since it combines the catalytic activity and the
required hydrophilicity in a smart way. The principle
is schematically shown in Figure 9. Mordenite was
preferred to zeolite A in the hydrophilic layer, due to
its lower content in aluminum and hence higher
stability under acidic conditions. This was shown in
another publication [127], where mordenite and zeo-
lite A have been tested in the esterification of acetic
acid with ethanol in a continuous membrane reactor
packed with the catalyst AmberlystTM 15. Both
membranes were capable of shifting the equilibrium
very fast. Mordenite membranes, however, showed a
great resistance to the acidic reaction medium, with
conversions of about 90% maintained for 5 days of

experiment, with very high separation factors (H2O/
EtOH and H2O/Hac). In the case of zeolite A, mem-

brane conversion dropped dramatically because of
the instability of this zeolite to the reaction acidic

conditions. This instability problem could be solved
with the two-layered concept [126]. A specific chal-

lenge in this concept was to maintain the stability of
the membrane after synthesis of the first layer, during

synthesis of the second layer. Detailed synthesis pro-
cedures can be found in this publication [126].

The membrane was then tested with the esterifi-
cation of acetic acid with ethanol as a typical
application. It was found that the combination of

the catalytic activity and the hydrophilicity was suc-
cessful; when calcination was carried out under an

atmosphere of air saturated with water vapor, the
hydrophilic character persisted by acting positively

upon the distribution of OH groups in the mordenite
framework. Further optimizations that were
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suggested are the adjustment of zeolite composition,
and the membrane thickness.

Catalytic membranes were also developed based
on classical polymeric membranes. Figueiredo et al.
[128] carried out pervaporation-assisted esterifica-
tions using Amberlyst 15 and 35 as catalysts and the
hydrophilic Sulzer membrane Pervap 1000 (PVA) in
the pervaporation unit. They compared this conven-
tional configuration with the performance of a
catalytic membrane that was developed by coating
the Pervap 1000 membrane with a thin superficial
layer of tiny catalyst particles in PVA solution. In the
aqueous casting solution, PVA and Amberlyst 35 had
a concentration of 3%; maleic acid, used as a cross-
linker, was added in the molar ratio of maleic acid/
PVA 1:10. An increase up to 60% in ethyl acetate
conversion was observed for the catalytic membrane
operated at a temperature of 60 �C. It was also men-
tioned that the concentration of catalyst used in
catalytic membranes is much lower than usually
applied in conventional catalytic reactors.

A further integrated process was considered by
Park and Tsotsis [129]. They integrated the perva-
poration step in a hybrid pervaporation membrane
reactor with adsorption on the permeate side. It is
suggested that coupling pervaporation with adsorp-
tion could provide synergies in overcoming the
equilibrium limitations in reversible reactions such
as the esterification of acetic acid by ethanol cata-
lyzed by sulfuric acid. This assumption would
particularly hold for dilute reacting systems, slow
reactions, nonvolatile products, or imperfect mem-
branes. The main reason for using an additional
adsorption reaction is to enhance product evacuation
at the permeate side of the membrane, which can be
critical especially in the cases mentioned above.
Adsorption is a very effective solution to this pro-
blem. A PEI-ceramic composite pervaporation
membrane was used (synthesis described in detail in
Reference 129), and CaSO4 as the water adsorbent. It
was found that the PVMR-adsorbent system shows
significantly improved performance over the PVMR
in the absence of the sorbent. At 343 K, for example,
the conversion of the PVMR-adsorbent system is
about 10% higher than that of the conventional tub-
ular reactor, 8% higher than the equilibrium
conversion, and 5% higher than the PVMR conver-
sion in the absence of a water-removal adsorbent.
However, it was understood that the purchase of
adsorbent and additional equipment are extra costs
for the hybrid process, making it less attractive for
general applications of condensation reactions
coupled with a pervaporation unit. The hybrid
adsorption membrane reactor (HAMR) was further
used in a hybrid-packed bed catalytic membrane
reactor (CMR) coupling the methane steam reform-
ing reaction through a porous ceramic membrane
with a CO2 adsorption system [130].
3.06.5.3 Esterification of Acetic Acid
with Other Alcohols

Esterification reactions with acetic acids and other
alcohols follow roughly the same approach and evo-
lution. A discontinuous esterification reactor using a
commercial PVA membrane (GFT Pervap 1005) for
benzyl alcohol acetylation (reaction of benzyl alcohol
with acetic acid) was studied by Domingues et al.
[131]. In this study, kinetic parameters of the ester-
ification reaction combined with pervaporation were
derived from time-dependent mass balances in the
reactor, in a similar but somewhat differently elabo-
rated approach than Krupiczka and Koszorz [114]
used for the reaction of acetic acid with ethanol.
Rönnback et al. [132] studied the esterification
kinetics of acetic acid with methanol in the presence
of hydrogen iodide as a homogeneous acid catalyst.
They observed that the catalyst appeared in a side
reaction: hydrogen iodide was esterified by methanol
to methyl iodide. The kinetic model in this case
required unraveling the precise reaction mechanism,
which was supposed to be the nucleophilic attack of
methanol to the carbenium ion formed through pro-
ton donation to acetic acid. Rate equations
(concentration based as well as activity based) were
derived, and the kinetic and equilibrium parameters
included in the rate equations were estimated from
experimental data with regression analysis. In this
manner, the esterification reaction could be reason-
ably well modeled.

Methyl acetate synthesis from methanol and
acetic acid was also studied by Assabumrungrat et al.
[133]. They distinguished three modes of operation,
namely semi-batch (SB-PVMR), plug flow (PF-
PVMR), and continuous stirred tank (CS-PVMR).
A classical approach was followed with Amberlyst-
15 catalyst and a PVA membrane. It was observed
that the membrane’s selectivity for water was com-
promised by significant permeation of methanol. It
was remarked that a membrane with high selectivity
is essential for PVMR to achieve a high reactor
performance. Considering the modes of operation, it
was concluded that PF-PVMR is favorable although
there are some ranges of operating conditions where
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CS-PVMR is superior to PF-PVMR. The flow char-
acteristics in the reactor, arising from different modes
of operation, affect the reactor performance through
the influence on the reaction and permeation rates
along the reactor.

Esterification of butanol and acetic acid to produce
butyl acetate was studied by Bitterlich et al. [134]. The
conventional process for this reaction also makes use
of a homogeneous catalyst, that is, sulfuric acid, which
has to be neutralized by adding sodium hydroxide
after the reaction. The by-product water had to be
removed by distillation afterward. Bitterlich et al. used
a fixed bed of immobilized acid in an ion exchange
resin to replace the sulfuric acid, and replaced the
distillation column by a pervaporation unit making
use of a conventional PVA membrane [49]. Wasewar
et al. [135] made a similar study on esterification of
acetic acid with n-butanol. They investigated the
effects of various parameters such as process tempera-
ture, initial mole ratio of acetic acid over n-butanol,
and the ratio of the effective membrane area over the
volume of reacting mixture and catalyst content, from
which optimal values were derived. Li and Wang
[136] proposed a kinetic model for esterification
based on the reaction of acetic acid with n-butanol,
using p-toluene sulfonic acid and super solid acid
(SO2 –

4 =ZrO2 � SiO2 type) as a catalyst. In this
model, they took the reaction temperature into
account by implementing an Arrhenius equation for
the flux in pervaporation; the water concentration in
the feed was also taken into account.

Peters et al. [137] considered the esterification
reaction between acetic acid and butanol as a model
reaction to examine the viability of composite cata-
lytic hollow fiber pervaporation membranes for
condensation reactions. Critical process parameters
and aids in an optimal design of a catalytic membrane
were identified through a parametric study, studying
the influence of catalyst position, catalytic layer
thickness, reaction kinetics, and the membrane per-
meability on the performance of the CMR. Ceramic
hollow fiber membranes were considered with the
reacting liquid at the shell side of the membrane. The
composite catalytic membranes consisted of a sup-
port coated with a water-selective layer and on top of
that a porous catalytic layer. It was assumed that the
membrane reactor behaved as an ideal isothermal
plug flow reactor (axial diffusion in the catalytic
layer and in the liquid is not taken into account);
external transport limitations on the permeate side
are negligible under the pressure conditions at the
permeate side, although concentration polarization
effects in the shell side are taken into account; the
membrane is completely water selective (no other
species than water will permeate through the mem-
brane), and the catalyst particles are assumed to be
nonporous, and the catalytic activity is uniformly
distributed along the catalyst coating layer. A one-
dimensional catalyst model was used with mass
transfer to and from the catalytic layer and diffusion
and reaction occurring in the catalytic layer, solved
in Matlab using a Runge–Kutta procedure in the
axial direction coupled with a differential element
method for the mass transfer and reaction in the
radial direction. The ratio of water removal to
water production, which was found to be the key
factor for the performance of a pervaporation-
coupled esterification process, was studied through
the ratio of feed flow rate to membrane surface area
and the amount of catalyst present in the reactor.
When the catalytic layer thickness was increased, it
was found that the conversion becomes no longer
limited by the amount of catalyst present in the
reactor but by diffusion in the catalytic layer. The
optimal catalyst layer thickness for the case studied
under the assumptions made was about 100 mm. The
exact value of this optimum, however, is a function of
the reaction kinetics and the membrane permeability.

Attempts to use a catalytically active membrane
for this application were also reported by Zhu and
Chen [138]. A crosslinked PVA dense active layer
was coated on a porous ceramic plate support.
Several practical problems were to overcome in this
study, but eventually a 95% conversion could be
reached. Temperature and initial molar ratio of acid
to alcohol or catalyst concentration were suggested as
optimization parameters.

Liu et al. [139] improved the performance of cross-
linked PVA membranes in an esterification reactor
for esterification of acetic acid with n-butanol cata-
lyzed by Zr(SO4).4H2O, in a temperature range of
60–90 �C. To this purpose, the separation of water
from acetic acid was compared to the performance of
the membrane in the quaternary system water/acetic
acid/n-butanol/butyl acetate, with a kinetic model
for the esterification. The model was based on simple
Fickian diffusion through the pervaporation mem-
brane, which corresponds to the model proposed by
Lee [140]. Coupling effects between water permea-
tion and the permeation of other compounds were
observed. In a further publication, Liu and Chen
[141] modeled the esterification reaction of acetic
acid and n-butanol in more detail, using a rigorous
kinetic approach including expressions for the rate
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constants of the esterification reactions. The applic-
ability of the model equation was proven by a
comparison with experimental data.

Zeolite membranes for pervaporation-aided ester-
ification of acetic acid and n-butanol are to date less
studied. Zhou et al. [142] prepared high performance
a&b-oriented zeolite T membranes by a microwave-
assisted thermal method, and applied them to a per-
vaporation membrane reactor for this conversion
operated at 383 K. A conversion of acetic acid of
100% was reported without any loss of reactants or
products, compared to a conversion of only 68% in
the absence of the zeolite T membrane.

Another esterification reaction with acetic acid is
the conversion of acetic acid and isoamylic alcohol
[143]. To this purpose, PVA membranes were cross-
linked with sulfosuccinic acid (SSA) and compared to
PVA membranes in which the sulfonic groups were
introduced by anchoring 5-sulfosalisilic acid (SA) on
the PVA chains. It was observed that the crosslinking
had a positive effect when the crosslinking degree
increased from 5% to 20%; however, a further
increase up to 40% did not have a great influence
on the conversion. A similar trend was observed for
the membranes treated with 5-SA. The stability of
the membranes was also evaluated, by using them in
consecutive batch experiments; about 80% of the
initial activity could be maintained.
3.06.5.4 Esterification Reactions with
Other Acids

Similar to the reaction with acetic acid, other acids
can also be esterified, yielding a wide range of esters
that can be used in various applications. For example,
David et al. [107, 108] studied the esterification of
1-propanol and 2-propanol with propionic acid to
OH
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Figure 10 Two-step esterification of tartaric acid with ethanol
produce propyl propionate and isopropyl propionate,
and the use of a hybrid process based on pervapora-
tion to assist the esterification reaction. In this (early)
application, a PVA membrane was used external to
the reactor.

Esterification of oleic acid with ethanol in the
presence of p-toluene sulfonic acid to yield ethyl
oleate was studied by Okamoto et al. [144]. They
used an asymmetric hydrophilic PEI membrane and
a 4,49-oxydiphenylene pyrromellitimide (POPMI)
membrane in a configuration in which the perva-
poration membrane is integrated within the reactor
(cf. Figure 4(b)). The reaction, operated at tempera-
tures up to 383 K and at atmospheric and elevated
pressures, was modeled by combining the kinetics of
the reaction with the permeate flux equation for
pervaporation. In this manner, the influence of var-
ious parameters on the conversion could be predicted
so that the reaction conditions could be selected in
view of an envisaged conversion of 98%.

Reaction kinetics were also considered by
Keurentjes et al. [145] for esterification of tartaric
acid with ethanol. The reaction of tartaric acid with
ethanol is catalyzed by methanesulfonic acid and is a
two-step esterification, as shown in Figure 10.

The reactions can be represented schematically
[145] as

Aþ B$ CþH2O

Cþ B$ DþH2O

where A¼ tartaric acid, B¼ ethanol, C¼ ethyl tar-
trate, and D¼ diethyl tartrate. Thus, in this reaction
the final product is not ethyl tartrate, but diethyl
tartrate, which influences the kinetic model. In addi-
tion, activity coefficients have to be taken into
account, which can be done by using, for example,
UNIFAC group contribution methods. However, the
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authors indicate that although activity coefficients
are significantly different from unity, a concentra-
tion-based description leads to the same result
because the effects of individual activity coefficients
are mutually compensated. The conversion to
diethyl tartrate can be well predicted in this manner.
The authors further remark that the ratio of mem-
brane surface area to reactor volume (A/V) should be
optimized since a too high value would lead to a loss
of ethanol, whereas a too low value would compro-
mise the removal of water through the pervaporation
membrane.

Further modeling was carried out by Holtmann
and Gorak [146], who used a dynamic model to
simulate the synthesis of esters in membrane reactors
in general, and by Wasewar [147]. Wasewar modified
and improved a model for pervaporation-aided ester-
ification of benzyl alcohol acetylation, using
concentrated sulfuric acid as a catalyst, in view of a
sensitivity analysis of the various parameters used in
the reactor. The modified model allowed to predict
the reaction time necessary to achieve a given con-
version as a function of various parameters, and
determine the membrane surface area required for
this conversion.

Another application, the esterification of erucic
acid and cetyl alcohol (hexadecyl) to form hexadecyl
eruciate was studied by Nijhuis et al. [148]. In this
case, the reactor was not a chemical reactor but a
biochemical reactor, and the reaction was a biocata-
lytic reaction. The hybrid process comprised an
external pervaporation unit with hydrophilic hollow
fiber membranes; the reactor was an enzymatic
packed bed reactor. The conversion in the conven-
tional process was limited to 53%, which was
increased to over 90% in the pervaporation-aided
process. Reduced energy consumption and invest-
ment costs were indicated.

Similarly, Kwon et al. [149] described the esterifi-
cation of oleic acid with n-butanol in a lipase-
catalyzed reaction at room temperature in isooctane,
in the formation of n-butyl oleate. A nonporous cel-
lulose acetate membrane was used in the
pervaporation unit. It was suggested that pervapora-
tion is potentially applicable to remove the water
produced from various other enzymatic processes as
well, such as in the synthesis of several other esters,
peptides, and glycosides in a solvent system as well as
in a solvent-free system.

Ni et al. [150] described the esterification reaction
of valeric acid and ethanol applying p-toluene sulfo-
nic acid as a catalyst, for the formation of ethyl
valerate. In this case, hydrophilic-modified aromatic
polyimide membranes were used. The conversion
rate of valeric acid obtained in this way was 95.2%.

Heterogeneous catalysis was not frequently
reported for esterification reactions other than that
of acetic acid and ethanol. Nemec and Van Gemert
[151] considered esterifications in a batch process
using heterogeneous catalysis and a pervaporation
unit for water removal and shifting the reaction
toward product formation, based on the reaction
between tartaric acid and ethanol as a model system.
This reaction is relatively slow. The study was based
on available experimental data on currently commer-
cially available catalysts and ceramic pervaporation
membranes, using three different process configura-
tions that differ in the degree of coupling and
reaction (cf. Figure 7). It was suggested that a com-
pletely integrated multifunctional reactor was not a
viable concept for this case study, since the optimal
requirements for both processes differ. For config-
urations where the catalytic reaction and the
separation are performed in separate units, the end
design is thought to depend on practical issues (e.g.,
membrane stability and ease of operation) [151].
Other esterification reactions (with acids other than
acetic acid) in heterogeneous catalysis are less stu-
died and reported.
3.06.6 R2-Type Pervaporation
Membrane Reactors: Reactions Other
than Esterification Reactions

Although esterification reactions are by far the most
studied reactions that can be enhanced by integrating
a pervaporation unit to the reactor, it is evident that
many other chemical or biochemical reactions might
also benefit from selective product evacuation by a
pervaporation membrane, in order to shift the equili-
brium to a higher product yield. This approach can
be followed for all reactions, on condition that:

1. it concerns an equilibrium reaction and
2. the by-product formed in the reaction can be

selectively removed by a pervaporation
membrane.

In most cases, the by-product is water, which can be
easily separated from the reaction products by using
a hydrophilic pervaporation membrane. The only
exception is methanol, for which the separation
(methanol–water) is often insufficient due to the
fact that methanol is a relatively small and polar
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molecule. Most other separation factors are sufficient
for application in a pervaporation membrane reactor.

This type of application usually requires catalytic
membranes that can ensure a good separation
together with the catalytic activity needed in the
envisaged reaction. A review of these membranes is
given by Ozdemir et al. [152]. They remark that most
studies combining membranes and catalysts concern
gas-phase reactions at relatively high temperature, in
which inorganic membranes made from ceramics or
metals are applied. When the reaction temperatures
are lower, dense or porous polymeric membranes are
used. However, many important reactions involve
the gas phase, so that gas-phase membrane reactors
are more developed than pervaporation membrane
reactors. This also appears from a review of applica-
tions of membrane separation processes in the
petrochemical industry [153]. Typical examples for
membrane reactors given are dehydrogenation, oxi-
dative coupling of methane, steam reforming of
methane, and the water–gas shift reaction.
However, it is acknowledged that an improvement
of productivity can be obtained by using membrane
reactors, by shifting the chemical equilibrium and
using the membrane for removal of a (by-)product.
Specifications that are referred to are separation fac-
tors above 5, high fluxes (not quantified), and a
membrane lifetime of several months at least.
Inorganic membranes are described, in view of their
application in gas-phase membrane reactors.
Pervaporation is mentioned for hybrid separations,
and for the separation of VOCs (volatile organic
compounds) from water.

Ozdemir et al. focus also on pervaporation mem-
brane reactors for esterification and other reactors,
and also point out some important advantages of this
concept: the separation efficiency is not limited by
relative volatility as in distillation, only a fraction of
the feed that is permeated through the membrane
undergoes a liquid-to-vapor phase change, resulting
in a lower energy consumption compared to distilla-
tion, and pervaporation can be operated at a
temperature that matches the optimal temperature
for reaction. Catalytically active pervaporation mem-
branes (also called bifunctional membranes, i.e.,
catalytic and separative) can be prepared either by
blending (typically a blend of a hydrophilic polymer
such as PVA with a polymer possessing specific
properties for catalysis such as poly(styrenesulfonic)
acid) or by catalyst entrapment in a polymeric
matrix. In the latter method, a solid catalyst is immo-
bilized into the polymeric structure. Zeolites are
often reported as materials for high-performance
membranes in pervaporation membrane reactors,
since they allow the combination of separation and
catalytic activity as bifunctional membranes [154].

A possible application of (nonesterification) perva-
poration membrane reactors is the dehydration
reaction of butanediol to form THF, catalyzed by
H3PW12O40. Liu and Li [155] studied this reaction
by immobilizing the catalyst in a membrane structure
and used this membrane in pervaporation.
H3PW12O40 was supported on ceramic plates by dip-
ping to form catalytic plates. These ceramic supports
were bilayer composite ultrafiltration (UF) mem-
branes of a �-alumina matrix. A crosslinked PVA
layer was formed onto the catalytic plates by spin
coating; the resulting hydrophilic top layer had a
reported thickness of 10–20mm. This is a somewhat
particular approach since the catalyst is now
entrapped in the support layer and not in the top
layer. The authors provided two reasons for this: one
is that the permeance of the support is large, so that
the major flow resistance is at the PVA layer rather
than at the support and the second reason is that a
thicker matrix can support more catalyst than a thin
PVA layer and may thus yield a higher catalytic
activity. This was also previously reported [156].
This means that water permeation precedes the cata-
lytic activity in normal operation. In this case, the
membrane direction had to be reversed: the skin
layer of the membrane faced the permeate and the
catalytic matrix faced the liquid mixture. The reac-
tants are transported to the active layer as a liquid flow
through the capillaries of the support; during the
reaction, THF and water are formed on catalytically
active sites. Water is then selectively permeated across
the active layer to the permeate. A good performance
and a good catalytic stability of the membrane was
observed within the experimental range.

Another application that can be considered is the
synthesis of ETBE from tert-butyl alcohol and etha-
nol [157]. The synthesis of a tert- ether is another
typical example of equilibrium-limited reactions,
with catalytic activity strongly inhibited by the pre-
sence of water and generally low conversions due to
limits imposed by thermodynamics. For synthesis of
ETBE, the common pathway is the reaction between
ethanol and isobutene. However, isobutene is
obtained from refinery cracking operations, and the
supply is limited. A possible alternative to isobutene
is tert-butyl alcohol, which is a major by-product of
propylene oxide production from isobutene and pro-
pylene in the ARCO process [158]. ETBE can be
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produced from tert-butyl alcohol by either a direct or

an indirect method [157]. In the direct method,

ETBE is produced from tert-butyl alcohol and etha-

nol in one reactor. In the indirect method, tert-butyl

alcohol is dehydrated to isobutene in a first reactor,

and isobutene further reacts with ethanol to produce

ETBE in a second reactor. The direct method was

described before [159] and is interesting in view of

application in a pervaporation membrane reactor, as

an alternative to reactive distillation [160, 161].

Assabumrungrat et al. [157] compared three modes

of reactor operation: a SBR, a CSTR, and a PFR. It

was found that the CSTR mode had a superior per-

formance only in a limited range of operating

conditions (at low yields). Furthermore, it was

advised to operate the pervaporation membrane

reactor at low temperature with a high ratio of mem-

brane area to catalyst weight, and with the feed ratio

of ethanol and tert-butyl alcohol at the stoichiometric

value or lower, in view of enhancing ETBE yields.
MTBE production can be carried out based on a

similar reaction with tert-butyl alcohol, replacing

ethanol by methanol. MTBE production in a hybrid

process combining a pervaporation membrane
Reacto

TBA

Methanol

Water

Figure 11 Pervaporation membrane reactor combined with re

process. Modified from Matouq, M., Tagawa, T., Goto, S. J. Ch
reactor with reactive distillation was proposed by

Matouq et al. [162]. This principle is schematically

shown in Figure 11. Two types of catalysts, ion

exchange resin and heteropoly acid (HPA), were

examined, with HPA showing the largest selectivity.

On the top of the distillation column, an azeotropic

mixture of MTBE and methanol was obtained as the

final product (further separation was not considered).

In this case, a loss of methanol in the pervaporation

unit can be assumed, so that it would be necessary to

select a very selective membrane, possibly with a

relative low flux. The experiments were carried out

with PVA membranes, but it can be assumed that this

can be optimized in terms of membrane performance.
The production of DMU and MIBK follows

roughly the same pattern. Production of DMU was

considered by Heroin et al. [163]. In the production of

DMU, a mixture of water, CO2, and methyl amine is

obtained. In the conventional approach, this solution

was separated by distillation, which required the

addition of NaOH to form Na2CO3 with CO2, in

order to avoid deposition of carbamate at the top of

the distillation column and in the condenser [49].

Using a pervaporation membrane reactor, the water
r

MTBE
85 vol.%

(Azetropic mixture with methanol)

Membrane

active distillation for the production of MTBE in a hybrid

em. Eng. Jpn. 1994, 27, 302–306.
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could be selectively removed so that CO2 and methyl
amine could be recycled to the reactor. The mem-
branes used in this application were somewhat
special, based on PVA but with a porous polysulfone
substructure and a polyphenylene sulfide fleece. An
86% reduction in the amine to be separated was
achieved, encompassing a 91% reduction in CO2

production and the same reduction in NaOH
consumption.

The purification of MIBK can be carried out with
a pervaporation-based hybrid process [49], but per-
vaporation can also play a role in the reactor itself.
This was studied by Staudt-Bickel and Lichtenthaler
[164, 165]. MIBK is a solvent for paints and protec-
tive coatings, and can be produced in two ways. The
conventional method is a three-step procedure (for
reactions, see Figure 12) in which the first step is a
base-catalyzed aldol condensation of acetone, fol-
lowed by an acid-catalyzed dehydration, and finally
hydrogenation of the resulting unsaturated ketone
using a metal catalyst. The first step is limited by
H3C C
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CH3
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Acetone

Hydrog

H
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Figure 12 Synthesis of MIBK using a three-step procedure [1
the equilibrium of the condensation reaction, and
yields in the last two steps are rather low. However,
the reaction can also be carried out in one step using
a bifunctional catalyst of the type palladium/acid
organic ion exchanger [166]. Due to the high polarity
of the sulfonated organic ion exchanger catalyst,
water formed in the reaction accumulates in the
pores of the ion exchanger and hinders the accessi-
bility of the active sites at the palladium surface to
the less polar organic reactant mesityloxide. This
compromises the reactor yield drastically. Removal
of water would both solve the problems with the
catalyst and enhance the conversion of acetone.

Staudt-Bickel and Lichtenthaler [164, 165] used
hydrophilic crosslinked PVA membranes (PVA-
1001) between two reactors for removal of water in
this concept. Two configurations were considered. In
a first configuration (Figure 13), the feed mixture of
the pervaporation unit contains only MIBK, water,
and the heavy by-products, because acetone and the
low volatile by-products have already been removed
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Figure 13 Hybrid process integrating pervaporation in the purification step for MIBK production [164] – alternative with
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in the first distillation column. The permeate has a

low concentration of organic components and can be

sent to a wastewater treatment plant. The retentate is

mainly MIBK (with only 0.1% water compared to

1.5% in the conventional process) and can be dis-

tilled directly in the product distillation column.

Figure 14 is a second alternative. After hydrogen

separation, the pervaporation unit is placed. In this

case, the permeate also contains some acetone. The

retentate has a high concentration of unreacted acet-

one and is fed to a second reactor for further

conversion of acetone. The product mixture from

the second reactor contains much more MIBK but

has to be treated as before, in a conventional purifi-

cation process or by using another pervaporation

unit. The process layout shown in Figure 14 would

double acetone conversion by the introduction of a

pervaporation unit and a second reactor.
The production of acetaldehyde diethylacetal
from the reaction between ethanol and acetaldehyde

catalyzed by the acid resin Amberlist� 15 using a

simulated moving bed reactor (SMBR) was studied

by Silva and Rodrigues [167]. Acetaldehyde diethyl-

acetal is an important raw material for fragrances and

pharmaceuticals and is used in the flavoring of spirit

drinks. It is also used for the design of synthetic

perfumes to increase the resistance to oxidation,

and as oxygenated additives to diesel fuel because

they drastically reduce the emission of particles and

NOx. Diethylacetal production involves a reversible

reaction of acetaldehyde and ethanol in acid medium

to yield acetal and water [168, 169]. The reaction

is catalyzed by mineral or carboxylic acids, which

have to be neutralized after the reaction and

removed. Heterogeneous catalysts such as acid ion

exchange resins or zeolites can also be used; these can
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be separated from the reaction product more easily.
Common catalysts that can be used (generally for
esterification and etherification reactions) include
Dowex 50 (Dow Chemical, Midland, MI),
Amberlite� IR120, Amberlite� A15 and 36 (Rohm
and Haas, Philadelphia, PA), and Lewatit� (Bayer
AG, Leverkusen, Germany). Azeotropic and reactive
distillation have been suggested [167], but the com-
plexity of the vapor–liquid and liquid–liquid
equilibrium (the acetal–ethanol–water system exhi-
bits three binary azeotropes and one ternary
azeotrope) make this very difficult. Therefore, an
SMBR was proposed to enhance the reaction; this is
based upon a set of interconnected columns packed
with a solid, which acts as both adsorbent and cata-
lyst. However, a pervaporation membrane reactor
may also be applied for this purpose. The reaction
is a typical application in which water is obtained as a
by-product; the conversion could be increased by
using an inert or catalytically active membrane.

For general application of pervaporation mem-
brane reactors to different kinds of condensation
reactions, the concept of counter-current reactive
separation processes may be interesting. The princi-
ples and mass transfer are explained by Qi and
Sundmacher [170]. Counter-current separative reac-
tors may improve the reactor performance by, for
example, shifting the chemical equilibrium, as is the
case in pervaporation membrane reactors. The addi-

tional feature that is added in this concept is the

possibility of recycling one of the products, either at

the top of the unit or at the bottom of the unit. This is

schematically shown in Figure 15.



Pervaporation Membrane Reactors 157
When some assumptions are made (chemical
reactions only take place in the liquid phase, the
whole column is reactive and catalyst percentage in
the column is constant, a nonreactive total reboiler
and total condenser are used, the separative reactor is
described as a packed-bed tower, the molar overflow
of vapor is constant, and overall mass transfer coeffi-
cients related to the vapor phase can be used), a
general model can be derived for any counter-cur-
rent separative reactor for any applicable reaction.
This was applied to the synthesis of MTBE from
methanol and isobutene in a pervaporation mem-
brane reactor [170]. From the results, it is possible
to derive the requirements for the membrane as a
function of the conversion needed. In the case stu-
died, it is remarked that a less selective membrane
with a low material price is sufficient.

Another concept that may be of use for pervapora-
tion membrane reactors is the membrane microreactor
[171]. These are, in fact, miniaturizations of a packed-
bed membrane reactor (PBMR) and a CMR. This is
driven by the quest for clean and efficient on-site, on
demand, and on time, distributed production of che-
micals. Miniaturization can improve heat and mass
transfer by two combined effects: (1) the diffusion
distance within the reactor is much lower and (2) the
interfacial area per unit reactor volume is larger [172].
This leads to a rapid mass and heat transfer, even in
laminar regime. For membrane reactors in particular,
a very large membrane area in a small and compact
unit is obtained by assembling small membrane pieces.
This is especially advantageous for inorganic mem-
branes, since these are brittle and therefore difficult to
produce on a larger scale. Enhanced mass transfer and
improved membrane separation were reported by
Leung and Yeung [173]. In addition, supra-equili-
brium conversion, improved selectivity, and product
purity are reported [174], along with the prevention of
catalyst poisoning and deactivation in the production
of MTBE [175]. The Knoevenagel condensation reac-
tion of benzaldehyde and ethyl cyanoacetate to form
ethyl 2-cyano-3-phenylacrylate was carried out in a
CMR by Yeung et al. [171]. Zeolite membranes were
used (preparation method described in detail in
Reference 171) with catalysts deposited onto the
microchannels of the reactor. The microreactor was
also modeled by a simple three-dimensional reactor
model to be applied on the Knoevenagel condensation
reaction, assuming an isothermal, steady-state opera-
tion. The influence of the reactor geometry (channel
width and membrane location), the membrane separa-
tion, and catalyst properties were evaluated and the
results were compared with experimental data. The
authors concluded that CMRs often perform better
than PBMRs, but they are more difficult to prepare
since the membrane must exhibit both good catalytic
and separation properties. A composite NaA–Faujasite
micromembrane was found to combine successfully the
good catalytic properties of Cs–Faujasite for the
Knoevenagel condensation reaction and the excellent
separation properties of a NaA membrane for water
separation. By using a computational model, an opti-
mum membrane microreactor was described as having
narrow channels coated with a thin, uniform layer of
catalyst with the membrane layer located immediately
next to the catalyst. A selective separation membrane
with a water permeation rate equivalent to the water
production rate in the reactor is sufficient to achieve
supra-equilibrium conversion in the membrane micro-
reactor. Practical limitations to the membrane
microreactor design and operation were imposed pri-
marily by the thermodynamics and fluid properties of
the reaction mixture [171].

Interesting applications of pervaporation mem-
brane reactors can be found in the petrochemical
industry, answering the challenge faced by refiners
to produce environmentally friendly gasoline with
sufficiently high research octane number (RON).
Paraffins larger than C6, such as heptane, are usually
converted into aromatic compounds. Since regula-
tion aims to reduce aromatic compounds in
gasoline, an alternative for the use of the higher
alkanes is hydroisomerization. Besides the isomeriza-
tion reaction, the separation of high octane value
isomers from lower ones is also of great importance
in the hydroisomerization process. Maloncy et al.
[176] made a technical and economical evaluation
of a zeolite-membrane-based heptane hydroisomeri-
zation process on an industrial scale, aiming at the
production of high octane number heptane isomers.
They proposed a concept comprising two reactors
(each with a different catalyst), and a separation with
a zeolite membrane. In the first reactor, n-heptane is
converted to mono- and dibranched isomers. The
second reactor is used to convert preferably 2,4-
dimethylpentane into 2,2,3-trimethylbutane, the iso-
mer with the highest RON (109.0). The separation
unit is used to separate the final product of the
process composed of the dibranched 2,2-DMP, 3,3-
DMP, and tribranched 2,2,3-TMB from smaller
components, especially 2,4-DMP that is sent to the
second reactor. A zeolite membrane with a channel
aperture of 0.52� 0.58 nm in the orthorhombic phase
was used.
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Heijnen et al. [177] proposed the use of relatively
nonpolar pervaporation membranes for the epoxida-
tion of propene to propene oxide based on micellar
catalysis. This is schematically represented in
Figure 16. The homogeneous catalyst has, in this
case, been incorporated in micelles, whereas the
membrane is only separative. Two goals can be
achieved in the pervaporation membrane reactor
[152]: the more hydrophobic propene oxide prefer-
ably dissolves in the membrane and diffuses through
the membrane matrix, while the water and the oxi-
dant are retained to a larger extent; the micelle-
incorporated catalyst can be reused. This application
is one of the few cases where the membrane is hydro-
phobic and not water, but a nonpolar component is
preferentially transported.

Tijsen et al. [178] produced highly substituted
granular carboxymethyl starch from potato starch in
a batch reactor. Isopropanol appeared to be the opti-
mal medium to prevent the substituted starch from
swelling and to keep it in a granular form. The
degree of substitution was increased by using con-
secutive batch reactions where a lower water
concentration is used. A hybrid configuration was
used in which the pervaporation unit was used to
selectively remove water, in order to maintain the
correct water/isopropanol (IPA) ratio for the reactor.
Good results were obtained in terms of IPA recovery:
nearly 100% of the IPA remained in the system. It
must be emphasized that the pervaporation unit is
here proposed rather as a hybrid separation tool
(integrated with a distillation unit) than as part of a
pervaporation membrane reactor. This approach is a
conventional azeotropic separation between IPA and
water, as an alternative to azeotropic distillation. The
use of a distillation–pervaporation tandem avoids the
use of the typical entrainer, cyclohexane. It was
argued that the zeolite 4A membrane (described in
Reference 179) and a ceramic membrane (described
in Reference 25) yield the best results for IPA/water
separation. Nevertheless, the concept could be sig-
nificantly improved by considering a further
integration of reaction and separation.
3.06.7 Conclusions

Pervaporation membrane reactors show great pro-
mise for both biochemical reactors and chemical
reactors. In biochemical reactors, a product is
obtained from a microbial conversion, which is typi-
cally limited by the concentration of the desired
product. These are usually R1-type pervaporation
membrane reactors, in which the desired product is
removed by the membrane. In this case, a hydropho-
bic pervaporation membrane is needed since the
reaction product is typically an organic compound
(ethanol in the case of bioethanol production, but
butanol also often is produced; aroma compounds
and even specific organics in wastewater are also
possible). A pervaporation-bioreactor hybrid process
for ethanol fermentation and dehydration would
make use of a hydrophobic membrane for ethanol
extraction, followed by a hydrophilic membrane for
further purification of the bioethanol. Membranes
used for R1-type pervaporation membrane reactors
are often polymeric, such as PDMS (filled and
unfilled).

Application of pervaporation membrane reactors
in chemical conversions has a strong focus on ester-
ification reactions. In principle, all esterifications can
be enhanced by using a pervaporation membrane to
remove water from the reaction medium.
Esterification reactions involve an acid and an alco-
hol as reagents, and yield an ester and water as by-
products. These reactions are reversible equilibrium
reactions, which compromise their yield in normal
circumstances. By removing water, the equilibrium of
the reaction shifts to the right-hand side of the con-
version, due to the of Le Chatelier–Braun principle.
Hydrophilic pervaporation membranes, even classi-
cal PVA membranes, typically have a good
selectivity for water. Therefore, the combination of
a pervaporation membrane with an esterification
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reactor is a logical combination. Pervaporation mem-
brane reactors are an alternative for reactive
distillation, which uses the same principles of hybri-
dization but using distillation as the separation
technique. It is obvious that distillation is more com-
plex and consumes more energy than pervaporation.

Reactions that have been studied are often those
with acetic acid. Esterification with ethanol has been
described extensively for nonoptimized PVA mem-
branes. Later on, catalytic membrane structures that
allow combining the reaction and separation, both at
or by the membrane, were also described. This was
extended to other esterification reactions with acetic
acid and also with other acids.

Surprisingly, the use of pervaporation membrane
reactors for other condensation reactions are sparsely
described to date. This is partially due to the scale of
production, but may still be optimized in the future.
Etherification reactors are among the most logical
applications, since they also produce water as a by-
product, which is identical to esterification reactors.
Some examples have already been described, the
most known being the production of MTBE and
ETBE. Other reactions for which a pervaporation
membrane reactor can be useful include the dehy-
dration reaction of butanediol to THF, the
production of DMU and of MIBK, and the produc-
tion of acetaldehyde diethyl acetal from ethanol and
acetaldehyde.

Modeling of pervaporation membrane reactors is
very important both for simulation and for selecting
the optimal reaction conditions. For example, mem-
brane selection can be critical since separation and
flux of pervaporation membranes have a typical tra-
deoff: good selectivities often correspond to low
fluxes and vice versa. Modeling can be done by
using a kinetic approach, describing the conversion
in the reactor as a function of time and concentration,
and the flux through the membrane (coupled to the
kinetic reaction equations) as a function of concen-
tration and membrane properties. This approach can
be a basis for a more elaborated concept of counter-
current membrane separations in membrane cascades
with internal recycle, or the concept of membrane
microreactors, in which mass transfer is optimized by
increasing drastically the interfacial area per unit
reactor volume, and by decreasing the diffusion dis-
tance within the reactor.

In general, it should be concluded that pervapora-
tion membrane reactors can be expected to become
standard solutions for all equilibrium-limited reactions,
in particular when water is one of the products. Further
evolutions are to be expected in improving the effi-
ciency of the pervaporation membranes, especially in
terms of catalytic activity. Reactor designs from classi-
cal bulk reactors to highly efficient, intensified reactor
concepts are also thought to become a trend.

For biochemical conversions, where typically a
hydrophobic membrane is needed, it can be expected
that more development work is to be done on mem-
brane structures, including new selective polymers,
hybrid membrane structures, and multilayer mem-
branes. Because biochemical reactors are also more
complex in terms of process control and fluctuations,
more emphasis is needed on improving the reactor
efficiency, including interactions between the reac-
tion mixture and the membrane, especially when
these concerns components that may compromise
the performance of the membrane by effects of foul-
ing and membrane deterioration.
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[119] Brüschke, H. E. A., Ellinghorst, G., Schneider, W. H.
Optimization of a Coupled Reaction – Pervaporation
Process. In Proceedings of the Seventh International
Conference on Pervaporation Processes in the Chemical
Industry; Bakish, R., Ed.; Bakish Material Corporation:
Eaglewood, NJ, 1995; pp 310–320.

[120] Shah, T. N., Ritchie, S. M. C. Appl. Catal. A: Gen. 2005,
296, 12–20.

[121] Bernal, M. P., Coronas, J., Menendez, M., Santamaria, J.
Chem. Eng. Sci. 2002, 57, 1557–1562.

[122] Coronas, J., Santamaria, J. Sep. Purif. Methods 1999,
28(2), 127–177.

[123] Gao, Z., Yue, Y., Li, W. Zeolites 1996, 16(1), 70–74.
[124] Tanaka, K., Yoshikawa, R., Ying, C., Kita, H., Okamoto, K.

Catal. Today 2001, 67(1–3), 121–125.
[125] Tuan, V. A., Falconer, J. L., Noble, R. D. Ind. Eng. Chem.

Res. 1999, 38, 3635–3645.
[126] de la Iglesia, O., Irusta, S., Mallada, R., Menendez, M.,

Coronas, J., Santamaria, J. Microporous Mesoporous
Mater. 2006, 93, 318–324.

[127] de la Iglesia, O., Mallada, R., Menendez, M., Coronas, J.
Chem. Eng. J. 2007, 131, 35–39.

[128] Figueiredo, K. C. D., Salim, V. M. M., Borges, C. P. Catal.
Today 2008, 133–135, 809–814.

[129] Park, B. G., Tsotsis, T. T. Chem. Eng. Proc. 2004, 43,
1171–1180.

[130] Fayyaz, B., Harale, A., Park, B. G., Liu, P. K. T.,
Sahimi, M., Tsotsis, T. T. Ind. Ng. Chem. Res. 2005,
44(25), 9398–9408.

[131] Domingues, L., Recasens, F., Larrayoz, M. A. Chem. Eng.
Sci. 1999, 54, 1461–1465.
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Glossary
Dye sensitization A system catalyst/dye

illuminated with visible light.

Photocatalytic process A process requiring a

semiconductor as photocatalyst and a light of

appropriate wavelength.
Photolysis A process requiring only light of

appropriate wavelength.

Synergistic effect The resulting effect is more

than the sum of the two separate effects.
3.07.1 Introduction

Photocatalytic membrane reactors (PMRs) repre-

sent an interesting alternative technology useful

both in the field of water and air purification and

as a synthetic pathway. The necessity to develop

chemical products and industrial processes that

reduce or eliminate the use and the generation of

toxic substances along with the risk for human

health and for environment constitutes the aim of

the research efforts based on the principles of

green chemistry.
Heterogeneous photocatalysis is a technology

extensively studied for about three decades, since

Fujishima and Honda [1] discovered the photocata-

lytic splitting of water on TiO2 electrodes in 1972,

which includes a large range of reactions.
When a separation membrane method is

coupled with a photocatalytic process, it is possible

to obtain a synergistic effect minimizing environ-

mental and economical impacts. In this hybrid

system, in fact, the radicals produced by irradiation

of the catalyst were exploited to perform partial or

total redox reactions leading to selective products

or clarified solutions which can be separated by the

membrane.
Several characteristics make a PMR a green tech-

nology, as the safety of the photocatalyst used, the

mild operative conditions, the possibility to operate

in continuous mode, in which the recovery of the

catalyst, the reactions, and the products separation

occur in one step, with a remarkable time and cost

saving.
The choice of an appropriate membrane and

the knowledge of the parameters influencing

the photocatalytic process represent, therefore,

an important step in the design of a PMR.

Besides, the possibility to perform the photocata-

lytic reactions using the solar light makes this
process very interesting for future industrial
applications.
3.07.2 Photocatalysis as a Green
Process

Traditional processes for making chemical products
are unsustainable in terms of resources and environ-
mental impact. In particular, although in the last
decades the chemical industries have made great
improvements in the efficiency of their processes, the
need to identify renewable feedstocks, the use of toxic
or scarce catalysts, and the generation of hazardous
waste effluents remain some of the unsolved problems
which attract the scientific community [2]. The appli-
cation of innovative scientific solutions to solve these
problems is the main aim of the green chemistry, also
known as sustainable chemistry. This new approach,
based on the 12 Principles of Green Chemistry originally
published by Anastas and Warner [3], promotes inno-
vative and sustainable chemical technologies which
allow one to reduce or eliminate the use or generation
of hazardous substances in the environmentally con-
scious design, manufacture, and use of chemical
products and engineering processes . Several organi-
zations in the world are involved in the development
and promotion of these green concepts.

In this context, the PMRs, used both as purifica-
tion methods and synthetic pathway, represent a
promising green technology. As reported by several
authors [4–7], green characteristics make photocata-
lysis an attractive process:

• the use of greener safer photocatalyst, as TiO2

which is a component of pharmaceuticals and
toothpastes;

• the use of mild oxidants, such as molecular
oxygen;
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• the possibility to work with mild reaction condi-
tions running closer to room temperature and
pressure;

• the requirement of very few auxiliary additives;
and

• no production of harmful chemicals.

These potentialities are further improved when a
membrane-separation technique is coupled to a
photocatalytic route. PMRs, in fact, allow one to
realize a continuous one-step process in which the
reduction of the catalyst and solvent amounts, the
minimization of the purification steps, and a bet-
ter control of the equilibrium reactions can be
achieved, avoiding the large amounts of waste
products generally formed during a multistep pro-
cess. Besides, a continuous reactor can be much
smaller than the corresponding batch reactor and
the use of an appropriate membrane can allow
one to remove continuously higher purity
products.
3.07.2.1 Basics of Heterogeneous
Photocatalysis

Photocatalysis is an important technology widely
studied in the last few decades. In particular, the
scientific research has been addressed to the
understanding of mechanisms, variables, and
kinetic parameters which influence the whole
process.

Heterogeneous photocatalysis is a term which
describes a process in which the photocatalyst is in
a different phase with respect to the substrate. In this
condition, the reaction scheme implies the previous
formation of an interface between the (solid) photo-
catalyst and a liquid or a gas phase containing the
reactants. The comprehension of these phenomena is
important in order to enhance the performance of
photocatalytic systems.
3.07.2.1.1 Mechanism

A semiconductor presents an electronic structure
characterized by a conduction band (CB) and a
valence band (VB) separated by a bandgap of energy
(EG). The irradiation of the catalyst, with photons
whose energy (h�) is equal to or greater than its
bandgap, promotes an electron from the VB to the
CB with the creation of electron–hole pair e –

cb – hþvb

� �
(Figure 1).
The lowest energy level of the CB defines the
reduction potential of the photoelectrons while the

highest one of the VB determines the oxidizing
power of the photoholes, respectively. In the absence

of suitable electron and hole scavengers, the input

energy is dissipated as heat within a few nanoseconds

by recombination. The initial step of the activation of

the photocatalytic process is the photonic excitation

of the catalyst and the main steps, representing the

photocatalytic mechanisms, are proposed by several

authors [8, 9]:

1. Excitation of the catalyst

TiO2 þ h� ! e – þ hþ

2. Adsorption on the catalyst surface

TiIV þH2O! TiIV –H2O

TiIV þ OH – ! TiIV –OH –

catalyst siteþ S1 ! S1ads

3. Electron and hole trapping

TiIV þ e – ! TiIII

TiIV –H2Oþ hþ ! TiIV –OH? þHþ

TiIV –OH – þ hþ ! TiIV –OH?

S1ads þ hþ ! S1ads
þ

TiIII þ O2 ! TiIV –O? –
2

4. Recombination of electron–hole pairs

e – þ hþ ! heat

As widely accepted, the primary oxidants in these

systems are the hydroxyl radicals generated by the

oxidation of electron donor molecules (water or

hydroxyl ions) in the VB. The attack of hydroxyl
radicals to the substrate (S) can occur under different

conditions:
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TiIV –OH? þ S1ads ! TiIV þ S2ads

OH? þ S1ads ! S2ads

TiIV –OH? þ S1 ! TiIV þ S2

OH? þ S1 ! S2

In the CB acceptor molecules can be reduced if their
reduction potential is higher than that of the photo-
electrons, such as O2 to yield superoxide ions or
metal ions reduced to their lower valence states:

O2 þ e – ! O? –
2

Mn þ e – ! Mðn – 1Þ

3.07.2.1.2 Photocatalytic reaction

parameters

In this section, the main factors influencing a photo-
catalytic process are summarized.

Catalyst amount. A catalyst works accelerating
the rate of a reaction without being consumed.
Nevertheless, the ultraviolet (UV) light only
(reported as photolysis) can induce the degradation
of some organic substrates, but it is unable to
mineralize the organic intermediates as reported in
a study on the photodegradation of pharmaceuticals
in water [10].

In a true heterogeneous catalytic regime, in which
the photonic excitation of the catalyst surface repre-
sents the initial step of the process activation, the
initial rate of the reaction is proportional to the
amount of photocatalyst [11]. However, above a cer-
tain level of mass catalyst (m), the rate of reaction
reaches a plateau condition that corresponds to the
maximum amount of catalyst in which all the
surface-active sites are illuminated and occupied by
the substrate.

Besides, it was observed that agglomeration of
catalyst particles occurs for high catalyst amount
and consequently light penetration into suspension
decreases, which leads to a decrease of photocatalyst
activity [8, 12]. To avoid excess of catalyst and to
ensure a satisfactory reaction efficiency, the optimum
amount of catalyst must be used as function of sub-
strate concentration.

Substrate concentration. The dependence of photo-
catalytic rate on substrate concentration is an aspect
broadly studied in the literature. As reported
by Konstantinou and Albanis [12] in a review on
the photocatalytic degradation of azodyes, it is gen-
erally accepted that the degradation rate increases
the substrate concentration to certain values, over
which the rate decreases. This aspect can be
explained by considering the mechanisms of photo-

catalytic reactions which involve the creation of
OH radicals and substrate adsorption on catalyst

surface.
Initially, the enhanced substrate concentration

increases the probability of reaction between mole-
cules and oxidizing species. A further increase,

nevertheless, leads to a reduction in OH radical gen-
eration due to light scattering and to a decrease in the

active catalyst sites available for OH radicals

production.
pH of the aqueous solutions. The photocatalytic

process is strongly affected by the pH of the reactive

environment. In particular, pH changes can influence

the acid–base properties of the catalyst surface and,
therefore, the adsorption phenomena.

Several studies [12, 13] reported that under acidic
condition the TiO2 surface is positively charged,

whereas in alkaline media it is negatively charged
according to the following equilibrium:

TiOHþHþ ! TiOH2
þ

TiOHþ OH – ! TiO – þH2O

On this basis, although at alkaline pH the hydro-
xyl radicals are easier to be generated because of the

higher number of hydroxide ions available on the

catalyst surface, a decrease of the photocatalytic
activity was observed probably due to repulsion phe-

nomena between the negative-charged surface of

TiO2 and the hydroxyl anions.
Coulomb interaction can be hypothesized also

between the catalyst and the substrate molecules.

This aspect explains the different reaction products

observed [8, 14] changing the pH value. Depending
on the substrates, in fact, an increase of pH can

determine a positive or negative effect on reaction
rate. Anionic species are lesser or more adsorbed at

alkaline or acidic pH, respectively, due to a different

ionization state of the catalyst surface, as reported by
Bekkouche et al. [13] in a study of adsorption of

phenol on titanium oxide.
An increase of the reduction rate of BrO3

–

lowering the pH from 7 to 5 was observed also by
Noguchi et al. [15], due to an enhancement of the

electrical interaction between the anionic substrates

and the positively charged surfaces of the TiO2

photocatalyst which increases the amount of

adsorbed BrO3
– .

Moreover, at acidic condition, an aggregation of
catalyst particles is observed which reduces the avail-
able catalytic active sites for photon absorption and
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substrates adsorption leading to a decrease of the

catalytic activity.
Presence of oxygen. Oxygen plays an important role

in the photocatalytic oxidation of many substrates

both as electron scavenger and as strong oxidant. Its

reaction with the photoelectron in the VB allows one

to prevent the electron–hole recombination prolong-

ing the lifetime of the holes. Moreover, the

superoxide ions formed (O2
?� also initiate a chain of

reactions leading to the creation of additional hydro-

xyl radicals through the formation of hydrogen

peroxide:

O2 þ e – ! O? –
2

O2
? – þHþ ! HO?

2

HO?
2 þ e – ! HO2

–

HO2
– þHþ ! H2O2

H2O2 þ e – ! OH? þ OH –

Therefore, the reactive radical species formed
enhance the photocatalytic efficiency of the whole
process.

Presence of other species. Presence of other species in
the reaction environment can give positive or nega-

tive effects on the rate of the photocatalytic process

depending on the reaction mechanism.
In particular, the addition of oxyanion oxidants, such

as S2O2
8
– , BrO3

– , IO4
– , ClO2

– , and ClO3
– , increases

the photoreactivity by scavenging the CB electrons and

reducing charge-carrier recombination [8, 12]:

S2O8
2 – þ e – ! SO4

2 – þ SO4
? –

SO4
? – þH2O! SO4

2 – þ?OHþHþ

Another oxidant species which influences positively
the photocatalytic reaction is H2O2 due to the for-
mation of hydroxyl radicals. However, as reported by
Augugliaro et al. [16], an excess of H2O2 can have a
detrimental effect because it acts as scavenger of VB
holes and ?OH, producing hydroperoxyl radicals
which have a less oxidizing power than ?OH:

H2O2 þ 2hþ ! O2 þ 2Hþ

H2O2 þ?OH! H2OþHO2
?

Other studies [17, 18] reported the influence of dis-
solved metal ions on the photocatalytic reactions.
Metal cations, used in the highest oxidation state,
act as photoelectron acceptors preventing the
charge-carrier recombination:

Mnþ þ e – ! Mðn – 1Þþ
Moreover, the reduced species can react with H2O2

to give additional ?OH by photo-Fenton reaction
according to the following general expression:

Mðn – 1Þþ þH2O2 ! Mnþ þ?OHþ OH –

This aspect was broadly investigated by Brezová
et al. [18] in a study on the photodegradation of
phenol in titanium dioxide suspensions in the pre-
sence of dissolved metals. They observed the
increase of the photodegradation rate by adding
ferric ions but the presence of dissolved Mn2þ,
Co2þ, Cr3þ, and Cu2þ ions was detrimental. In
particular, the reduction of cupric ions into the
unreactive form Cu0 and its deposition on the
catalyst surface and a competitive adsorption of
Cr3þ ions on the TiO2 surface, which probably
causes the decrease of photocatalytic phenol
degradation, were demonstrated. Instead, no effects
were observed in the presence of Ca2þ, Mg2þ,
Zn2þ, and Ni2þ.

As a different role of these metal ions on the
photocatalytic efficiency was reported in other stu-

dies [8, 12, 17], it can be considered a controversial

behavior depending on the physico-chemical proper-

ties of the substrates.
On the other hand, it was reported that

codissolved anions, such as Cl�, NO3
– , and

PO4
3 – , can affect the rate of reaction because of

their possible adsorption onto TiO2 surface, compet-

ing with the substrate and hampering the formation

of OH? radicals [12, 14].
Finally, negative effects can be expected in the

presence of other organic molecules which can

compete for the active sites of the catalyst surface,

deactivate the photocatalyst, or act as light

screens.
Wavelength and light intensity. As previously

described, the first step in a photocatalytic pro-

cess is irradiation of the catalyst surface. Several

studies [11, 19, 20] reported that the rate of

reaction depends on wavelength and intensity of

the light source and on the absorption spectrum

of the catalyst used. In particular, effective acti-

vation of the photocatalyst takes place only with

photons which have a � smaller than or equal to

the absorbtion edge of the catalyst and this phe-

nomenon is predominant at low light intensity

[12], whereas a recombination of electron–hole

pairs was supposed to occur at higher light inten-

sity (these aspects will broadly be discussed in

the following sections).
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3.07.3 Photocatalytic Activity of
Semiconductor Materials

3.07.3.1 Photocatalysts

A photocatalyst is a semiconductor material that must
be able to convert the light energy of the irradiation in
the chemical energy of the electron–hole pairs.
Therefore, a suitable bandgap energy together with
chemical and physical stability, nontoxic nature, avail-
ability, and low cost are important requirements to be
taken into account to choose a solid photocatalyst.

Several semiconductor materials are used in the
literature as photocatalysts, the most common ones
are oxides (TiO2, Fe2O3, SnO2, ZnO, ZrO2, CeO2,
WO3, V2O5, etc.) or sulfides (CdS, ZnS, WS2, etc.).
Their redox potentials range between þ4.0 and
�1.5 V versus normal hydrogen electrode (NHE)
for the valence and the CBs, respectively, allowing,
therefore, their use to convert a wide range of mole-
cules via photocatalytic reactions.

The most common semiconductor materials used
in the literature with their bandgap energy and wave-
length required for the activation are reported in
Table 1.
3.07.3.2 Titanium Dioxide

The most widely used photocatalyst is the poly-
crystalline titanium dioxide, TiO2, due to its strong
catalytic activity, long lifetime of electron hole–pairs,
high (photo)chemical stability in aqueous media and in
a large range of pH (0–14), low cost (due to the abun-
dance of Ti in the earth’s crust), and harmlessness. It
exists in nature in three different polymorphs: rutile,
Table 1 Bandgaps energy and wavelengths of the

classic photocatalysts [8, 21–24]

Semiconductor
Bandgap
(eV)

Bandgap wavelength
(nm)

TiO2 anatase 3.2 387

TiO2 rutile 3.0 380
Fe2O3 2.2 560

SnO2 3.8 318

ZnS 3.7 335–336

ZnO 3.2 387–390
ZrO2 5.0 460

WO3 2.8 443

CdS 2.5 496–497

GaP 2.3 539–540
V2O5 2.0 600

CdSe 1.7 729–730

GaAs 1.4 886–887
anatase (tetragonal minerals), and brookite (a rare
orthorhombic mineral). All the three crystalline struc-
tures consist of deformed TiO6 octahedra connected
differently by corners and edges. The most stable form
is rutile, whereas anatase and brookite are metastable
and are readily transformed into rutile when heated
[25]. These three types exhibit different photoactivity
due to a difference in their energy structure. In parti-
cular, the position of the VB is deep and the
photoproduced positive holes show sufficient oxidative
power both in anatase and rutile forms. Nevertheless,
the CB in the anatase polymorph is negative and it is
lower than that of rutile; therefore, the reducing power
of anatase type is higher. Moreover, the recombination
rate of the photoproduced electron–hole pairs is usually
higher for rutile.

It is worth noting, however, that not only the intrin-
sic electronic factors but also the surface physico-
chemical and morphological/textural properties of
the photocatalysts can influence the photoactivity.
Nanosized TiO2 has been described to possess special
characteristics and high photoactivity, due to quantum
size effect and to high surface area.

Thanks to its high photocatalytic activity, TiO2 is
employed in a wide range of industrial applications:
as a thickener in cosmetic and skin care products; to
prevent white tiles, aluminum panels, glass, tents,
paints, and coating materials; to protect tunnel light-
ings, mirrors, window blinds; as antibacterial in
textile fibers, medical instruments, and supplies [5].
3.07.3.3 New Generation of Photocatalysts

The efficiency of the classical photocatalysts is often
reduced by some drawbacks, such as:

• quick recombination of the photogenerated
electron–hole pairs (within 10–100 ns) which
releases thermal energy or unproductive photons;

• high reactivity that leads to fast backward or
secondary reactions with the formation of unde-
sirable by-products; and

• a low absorption in the visible region which
determines their inability to use solar light (less
than 5% is used in the case of TiO2 anatase).

In the previous years, therefore, the development of
new efficient photocatalysts able to overcome these
problems represents one of the main topics in the
photocatalytic research.

Photocatalysts with a more stable charge separa-
tion, able to absorb visible light and more selective in
the reactions pathway, are reported in the literature
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both as modified common catalyst and newly synthe-

sized semiconductor materials.
As reported by Ni et al. [26], the photocatalytic

efficiency of the semiconductor materials can be

improved by different techniques divided into two

broad groups: photocatalyst modification (including

noble metal loading, ion doping, and catalyst sensiti-

zation) and addition of chemical additives (such as

electron acceptors or donors). Some of the most

recent photocatalysts and their applications are

reported in Table 2.
Transitional metal ion doping and noble metal

loading have been extensively studied in order to

enhance the photocatalytic activity of various photo-

catalysts [27–33]. The metal acts as electrons traps,

while the photogenerated VB holes remain on the

catalyst, provoking a decrease in the electron–hole

recombination and increasing, therefore, the catalyst

efficiency. Moreover, the metal could reduce the

bandgap energy of the photocatalyst, thus shifting

the photoresponse to the visible region [34–36]. This

last effect was also obtained when the catalyst was

doped with anions, such as N, F, C, and S [37–41].
Table 2 Some recent photocatalysts and

Photocatalyst R

Arg-TiO2 S
Acridine yellow G (AYG) To

Cu-doped TiO2 To

Membrane-W10 O

V2O5/MgF2 composite systems To
Doped-TiO2 S

Pt-loaded BiVO4 To

ZnWO4 P

TiO2 nanowires H
Fe-ZSM-5 R

Bi2S3/CdS P

Ni-doped ZnS H
Dye sensitizer/photocatalyst systems S

Ag2ZnGeO4 P

Bi3SbO7 To

Fe(III)-OH complexes R
POM Fu

Zn phthalocyanine complexes P

Pt, Au, Pd-doped TiO2 H

Hydrous alumina-doped TiO2 R
Bi3þ-doped TiO2 R

Activated carbon-ZnO P

N-doped TiO2 P

La-, Cu-, Pt-doped WO3 S
POM R

F-doped TiO2 film P

Au/Fe2O3 D
To increase the efficiency of solar photocataly-
tic process, another approach is reported in the

literature [42–48] consisting of composite systems

in which a large bandgap semiconductor was

coupled with a small bandgap semiconductor hav-

ing a more negative CB level. In these systems,

after irradiation with visible light, the electrons

formed in the CB level of the small bandgap

photocatalyst can be injected in that of the large

bandgap semiconductor achieving also a wide elec-

tron–hole separation.
A similar result can be obtained with another

modification technique reported as dye sensitization

[49–51]. When the system catalyst/dye is illuminated

with visible light, the dye acts as photosensitizer

transferring the electrons to the CB of the catalyst.
In order to solve the photocatalytic drawbacks,

several studies investigated on the addition of dis-

solved electron donors (such as BiO –
3 , CN� [52],

NO –
3 , and SO2 –

4 [12]) or electron acceptors (such

as Fe3þ [53], Kþ, Mg2þ, Ca2þ, Zn2þ, and Co2þ [54]).

Besides, several preparation techniques have been

recently proposed to synthesize more efficient
their applications

eaction Author Year

elective reduction [69] 2007
tal oxidation [67] 2007

tal oxidation [30] 2008

xidation [70] 2006

tal oxidation [43] 2008
elective oxidation [27] 2006

tal oxidation [36] 2008

hotodegradation [71] 2007

ydrogen evolution [72] 2008
eduction [73] 2007

artial reduction [42] 2002

ydrogen production [34] 2000
olar photocatalysis [51] 2008

hotodegradation [64] 2008

tal oxidation [65] 2008

edox [74] 2007
nctionalization [75] 2003

hotodegradation [68] 2007

ydrogen production [28] 2007

eduction [15] 2003
eduction [76] 2007

hotodegradation [58] 2008

hotodegradation [38] 2008

elective oxidation [31] 2005
eduction [77] 2004

hotodegradation [41] 2008

egradation (ox) [29] 2007
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photocatalysts immobilized on mesoporous support
[55, 56], inert support [57], activated carbon (AC)
[58, 59], ceramic membranes [60], building materials
[61], and ceramic monolith channel [62]. Moreover,
newly synthesized photocatalysts which allow a
better control of the whole photocatalytic process,
thanks to a delay in charge recombination and an
enhanced activity under visible light irradiation, are
reported in the recent photocatalytic works [63–68].
3.07.4 Applications of the
Photocatalytic Technologies

Photocatalytic processes can be performed in various
media. They include a great variety of reactions, such
as partial or total oxidation, degradation of organic
compounds, reduction reactions, fuel synthesis (e.g.,
H2 production through water splitting), metal corro-
sion prevention, disinfection, etc.

The application fields of this technology can be
divided in two main groups (Figure 2), purification
processes and synthetic pathways, although com-
bined reactions are often exploited to increase the
efficiency of the system.
3.07.4.1 Purification Processes

3.07.4.1.1 Total oxidation of

environmental pollutants

The main use of the photocatalytic techniques was
the removal of organic pollutants in water and air.
This application, which in the previous years has
found an important relevance in commercial materi-
als, has been widely studied in the literature. The
Applicati
photoca

reactio

Coupling with oth

Purification processes 
• Total oxidation of pollutants
• Removal of toxic metals
• Conversion of inorganics
• Disinfection

Figure 2 Main photocatalytic applications reported in the liter
growing resistance of various classes of organic com-

pounds to common chemical and biological
degradation treatments has focused the attention of

the international scientific community on the devel-

opment of alternative methods. In this context,
photocatalysis represents a useful alternative green

purification technique, because, as result of a chain of

oxidation reactions, a wide range of organic mole-

cules also containing in their structure heteroatoms
can be mineralized to inorganic species: carbon to

CO2, hydrogen to H2O, nitrogen to nitrate, sulfur to

sulfates, and phosphorus to phosphate.
Contamination of wastewater is a very important

environmental problem and many studies have been
carried out with the aim to remove the most common

pollutants by photocatalytic reactions: dyes [36, 48,

52, 64, 78, 79], pesticides and herbicides [51, 80, 81],
pharmaceutical compounds [10, 82–84], hormones

[85], and various toxic organic molecules [86–89].
In order to resolve the problem of the environ-

mental effects of gaseous emissions from industries

and other human activities, photocatalytic air treat-
ments were also reported as a promising field of

application of these processes. Several VOCs, such

as MTBE [30], toluene [61, 90–92], bromomethane
[56], benzene [47, 93], and formaldehyde [71], were

successfully degraded by photocatalytic processes.
In the previous years, the purification property of

the TiO2 was exploited in building materials not only

at laboratory levels but also in concrete structures for
maintaining their esthetic characteristics, such as the

church Dives in Misericordia in Rome (Italy), l’Ecole

de Musique’ in Chambéry (France), and the

Marunouchi Building in Tokyo (Japan).
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3.07.4.1.2 Removal of toxic metal ions

Metal ions are generally nondegradable and toxic in
specific valence states. The reduction by semiconduc-
tor photocatalytic processes is a relatively new
technique that can be used to change the hazardous
ionic states of dissolved metal ions in wastewater [94].

The application of the photocatalytic reduction is
reported to be effective to remove various toxic
metal ions, such as Cr(VI) [73, 95–97], Hg(II) [98],
and Pd(II) [77]. The reduction of such metals results
not only in pollution prevention but also in recovery
and reuse of valuable metal products with environ-
mental and economic concerns, respectively.

Further investigations combined the reduction of
metallic ions with the simultaneous degradation of
organic contaminants achieving a synergic effect.
Redox reactions were used in the literature for the
purification of aqueous systems containing contami-
nants such as Cr(VI) and bisphenol A [74], Fe(VI)
and ammonia [99], Cr(VI) and azodyes [100], and
Ag(I) and dyes [40].

3.07.4.1.3 Conversion of inorganic
contaminants

Photocatalytic processes have been exploited also for
the conversion of other potentially toxic inorganic
ions and molecules in the corresponding harmless
forms.

In this context, photocatalytic reactions are
reported in the literature to reduce bromate ions to
Br� [15], nitrite and nitrate to ammonia and nitrogen
[76, 101], or to oxidize sulfite, thiosulfate and sulfide
ions into innocuous SO2 –

4 ions, PO3 –
3 into PO3 –

4 , or
CN� into NO –

3 [7, 102].

3.07.4.1.4 Antimicrobial and antitumor

activity

Interesting recent researches investigated the possi-
bility to use the photogeneration of active
oxygenated radicals to attack the cell membrane of
microorganisms and to cause their inactivation. The
antimicrobial activity of UV-irradiated photocatalyst
has been tested against several types of bacteria,
yeasts, algae, and viruses [103–106].

Besides, the cytotoxicity of photocatalysis was
also tested in the previous years for cancer treatment.
Cai et al. [107], in a study on the effects of photo-
excited TiO2 particles on HeLa cells cultured
in vitro, observed a complete cell death in the
presence of TiO2 (50 mg ml�1) with 10-min UV irra-
diation. The antineoplastic photocatalytic effect was
widely investigated by Fujishima et al. [108] by in
vitro experiments which confirmed the inhibition of
the tumor growth. They developed a device, built by
modifying an endoscope, in order to access various
parts of the human body. These studies extended,
therefore, the application of photocatalytic processes
to the medical field.
3.07.4.2 Synthetic Pathways

3.07.4.2.1 Selective oxidations and

reductions
Due to the highly unselective reactions involved in
the photocatalytic processes, the application of this
technology was addressed mainly to the treatment of
hazardous compounds in liquid and gas phases.
However, it was widely demonstrated that selecting
or modifying some photocatalytic parameters, such
as the semiconductor surface or the wavelength, it is
possible to control the reaction obtaining a better
selectivity toward some products. On this basis,
photocatalysis could represent an alternative syn-
thetic route able to satisfy several of the principles
of green chemistry. Several studies reported the
selective oxidation of hydrocarbons in aqueous and
organic phase [31, 109–113].

In a study on the partial photocatalytic oxidation of
different benzene derivates, Palmisano et al.
[112] demonstrated how the substituent groups can
affect the selectivity to hydroxylated compounds. In
particular, they observed that organic molecules
containing an electron-withdrawing group (cyano-
benzene, nitrobenzene, benzoic acid, etc.) were
unselectively converted in a mixture of monohydroxy
derivates, while in the presence of an electron donor
group (phenol, phenylamine, N-phenylacetamide) the
attack of OH radicals was selective in the ortho and para

positions.
Park and Choi [114], studying the photocatalytic

conversion of benzene to phenol, showed the possi-
bility to enhance the phenol production yield and
selectivity adding Fe3þ or/and H2O2 to the TiO2

suspension or modifying the catalyst surface by
deposition of Pt nanoparticles (Pt/TiO2).

Gondal et al. [115] studied the photocatalytic activ-
ity of different semiconductor catalysts for the
conversion of methane into methanol at room
temperature in the aqueous solution. They observed
a percentage conversion of 29%, 21%, and 20% using
WO3, TiO2, and NiO, respectively. This selective
oxidation reaction was also investigated by Taylor
[31] using a lanthanum-doped tungsten oxide. They
observed an increase in the methanol production
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when an electron transfer reagent (hydrogen perox-
ide) was added to the solution. Moreover, selective
photooxidation reactions were also reported to con-
vert alcohols to carbonyls [116–118].

Palmisano et al. [118] studied the selective oxida-
tion of 4-methoxybenzyl alcohol to p-anisaldehyde in
organic-free aqueous TiO2 suspensions, obtaining a
considerable yield of 41.5% mol. The homemade
photocatalysts were obtained under mild conditions
and showed to be more selective than two common
commercial samples, that is, TiO2 Degussa P25 and
Merck. Nevertheless, although the reported findings
are very intriguing in the light of the possibility to
potentially synthesize fine chemicals in green condi-
tions, it should be highlighted that the initial alcohol
concentration used in this work (�1.1 mM) is quite
low in comparison with that used for typical organic
syntheses.

Colmenares et al. [27] reported the use of different
metal-doped TiO2 systems for the gas-phase selec-
tive photooxidation of 2-propanol to acetone. They
observed that doping the catalyst with Pd, Pt, or Ag
caused an increase in molar conversion as compared
to bare-TiO2, whereas the presence of Fe and Zr had
a detrimental effect.

Although the reduction ability of the CB is lower
than the oxidizing power of the VB hole, several
studies on the photocatalytic reduction of chemicals
are reported in the literature to convert nitrobenzene
compounds to the corresponding amino-derivates
[69, 119–121], carbonate to methane and methanol
[122–125].

3.07.4.2.2 Functionalization

In the previous years, many efforts have been made
on the use of photocatalytic synthesis for the functio-
nalization of organic compounds in various solvents,
and several interesting results are reported in the
literature. Photocatalyzed reactions were used to
obtain dihydropyrazine by cyclization of propylene
glycol with ethylenediamine [126], carbamate by
carbonylation of p-nitrotoluene with EtOH [127],
the monooxygenation and/or chlorination of
cycloalkenes [75], monobrominated derivates from
phenol and anisole [128], the addition of tertiary
amines to alkenes [129], unsaturated amines adding
cyclopentene and cyclohexene to imines [130],
heterocyclic aldehydes by the reaction between het-
erocyclic bases and ethers [131], and propan-1-thiol
by addition of H2S on propene.

Moreover, the wide potentiality of photocatalysis
was also applied for the transformation of functional
groups such as selective cyclization of amino acids in
aqueous suspensions [132, 133] or for the production
of a coumarin compound from phenanthrene in an
acetonitrile solution containing 8 wt.% water [134].

3.07.4.2.3 Hydrogen evolution

Hydrogen is considered as an attractive alternative
energy source because it is a clean, storable, and
renewable fuel that does not produce pollutants or
greenhouse gases upon combustion. About 95% of
the commercial hydrogen is produced from fossil
fuels, such as natural gas, petroleum, and coal,
although it may also be extracted from water via
biological production or using electricity or heat.
Therefore, the development of less expensive meth-
ods of bulk production of hydrogen represents an
interesting field of scientific research.

Photocatalytic systems can offer a cleanest way to
produce hydrogen; starting from 1972 when Fujishima
and Honda [1] reported the photoelectrochemical
hydrogen production using TiO2 as catalyst, many
studies have been performed in order to improve this
reaction. Photocatalytic water splitting is a reaction in
which water molecules are reduced by the electrons to
form H2 and oxidized by the holes to form O2, using
semiconductor materials. TiO2 represents the main
photocatalyst used in the literature for hydrogen evolu-
tion [26], although Kudo [135] demonstrated that other
semiconductor materials, such as Pt/SrTiO3, codoped
with Cr and Sb or Ta, Pt/NaInS2, Pt/AgInZn7S9 and
Cu- or Ni-doped ZnS photocatalysts, showed high
activities for the H2 production from aqueous solutions
under visible light irradiation.

Besides, other photocatalytic approaches were
reported to produce hydrogen by reduction of ethanol
aqueous solutions [28] or methanol solutions [72].

Moreover, Tan et al. [136, 137] reported an inter-
esting work on the conversion of carbon dioxide with
water into hydrogen and methane. This system could
contribute to the control of CO2 emission from
industrial processes allowing, contemporarily, one
to obtain interesting industrial products.
3.07.4.3 Photocatalysis Coupled with
Other Technologies

An interesting application of photocatalysis, especially
in the field of wastewater treatment, results from its
coupling with other technologies, which exploited the
synergistic effects to reduce the reaction time and to
increase the efficiency of the overall process.
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In the literature, several hybrid systems were
obtained combining photocatalysis with chemical
or physical operations [16]. A positive influence on
the photocatalytic mechanism was achieved cou-
pling photocatalysis with chemical operations such
as ozonation [138–140], photo-Fenton reaction,
ultrasonic irradiation [141], or electrochemical
treatment.

When coupling is with methods such as biological
treatment [142, 143], physical adsorption, or mem-
brane systems [10, 89, 144, 145], the combination
does not affect the mechanisms but increases the
efficiency of the whole process.

These hybrid processes offer a good strategy to
achieve a better wastewater treatment, particularly
when photocatalysis is exploited to transform recal-
citrant pollutants in nonrecalcitrant molecules which
subsequently can be easily degraded by the conven-
tional methods.
3.07.5 Potentials and Limits of the
Photocatalytic Processes

Based on the considerations reported in the previous
sections, heterogeneous photocatalysis can be con-
sidered as an attractive green process because it is
effective to abate noxious species present in gaseous
and aqueous effluents. More recently, this process
was also shown to be useful to synthesize various
types of industrially relevant chemicals, although in
this case suitable selective photocatalysts should be
chosen and few works have been carried out using
only water as the solvent.

Several advantages related to the use of the photo-
catalytic processes for degradation purposes can be
listed as follows:

1. possibility to be applied to a wide range of com-
pounds in aqueous, gaseous, and solid phase;

2. short reaction times and mild experimental condi-
tions, usually ambient temperature and pressure;

3. generally only oxygen from air without any addi-
tional additive is necessary;

4. effectiveness also with low concentration of
pollutant(s);

5. possibility to destroy a variety of hazardous mole-
cules with the formation of innocuous products,
solving the disposal pollutant problem associated
to the conventional wastewater treatment methods;

6. possibility to convert toxic metal ions in their non-
toxic forms which can be recovered and reused;
7. synergistic effect(s) when coupled with other
technologies; and

8. possibility to use sunlight.

Nevertheless, the application of photocatalytic pro-
cess at industrial level is limited by different
drawbacks related to the involved reactions and reac-
tor configuration.

The development of photocatalytic systems requires
the knowledge of kinetic models which include all the
parameters influencing the process and allow one to plan
a reactor useful for industrial applications.

As previously described, the radical reactions
which occur in a photocatalytic process are highly
unselective and very fast. When the purpose is to
employ photocatalysis as synthetic pathway, it is
important to control reaction kinetics in order to
avoid secondary reactions which lead to undesirable
products and reduce the yields of the process. In this
respect, in the previous years, many efforts have been
made with the aim to obtain more selective reactions
modifying the classical semiconductor materials or
synthesizing new photocatalysts.

On the contrary, regarding the reactor configura-
tion, as observed by Choi [21], few studies have been
performed for the design of efficient photoreactors
for commercial exploitation. In particular, one of the
main drawbacks takes into account the recovery of
the catalyst and/or the separation of the products
from the reactive environment.

For what concerns the catalyst, two operative
configurations can be identified: catalyst suspended
or catalyst immobilized on a support.

In the immobilized system, the catalyst can be
coated on the walls of the reactor, supported on a
solid substrate or deposited around the case of the
light source, using supported materials such as
alumina, zeolite [113, 146], AC [58, 59], silica support
[11, 103, 147], glass beads [55, 56], and polymeric
membranes [60, 70, 104, 148].

Several advantages are reported in the literature
on the use of immobilized systems. For example, in a
study on the photodegradation of 4-acetylphenol,
Sobana et al. [58] observed that AC-zinc oxide cata-
lysts showed a much more higher adsorption and
photodegradation rate than bare ZnO due to a higher
adsorption of the substrate on the AC. Besides, Xu
et al. [41], studying the performance of several
F-doped TiO2 films, demonstrated that the photo-
catalytic activity of the prepared photocatalyst film
almost remains the same after 3 times reusing, with a
little decline after six cycles.
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Another immobilized system was proposed by
Tsuru et al. [149] for the gas-phase photocatalytic
degradation of volatile organic pollutants using
methanol as target molecule. In this study the TiO2

catalyst was immobilized in a porous membrane and
the permeate stream was oxidized with OH radicals
after one-pass permeation through the TiO2 mem-
branes. Comparing the reaction rate using the PMR
with that without the membrane permeation at var-
ious reaction conditions (residence time and feed
concentration), an enhanced performance of photo-
catalytic reaction for the first system was observed.

Thus, the possibility to exploit the synergistic effects
obtained with particular support, to recover the catalyst
without additional separation steps and to design con-
tinuous flow photoreactors, makes the immobilized
systems interesting for industrial application.

Nevertheless, as widely demonstrated in the
literature [57, 81, 150–152], the suspended systems
seem to be more efficient than those based on immo-
bilized catalysts.

This evidence can be explained considering that
heterogeneous catalysis is a surface phenomenon; there-
fore, the overall kinetic parameters depend on the real
exposed catalyst surface area. In the supported systems,
only a part of the photocatalyst is accessible to light and
substrate. Besides, the immobilized catalyst suffers from
the surface deactivation since the support could enhance
the recombination of photogenerated electron/hole
pairs and a limitation of oxygen diffusion in the deeper
layers is observed.

Another important aspect which reduces practical
application of photocatalytic process is the selective
separation of the products or/and intermediates from
the reactive environment. Separation systems such as
distillation or precipitation can be useful to separate
the final mixture; however, these techniques, invol-
ving further treatment steps, do not allow one to
operate in continuous mode.

On this basis, more efforts in photocatalytic engi-
neering and reactor development are required to
realize an efficient photocatalytic reactor.
3.07.6 PMRs with Suspended
Catalyst

3.07.6.1 Introduction

In a photocatalytic slurry reactor the recovery of the
unsupported catalyst from the treated solution is one
of the key challenges for large-scale application.
A very promising approach to overcome this and the
other photocatalytic drawbacks (mentioned earlier) is
the use of hybrid systems in which photocatalysis is
coupled with a membrane module [144, 153–155].

In a PMR a synergistic effect can be obtained
combining the advantages of classical photoreactors
(catalyst in suspension) and those of membrane tech-
niques (one-step separation).

A membrane process is a physical separation tech-
nique which does not involve a phase change and
allows one to operate in continuous mode. When a
suitable membrane is coupled to the photocatalytic
process, it is possible not only the recovery and the
reuse of the catalyst, but also the separation of the
treated solution and/or of the reaction products.

Therefore, the choice of the membrane module
configuration is mainly determined by the type of
photocatalytic reaction and the membrane can assume
many roles in the system, as catalyst recovery, separa-
tion of the products, rejection of the substrate, etc.

Moreover, membrane photoreactors allow
operation in continuous systems [83] in which
the reaction of interest and the selective separation
of the product(s) simultaneously occur, avoiding in
some cases the formation of by-products, resulting
competitive with other separation technologies for
what concerns material recovery, energy costs,
reduction of the environmental impact, and selective
or total removal of the components [156].

Interesting solutions involving the use of a mem-
brane to enhance the performance of the
photocatalytic processes have been proposed by sev-
eral authors, although the few works in the literature
demonstrate that the research on the PMRs is not
sufficiently developed yet.
3.07.6.2 Variables Influencing the
Performance of PMRs

From a practical point of view, the selection of the
appropriate operative conditions is of critical impor-
tance to obtain a good performance of the PMR.

In the development of a PMR, it is important to
take into account some parameters that influence the
performance of the system and its applicability at
industrial level.

The main purpose in the combination of a mem-
brane process with a photocatalytic reaction is the
necessity to recover and to reuse the catalyst.
Moreover, when the process is used for the degrada-
tion of organic pollutants, the membrane must be
able to reject the compounds and their intermediate
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products, while if photocatalysis is applied to a synth-
esis, often the role of the membrane is the separation
of the product(s) from the reaction environment.

In the former case, a useful parameter which
expresses the ability of the membrane to maintain
the substrate and its intermediates in the reactive
environment is the rejection (R) or retention coeffi-
cient, defined as

R ¼
Cf –Cp

Cf
¼ 1 –

Cp

Cf

where Cf and Cp are the solute concentrations in the
feed and permeate, respectively.

High rejection values can be achieved when mem-
branes with pore size smaller than the size of the
molecules to be retained are used. Moreover, it is
possible to increase the retention of the substrates
by controlling other factors that can influence
the separation properties of a membrane, such as
the pH, the residence time of the substrates, and the
concentration polarization phenomena.

In particular, some membranes can become electri-
cally charged changing the pH and this property can
be exploited to retain in the reactive environment
molecules that otherwise can pass freely in the perme-
ate. Thanks to Donnan effects, in fact, repulsive or
attractive interactions between the substrate molecules
and the membrane surface may occur if the charges are
of the same or of different sign, respectively. In this
condition, repulsive interactions increase rejection
values, whereas attractive ones decrease them.

The residence time of substrate in the photocata-
lytic system is another important factor which
influences the efficiency of photodegradation. Longer
retention times, obtained reducing the permeate flux,
resulted in a better organic removal [155]. This aspect
can be explained considering that a longer residence
time allows a greater contact between the molecules to
be degraded and the catalyst.

However, since the PMR must be able to offer an
high water permeate flux, it is important to find a
good compromise among the permeate flux and the
residence time in order to achieve a system for appli-
cation purpose.

In a pressure-driven membrane process, the rejec-
tion phenomenon allows one to obtain a permeate in
which the concentration of the substrate results lower
than that in the retentate. Nevertheless, when an
accumulation of excess particles takes place at the
membrane surface, with the formation of a boundary
layer, the concentration polarization occurs which
causes a different membrane performance. Solutes
with low molecular weight, deposited on the mem-
brane, pass in the permeate leading to negative
rejection values. Moreover, the layer deposited on
the membrane surface increases the resistance to
solvent flow and, therefore, reduces the permeate
flux. This problem can be reduced generating a tur-
bulent flow on the membrane surface which avoids or
minimizes catalyst and drug deposition.

When the membrane is used to separate one or
more products, it is more convenient to express the
performance of the system in terms of a selectivity
factor (�). For a mixture consisting of two compo-
nents A and B, with concentrations in the retentate xA

and xB and in the permeate yA and yB, respectively,
�A/B is given by

�A=B ¼
yA=yB

xA=xB

In this case, the selectivity of the membrane toward
the products becomes an important aspect of the
separation process. The membrane must be able not
only to selectively and quickly separate the product
of interest, avoiding secondary reactions that would
cause the formation of undesirable by-products, but
also to maintain in the reactive ambient the catalyst
and the other photocatalytic products.
3.07.6.3 Types of PMRs

Various types of membrane photoreactors were rea-
lized with the purpose of having an easy separation of
the catalyst from the reaction environment and an
efficient removal of pollutants from water and air.

In this section, some of the most recent studies on
PMRs reported in the literature, divided on the base
of the membrane module configuration used for the
separation, are presented.

3.07.6.3.1 Pressurized membrane

photoreactors

In the literature, the most studied configurations
of membrane photoreactors were pressurized sys-
tems in which pressure membrane techniques, such
as nanofiltration (NF), ultrafiltration (UF), and
microfiltration (MF), were combined with a photo-
catalytic process. In these systems the catalyst, used
both in the suspended configuration and immobilized
on the membrane, is confined in the pressurized side
of the permeation cell.

The first works reported in the literature [153,
156, 157] were performed with the aim to choose a
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useful membrane material, stable in the reactive
environment, and to identify the variables influen-
cing the performance of the membrane photoreactor.

Molinari et al. [150] studied the performance of
various photocatalytic membrane systems in the
degradation of 4-nitrophenol using TiO2 as catalyst.
In particular, two configurations were investigated in
which the irradiation source was placed on the recir-
culation tank or on the cell containing the membrane.
Moreover, in the last configuration the efficiency of
the process was investigated with the catalyst sus-
pended, coated, or included in the membrane.
Although the system in which the membrane was
used only as a support for the catalyst showed a
good synergy between the photocatalytic and the
separation process, the configuration with the sus-
pended catalyst and the irradiation of the
recirculation tank turned out to be more interesting
in terms of irradiation efficiency and membrane per-
meability, allowing also to select the membrane type
depending on the photocatalytic process under study.

Further studies [158] demonstrated that the rate
of pollutant photodegradation was strongly affected
by the UV irradiation mode. By comparing the
results obtained in two types of photoreactors, with
external lamp and with immersed lamp, it was
observed that the rate of photodegradation with the
immersed lamp resulted 3 times higher than that of
suspended one, although the power of the last was
4 times greater.

To solve the limitations of membrane technology
in water treatments, due to membrane fouling caused
by solute content in wastewater, Shon et al. [89]
proposed an integrated photocatalysis – MF hybrid
system in which photocatalytic reactions were
exploited with the aim to photooxidize partially or
completely the organic species that gave rise to the
membrane fouling.

However, one of the major problems observed
with pressurized flat sheet membrane systems is the
membrane flux decline due to catalyst deposition and
membrane fouling [10, 83, 159, 160].

Choo et al. [161], using an integrated photocatalysis/
hollow fiber MF system for the degradation of trichlor-
oethylene in water, observed that the membrane
permeability was strongly affected by hydraulic condi-
tions. In particular, they reported a reduction of
permeability decreasing the cross-flow velocity due to
deposition of TiO2 particles on the membrane surface,
leading to membrane fouling.

Therefore, this drawback, which makes the pres-
surized systems unsuitable for industrial applications,
addressed the research toward the use of other con-
figurations of membrane photoreactors.

3.07.6.3.2 Submerged (depressurized)

membrane photoreactors

In the previous years, several studies were performed
using submerged membrane modules coupled to
photocatalytic systems for the removal of organic
pollutants such as fulvic acid [162], bisphenol-A
[155].

In the submerged membrane photocatalytic reactor
(SMPR), the catalyst is suspended in an open-air reac-
tion environment, the membrane is immersed in the
batch and the permeate is sucked by means of a pump.

Fu et al. [162] studied the degradation of fulvic
acid by using synthesized nanostructured TiO2/silica
gel catalyst particles in a submerged membrane
photoreactor. They investigated the effects of some
operative conditions, such as catalyst concentration,
pH, and airflow on the performance of the overall
process and demonstrated that a reduction of mem-
brane fouling, and therefore, an improvement of the
permeate flux rate, can be obtained using nanostruc-
tured TiO2. This synthesized catalyst has an average
particle size of 50 mm, which resulted small enough
for the suspension, but big enough to avoid mem-
brane fouling and to allow its easy separation.

Moreover, it is possible to prevent catalyst deposi-
tion and to reduce the membrane fouling which
causes the membrane flux decline by controlling
the hydrodynamic conditions near membrane
surface. A useful strategy in this context is gas spar-
ging at the bottom of the membrane [163, 164].

The efficiency of a hybrid system, combining a low-
pressure submerged module in direct contact with the
photocatalytic environment, was studied by Chin et al.
[155] for the removal of bisphenol-A in water. In parti-
cular, studying the factor affecting the performance of
the SMPR, they observed that the aeration, allowing a
mechanical agitation, reduces the fouling of the mem-
brane and keeps the TiO2 well suspended in the
solution, acting also on the size of catalyst aggregates.
However, beyond an aeration of 0.5 l min�1 no enhance-
ment of photodegradation rate was achieved, probably
due to the presence of bubble clouds that could attenu-
ate UV light transmission in the photoreactor.

Besides, in this study the effect of another strategy
was investigated; an intermittent permeation method
was applied in order to reduce membrane fouling,
thus maintaining high flux at low aeration rate.

When suction is stopped, the aeration can shear
the membrane surface facilitating the detachment of
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catalyst particles and, therefore, avoiding their accu-
mulation on the membrane.

The advantages of this approach were also
investigated by Huang et al. [165] in a study on the
operational conditions of SMPR, in which it was
demonstrated that the sedimentation of the sus-
pended catalyst can be controlled by applying fine-
bubble aeration and an intermittent membrane
filtration.

An intermittent operative procedure was also
employed by Choi [21] in a work on the perfor-
mance of submerged membrane photoreactors for
4-chlorophenol (4-CP) degradation. A pilot-scale
photocatalysis-membrane hybrid reactor was con-
structed and characterized in terms of degradation
efficiency and degree of membrane fouling. A
complete degradation of the pollutant was achieved
in 2 h and, in continuous runs, no fouling of the
membrane was observed when an intermittent
operation was used.

A common drawback reported when ultrafiltra-
tion or MF membrane in the described SMPR is
used is the low rejection of compounds with small
molecular weight, although high fluxes and good
removal efficiency of organic molecules were
obtained.

To overcome this problem, Choi et al. [166] pro-
posed the use of NF submerged membranes in a
bioreactor for domestic wastewater treatment. The
NF cellulose acetate membrane used in this work
allowed one to achieve a very good-quality permeate
for a long-term operation, with a DOC concentration
in the permeates which remained in the range
0.5–2.0 mg l�1 for the first 130 days.

Nevertheless, after 80 days, the relative flux of the
NF membrane increased gradually and the trans-
membrane pressure decreased, probably due to the
hydrolysis of the cellulose acetate in wastewater
which, increasing the pore size and porosity, caused
a deterioration of permeate quality.

3.07.6.3.3 Photocatalytic membrane

contactors
Other types of membrane separation processes that
can be useful when they are coupled with a photo-
catalytic system are the membrane contactors.

In a membrane contactor, the separation perfor-
mance is determined by the distribution coefficient
of a component in two phases and the membrane
acts only as an interface. They can be divided in
gas–liquid (G–L) and liquid–liquid (L–L) membrane
contactors. In the first configuration, one phase is a
gas or a vapor and the other phase is a liquid, while in
the second one both phases are liquids. Depending on
the type of membrane, the membrane phase may
contribute to the overall mass transfer resistance.

Several photocatalytic hybrid systems in which
the permeation module consists of a membrane
contactor are reported in the literature for photode-
gradation processes, and their potentialities are
greater than those of the systems previously
described. In fact, they can be a useful solution to
separate the product(s) of interest during a photo-
synthetic process and in particular, if a suitable
membrane and a proper strip phase are chosen, it
is possible to obtain a selective separation of the
product(s) before the secondary reactions occur.
Despite the advantages of these integrated systems,
to our knowledge, in the literature few studies
report the use of a membrane contactor module
coupled to photocatalytic synthetic pathways [144,
145, 167].

Photocatalysis and direct contact membrane distillation.

To solve the problems observed with pressure-
driven membrane reactor, a useful alternative PMR
was proposed by Mozia et al. [167] studying the
photodegradation of azo dyes in aqueous solutions
using a membrane distillation module to separate
distilled water and TiO2 Aeroxide� P25 as
photocatalyst.

The separation in a membrane distillation process
is based on the principle of vapor–liquid equilibrium;
therefore ions, macromolecules, cells, and other non-
volatile components are retained on the feed side,
whereas the volatile components are separated by
means of a porous hydrophobic membrane and then
condensed in cold distillate (distilled water).

The results reported in these studies showed
a complete rejection of the dye and other
nonvolatile compounds (organic molecules and
inorganic ions); thus, the permeate was practically
pure water. Some volatile compounds passed
through the membrane, as indicated by TOC
measurements in the distillate, although their con-
centration remained in the range of 0.4–1.0 mg l�1.
Moreover, it was found that the addition of TiO2

(concentrations 0.1, 0.3, and 0.5 mg dm�3) to the
feed solution did not affect the permeate flux at
least in the range investigated, which was about
0.34 m3 m�2 d�1, similarly to those obtained during
the process in which ultrapure water was applied.
This last aspect is very interesting because it
avoids the significant fouling observed with pres-
sure-driven membrane processes, although the
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higher energy consuming constitutes a disadvan-

tage in terms of process costs.
Photocatalysis and pervaporation system. To reduce

the heating cost of the solution needed to perform a

separation with a membrane distillation module, an

approach could be to combine photocatalysis with

pervaporation. In pervaporation, the separation is

not only based on the relative volatility of the com-

ponents in the mixture, but only depends on the

relative affinity of the components for the membrane.

Keeping a vacuum on the permeate side of the mem-

brane and maintaining the feed side at atmospheric

pressure, a pressure difference is created which

results in the driving force of the process. In this

case, therefore, the choice of the membrane material

is important to obtain a selective separation of the

molecules.
Camera-Roda and Santarelli [145] proposed an

integrated system in which photocatalysis is coupled

with pervaporation as process intensification for the

photocatalytic degradation of 4-CP in aqueous solu-

tions. The aim of this work was to remove the

intermediate organics formed in the first steps of

the photodegradation of 4-CP which negatively

affect the reaction rate, hindering the mineralization

of the pollutant. To serve this purpose, organophilic

pervaporation membranes were used so that most of

the organic oxidation by-products permeated prefer-

entially with respect to water.
Dialysis – photocatalysis. Another interesting

separation approach was described by Azrague

et al. [144] that proposed a particular type of

membrane contactor photoreactor in which a dia-

lysis membrane (used as a contactor) was combined

with a photocatalytic system for the depollution of

turbid waters. This study was addressed to solve

the problem of light scattering observed when solid

particles are present in the solution which decrease

the rate of photocatalytic degradation of pollutant

in water. On this basis, the membrane dialysis

module was used to keep the solid particles in

their initial compartment and, contemporarily, to

concentrate the pollutant, thanks to a different

concentration, on the other side of the membrane

where the photocatalytic reaction took place until

total mineralization. Since the separation occurs

thanks to a diffusion of the pollutant through the

membrane, no transmembrane pressure is needed,

avoiding the fouling of membrane which is an

expensive problem in case of pressure-driven

membrane processes.
3.07.6.4 Future Perspectives: Solar Energy

As previously described, many studies have been
performed with the purpose to develop photocatalyst
and photocatalytic systems able to exploit the sun as
a source of light [168, 169]. Solar energy is important
for achieving sustainable processes because it consti-
tutes a renewable, cheap, and clean energy source.

Although the use of sunlight makes the PMRs
promising in industrial and environmental fields,
very few studies were documented in the literature
in this regard.

A hybrid system consisting of a solar photoreactor
with the catalyst suspended coupled with a mem-
brane reactor was reported by Augugliaro et al. [82]
in a study on the photodegradation of lincomycin.
The photooxidation experiments were carried out
using compound parabolic collectors (CPCs),
installed at the Plataforma Solar of Almerı̀a (PSA,
Spain).

By means of some preliminary tests performed
without the membrane, it was determined that
photooxidation rate of lincomycin followed a
pseudo-first-order kinetics with respect to the sub-
strate concentration under the experimental
conditions used. The high membrane rejection values
measured for lincomycin and its degradation pro-
ducts demonstrated that the hybrid system allowed
the separation of these species and also of the photo-
catalyst particles, although in the experiments
carried out in continuous mode, an accumulation of
organic molecules was observed in the system. This
finding, which was dependent on solar irradiance and
initial lincomycin concentration, can be explained by
considering that the amount of photons entering the
system was not sufficient to mineralize the organic
carbon fed in the photoreactor.

Moreover, the experimental results obtained in
the continuous mode showed that the presence of
the membrane allowed reducing both the substrate
and intermediates down to very low concentration
levels, proving that the hybrid system could be very
interesting from an economic point of view.

The photodegradation of pesticides in a solar
pilot-scale photocatalytic system coupled to a
separation process was also reported by Malato et al.
[170]. In this work, performed also at the Plataforma
Solar de Almerı̀a, the TiO2 recycling was realized by
an accelerated sedimentation process, while the trea-
ted clean water was discharged through a MF
membrane to remove any small remaining catalyst
residue.



Photocatalytic Processes in Membrane Reactors 181
3.07.7 Outline on Kinetic Models
in Heterogeneous Photocatalytic
Reactions and Modeling of Membrane
Photoreactors

3.07.7.1 Introduction

The development of fundamental kinetic models

represents an important topic in the field of photo-

catalytic processes because, as emphasized by Ollis

[171], the discovered credible rate equations can

allow the scale-up or reconfiguration of photocata-

lyst systems. In fact, one of the problems that hinders

the use of this technology at the industrial level is the

lack of validated kinetic models that allow the design

of appropriate reactors reducing expensive and time-

consuming steps required by the traditional empiri-

cal methodology for scaling up.
On these bases, Imoberdorf et al. [172] reported a

kinetic study which predicts with good accuracy the

performance of a pilot-scale photoreactor starting

directly from laboratory experiments.
The development of a full scale-up procedure

employing laboratory kinetic information was pre-

sented also by Satuf et al. [173] in a study on the

photodegradation of 4-CP in a small slurry photoreac-

tor. The kinetic model obtained describes the evolution

of 4-CP as well as the formation and degradation of

the main intermediate products. The intrinsic kinetic

parameters estimated were used to model a bench scale

reactor in which the experimental data obtained were

in good agreement with the simulation results.
Therefore, knowledge of the reaction mechanism

and of the effects of different variables on the reaction

rate permits one to obtain a kinetic model which can

describe the process independently of the shape and

configuration of the reactor allowing the development

of a photocatalytic technology for industrial application.
As previously described, the photocatalytic pro-

cess can proceed through the adsorption of the

substrate (S) on the catalyst surface (Cat), although

this phenomenon is not a requirement for the reac-

tion since the oxidizing species can diffuse into the

bulk and react with the molecules.
When the reaction takes place on the catalyst

surface, two consecutive reactions can be written:

Sþ Cat
k1�!
 �

k – 1

S –Cat ð1Þ

S –Cat
kS�!P ð2Þ
In this condition, the rate of the photocatalytic pro-
cess (rS) depends on the amount of substrate S

adsorbed on the catalyst surface.
3.07.7.2 Adsorption Kinetics

The catalyst fractional site covered by S is expressed
by the parameter � reported as

�S ¼
Qads

Qmax
ð3Þ

where Qads is the amount of substrate adsorbed onto
the catalyst (mol g�1) and Qmax is the maximum
number of molecules that can be adsorbed onto a
gram of catalyst (e.g., TiO2):

�ads ¼
Cin –Ceq

Ccat
Qmax ¼

Cin

Ccat
ð4Þ

where Cin and Ceq are the initial and equilibrium
concentrations of substrate (mol l�1) and Ccat is the
amount of catalyst per unit amount of solution (g l�1).
�S depends on the substrate concentration in the

reactive environment and it can be defined (at constant
temperature) by the Langmuir adsorption isotherm,
when the following assumptions are considered [174]:
(1) the number of adsorption sites on the catalyst sur-
face is limited and homogeneously distributed, (2) only
one molecule can be adsorbed on a site, (3) the cover-
age of catalyst in a monolayer, and (4) no interactions
occur between the adsorbed molecules. The Langmuir
adsorption equation can be derived considering that:

1. the rate of the adsorption step (r1) is proportional
to substrate concentration and to fractional free
catalyst sites:

r1 ¼ k1Ceqð1 – �SÞ ð5Þ

2. the rate of desorption (r�1) depends on the cover-
age catalyst surface:

r – 1 ¼ k – 1�S ð6Þ

When Equation (1) reaches the equilibrium condi-
tion (kS<<<k1), r1 and r�1 are equal; therefore,

k1Ceqð1 – �SÞ ¼ k – 1�S ð7Þ

thus

�S ¼
k1Ceq

k – 1 þ k1Ceq
¼ KadsCeq

1þ KadsCeq
ð8Þ

in which Kads¼ k1/k–1 is the Langmuir adsorption
constant.
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By substituting Equation (3) into Equation (8) the
following expression is obtained:

Qads ¼
QmaxKadsCeq

1þ KadsCeq
ð9Þ

The linear transformation of Equation (9) can be
expressed as the function Ceq/Qads¼ f (Ceq) [174,
175]:

Ceq

Qads
¼ 1

QmaxKads
þ

Ceq

Qmax
ð10Þ

The ordinate at the origin of the straight line obtained
is equal to 1/(Qmax Kads), whereas Qmax can be calcu-
lated from the reciprocal of the slope a¼ 1/Qmax.
3.07.7.3 Photocatalytic Kinetics

The widely accepted equation used to describe the
photocatalytic kinetics is the Langmuir–
Hinshelwood (L–H) kinetic model, in which the
rate of oxidation is the limiting reaction rate at max-
imum coverage of catalyst. It is related to the
substrate concentration by the parameter �S :

rS ¼ –
dC

dt
¼ kS�S ¼ kS

KLHC

1þ KLHC
ð11Þ

As demonstrated in many studies [11, 151, 174, 176,
177], for diluted solutions in which the substrate con-
centration is <10�3 M, the values of KLHC << 1 and
the L–H equation are simplified to a pseudo-first-order
kinetic law with respect to C (Equation (12)). At higher
initial substrate concentrations (C > 5� 10�3 M),
KLHC >> 1 and the reaction rate is of apparent zero
order (Equation (13)):

rS ¼ kS KLHC ¼ kappC ð12Þ

rS ¼ kS ð13Þ

The dependence of the initial photocatalytic rate on
the respective initial concentration (C0) of substrate can
be obtained by the linear form of the L–H model:

1

rS

¼ 1

kS

þ 1

kS KLH

1

C0
ð14Þ

By plotting the inverse of the initial rate against
the inverse of the initial concentration, a straight line
is obtained in which the intercept gives the kS value
and the slope the KLH value.

As reported in several studies [171, 174] a discre-
pancy between Kads obtained in the adsorption isotherm
and KLH obtained from photocatalytic reaction can be
observed. This aspect can be explained considering that
the photocatalytic process is influenced by various

parameters, such as oxygen, formation of by-products,

light intensity, number of adsorption sites, reaction

mechanism, and changes of electronic properties of

catalyst surface under irradiation.
For these reasons, when the kinetic of the

photocatalytic process is expressed by the L–H

kinetic model, some assumptions must be taken

into account.
Since the surface of TiO2 catalyst is covered with

hydroxyl groups and water molecules, they can com-

pete with the substrate for the same active sites [174],

Equation (11) should be expressed as

rS ¼ kS

KLHC

1þ KLHC þ KwCw
ð15Þ

where Kw is the solvent adsorption constant and Cw

its concentration.
However, since the Cw is constant and it is >>C,

the part of the catalyst covered by water is unchanged

over the whole range of concentration. Therefore, if

the other experimental conditions (such as pH, cata-

lyst dosage, photointensity, etc.) are held constant, C

is only variable in the initial steps of reactions and the

rate can be calculated by Equation (11).
The rate-determining step of the photocatalytic

oxidation is the reaction between the OH radicals and

the substrate. Augugliaro et al. [82] hypothesized that

two different types of active sites exist over the catalyst

surface. The first ones are able to adsorb the substrate

while the others are able to adsorb oxygen molecules

that act as electron trap generating OH radicals.
The reaction rate may be written in terms of

modified L–H kinetic as

rS ¼ k0�S�O2 ð16Þ

in which k0 is the surface second-order rate

constant and �O2
the fractional sites coverages by

oxygen:

�O2 ¼
KO2 CO2

1þ KO2 CO2

ð17Þ

If the oxygen is regularly supplied, it can be assumed

that the fractional site coverage by hydroxyl radicals

is constant and it can be integrated in the apparent

rate constant [11, 176]:

rS ¼ k0�S�O2 ¼ kapp�S ð18Þ

Another important aspect, which must be taken into

account studying the kinetic mechanisms of a photo-

catalytic process, is the presence in the reactive
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environment of other species, mixture, or intermedi-
ate by-products, which may interfere in the adsorption
and oxidation mechanism of the main substrate.

When n intermediate products are formed during
a photocatalytic reaction, the L–H models assume
the form [175, 178]:

rS ¼ kS

KSCS

1þ KSCS þ
Pn

i¼1 Ki Ci

ð19Þ

where Ki is the binding constant of the intermediate
products adsorbed onto catalyst surface and Ci their
concentration. Assuming that Ci adsorbed can be
neglected with respect to CS and that the binding
constants of the intermediates are the same to that
of S, Ki¼1¼ Ki¼2. . .¼ KS, Equation (19) can be
approximated to the L–H model.

The kinetic model of a multicomponent system
can be obtained by similar considerations.

Biard et al. [147] in a study on the photodegrada-
tion rates of a binary mixture of propionic and
butyric acids demonstrated that the degradation is
inhibited when the two compounds are mixed in
comparison to the pure acids due to a competitive
adsorption on the catalyst active sites.

When the molecules or their by-products react
together (chemical interaction), the proposed L–H
kinetic equation is [136, 179, 180]

rS1 ¼ kS1�S1�S2 ¼ kS1
KS1CS1KS2CS2

ð1þ KS1CS1 þ KS2CS2Þ2
ð20Þ

If between two (or more) substrates no molecular
interactions occur, Equation (20) can be simplified
as [147, 181, 182]

rS1 ¼ kS�S1 ¼ kS1
KS1CS1

1þ KS1CS1 þ KS2CS2
ð21Þ
3.07.7.4 Quantum Yield and Relative
Photonic Efficiency

As observed by Xu and Langford [183], modifications
in the characteristics and adsorption capacity of the
catalyst sites can occur when the surface is irradiated
with UV photons, giving rise to different values of
adsorption constants in the dark and in the photo-
catalytic reaction.

As reported in the literature [19, 20], the reaction
rate is related to the photon flux � by

dC

dt
¼ r _ �n ð22Þ
At low light intensities, a linear reaction rate is
observed with the photon flux (n¼ 1); nevertheless,
by increasing the light intensity a plateau is reached

and the rate becomes proportional to the square root

of � (n¼ 1/2). At very high values of photon flux, the
reaction rate obeys zero-order kinetics with respect

to light intensity (n¼ 0).
The relation between the rate of reaction and the

photon flux can be expressed as quantum yield �,
equal to the ratio of reaction rate to the theoretical

maximum rate of photon absorption [9, 151, 184]:

�S ¼
dNS=dt

d½h��inc=dt
ð23Þ

where NS is the number of molecules converted and
[h�]inc the incident photon flux.

Its theoretical maximum value is equal to 1 and it
can vary with the nature of the catalyst, the experi-

mental conditions, and the reaction considered [11].
As observed by Serpone [184], the measurement

of � requires the knowledge of the action spectrum
in the spectral region of interest for the reaction

under investigation. When the action spectrum is
unknown, it is preferable to use the quantum effi-

ciency �, defined as the ratio of number of molecules

which undergo a given event to the total number of
photons absorbed in the spectral region used. This

difference takes into account that only the photons

actually absorbed induce the photocatalytic process,
although in the literature these two parameters are

often reported with the same meaning.
Since the rate of photon absorption is very diffi-

cult to be assessed due, in particular, to the light
scattered by the molecules in the dispersion, we

propose another parameter, the photonic efficiency

(�), defined as the number of reactant molecules
transformed or produced divided by the number of

photons, at a given wavelength, incident onto the
front window of the cell [184]:

� ¼ Nmoleculesðmol s – 1Þ transformed=produced

Nphotonsðeinstein s – 1Þ incident inside reactor cell

ð24Þ

To avoid unnecessary errors and to propose a

method that could be used to cross-reference experi-

ments independent from the reactor used, several
authors [184, 185] used a relative photonic efficiency

(�r) which is related to an acceptable standard

process.
Moreover, the �r values can be converted into the

quantum yield �, once a standard quantum yield
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�standard (for the given photocatalyst and the given
substrate) has been determined by the relation

� ¼ �r�standard ð25Þ

Zhang et al. [186], in a study on the photocatalyzed
N-demethylation and degradation of methylene blue
(MB) in TiO2 dispersions exposed to concentrated
sunlight, used the relative photonic efficiency to
demonstrate that MB photodecomposition under
concentrated sunlight irradiation, measured against
phenol, is identical to the efficiency measured under
UV radiation, independent of photoreactor geome-
try, light sources, and operating mode used.

The understanding of these relations is funda-
mental to compare the activity of different catalysts
for the same reaction and to estimate the energetic
yield and the cost of the photocatalytic process.
3.07.7.5 Modeling of PMR

Although the membrane photoreactors have great
potentialities, very few studies have been performed
with the aim to understand the kinetic models influ-
encing the performance of the separation process in
these systems.

Model predictions can be used to optimize the
performance of the reactor, to design the reactor, and
to evaluate the performance of different membranes.

Depending on the photocatalytic reaction
involved and on the type of membrane module
used, the kinetic model changes its form, and
Photocatalytic kinetics 

Cs = C 0
s − kapp t

Separation kinetics 

dt

dCs = −ψ(Cs − Ca)
dt

dCa = ω(Cs − Ca)

dt

dCa = ω(Cs − Ca) −

Modeling of PMR 

dt

dCs = −ψ(Cs − Ca)

where Cs and Ca are the pollutant concentration i

respectively; C 0
s is the initial substrate concentrat

order rate constant; t is the irradiated time; ψ = kA

name used to simplify the mathematical expressio

in the feed tank and in the photoreactor, respectiv

overall mass-transfer coefficient.         

Scheme 1 Modeling of a dialysis membrane photoreactor pro
consequently modeling a membrane photoreactor

requires knowledge of the kinetic equations of the
catalyst, the membrane, and the reactor

configuration.
Azrague et al. [144] proposed a mathematical model

(Scheme 1) for a system in which a photocatalytic
reactor was combined with a dialysis membrane,

used to concentrate organic pollutants from the feed

tank in the photocatalytic reactor where they were

degraded. By a preliminary study they demonstrated
that, starting from the L–H kinetic model, the rate

of the photocatalytic degradation followed a pseudo-

zero-order kinetics (Equation (a)). Moreover, per-
forming dialysis experiments (without irradiation),

they assumed that mass transport of solutes was

due to diffusion only and no exchange between

the two compartments occurred. The authors
described also the variation of concentration in the

feed tank and in the reactor by differential equations

(Equation (b)).
On these bases, a model based on diffusion through

the membrane and zero-order reaction in the reactor
was proposed (Equation (c)) for the described PMR. A

good agreement with the experimental data, in a wide

range of operating conditions, was demonstrated.
Chin et al. [155] used pseudo-first-order reaction

kinetics combined with the ideal continuous stirrer

tank reactor (CSTR) model to evaluate the effect of

initial concentration of pollutant on the performance

of a SMPR for the degradation of bisphenol-A in
water (Scheme 2). This CSTR model, which takes
(a) 

 kapp

(b) 

(c) 

n the feed tank and in the photoreactor,

ion in the feed tank; kapp the apparent zero-

/Vs and ω = kA/Va are abbreviations without

ns; Vs and Va are the volumes of the solutions

ely; A the membrane area; k the average

posed by Azrague et al. [144]



Equation in an isothermal stirred tank reactor 

CA − CAf = − kCAϑ

Differentiation 

(CAf − CA) − kCA
1

dt

dCA =

Analytical solution 

[1 − e−(1/ϑ +k)t ]
1 + kϑ
CAfCA(t ) = C 0

Ae−(1/ϑ +k)t  +

where CA is the substrate concentration at time t ; CAf the feed concentration; θ is the residence

time of substrate.  

ϑ

Scheme 2 Modeling of a submerged membrane photoreactor proposed by Chin et al. [155]
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into account the importance of the residence time of
the organic substrate in the system (assuming the
membrane has zero retention of substrate), however,
had only limited success. The discrepancies observed
among the experimental data were attributed both to
the effect of adsorption/desorption of organics on the
membrane and to the variation of their rate constants.
3.07.8 Case Study: Partial and Total
Oxidation Reactions in PMRS

In this section, some results obtained in our labora-
tories on the use of PMRs for partial or total
photocatalytic reactions are reported and discussed.
In particular, the performance of two PMRs for the
one-step synthesis of phenol and for the degradation
of pharmaceuticals in water are described.
3.07.8.1 One-Step Synthesis and
Separation of Phenol in a PMC

Although the great potentiality of photocatalytic pro-
cesses, especially when they are coupled with a
membrane separation system, as above has been dis-
cussed, the research in the field of photocatalytic
synthesis in a PMR still remains insufficient.

In this context, the aim of this study was to demon-
strate the possibility to use a membrane photoreactor
for organic synthesis, developing a hybrid system in
which the photocatalytic reaction and the separation
of the product of interest occurs in one step.

In particular, in this section the preliminary
results obtained in a PMC for the one-step synthesis
of phenol and its simultaneous separation are
reported. TiO2 has been used as catalyst, benzene as
both reactant and extraction solvent, and a polypro-
pylene membrane to separate the organic phase from
the aqueous reactive environment.

Phenol is an important chemical intermediate of
industrial interest, used as substrate to produce phe-
nolic resins, pharmaceuticals, plastics, and
agrochemicals. Its market demand exceeds 7 million
tons a year and, actually, more than 90% of its global
manufacture is realized by the three-step Cumene
process, called also the Kellogg, Brown & Root
(KBR) phenol process.

However, the one-step hydroxylation of benzene
via green process represents an attractive alternative
pathway for the direct synthesis of phenol and many
studies have been performed with the aim to
develop more efficient and environmentally benign
processes.

A direct synthesis of phenol from benzene has
been tried by several synthetic pathways [187–190]
using also photocatalytic reactions [113, 114].
Nevertheless, the separation of phenol from the reac-
tive environment and the recovery of the catalyst
remain the main unsolved drawbacks. Besides, the
low selectivity of the process and the higher reactiv-
ity of phenol toward the oxidation with respect to
benzene lead to formation of oxidation by-products.
To avoid these secondary products and to obtain an
efficient phenol production, the use of a membrane
system, with high phenol permeability and complete
rejection to the catalyst, coupled with the photocata-
lytic process seems a useful solution.

The membrane photoreactor realized in this study
consists of an external lamp placed on a batch reactor
containing the aqueous solution with the catalyst in
suspension; by means of a peristaltic pump the solu-
tion is withdrawn from the photocatalytic reactor to a
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membrane contactor module in which a benzene

solution is present as strip phase (Figure 3).
A set of preliminary experiments were performed

in order to select the operative conditions to be

employed in the batch and membrane systems. Due
to the low solubility of benzene in water and to its high
volatility, it was observed that there is the necessity to

work with an excess of substrate in solution. It is worth
noting that tests of photolysis and dark reactions car-
ried out in the absence of the catalyst and UV light,

respectively, showed that the oxidation reaction
occurs in a true photocatalytic regime.

Batch experiments in the absence of the membrane
were performed for determining the influence of some
parameters (pH, catalyst concentration, light intensity,
etc.) on the efficiency of the photocatalytic reaction.

The results showed that oxidation kinetics did not
depend on the undissolved substrate but on its concen-
tration in solution. Reaction rate increased at alkaline

pH, due to a lower phenol adsorption onto the catalyst
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Figure 4 Phenol concentration in the aqueous phase vs. time

photocatalytic membrane contactor (PMC) at pH 3.1 and 5.5 (M
surface which reduced further oxidation reactions.
Additional tests showed that oxygen from the surface
contacting air did not represent the limiting reagent in
our system. Negligible variations of the rate of phenol
production were obtained (values ranging between 0.13
and 0.18 mg l�1 min�1 in the first 100 min) by changing
the catalyst amount from 0.1 to 1 g l�1.

A first set of experiments were carried out in the
PMC varying the pH of the aqueous phase and
investigating the effects of this parameter on the
efficiency of the process.

By comparing the data obtained at pH values
equal to 5.5 and 3.1, it was observed that the most
acidic pH condition allows one to obtain a slightly
increase in the phenol production in the aqueous
phase (Figure 4) and a constant flux in the organic
phase after 2 h (1.27 m mol h�1 m�2).

Moreover the area of the three main HPLC peaks
detected at retention times of 3.0, 3.6, and 3.9 min
indicated that the acidic pH enabled to obtain a lower
formation and extraction of these intermediates.

Further studies are in progress to enhance the
system productivity and its separation efficiency.
3.07.8.2 Photodegradation of
Pharmaceutical in PPMR and SPMR

Pharmaceutically active compounds (PhACs) are an
important group of toxic organic contaminants that
recently has attracted much attention to the interna-
tional scientific community because of their presence
in the aquatic environment. These compounds that
reach the aquatic environment as refusals of the hospital
structures, pharmaceutical industries, and municipal
e (min)

pH 3.1

pH 5.5

500400300

in the photocatalytic oxidation tests performed in the

olinari R. et al., unpublished data).
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sewage treatment plants are not completely removed

during conventional wastewater treatments and are not

biodegraded; therefore, they are detectable in the envir-

onment with concentration levels up to the mg l�1 [191,

192]. Despite such values are lower than the maximum

concentrations found in other industrial contaminants,

PhACs are considered among the pollutants which

cause greater health risks for humans and members of

terrestrial and aquatic ecosystems [193].
Because of the drawbacks of the common purifi-

cation methods, hybrid systems based on coupling

membranes and photocatalysis could represent an

useful solution to these problems.
In a PMR, the photocatalytic process allows the

complete degradation (mineralization) of the organic

molecules in harmless products and, contemporarily,

the use of a suitable membrane allows to retain the

pollutant and its degradation products in the reaction

environment, to recovery and to reuse the photocata-

lyst and to separate the clarified solution (Figure 5).
The aim of this work was to study the use of PMRs

for the degradation of the pharmaceuticals Gemfibrozil

(GEM) and Tamoxifen (TAM) in water, using TiO2 as

suspended catalyst, investigating the performance of

two system configurations of membrane photoreactors

(pressurized and depressurized PMRs) [10].
The experimental plant used was an annular

photoreactor with an immersed UV lamp connected

with the permeation cell where a pressurized flat

sheet membrane or a submerged (depressurized)

membrane module were located.
Preliminary tests, performed in order to deter-

mine the influence of pH and concentration of

aqueous suspensions of TiO2 on particle aggregation

and adsorption of organics, suggested a preferable

operative pH range of 7� 3 and a catalyst concen-

tration of 0.1 g l�1 (which is an useful condition both

from an economic and reaction efficiency point of

view) to perform the experiments.
The efficiency of the photocatalytic process for
the degradation of the drugs was investigated by
photodegradation tests in the batch reactor without

the membrane. It was observed that the kinetic trend

of Gemfibrozil oxidation did not change by varying
the pH in the 1�0.1 g l�1 range of catalyst concen-

tration, and a complete degradation of the drug was

observed after about 20 min.
Another set of experiments was performed in

order to characterize the membrane in the pressur-

ized permeation cell in terms of rejection and flux

with Gemfibrozil and catalyst solutions. Due to the
deposition of the catalyst onto the membrane surface,

an increase and a decrease of rejection and flux

values was observed, respectively, when the same
membrane was used for several runs. This problem

was reduced by increasing the tangential flow in the

permeation cell and by immersing the membrane, at
the end of each run, in an aqueous solution contain-

ing an enzymatic detergent (Ultrasil 50) that allowed

to reestablish the initial characteristics.
Two different operative procedures were used to

investigate the behavior of the pressurized membrane

photoreactors: closed and continuous membrane sys-

tem. In the first one, the permeate was continuously
recycled for determining the ability of the membrane

to retain the drug and the oxidation products in the

reaction ambient. In the second one, the removed
permeate was replaced by an equal volume of initial

feed drug solution in order to simulate the continu-

ous photodegradation process that could be applied
at the industrial level.

The results obtained in the tests performed in the
closed membrane system showed that a quick and

complete photodegradation of the two selected drugs
resulted with a drug abatement of 99% after 20 min

and a mineralization higher than 90% after about

120 min. Nevertheless, a small or no rejection to
degradation products of both the drugs was evidenced.
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The data achieved in the photodegradation tests
with GEM solutions performed in the pressurized
continuous system, underlined a good system oper-

ating stability, reaching steady-state conditions after
�120 min with a complete abatement of the drug and

values of mineralization (60%) and permeate flux
(38.6 l h�1 m�2) that remained constant until the

end of the run. A TOC rejection of about 62% at
steady-state conditions suggested to identify a mem-

brane with higher rejection to the intermediate
products, in order to maintain almost all of them in
the reaction environment for sufficient time to

achieve their complete degradation.
In order to solve the problem of membrane flux

decline due to catalyst deposition and membrane foul-
ing, observed in the NF membrane photoreactor with

the suspended catalyst, the research has been addressed
toward the use of a different configuration of mem-

brane module located separately from the photoreactor,
the depressurized (submerged) membrane system.

The obtained results showed a drug abatement of
100% after about 20 min and a mineralization of
44.5% after �150 min in the retentate, but a com-

plete passage of the Gemfibrozil and intermediate
products was observed in the permeate.

The comparison of the data obtained in the two
configurations of continuous membrane photoreactor
(flat sheet and submerged membrane systems) con-

firmed that the presence of the suspended catalyst
allowed a complete degradation of GEM in about

15–20 min and a partial mineralization of the organic
intermediates with a TOC value at steady-state con-

ditions in the retentate of about 4.2� 0.7 mg l�1.
The UF membranes used in the submerged sys-

tem were not able to reject the drug and its
degradation products compared to the NF mem-
branes of the pressurized system that allowed a

TOC rejection of (62� 5) % (Figure 6).
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degradation of Gemfibrozil (GEM).
The submerged membrane photoreactor, however,
proved more advantageous in terms of permeate flux,
with values almost two times greater (65.1 l h�1 m�2)
than those measured with the pressurized membranes.

This new configuration of membrane photoreac-
tor in which the submerged membrane module was
located separately from the photoreactor and the
oxygen was bubbled on the membrane surface
could be of interest to separate the photocatalytic
zone from the separation zone with a reduction of
the plant optimization problems.

Nevertheless, further studies are required to find
other types of membranes, as for instance higher
rejection NF-type or low rejection reverse osmosis-
type membranes, more selective to substrates and
intermediate products.
3.07.9 Conclusions

PMRs represent a very promising technology of
great research and industrial interest.

The combination of heterogeneous photocatalysis
with membrane processes allows one to obtain many
advantages in terms of output and costs, thanks to
their synergy.

It is well known that heterogeneous photocatalysis
can be successfully used to photodegrade or to trans-
form a wide range of molecules in liquid–solid and in
gas–solid systems. Nevertheless, the knowledge of
fundamentals of photocatalysis is essential to under-
stand the mechanistic aspects and to find the
parameters which influence the process under inves-
tigation. Moreover, the development of new
photocatalysts and their application in the various
research fields is a mandatory task.

Some drawbacks due to the use of a single tech-
nology can be minimized by coupling them.
e (min)
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20015000

tinuous photocatalytic membrane reactors (PMRs) for the
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Membrane processes, indeed, thanks to their
selective properties, allow not only to recovery and
to reuse the photocatalyst but also to enhance the
residence time of the substrates to be degraded or to
obtain a selective separation of the products.

The various described configurations of mem-
brane photoreactors can be chosen to influence the
performance of the photocatalytic systems and pos-
sible solutions can be found to solve some problems
such as control of catalyst activity and fouling, selec-
tivity, and rejection of the membrane.

A sustainable process can be obtained when a
PMR is used to exploit the sun as a cheap and clean
source of light.

Work carried out in our laboratories using PMRs
showed the possibility to apply them in processes for
total or partial oxidation of organic compounds in water.

PMRs can be considered a useful green system for
water purification as well as for organic synthesis,
although additional studies are still needed before tak-
ing advantage of their potentiality at industrial level.
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López-Muñoz, M. J. J. Catal. 1997, 166, 272–283.

[103] Coronado, J. M., Soria, J., Conesa, J. C., et al. Top. Catal.
2005, 35, 279–286.

[104] Rincón, A. G., Pulgarin, C. Appl. Catal. B 2003, 44, 263–284.
[105] Guillard, C., Bui, T.-H., Felix, C., Moules, V., Lina, B.,

Lejeune, P. C. R. Chimie 2008, 11, 107–113.
[106] Kim, B., Kim, D., Cho, D., Cho, S. Chemosphere 2003, 52,

277–281.
[107] Cai, R., Kubota, Y., Shuin, T., Sakai, H., Hashimoto, K.,

Fujishima, A. Cancer Res. 1992, 52, 2346–2348.
[108] Fujishima, A., Rao, T. N., Tryk, D. A. J. Photochem.

Photobiol., C 2000, 1, 1–21.
[109] Gonzales, M. A., Howell, S. G., Sikdar, S. K. J. Catal.

1999, 183, 159–162.
[110] Almquist, C. B., Biswas, P. Appl. Catal. A 2001, 214,

259–271.
[111] Du, P., Moulijn, J. A., Mul, G. J. Catal. 2006, 238, 342–352.
[112] Palmisano, G., Addamo, M., Augugliaro, V., et al. Catal.

Today 2007, 122, 118–127.
[113] Shimizu, K., Akahane, H., Kodama, T., Kitayama, Y. Appl.

Catal. A 2004, 269, 75–80.
[114] Park, H., Choi, W. Catal. Today 2005, 101, 291–297.
[115] Gondal, M. A., Hameed, A., Yamani, Z. H., Arfaj, A. Chem.

Phys. Lett. 2004, 392, 372–377.
[116] Pillai, U. R., Sahle-Demessie, E. J. Catal. 2002, 211, 434–444.
[117] Mohamed, O. S. El-Aal, A., Gaber, M., Abdel-Wahab, A. A.

J. Photochem. Photobiol. A 2002, 148, 205–210.
[118] Palmisano, G., Yurdakal, S., Augugliaro, V., Loddo, V.,

Palmisano, L. Adv. Synth. Catal. 2007, 349, 964–970.
[119] Zhang, T., You, L., Zhang, Y. Dyes Pigm. 2006, 68, 95–100.
[120] Maldotti, A., Andreotti, L., Molinari, A., Tollari, S.,

Penoni, A., Cenini, S. J. Photochem. Photobiol. A 2000,
133, 129–133.
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Glossary
Biocatalytic membrane Membrane which

exhibits catalytic properties.

Biocatalytic membrane reactor Reactor

configuration in which the membrane is involved in

the biocatalytic transformation and promotes mass

transport.

Immobilized enzyme Enzyme attached to an inert

material such as membrane.

Site-specific immobilization Specific strategy to

attach the enzyme in a controlled way. The
strategies to orientate the immobilization are based

on gene fusion, post-translational modification,

site-direct mutagenesis, etc.

Submerged membrane module In this

configuration the membrane is immersed into the

bulk phase.

Submerged membrane reactor Membrane

bioreactor with submerged module.
3.08.1 Introduction

Membrane bioreactors are combined processes in

which a biochemical conversion (by action of a cat-

alyst of biological origin) and a physical separation

process are simultaneously carried out.
The catalytic action of enzymes is extremely effi-

cient and selective compared with traditional
chemical catalysts; the enzymes demonstrate higher

reaction rates, milder reaction conditions, and greater

stereospecificity. The use of biocatalysts for large-

scale production is an important research topic

because it enables biotransformations to be inte-

grated into productive reaction cycles.
The most common membrane bioreactor config-

urations can be classified under two major types
195
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(Figure 1): (1) the ones where the membrane controls

the mass transport in and out from the reactor bulk and

has an indirect effect on the reaction itself (i.e., the

reaction occurs in a place different than the membrane,

which affects the reaction basically by removing pro-

ducts, adding reagents, retaining the catalyst in the

reaction bulk phase, etc.) and (2) the ones where the

reaction takes place at the membrane level and there-

fore has a direct effect on the reaction in addition to

governing the mass transport through itself. The latter

type is more specifically termed biocatalytic mem-

brane reactor (or catalytic membrane bioreactor) to

underline the catalytic properties of the membrane,

which are promoted by catalysts of biological origin.
It is also worth mentioning that, this being a

growing research field, various new terminologies

are being continuously introduced to indicate speci-

fic reactor types developed. For example, they can be

found in the open literature and are often named on

the basis of components used, including solvents,

membrane material and/or configuration, coupled

membrane separation process, and membrane mod-

ule position with respect to the processing bulk (side

stream or submerged). Therefore, terms such as mul-

tiphase enzyme membrane reactor; organic/water

biphasic (or two-separate phase) catalytic membrane
The biocatalyst is
 continuously flushed 
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The biocatalyst is 
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membrane module
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Submerged membrane bioreactor: The 
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Figure 1 Schematic classification of biocatalytic membranes a

submerged module (c, g). The binding illustrated in f1 to f5 apply
bioreactor; polymeric (or inorganic) enzyme-loaded

membrane reactor; capillary, hollow-fiber or flat-

sheet membrane bioreactor; ultrafiltration membrane

bioreactor; and cell recycle membrane bioreactor (or

fermentor) and submerged membrane bioreactors

(SMBRs). However, most of them can be recon-

ducted to the more general cases distinguished by

the biocatalyst position with respect to the membrane

(catalyst located at the membrane level or compart-

mentalized in the bulk phase externally to the

membrane structure).
The configuration where the membrane performs

a separation process while the reaction occurs in the

bulk phase of a tank reactor is currently the most

exploited on a productive scale. This is because it has

been relatively easier to integrate two well-known

unit operations (such as a tank reactor and a pressure-

driven membrane separation process) and enhancing

overall process performance while still benefiting

from independent control of parameters.
Biocatalytic membrane reactors represent a more

intensified system, as they can perform reaction and

separation in the same membrane unit. However, the

current still-limited knowledge of mechanisms occur-

ring at the nanoscale within the biocatalyst-loaded

membrane microenvironment and how to control/
re
the 
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govern/guide them from a macroscopic level is an
obstacle to the exploitation of biocatalytic membrane
reactors on a productive scale. Molecular modeling
studies are expected to promote more insights in the
field. The need of highly precise, selective, clean, safe,
and energy-saving processes will drive the develop-
ment of this technology beyond the current
applications.

SMBR in wastewater treatment is probably the
most representative example of a relatively new
technology that has been driven by new challenges
and political strategies (including shortage of water,
stringent regulations, and research incentives) and
has reached a developing stage (and even approach-
ing to a mature stage) in a couple of decades.

SMBRs for wastewater treatment are discussed else-
where (chapter 4.07). In this chapter, the configuration
of bioreactors and biocatalytic reactors using the mod-
ule immersed or submerged in the reaction tank is
discussed in relation to production and processing of
valuable compounds other than water.
3.08.2 Membrane Bioreactors

Membrane bioreactors, where the membrane con-
trols the mass transport while it does not take part
in the reaction, have several intrinsic advantages that
make them a possible alternative system when com-
pared with other, more conventional bioreactors.
One of the main advantages is the possibility to
The catalys
along the m

Membrane

Catalyst
Substrate 
Product

Permeate

Feed 

Membrane 

(a)

Retentate

Figure 2 Schematic representation of membrane bioreactors in

(UF) membrane coupled with a continuous stirred tank reactor (C
reuse the biocatalyst in a continuous system, which
contributes to increase productivity and likely the
economic viability of the process. Another important
advantage is the continuous selective removal of the
products from the reaction media, or vice versa, the
controlled supply of reagent to the catalytic reaction
environment.

Membrane bioreactors may display additional
advantages in multistep reactions. In such cases, if
the membranes exhibit some selectivity toward
the products, an enrichment of the product that is
less rejected can be obtained in the outlet process
stream. On the other hand, if a product is rejected by
the membrane, it can be concentrated inside the
system.
3.08.2.1 Membrane Bioreactors with
Biocatalyst Recycled in the Retentate
Stream

In the case in which the membrane acts only as a
separation unit, the biocatalyst can be continuously
flushed along the membrane or confined within
the membrane module, that is, in the shell or lumen
space. In the first case, a common example is repre-
sented by the case where the initial solution contains
both the enzyme and the substrate, and the product
is separated from the feed solution (Figure 2(a)).
This type of reactor is based on the combination of
a traditional continuously stirred tank reactor
(CSTR) with a separation unit (the membrane plant).
ts flushed
embrane  

(b)

Permeate

Membrane Retentate

Feed

which membrane works as a separation unit: (a) ultrafiltration

STR); (b) membrane segregated enzyme reactor (MSER).



Feed Fermentor

Permeate

Cell recycle UF membrane

Filter

Filter

Figure 3 Continuous membrane fermentor apparatus

with ultrafiltration cell-recycle system.
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The reactor works as a CSTR, but the product
either passes through the membrane unit where the

enzyme is retained and recycled back into the reactor

or remains confined in the membrane module.
An appropriate membrane separation is used to

keep larger components in the reaction vessel

(i.e., enzyme and macromolecular substrates) and

remove low-molecular-weight molecules (i.e., pro-

duct and inhibitor). The biocatalyst is immobilized

by the fact that it is compartmentalized by the mem-

brane in the reaction vessel. This allows continuous

processing with the biocatalyst suspended in a homo-

geneous solution. Direct contact between the

substrate and biocatalyst is achieved with limited or

no diffusional resistance.
The most common separation process used in this

kind of setup is ultrafiltration (UF). Both dead-end

continuous stirred UF cells with flat membranes and

cross-flow UF through tubular membrane modules

have been widely investigated.
Concentration polarization phenomena severely

affect the performance of the separation process

where the membrane is used only as a separation

media; then it is necessary to control the polariza-

tion layer on the membrane-pressurized side by

means of reactor fluid dynamics and appropriate

module design. These reactors are especially suita-

ble for enzymatic systems for which a homogeneous

catalyst distribution is particularly important, such

as cofactor-requiring mono- and multi-enzyme

systems.
Enzyme activity is usually not constant with time.

Physicochemical changes in enzyme structure, ther-

mal denaturation, and microbial contamination cause

enzyme activity to continuously decrease with time.

When enzymes or cells are compartimentalized in

UF devices, biocatalyst losses can even occur due to

the wrong choice of membrane chemical and mor-

phology properties. It is conventional to measure the

enzyme stability in terms of its half-life time (t1/2),

that is, the time at which enzyme activity is reduced

to half its initial value. It can be calculated from the

following equations:

Kd ¼
2:303

#
log

AE0

AE#

t1=2 ¼
0:693

Kd
ð1Þ

where Kd is the enzyme deactivation constant; # is
the operation time; AE0

is the initial enzyme activity,
or product mass per unit time and reaction volume;
and AE#

is the enzyme activity at time #.
Biotransformations by means of enzymes in con-
tinuous processes need careful consideration of

enzyme activity decay as a function of time in order

to correctly assess reactor performance.
The membrane bioreactor in the CSTR/UF con-

figuration is useful for several types of reactions

where a typical immobilized enzyme would not be

effective. These include cases where the substrate has

a high molecular mass and/or it needs high transport

properties to efficiently contact the biocatalyst, or the

biocatalyst itself is a cell in the growing phase.
Continuous membrane fermentors (or cell-

recycle membrane fermentors) belong to these

types of examples (Figure 3). Here, microporous

membranes are used to separate the fermentation

broth from the product stream, thus retaining viable

cells in the fermentor [1, 2].
The CSTR at steady state works in time-invariant

condition with no accumulation at the steady state.

Therefore, the balance equation at the steady state

becomes

Rate of A IN by flow –Rate of A OUT by flow
þ Rate of production of A by reaction
¼ Rate of accumulation of mass of A

FCAð ÞIN – FCAð ÞOUTþ�r?V ¼ 0 ð2Þ

From this, the reaction rate can be determined as

vr ¼
FðCA0 –CA1Þ

V
ð3Þ

where vr is the reaction rate (mmol cm�3 min�1), F the
permeate flow rate (cm3min�1), Cf the feed concentra-
tion (mmol cm�3), Cp the permeate concentration
(mmol cm�3), and V the volume (cm3).

If the catalyst is an enzyme, the reaction is
described by the following chemical equation
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ð4Þ

The mathematical model that describes the kinetic
behavior of enzymes is the Michaelis–Menten
equation:

V0¼
Vmax S½ �

Km þ S½ � ð5Þ

where Vo is the initial reaction rate, Vmax the
maximum reaction rate, Km the Michaelis–Menten
(M–M) constant, and [S] the substrate concentra-
tion. Rearranging the M–M equation in linear
form, the Lineweaver–Burk equation is obtained.
This is a graphical method to directly estimate Km

and Vmax:

1

V0
¼ Km

Vmax

1

S
þ 1

Vmax
ð6Þ

If
1

V0
versus

1

S½ � data are plotted, a straight line is

obtained, where the intercept to the y-axis is
1

Vmax

and the slope is
Km

Vmax
.

In the CSTR/UF system, the enzyme works as
free homogeneously distributed molecule in the bulk
phase and these equations are applied to identify the
intrinsic kinetic properties of the biocatalyst.

In addition to product removal, the membrane can
also be used to control the supply of reagent mole-
cules. For example, extractive membrane bioreactors
were used to permeate organic molecules across the
membrane into the biological active reactors [3, 4].
Ion-exchange membrane bioreactors were used to
transport ionic compounds through nonporous ion-
exchange membranes into a biological active com-
partment [5, 6]. The advantage of this mode of
operation is that biomass performance is not
negatively affected by the wastewater pH and com-
position. In addition, biomass catabolites are not
released into the treated water.
3.08.2.2 Membrane Bioreactors with
Biocatalyst Confined in the Membrane
Module Space

In this configuration, the catalyst is confined in a
particular place in the membrane module space
(within the hollow-fiber lumen or within the shell
surrounding the outer surface of the fibers;
Figure 2(b)); it is not recirculated in the effluent
stream while low-molecular-weight products and
inhibitors are removed through the membrane. The
system was also termed membrane segregated
enzyme reactor (MSER). However, nowadays, this
term is less used.

The reactor volume is represented by the space of
the module containing the enzyme, which therefore
represents the balance region.

The development of hollow fibers with diameters
down to about 100 mm makes possible tube-and-shell
reactors with a high surface-to-volume ratio.

Bioreactors with compartmentalized cells or
microsomes functioning as a bioartificial pancreas or
extracorporeal detoxification devices are of high inter-
est for therapeutic applications. The evaluation of
stability and catalytic properties of the immobilized
system must take into account possible pH differences
between the inner core of the fiber, where the reaction
takes place, and the bulk of the feed solution.

The choice of reactor configuration depends on
the properties of the reaction system. For example,
bioconversions for which homogeneous catalyst
distribution is particularly important are optimally
performed in a reactor with the biocatalyst
compartmentalized by the membrane in the reaction
vessel.
3.08.3 Biocatalytic Membrane
Reactors

In a biocatalytic membrane reactor (the membrane is
involved in the biocatalytic transformation and pro-
motes mass transport), in addition to the separation,
the membrane also represents the catalytic unit. The
different kinds of biocatalytic membrane reactor con-
figuration depend on which way the complex
biocatalyst–membrane is prepared.

Immobilized biocatalysts have widespread appli-
cations in areas such as organic synthesis, pollution
control, and for diagnostic purposes [8, 9, 10, 7, 11].
The selection of the membrane to be used in enzy-
matic membrane reactors should take into account
the size of the (bio)catalyst(s), substrates(s), and pro-
ducts(s) as well as the chemical properties of the
species in solution and of the membrane itself. An
important parameter to be used in this selection is the
solute rejection coefficient, which should be 0 for the
product to facilitate permeation, and should be 1 for
the enzyme to insure a complete retention of the
catalyst inside the reaction system. The selectivity
is normally associated with a discrimination based on
size exclusion.
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Immobilization eliminates the need to separate an
enzyme from the product solution and allows these
expensive compounds to be reused. In addition, the
thermal stability, pH stability, and storage stability of
an enzyme may be increased as a result of immobili-
zation. Very often, it has been observed that a
decrease of catalytic activity was associated with the
increase of catalytic stability. However, it has been
demonstrated that this inverse relationship is not a
general rule and that if the proper microenvironment
conditions are used, immobilized enzyme can main-
tain native kinetic properties while increasing
catalytic stability [12, 13].

The catalyst can be entrapped within the mem-
brane, gelified on the membrane, or bound to the
membrane (Figures 1(d)–1(g)).
3.08.3.1 Biocatalytic Membrane Reactors
Using Entrapped Enzyme within the
Membrane Thickness

Biocatalytic membranes can be obtained by entrap-
ment. This method of immobilization is based on the
localization of an enzyme within the membrane. It is
done in such a way as to retain protein while allowing
penetration of the substrate. It can be obtained during
Perm.
solution

Retentate

Longitudinal
section

Capillary
membrane

   UF up to VRF of 
about 2

   Rinse the circuit
and membrane to 
remove reversibly
adsorbed enzyme

Start of reaction

   Measure
enzyme conc. for
mass balance to 
evaluate amount
of immobilized
enzyme

  Localization of 
enzyme within the 
membrane

Figure 4 Entrapment of enzyme in asymmetric capillary mem
membrane preparation process by phase inversion.
As an alternative, it can be obtained by cross-flow

filtration of an enzyme solution from the sponge to

the thin layer having pore size smaller than the
enzyme so as to block it within the membrane thick-

ness (Figure 4). Asymmetric hollow fibers can
provide suitable support for enzyme entrapment.

The amount of biocatalyst loaded, its distribution
and activity through the support, and its lifetime are

very important parameters to properly orientate the
development of such systems. The amount of immo-

bilized protein can be determined by the mass
balance between initial and final solutions [14].

Studies have demonstrated that through this type of
immobilization, enzyme-loaded membranes are

obtained with uniform distribution along the mem-

brane length and thickness [15, 16]. A combined
qualitative method [17] merging the classical in situ

detection of enzyme activity and Western blot ana-
lysis was applied for the first time to the capillary

asymmetric polysulfone membrane reactor to deter-
mine simultaneously the enzyme (�-glucosidase)

spatial distribution through the membrane thickness

and along the membrane module and its activity after
the immobilization through observation via light

microscopy.
Enzyme
solution

Optical microscope picture of 
enzyme immobilized within an
asymmetric membrane (black 
spots indicate the presence of 
enzyme)

Cross 
section

brane by cross-flow ultrafiltration from shell to lumen.
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Transport of the substrate and product through
the enzyme-loaded membrane is an important para-
meter governing biocatalytic membrane reactor
performance.

When the substrate is transported through the
membrane by convection, such as when it is perme-
ated under a pressure gradient, the residence time is

an important factor to be optimized.
The residence time (�) of substrate solutions is

obtained as

� ¼ F

V
ð7Þ

where F is the flow rate (l s�1) through the mem-
brane and V the reactor volume (l).

Under these conditions, membrane micropores
containing the immobilized enzyme can be consid-
ered as continuous microreactors working in parallel.

The overall reactor volume is represented by the
membrane void volume. The reaction rate equation
can be derived by the balance equation at steady state

(Figure 5). In these conditions, no accumulation is
present and the reaction rate can be determined
according to Equation (3).

For well-controlled convective flow patterns, con-
stant reagent concentration fed to the reactor volume
and homogeneous mixing within it (promoted by fluid
dynamics through the pores) can be obtained. Such
Retenta

Capilla
membr

FCr In

1b

Feed

Figure 5 Schematic representation of the membrane reactor

the solution transport occurs by convection and reagent and pr
conditions permit to measure kinetic properties,
which can be assimilated to the intrinsic ones, that is,
they result in the same environment as for enzyme
free in solution in a stirred tank reactor [2, 13].

For all cases where the mentioned conditions are
not fulfilled, such as when transport occurs by diffu-
sion, different appropriate assumptions need to be
considered [18].

The conversion degree of catalytic membrane
bioreactors, where the enzyme is present only within
the micropores can be calculated as follows:

Conversion ¼ Cf –Cp

Cf
ð8Þ

where Cf and Cp are the concentration of the substrate
in the feed permeate solution, respectively. Cf is
constant as a function of time.

It is worth nothing that, if some enzyme molecules
are present also on the membrane surface (in addition
to those within the pores), it is necessary to take into
account the conversion of the substrate in the reten-
tate solution.

In this case, the total conversion is calculated as

Conversion ¼ ðCr –CpÞ þ ðCf i –CrÞ
Cfi

ð9Þ

where Cr and Cfi are the substrate concentration in
the retentate and initial feed solution, respectively.
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3.08.3.2 Biocatalytic Membrane Reactors
Using Enzymes Gelified on the Membrane
Surface

Catalytic membranes using enzymes gelified on the
membrane surface have also been prepared. The
gelification of the biocatalyst on the membrane is
based on one of the main drawbacks of membrane
processes: concentration polarization phenomena
and subsequent protein precipitation upon reaching
a critical concentration at the membrane interface.
Another disadvantage of this system is the reduction
of the specific activity due to mass transport limita-
tions. This type of immobilization is used when
direct contact of immobilized enzyme with the sub-
strate solution cannot be achieved otherwise (i.e., the
large substrate molecules cannot penetrate within the
membrane structure). However, it has the disadvan-
tage of protein leakage during the operation time.
3.08.3.3 Biocatalytic Membrane Reactors
Using Enzyme Chemically Bound to the
Membrane

Biocatalysts can be attached to the membrane by
chemical and biochemical interactions, that is, by
physical absorption, ionic binding, covalent linking
and cross-linking, and molecular recognition.
Interactions can be random as well as directed to
specific sites.
3.08.3.3.1 Enzyme adhesion to the

membrane by weak bonds

Adhesion of an enzyme onto a solid membrane
matrix by weak interactions, such as physical adsorp-
tion (or physisorption) promoted by van der Waals
forces, is probably the simplest way of preparing
immobilized enzymes.

Adsorption relies on nonspecific interaction
between the enzyme and the surface of the mem-
brane and is a consequence of surface energy. A major
advantage of adhesion by weak interactions as a gen-
eral method of immobilizing (or heterogenizing)
enzymes is that usually no reagents and only a mini-
mum of activation steps are required. As a result, it is
less expensive, easy to carry out, and tends to be less
disruptive to the enzymatic protein than covalent
attachment. In fact, the adhesion of the enzyme to
the membrane is mainly obtained by hydrogen bond
and van der Waals forces. In this respect, the method
bears the greatest similarity to the situation found in
biological membranes in vivo and has been used to
model such systems.

Because of the weak bonds involved, desorption of
the protein resulting from changes in temperature,
pH, ionic strength, or even the mere presence of
substrate is often observed. Another disadvantage
can be represented by the adsorption of other pro-
teins or substances during reactor operation. This
may alter the properties of the immobilized enzyme
or, if the substance adsorbed to the membrane is a
substrate for the enzyme, the substrate availability
may decrease depending on the surface mobility of
enzyme and substrate.

This type of immobilization is particularly suita-
ble when interface proteins are used. For example,
lipases and esterases adsorbed on hydrophobic poly-
meric membranes, such as polypropylene, were used
in a two-separate phase membrane reactor showing
higher stability and selectivity compared to protein
immobilized in hydrophilic membranes [19]. A sche-
matic of the reactor system is illustrated in Figure 6.

The adsorption of lipases to the membrane is a
function of membrane hydrophobicity and protein
concentration. Its adsorption is quite stable to
changes of pH and temperature and enzyme removal
from the membrane may be obtained by protein
hydrolysis with sodium hydroxide.
3.08.3.3.2 Enzyme adhesion to the

membrane by strong bond

The most stable method of immobilization is the
formation of a covalent bond between the enzyme
and the support matrix. When trying to select
the type of reaction by which a given protein should
be attached, the choice is limited by the fact that the
binding reaction must be performed under conditions
that do not cause enzyme denaturation with conse-
quent loss of enzymatic activity, and that the moieties
of the active site must not be directly involved in the
linkage.

The functional groups of proteins suitable for
covalent binding under mild conditions include
(Figure 7) (1) the alpha amino groups of the chain
and the epsilon amino groups of lysine and arginine,
(2) the alpha carboxyl group of the chain end and the
beta and gamma carboxyl groups of aspartic and
glutamic acids, (3) the phenol ring of tyrosine, (4)
the thiol group of cysteine, (5) the hydroxyl groups of
serine and threonine, (6) the imidazile group of his-
tidine, and (7) the indole group of tryptophan
[20, 21]. To prevent modification of enzymatic
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activity or complete inactivation of the immobilized

protein, it is important that the catalytic functional

groups of the enzyme are not involved in the cova-

lent linkage to the support.
Unfortunately, many of the reactive groups suita-

ble for covalent bond are often also situated in the

active center of the enzyme. This problem can some-

times be overcome by the immobilization in presence

of molecules that interact with the active site and

protect it during the immobilization procedure, such

as the substrate [22] or competitive inhibitor of the

enzyme [23, 24].
In general, the covalent bond has the advantage of

being very stable; therefore, no leakage of enzyme

occurs in devices prepared using this method. This

may only represent a limit in replacing the deacti-

vated enzyme for subsequent use of the membrane

support.
The method is widely used in the preparation of

highly selective single-use devices (such as

biosensors).
Immobilization of enzymes can be also achieved

by intermolecular cross-linking of the protein, either

to other protein molecules or to functional groups on

to an insoluble support matrix. Cross-linking an

enzyme to itself is both expensive and insufficient,

as some of the protein material will inevitably be

acting mainly as a support, resulting in relatively

low specific enzymatic activity (i.e., catalytic activity

normalized by the mass of protein). Generally,
cross-linking is best used in conjunction with one of

the less stable methods (such as gelification, adsorp-

tion, etc.).
It is possible, in some cases, to increase the num-

ber of reactive residues of an enzyme in order to

increase the yield of immobilized enzyme and to

provide alternative reaction sites to those essential

for enzymatic activity. The wide variety of binding

reactions, and membranes with functional groups

capable of covalent coupling, or being activated to

give such groups, makes this a generally applicable

method of immobilization, even if very little is

known about the protein structure or active site of

the enzyme to be coupled.
In the literature, there are various routes to carry

enzyme immobilization creating a bound on supports.

The principal strategies are based on chemical grafting

or molecular recognition on porous supports.
The sites involved in this chemistry, including

carboxylic acid, hydroxyls, and amino or quaternary

ammonium groups, are created on the surface of

porous material by various means such as the direct

chemical surface treatment or the plasma or ultra-

violet (UV) activation.
The reactive sites thus created allow the attach-

ment of the enzyme by use of coupling reagents such

as tosyl chloride, dicyclohexylcarbodiimide, and

glutaraldehyde.
The immobilization by ionic binding, consisting

of the attraction of a charged enzyme moiety to the
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support that has opposite charge, represents a stable
attachment, depending on the number of interactions
between a single enzyme macromolecule and the
membrane support. For this immobilization, mem-
branes with negatively or positively charged groups
are used.
3.08.3.4 Biocatalytic Membrane Reactors
Using Enzyme Immobilized by Site-Specific
Method

Here, we underline some of the specific strategies
aiming at attaching enzymes to membranes in a con-
trolled way, avoiding the active site which may no
longer be accessible after immobilization. For these
purposes, improvement can be achieved by introdu-
cing a spacer molecule. Good steric accessibility of
active sites can be obtained by oriented immobiliza-
tion of glycoprotein enzymes through their
carbohydrate moieties [25, 26].

Various approaches are developed in order to
accommodate site-specific immobilization of enzymes
with different structural characteristics, as gene fusion
to incorporate a peptidic affinity tag at the N- or
C- terminus of the enzyme; post translational modifi-
cation to incorporate a single biotin moiety on
enzymes; and site-directed mutagenesis to introduce
unique cysteine molecules to enzymes [27].

A small number of reactions have been designed
to couple with functional groups other than the
amino and phenolic residues on the protein.
Aminoethyl cellulose has been coupled to the car-
boxylic acid residues of enzymatic protein in the
presence of carbodiimide, and thiol residues of a
protein have been oxidatively coupled to the thiol
groups of a cross-linked copolymer of acrylamide
and N-acryloyl-cystein [20, 21].

Approaches aiming at creating bio-compatible
environments include modifying the surface of poly-
meric membranes by attaching functional groups
such as sugars, polypeptides, and then to adsorb the
enzymes.

Another method considered to be of bio-mimetic
inspiration and which was shown to be efficient for
enzyme attachment consists in using the very strong
and specific interaction of the small protein avidin for
the biotin [9, 11, 28]. The tetrameric structure of
avidin permits itself to interact with four different
molecules of biotin at the same time. Various proteins
and enzymes could be easily biotinylated, and this
mode of enzyme grafting has already been used for
production of electrodes as well as for membranes
made up of conducting fibers.
3.08.3.5 Kinetics of Biocatalytic Membrane
Reactor where Transport Occurs by
Diffusion

The kinetic reaction for an immobilized enzyme
where transport occurs by diffusion is usually repre-
sented as follows:

where S0 and P0 are the concentration of the substrate
and product near the immobilized enzyme, and Sb

and Pb are the concentrations of substrate and pro-
duct in the bulk phase. The constants, kds and kdp, are
related to the diffusion of substrate from the bulk to
the enzyme and of the product from the enzyme to
bulk phase; these constants take into account diffu-
sion phenomena near the enzyme–membrane wall. In
fact, the substrate and the product have two different
and opposite concentration gradients through the
immobilized enzyme matrix. The concentration of
the substrate in the bulk phase decreases near the
support due to diffusion phenomena continuing its
decrease near the enzyme matrix. An opposite beha-
vior of concentration gradient is observed for the
product; near the enzyme matrix, the product con-
centration is high due to reaction, while it decreases
far from the support, arriving at a steady state in the
bulk solution.
3.08.3.5.1 Enzyme immobilized on the

surface

For the enzyme immobilized on the surface, a sta-
tionary film also termed the Nerst diffusion layer, is
formed, attached to the enzyme–membrane surface.
This layer limits the diffusion of the substrate and,
for this reason, the concentration of the substrate in
the bulk solution decreases near the immobilized
enzyme matrix.

At the steady state, at the interface, the mass
transfer of the substrate is balanced from the reaction
and consequently from the substrate consumption. In
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this case, the Michaelis–Menten equation takes into
account the different substrate concentration in the
bulk solution and near the surface:

Js ¼ ksðS0 – SÞ ¼ Vmax S½ �
Km þ S½ �

In this equation, S and S0 are the substrate con-
centration in the bulk and at the immobilized enzyme
interface, respectively, and ks is the mass transfer
coefficient.

The ratio between the maximum reaction rate and
maximum mass transfer rate is given by the
Damköhler number:

Da ¼ Vmax

ksS0

If Da << 1, the transfer rate is larger than the reaction
rate, and this means that the system works at a low
mass transfer resistance. This is the case known as
reaction-limited regime. In this system, the following
equation

Vkin ¼
Vmax S½ �b

Km þ S½ �b
can be assumed.

If Da >> 1, the reaction rate is larger than the mass
transfer; this is the case known as diffusion-limited
regime and Vdiff ¼ ks [S]b.

The Damköhler number is also the ratio between
Vmax/Km and ks, Vmax/Km is also the slope of 1/V0

versus 1/Km, and ks is the slope of Vdiff versus Sb.

The mass transfer influence on the reaction is
represented by the factor �:

� ¼ Observed reaction rate

Rate observed without mass trasfer resistance

If � is�1, the mass transfer resistance is high and this
causes a reduction of the observed activity of the
catalyst. The relationship between Da and � is that
when Da approaches zero, � approaches 1.

3.08.3.5.2 Enzyme immobilized into the

porous matrix
To calculate the observed substrate conversion
through an enzyme-loaded support immobilized
into the internal surface, it is necessary to take into
account the concentration profile within the diffusion
layer.

Besides substrate diffusivity in the bulk phase, the
diffusion rate through a porous support is influenced
by several factors. The effective diffusion coefficient
is described by
Deff ¼ DS0

"p

�

Kp

Kr

where "p is the porosity (or area of support/area of
pores), and � is the tortuosity (the geometry of the
pore is not tubular; diffusion occurs changing direc-
tion continuously). The tortuosity factor can assume
a value in a range of 1.4–7; Kp/Kr is the restricted
diffusion roughly estimated as [1 – rsubstrate/rpore]

4,
that takes into account the dimension of the pore in
relation to the dimension of the substrate; that can
have a similar dimension and lead to a situation of
restricted diffusion.

The influence of diffusion within porous catalysts
upon reaction kinetic was studied in 1930 [3]; this
effect was studied on a planar membrane with an
immobilized enzyme uniformly distributed.
Combining the steady-state diffusion equation with
the applicable kinetics rate expression gives

Deff
d2 S½ �
dx2

–
Vmax S½ �

Km þ S½ � ¼ 0

Deff is the effective diffusivity; this means that at the
steady state the substrate diffusion rate, through a
porous matrix, is equal to the rate conversion.

In addition, in an immobilized system it is possible
to evaluate if the reaction is limited by kinetics or
mass transport by the Thiele modulus ø, given by

� ¼ L
Vmax

Deff Km

� �1=2

which has the meaning of a reaction rate/diffusion
rate.
3.08.4 Biocatalytic Membranes and
Membrane Bioreactor Applications

The technological problems associated with the
development of biocatalytic membranes on large
scale are connected to the need for enzymes having
expensive cofactors, low water solubility of sub-
strates, and low enzyme resistance to membrane
cleaning agents. However, the several advantages
that this technology offers on comparing it with
traditional procedures drive their development,
especially for production of high value-added
components.

In the following paragraphs, the most common
examples of biocatalytic membranes and membrane
bioreactors patented and whose robustness was pro-
ven at industrial application are reported. In Table 1,



Table 1 Immobilized biocatalyst in biotechnology applications

Immobilized biocatalyst Application References

�-Galactosidase Production of oligosaccarides [30]

Glucose isomerase Conversion of D-glucose to D-fructose [31]

Thermolisyn Production of aspartame [32]
E coli Production of L-aspartic acid [33]

Pseudomonas dacunahe Production of L-alanin [34]

Pectinases Hydrolysis of proteins to improve processability [35, 36]
Glucosidases Aroma enhancement in food [37]

Laccase Improve processability in wine making [38]

Trypsin Production of casein bioactive peptide [39]

Lactococus lactis,
Lactobacillus dalbruekii

Production of lactic acid [40, 41]

Fructosil transferase Production of fructooligosaccarides [42, 43]

Acetyl transferase Production of baccatin III [44]

Protease Hydrolysis of caroteno-proteins [45]
Lipase Production of optically pure enantiomers.

Production of diltiazem. Production of lovastatin

[12, 46, 47]

�-Glucosidase Production of antioxidant molecules [13]
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the immobilized biocatalyst used in food and phar-
maceutical applications are reported.
3.08.4.1 Biocatalytic Membranes and
Membrane Bioreactors in Pharmaceutical
Applications

In literature, many varied works are present regard-
ing the development of a membrane bioreactor for
the production of amino acids, antibiotics, anticancer
and anti-inflammatory drugs, vitamins, and optically
pure enantiomers and antioxidants [47, 48, 24].

Some examples have also been developed at the
industrial scale such as the production of amino acids,
commercialized by Degussa Company [48] in
Germany, the sandwich bioreactor commercialized
by Kao Corporation in Japan for the hydrolysis of
triglycerides, or the production of cyclodextrins from
starch by using hollow-fiber membrane bioreactor
commercialized by Nitto Electric [49]. Another exam-
ple of plant production was developed by Sepracor
Inc. in the early 1990s. The system was a full scale
multiphase/extractive enzyme membrane reactor
plant used in the production of diltiazem chiral inter-
mediate. The system represented an example of
integrated and intensified two-separate-phase reactor,
in which the biocatalytic membrane has the double
role of compartmentalizing the biocatalyst, keeping
two phases in contact and separate at the same time
[46, 47]. The process was run for several years with
modules of 60 m2 of active membrane area. Another
application at the technical scale is the production of
L-amino acids from a racemic mixture using the
immobilized amino acylase [48].
3.08.4.2 Biocatalytic Membranes and
Membrane Bioreactors in Food Applications

One of the first cases on the use of membrane bior-
eactor in food sector was the production of milk with
low lactose content [49]. Nowadays, the hydrolysis of
lactose (present in whole milk or cheese whey) by the
use of membrane bioreactors is an effective technique
running on a large scale.

The intolerance to milk is caused not only due to
the presence of lactose, but also because some people
cannot digest high-molecular-weight proteins
(higher than 5 kDa). The new approach to produce
low allergenic fresh milk with improved properties
compared to the reconstituted powder milk currently
used is to hydrolyze the proteins by membrane bior-
eactor technology. The advantage of using this
technology is that the membrane bioreactor can be
designed so as to remove protein fragments equal to
or lower than 5 kDa through a membrane of appro-
priate cutoff. In order to achieve high efficiency, the
hydrolytic step should be part of an integrated sys-
tem where up- and downstream milk is taken into
account. Membrane bioreactors are also used to
valorize the coproduct of the cheese-making pro-
cesses, by recovering and reusing compounds
present in waste streams.

The other important applications in the food
sector include reduction of viscosity of fruit juice
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by hydrolyzing pectins, treatments of musts and wine
by the conversion of polyphenolic compounds and
antocyanes, and the removal of peroxides from diary
products.

A more recent application of membrane bioreactor
in the food sector is promoted by the industrial
demand in the production of functional food and
nutraceuticals, and alternative food or food ingredi-
ents that confer health benefit. Other applications at
technical scale are the production of L-aspartic acid
[33], the synthesis of dipeptide AspartameTM [32], the
production of L-alanine by Tanabe Seiyaku [34], the
production of fructose-concentrated syrups [31], and
the production of L-malic acid with Brevibacterium

ammoniagenes entrapped in polyacrilamide [50].
3.08.4.3 Submerged Membrane
Bioreactors in Water Treatment and Other
Emerging Applications

Submerged membrane bioreactors (SMBRs) are one
of the membrane operations that, in the last decades,
have received much attention worldwide for the
treatment of wastewater at the industrial level.

The reason for this lies in the increase of the
demand for potable water and on the increase of
domestic and industrial wastewater discharges
linked to the population growth. In addition, more
restrictive legislation toward environmental care,
forces industries to minimize the input of energy
and water.

The potentialities of the technology lie on the low
energy input, long-term operation without cleaning,
and less dependence on variation of rheology beha-
vior with concentration; the main constraint is in the
high membrane area due to low fluxes linked to the
small transmembrane pressure.

The combination of bioreactors and membrane
technology enables an innovative and effective
treatment process. Conventional wastewater tech-
nology is characterized by large wastewater
volumes. They generally use open basins and need
high surface and long hydraulic retention time of
wastewater flows. In conventional activated sludge
processes, the purification stage (aeration tank) and
the separation of the biomass from the purified
waste water (settling tank) are carried out separately
and independently of each other. Large basin
volumes are necessary for the aeration tank and
the final clarifier. The biomass concentration in
the aeration tank usually tends to be in the range
of only 3–5 gdry weight l�1.
The membrane bioreactor combines biological
treatment with membrane separation. The treated
water is separated from the purifying bacteria (active
sludge) by a process of membrane filtration rather
than in a settling tank. Only the treated effluent
passes through the membrane; the effluent is then
pumped out, whilst the sludge is recovered. The
sedimentation in the final clarifier is then replaced
by the implementation of a membrane filtration pro-
cess, which not only allows to separate the biomass
from the water, but also the quality of the purified
water is considerably improved. The use of micro-
filtration membranes with pore sizes usually between
0.1 and 0.4 mm ensures the complete retention of
suspended matter and leads to a considerable reduc-
tion of the amount of bacteria in the outflow of the
sewage plant.

Compared with conventional wastewater technol-
ogy membrane bioreactors have a short hydraulic
retention time and high biomass concentrations. In
addition, because of the compact way in which they
are constructed, membrane bioreactors have a rela-
tively low surface area requirement.

SMBRs employ membrane module cassettes
made of bundle of hollow fibers or flat-sheet mem-
brane panels. The cassettes are vertically immersed
within a tank containing wastewater and activated
sludge and are aerated by a bubble system from the
bottom of the units. The aeration serves to activate
the sludge and to control concentration polarization
and fouling at the membrane level as it generates an
upward cross-flow over the membrane. In addition, it
ensures effective tank mixing and even distribution
of the biomass. The biomass can work at very high
level of concentration, which enables a low tank
volume and a long sludge age to be utilized; this
substantially reduces sludge production. The treated
effluent is removed from the membrane units using
gravity head (typically 1–1.2 m), or a pumped suction
operation can be utilized.

Currently, research interests are devoted toward
(1) different configurations of membranes for biomass
separation in bioreactors, (2) use of novel and low-
cost membrane materials as barrier technologies in
membrane bioreactor (MBR) systems, (3) impact of
specific mode of bioreactor operation on biomass
production and separation in MBRs, and (4) new
operating strategies to minimize fouling of mem-
branes in MBR systems.

The development of SMBR technology is also
emerging in other fields, including biofuel, pharma-
ceutical, food, and biotechnology. The concept of
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submerged membrane module to assist either hydro-
lysis or synthesis of esters for biofuel and
biotechnological purposes is investigated in our
laboratories. In particular, their development in inte-
grated membrane systems is studied. In this system,
submerged biocatalytic membrane reactors can be
used to carry out hydrolysis or esterification reac-
tions (Figure 8), while SMBRs contribute to the
purification of effluents and their recycling into the
production system. Other membrane operations,
including microfiltration (MF), UF, nanofiltration
(NF), membrane contactors and membrane emulsifi-
cation are combined to promote separation,
purification, concentration, and formulation.

The synergistic integration of membrane opera-
tions will be among the key strategies to enhance
processes precision and efficiency, with maximiza-
tion of mass and energy conversion into valuable
goods while preventing and minimizing waste pro-
duction. This means, in other words, achieving
advanced technology able to face the challenges of
sustainable industrial production.
3.08.5 Conclusions

The membrane bioreactor technology has intrinsic
characteristics such as efficiency, operational simpli-
city and flexibility, high selectivity and permeability
for bioconversion and transport for specific compo-
nents, low energy requirements, good stability,
environmental compatibility, and easy control and
scale-up. These properties make the technology
very interesting for the application for the develop-
ment of a sustainable industrial production.

Except for wastewater treatment, membrane bior-
eactors are at an emerging-exploratory stage.
However, the increasing need of precise processes

is favoring a growing interest toward alternative con-
trolled biomimicking routes. This will certainly
promote an increase of research efforts in biocatalytic
membranes and membrane bioreactor fields. The

converging of advanced technologies, including
molecular modeling, systems engineering, and sys-
tems biology applied to membrane engineering will
play a crucial role in advancing the technology and

its application in various fields.
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3.09.1 Introduction

Hollow fiber membrane modules have had many
applications, such as filtration, extraction, and oxy-
genation, in numerous industrial processes for many
years. As bioreactors, they are extensively used for
enzyme reactions and cell/bacteria/yeast culture.
The concept of a hollow fiber membrane bioreactor
(HFMB) used in cell culture is shown in Figure 1.

The hollow fiber membranes are contained in an
external shell (normally in the shape of a cylinder).
The cells can be attached to the outer surface of the
membranes, or more commonly maintained in the
extracapillary space (ECS). Nutrients flow in
the lumen of the fibers and can diffuse out through
the pores of the fiber wall to feed the cells. Also, the
metabolic waste produced by cells can permeate back
into the fibers and be carried away.

HFMBs have been used to culture a variety of
mammalian cell lines since their inception by Knazek
[1]. HFMBs for mammalian cell cultures are mainly
used to produce expensive biochemicals such as vac-
cines [2], interferons [3], hormones [4], growth
factors [5], viruses [6], and monoclonal antibodies
[7] and to act as artificial organs [8, 9].

There are many advantages which HFMBs offer
over other culture methods. HFMBs have high sur-
face-to-volume ratios of around 30 cm2/cm�3 [10],
thus giving the potential to grow cells to high densities.
The continuous supply of uniform liquid and gaseous
nutrients and removal of metabolic wastes provide a
stable microenvironment for cells. The selective perme-
ability property can protect cell culture from the
immune system in artificial organ applications and to
facilitate the recovery in biological product manufacture
[11]. Cells are subject to low shear forces due to their
separation from the nutrient flow in the fiber lumen.

More recently, HFMB found its application in the
area of regenerative medicine. Generally speaking,
regenerative medicine includes either engineered
functional tissues or therapeutic quantities of cells.
Tissue engineering applications aim at developing
functional tissues from cells in combination with a
suitable matrix to support and accelerate regenera-
tive healing, while cell therapy only transplants
required type and amount of cells into the defect
site. This chapter presents a summary on the appli-
cation of HFMBs in regenerative medicine, as an
enabling technology to support three-dimensional
(3D) tissue culture and to expand stem cells.
3.09.2 HFMB for 3D Tissue
Engineering

New developments in the tissue engineering field are
extensive. Almost all tissues and organ systems are
under consideration and some tissues are already
213
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available commercially or under clinical trial [12].
However, currently only avascular (cartilage) or thin
sheets of tissues (skin) are capable of being success-
fully engineered [13]. The mass of 3D tissue,
especially dense tissue, that may be produced in

vitro is very limited [14]. To develop a 3D tissue,
the problems of oxygen and nutrient supply to the
cells and waste removal from these cells, particularly
in the center of the construct, must be addressed.
Biological angiogenesis is the primary requirement
for generation of an appreciable mass of most tissues,
but initiation and control of angiogenesis remains a
major technical challenge to tissue engineering. An
engineering solution to applying oxygen and essen-
tial nutrients to the growing tissue in vitro is to use
HFMBs with the hollow fiber membrane network
mimicking the blood capillary system.

However, using the conventional HFMB, tissue
structures could not be produced because of the lack
of the necessary 3D scaffolds for cell attachment and
proliferation. In vivo, cells are supported and main-
tained by extracellular matrix (ECM) and a similar
environment will be required for cells to form 3D
tissue structures in vitro. A major difference between
the design of HFMBs to be used for growing cells and
Hollow fiber membrane

Nutrients

Cell seed

Figure 2 Schematic diagram of HFMB for tissue engineering.
other within scaffolding materials and the whole construct is co

hollow fiber membranes and the nutrients flowing in the fiber lum

fibers to feed cells. The cell metabolic waste can also permeate
that for producing engineered tissues lies in the
inclusion of biomaterial scaffolds in the latter to
allow the growth of 3D structures.

The concept of an HFMB for growing bone tissue
is shown in Figure 2 as an example. The original idea
stems from how blood is supplied to compact human
bone. Compact bones consist of closely packed
cylindrical osteons with blood vessels going through
in the center. A hollow fiber can play similar role of a
blood vessel when growing bone in vitro. The hollow
fibers are embedded parallel to each other into some
scaffolding materials and the whole construct is con-
tained in an external housing. Cells are seeded
throughout the scaffolds and the nutrients flowing
in the fiber lumen can diffuse out through the porous
walls of the hollow fibers to feed cells. The cell
metabolic waste can also permeate back into the
fiber lumen and be brought away. In this manner,
cells can get adequate supply of nutrients relatively
independent of their position in the scaffolds. In
addition, the local accumulation of metabolic waste
is avoided so that a chemostat environment is
ensured which is very beneficial to cell growth.

In a proof-of-concept study, it was shown that rat
bone marrow stem cells (rBMSCs) cultured in the
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perfused HFMBs had significantly higher viability
and proliferation rate than the ones in static (non-
perfused) HFMBs [15] (Figure 3). For each
biological assay performed (lactate production, cell
viability, and cell proliferation), it was observed that,
while there were no significant differences at day 1,
there was significantly improved cell survival and
proliferation in the perfused bioreactors at later
time points (day 4 and 7). This was confirmed by
the light and electron microscopic examination
showing increased numbers of intact cells invading
the ECM in the perfused samples compared to the
cell debris observed within the nonperfused samples.
These observations are consistent with that contin-
uous perfusion providing a more efficient supply of
nutrients and also a stable pericellular microenviron-
ment compared to the nonperfusion where diffusion
from the outer surface will be a limiting factor.

In the follow-on study, HFMBs were proved to
have supplied desirable long-term culture environ-
ment for rBMSCs seeded into 3D porous
polycaprolactone (PCL) scaffold. rBMSCs prolifer-
ated and differentiated in the HFMBs and formed
bone-like tissue after implantation into nonobese
diabetic/severe combined immunodifficient (NOD/
SCID) mice (Figure 4).
3.09.3 Artificial Functional Organs

3.09.3.1 Bioartificial Liver

Liver transplantation is currently the only mode of
treatment for patients in acute liver failure who are
not responding to supportive therapy [16]. Various
liver support devices have been developed to stabilize
the patients while they wait for suitable donors and act
as a bridge to transplantation. A bioartificial liver
(BAL) is a synthetic system that, with the inclusion
of hepatocytes, can perform specific tasks closer to the
in vivo performances. HFMB can fulfill the design
requirements of BAL, that is, the cells used in the
device be given an anchorage substrate and isolated
from the host immune system. Hollow fiber mem-
branes provide some degree of anchorage for
hepatocytes and this may be supplemented by ECM
materials, such as collagen. In addition, the membrane
isolates xenogeneic hepatocytes from immune system.
In addition to immunoisolation, membranes can also
provide protection from viral transmission. Concerns
have been expressed regarding the possibility of xeno-
zoonotic retroviral infection of patients treated with a
BAL using porcine hepatocytes. In a hollow fiber-
based BAL, cells can be cultured either inside or out-
side of the hollow fibers.

According to Legallais et al. [8], BALs based on
HFMB perfusion bioreactors can accommodate larger
amount of cells than their perfusion bioreactor coun-
terparts, on an extent of 10–100-fold, depending on
the overall geometry of the design. This pinpoints the
relative importance that has been given to the hollow-
fiber-type design. A review on the different materials,
up-to-date at the time, used in the design of HFMB
for hepatocytes cultures concluded that polysulfone
(PS) represented the best material, of all tested, in
terms of facilitation of cell attachment and mainte-
nance of cellular integrity and metabolic activity [8].

Some authors highlight the limitations of hollow
fibers as long-term solutions for the culture of hepa-
tocytes [17]. The membrane, while can separate cells
from immune system, does reduce diffusion of nutri-
ents and oxygen to the cells. In addition, their
tendency to foul by adsorption of plasma proteins or
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the development of biofilms, which further increases
the resistance to mass transport, was pointed out as a
major drawback of this geometry [18].
3.09.3.2 Bioartificial Kidney

The treatment for patients with acute or chronic renal
failure using dialysis or hemofiltration is still suboptimal
with high morbidity and mortality. Poor outcomes may
be due to the fact that these therapies substitute for the
small solute clearance function of the kidney but do not
replace the lost reclamation, metabolic, and endocrine
functions of this organ [19]. The success of HFMB-
based extracorporeal liver-assist devices and encapsu-
lated islets of Langerhans to treat liver failure and
diabetes mellitus has provoked the application of
HFMBs in renal replacement therapy, especially with
the proven success of hemodialysis and hemofiltration in
which hollow fiber membrane cartridges are employed.

The bioartificial renal tubule-assist device (RAD)
of a single renal tubule by using hollow fiber mem-
brane has been achieved [20]. Scale-up from a single
hollow fiber to a multifiber RAD has also proceeded

and utilizes both porcine and human renal proximal

tubule cells grown along the inner surface of PS

immunoisolating hollow fibers [21, 22]. These hollow

fibers are packaged in bioreactor cartridges with

membrane surface areas as large as 0.7 m2 resulting

in a device containing up to 2.5� 109 cells. In vitro

studies of these RADs have demonstrated their

retention of differentiated active vectorial transport

of sodium, bicarbonate, glucose, and organic anions.

In preclinical and clinical studies, this bioartificial

kidney has consistently demonstrated excellent

safety with reduction in mortality and mobility [23].

The RAD with human cells also demonstrated func-

tional and metabolic performance for up to 24 h of

use in patients [24].
The current version of the RAD in clinical trials is

large and requires an extracorporeal circuit with peri-

staltic pumps to provide driving pressure for

hemofiltration. Nevertheless, the cell therapy compo-

nent in a bioartificial kidney will supply some functions

of a healthy kidney that dialysis strategies simply do
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not. The combination of cell therapy with solute clear-
ance could be a viable renal replacement therapy that
confers dialysis independence to the patient [25].
3.09.3.3 Bioartificial Pancreas

The concept of bioartificial pancreas (BAP) is quite
similar to that of BAL and kidney. A BAP is to protect
transplanted islets from graft rejection by an artificial
membrane permeable to glucose and insulin but
impermeable to immunoglobulins and cells of the
host’s immune system. HFMB has been used both as
intravascular and extravascular BAP devices.
Intravascular devices are implanted as an artery-to-
vein (AV) shunt in the recipient’s body and are usually
made of tubular hollow fiber membranes [26]. The
lifetime of intravascular BAP is usually much shorter
than extravascular one mainly due to the presence of
blood coagulation in the fibers [27]. Extravascular
devices are mainly implanted in the peritoneal cavity,
but have also been implanted in other regions, for
example, the subcutaneous tissue site.
3.09.4 HFMB for Stem Cell Culture

Autologous and allogeneic stem cell transplantation
have attracted much attention over the last two dec-
ades as variable therapeutic options for treating those
diseases for which modern medicine previously could
offer little hope. Stem cells are unique in that they have
the capacity for self-renewal and are capable of form-
ing at least one, and sometimes many, specialized cell
types. The promise of stem cells for clinical therapy,
however, has been limited because the number of stem
cells that can be obtained directly from tissue/organ is
inadequate. For example, although umbilical cord
blood represents a rich source of transplantable hema-
topoietic stem cells (HSCs) that can be easily obtained
from tissue normally discarded at birth, cells obtained
from a single cord blood collection, more often than
not, contain too few HSCs to ensure the hematological
engraftment of an adult patient [28, 29]. One way to
overcome the above-mentioned limitation is to expand
stem cell numbers in vitro (outside the body). Stem cells
are sensitive to changes in culture conditions and prone
to differentiate into other cell types. Thus,
well-controlled culture condition is paramount in
stem cell expansion. The inadequacies of current cul-
ture protocols using tissue-culture flasks, roller bottles,
or gas-permeable bags are related to their multistep
procedures. By such methods, the primary progenitor
cells must endure the enzymatic treatment, physical
dissociation, the force of centrifugation; in addition,
the vessel has to be opened to the environment for
frequent cell transfer and re-suspension, exposing the
cultures to the risk of contamination. HFMB could be
adopted for expanding stem cells due to its relatively
homogeneous culture environment, low shear stress on
cells, large surface area, and easy control through exter-
nal operational manipulation.

Yamazoe and Iwata [30] demonstrated that dopa-
minergic neurons were effectively induced from
embryonic stem (ES) cells enclosed in semi-permeable
hollow fiber membranes by maintaining them in PA6
conditioned medium. It suggested that differentiation
of ES cells in HFMB is a promising approach to
realize cell therapy of Parkinson’s disease.

The application of HFMB also provided a solu-
tion for many of the difficulties associated with
hematopoietic stem cell gene transfer [31]. It was
shown that CD34þ progenitors could be cultured
and transduced in an HFMB without losing CD34
identity while maintaining viability. Much higher
transduction efficiencies were achieved in primary
colony-forming cells derived from the HFMB com-
pared with traditional gas-permeable bags.
3.09.5 Development of Biodegradable
Hollow Fiber Membrane

The ultimate goal for tissue engineering is to develop
implantable functional tissues/organs to replace
defected ones. Ideally, what are left in the human
body should only be cells/tissues, but not other syn-
thetic materials. In the case of HFMB, as the hollow
fiber membranes form part of the engineered tissue,
they should be made of biodegradable materials, and
hence eventually replaced by body’s own blood ves-
sel ingrowth into the engineered tissues following the
implantation.

Poly(lactide-co-glycolide) (PLGA) is a common
synthetic biodegradable polymer used for scaffold fab-
rication in tissue engineering , as it has been approved
for application as a suture material, a number of ortho-
pedic devices, including interference screws, and for
drug delivery. A number of cell types have been suc-
cessfully cultured on the PLGA membranes (flat sheet
and hollow fibers), including human bone-derived cells
(HBDC) [32], human mesenchymal stromal cells
(hMSCs) [33], rat MSC (Figure 5), rat pancreatic
cells, and liver cells transdifferentiated from the pan-
creatic cells on the PLGA–PVA.
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Figure 5 Hoechst staining of mesenchymal stem cells seeded on PLGA (a) and on 5% PVA-PLGA flat sheets (b) after 24 h

seeding. 100� magnification.
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The fabrication process of hollow fiber membranes is
demonstrated in Figure 6. In this scheme, the spinning

dope, consisting of a viscous, degassed, and filtered

polymer solution (20–40% polymer by weight), is

pumped into a coaxial tube, jet spinneret. The polymer

content is usually close to the precipitation point. The

thread line emerging from the spinneret is quickly sta-

bilized by an internal quench (coagulating) medium

(nonsolvent liquid or gas) as it emerges from the jet

orifice. The nascent hollow thread is further stabilized

in a quench bath. At this point, the fiber has sufficient

mechanical integrity to pass over guides and rollers

under moderate tension. In most commercial produc-

tion lines, the spinning rate is 10–1000 m min�1 and is

governed by the spinning method, dope compositions,

and the morphological and dimensional requirements.

Therefore, dope compositions and spinning conditions

are sought that result in the establishment of the hollow

fiber immediately on emergence from the orifice.

Residual quenching liquid and solvent are usually

removed by some sort of a washing step prior to use [34].
B C
E

F

A

Figure 6 Schematic of dry-jet wet spinning employing tube-in

suspended solids); B: pump; C: spinneret; D: polymer spinning

bath; G: quench bath; and H: collection pool.
The polymer chemistry, the thermodynamic
interaction of the polymer, solvent and nonsolvent,

the rheology of the spinning dope, and the setup of

the spinning apparatus all influence the morphology

and therefore the physical, chemical, and mass trans-

port characteristics of the hollow fiber membrane. A

few examples of the parameter that proved key in

fabricating the PLGA hollow fiber membranes are

discussed in the following.
Solvent selection. There are many potential sol-

vents that will dissolve PLGA and that have been

used for scaffold preparation by various techniques.

Examples of such solvents (and the techniques for

which they have been used) include: methylene

chloride [35] and methyl chloride [36] (for high-

temperature extrusion and dip coating); glacial

acetic acid (for low temperature and pressure injec-

tion moulding [37, 38]); chloroform (for extrusion,

dip coating and film casting, with either solvent

evaporation or by immersion precipitation [39–46])

(Table 1).
B

D

G

H

-orifice spinneret. A: bore injection medium (liquid, gas, or

solution; E: micrometer dope filter; F: coagulation cooling



Table 1 Properties of solvents commonly used in PLGA scaffold preparation

Chloroform Methyl chloride Dioxane NMP

Toxicity Irritant and probable

carcinogen

Can be fatal on ingestion or
inhalation

Irritant and probable

carcinogen

Known mutogen

Irritant and probable

carcinogen

Skin, eye, and

respiratory irritant

Volatility Volatile Volatile Volatile Nonvolatile at STPa

Flammability Highly flammable Highly flammable

Misciblity

water

Not miscible Slightly soluble in

water52
Miscible Miscible

a STP is standard temperature pressure; 273 K and l atm.
Data from Oxford University MSDS (2009) Material Safety Data Sheet. http://msds.chem.ox.ac.uk/#MSDS (accessed 25 August, last
update 30 October). unless otherwise stated [61].
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Due to their nature, many solvents are harmful and
hazardous. Volatile solvents not only increase the
chance of user exposure but can also affect the solution
composition as a function of time. Chloroform and
methyl chloride are poorly miscible with water so
are of no use in a ternary system where water is used
as the nonsolvent. In comparison, N-methyl pyrroli-
done (NMP) is considered relatively harmless and has
been used in animal models and shown to increase
bone formation [47]. Dioxane and NMP are common
solvents for hollow fiber preparation so data are rela-
tively easy to obtain on the solvent–water interactions
which are important for predicting and assessing the
hollow fiber structure and performance.

When a solvent–nonsolvent combination with a high
mutual affinity is used, instantaneous demixing occurs
and a porous membrane will be obtained. If the combi-
nation has low mutual affinity, delayed demixing will
proceed and a dense, nonporous membrane will form.
Dioxane-water and NMP-water both have high mutual
affinities so porous structures are expected to form.
Chloroform and methylene chloride cannot be paired
with water, but methanol, ethanol, or propanol are sui-
table nonsolvent alternatives. Still, the mutual affinity is
low and a nonporous structure will result [34]. For cell
culture, the membrane should all easy mass transfer of
all the molecules, i.e. there should be no size exclusion.
The range of molecular weights will be dependent on
the media composition, and this size range can be deter-
mined using HPLC. Typically molecules up to 150 kDa
[50] must be able to permeate, but in some systems
molecules can be up to 300 kDa, when undefined
serum is used. While there may be complex mem-
brane-protein and protein-protein interactions, and the
shape of the protein is also a factor in determining mass
transfer, a rough estimate of the necessary pore size can
be found by considering the fact that a 1000 kDa
molecule will have an approximate size of 0.1mm [51].
It should also be noted that the maximum pore size
should be 5 micrometer as cells can enter spaces larger
than this which will cause pore blockage

Spinning dope viscosity. The viscosity of the solution
will affect the shear experienced in the spinneret and
will influence the structure. It is also necessary to have a
solution with a viscosity that is low enough to allow the
solution to flow, but high enough to hold the solution
together until precipitation has occurred. The viscosity
range used for spinning varies between groups; Eenink
et al. [53] selected spinning dopes with viscosities in the
range 20–100 Pa s, whereas Tai et al. [54] found that
viscosities between 8 and 15 Pa s were ideal. In the
study by Eenink et al. [53], a minimum polymer con-
centration of 10% (w/w) was regarded as necessary to
obtain a suitable hollow fiber. Below this concentration,
there would not be enough polymer to form a contin-
uous structure. Polymer concentration can affect the
porosity of the membrane. A higher volume fraction of
polymer will give a less porous structure. A higher
initial concentration means a higher concentration at
the film interface so leading to a less porous top layer,
which will reduce the flux [34]. It can be observed that
the PLGA chemistry (e.g., poly lactic acid (PLA):poly
glycolic acid (PGA) ratio, PLA isomer, and molecular
weight and stereochemistry) as well as the solvent
(Figure 7) affected the viscosity. A 20% w/w PLGA
(50:50 to 100:0 PLA:PGA) in NMP spinning dope was
selected as the most suitable polymer concentration
when using rac-lactide (50:50 l-PLA: d-PLA) [52].

Improving hydrophilicity and permeability. The surface
properties and porosity of the hollow fiber mem-
branes are important to the identified applications.
The hydrophobic nature of PLGA can be problematic
for cell seeding. As much as 70% ethanol is a suitable
prewetting solution; however, ethanol acts as a
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Figure 7 Viscosity of PLGA (50:50) in NMP (diamonds) and dioxane (squares). Readings were taken at 25 �C [51].
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plasticizer for PLGA and causes shrinking [55] so

great care must be taken during the prewetting process

which should be carried out before fixing in the bior-

eactor. Sterilization can be done also using 70%

ethanol or using an antibiotic–antimycotic solution

[56]. The easiest approach to using PLGA membranes

is not to dry them out, that is, use them soon after

spinning, although for long-term use of batches this is

acknowledged as impractical. To overcome this, poly

vinyl alcohol (PVA) can be added to spinning dope.
Addition of PVA to spinning dope. Blended PVA–PLGA

flat sheets fabricated by a melt-molding particulate-

leaching method have been shown to be more hydro-

philic than control PLGA scaffolds [57], and the same

effect has been seen using PVA in PLGA spinning

dopes: hollow fiber membranes were fabricated by wet

spinning using 20% w/w polymer (75:25 PLA:PGA) in

NMP with the addition of 5% PVA w/v. Contact angle

measurements indicated an increase of hydrophilicity of

the PLGA–PVA fibers (62� for PLGA and 50� for

PLGA–PVA), and the PLGA–PVA membranes were

observed to sink in water and cell culture media, unlike

PLGA fibers which float, giving further indication of

their hydrophilicity. The addition of PVA to the PLGA

solution resulted in an increase in mean pore size (0.54

for PLGA and 1.1mm for PLGA–PVA). The mechan-

ical test conducted on the PLGA–PVA fibers showed

that the tensile strength was lower than that of the

PLGA membranes; addition of PVA resulted in a

decrease in the Young’s modulus (109� 2.5 MPa

for PLGA and 75� 9.5 MPa for PLGA–PVA).

Water flux was calculated at steady state for these

membranes as J¼ 700 l h�1 m�2. A BSA in water

solution (250mg ml�1) was used to evaluate protein

permeation; the BSA permeate concentration reached

steady state after about 2.5 h at the feed concentration of

250mg ml�1.
3.09.6 Mathematical Modeling

These initial findings have proved the concept of
using HFMB for tissue engineering and indicated
that implantable amount of bone tissue could be
grown by using HFMBs in the future. However, it
has also become necessary to develop a theoretical
framework that elucidates the uncertain quantitative
relationships between the cell environment and tissue
behavior in order to guide the design of effective bone
tissue engineering protocols. These may include, for
example, a framework to analyze the flow and trans-
port behavior in relation to tissue and nutrient (solute)
properties, and the reaction rates in a changing tissue
environment. The available experimental results need
to be placed within a consistent and coherent theore-
tical framework. This can then help in interpreting the
obtained results and direct further experimental work
in an appropriate manner. It should also be noted that
due to the nature of the HFMB system used for
growing tissue (i.e., sterile operating conditions and
relatively small dimension compare to industrial pro-
cesses), it does not allow precise online monitoring of
most variables of interest. Instead, a mathematical
model can be used to determine these variables.

There has been many attempts of mathematical
modeling for the development of hollow
fiber-immobilized enzyme and hollow fiber ultrafil-
tration systems [58–60]. Radial and axial profiles
were generated from these models in addition to
plots of the effective reactor length as a function of
the conversion and the radial Thiele modulus.

While the mathematical framework of an HFMB for
cell culture would not be radically different from the
above applications, the results are inapplicable to cell
culture systems, due to the large differences in cell
kinetics and feed flow rates [11]. Also, while the devel-
opment of mathematical models for cell culture
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applications derived from those of enzyme reactors, the
two model systems have different objectives. The enzy-
matic system is to maximize conversion of substrate as
the cell culture system is to prevent substrate depletion.

The simplest model is a diffusion-limited bioreac-
tor in which convection in the fiber membrane and
ECS is neglected. This assumption is realistic in the
case where the HFMB is constructed of relatively low-
molecular-weight cutoff (nominally <30 kDa) ultrafil-
tration membranes, or the cell annulus is of tissue-like
density. For the HFMBs used for tissue engineering, a
porous scaffold is always included in the ECS; thus, the
diffusion-limited model is applicable.
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Figure 8 Concentration profiles for glucose (a) and oxygen (b
In a Krogh cylinder model, Ye et al. were able to
show axial and radial concentration profiles of glu-
cose and oxygen in an HFMB used to grow 3D bone
tissue (Figure 8) [61]. In the concentration profiles
shown in Figure 8, it can be observed that under the
current operating conditions, the glucose and oxy-
gen were sufficient for cell growth throughout the
whole bioreactor domain. The model can be used to
study how important parameters influenced the sub-
strate concentration in the HFMB. For example,
Figure 9 shows the radial concentration profiles of
glucose and oxygen for different cell densities in the
region of cellular matrix. As evident, the drop in
∗
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) in HFMB [61].
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Figure 9 Radial concentration profiles of glucose and oxygen at different cell densities and fiber length. Panels (a) and (b)

show the radial concentration profiles of glucose and oxygen, respectively, at different cell densities with fiber

length¼ 0.03 m; panels (c) and (d) show the radial concentration profiles of glucose and oxygen, respectively, with fiber

length¼ 0.3 m. Z/L¼ 0: inlet; Z/L¼0.52: near middle; Z/L¼1: outlet [61].
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axial concentration is larger with higher cell densi-

ties for both glucose and oxygen. Figures 9(a) and

9(b) (fiber length¼ 0.03 m) indicate that for a cell

density of 2� 106 cells ml�1 (the cell seeding den-

sity used in the laboratory experiments [15]), the

radial substrate concentration in the cellular matrix

remains higher than approximately 90% of the inlet

substrate concentration. However, if the cell density

increases to a larger number, glucose concentration

drops faster than those for oxygen concentration. It

suggests that under the current operating conditions,

glucose may be the limiting substrate for the growth

of bone tissues in HFMB. This is because when the

cell number increases, they may be deprived of

glucose first in some part of the bioreactor.

Although the radial concentration of glucose drops

faster than oxygen at the same cell density, the axial
concentration difference between the inlet and out-

let is larger for oxygen than that for glucose

(Figures 9c and 9d). This implies that with a longer

fiber length, oxygen could become the limiting sub-

strate for cells.
With the developed mathematical model, the influ-

ences of some important operating parameters, such as

cell density, medium flow rate, cellular matrix thick-

ness, and properties of hollow fiber membranes, and

scaffolding materials, on the substrate concentration

distribution in the HFMB could be analyzed. The

model will help define the scales at which the

HFMBs are not mass transfer limited. It is a much

more efficient and cost-effective procedure to assess

effects of bioreactor geometries and operating condi-

tions on nutrient transport behavior when compared

with building and testing HFMB prototypes.
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3.09.7 Future Opportunities

Hollow fiber membrane bioreactors have shown their
advantages in various applications outlined in this
chapter and beyond. Although the concept has been
proved, detailed research and development are
needed to translate the laboratory research into clin-
ical applications.

Functional hollow fiber membranes. The surface prop-
erties and functions of the hollow fiber membranes
are critical to the stem cell expansion, as stem cells
require surface niche for their proliferation (and con-
trolled differentiation). Hollow fibers with
encapsulated growth factors or functional molecules
for controlled release would be useful. For tissue
engineering application, tunable degradation rate
would be highly desirable.

Hollow fiber membranes made of natural biopolymers. As
natural biopolymers offer outstanding advantages in
cell adhesion, biocompatibility, and possible interac-
tions with cells, hollow fiber membranes made of
such materials can easily find their application.
Possible natural polymer candidates include col-
lagen, alginate, chitosan, etc. New fabrication
methods may need to be developed.

3D soft tissue development. Hollow fiber membrane
network to mimic human capillaries is ideal for the
engineering of 3D soft tissues for the treatment of lost
tissues due to trauma or cancer. Culture of tissues of
multiple cell types and their integration into the host
need to be properly addressed.

Disposable device. For stem cell expansion, it is
important to develop hollow fiber membrane devices
which are standardized, presterilized and prepacked,
and good manufacture practice (GMP) complied.
With such devices, cell expansion, harvest, and
implantation can all be done in a clinically relevant
setting.
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3.10.1 Introduction

Restoration and replacement of damaged tissue have
greatly progressed and contributed significantly to
surgery in the twentieth century. Especially, tissue
reconstruction is still one field of important research,
since the goal of producing perfect artificial tissue has
not been achieved. The difficulties encountered in
repairing or replacing severely damaged tissue may
be resolved through a process called tissue engineer-
ing. Tissue engineering is a rapidly emerging field
that combines the established disciplines of engineer-
ing, biology, and medicine with the goal of
fabricating biological substitutes that restore, main-
tain, or improve tissue function [1]. It has the
potential to produce a bioartificial organ and tissue
substitutes that can grow with the patient. This
should lead to a permanent solution to the damaged
organ or tissue without the need for supplementary
therapies, thus making it a cost-effective treatment in
the long term [2]. Although initially targeted for
applications in regenerative medicine, a novel appli-
cation of this technology has been to generate
experimental model systems for studying biological
mechanisms and testing the efficacy of potential
therapies. In particular, this very promising techni-
que involves the in vitro seeding and attachment of
human cells onto a material. These cells then prolif-
erate, migrate, and differentiate into the specific
tissue while secreting the extracellular matrix
(ECM) components required to create the tissue. It
is evident, therefore, that the choice of material is
crucial to enable the cells to behave in the required
manner to produce specific tissues and organs.
Different materials have been proposed to support
cells and promote their differentiation and prolifera-
tion toward the formation of a new tissue.

The design and selection of a biomaterial is a
critical step in the development of scaffolds for tissue
engineering. Generally, the ideal biomaterial should
be nontoxic, biocompatible, promoting favorable cel-
lular interactions and tissue development, while
possessing adequate mechanical and physical proper-
ties. In addition, it should be biodegradable and
bioresorbable to support the reconstruction of a
new tissue without inflammation [3].

During the 1960s and the 1970s, a first generation
of materials was developed for use inside the human
229
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body. These early biomaterials must have been used
to achieve a suitable combination of physical proper-
ties that match those of the replaced tissue with a
minimal toxic response in the host. In 1980, there
were more than 50 implanted devices in clinical use
made from 40 different materials [4]. A common
feature of most of the materials was their biological
inertness.

By the mid-1980s bioactive materials which had
begun to be clinically used in a variety of orthopedic
and dental applications were developed [5]. Another
advance in these bioactive materials was the develop-
ment of resorbable biomaterials that exhibited
clinically relevant controlled chemical breakdown
and resorption. Improvements in these bioinert, bioac-
tive, and resorbable biomaterials are limited because
all biomaterials used for repair or restoration of the
body represent a compromise – living tissue can
respond to changing physiological loads or biochem-
ical stimuli, but synthetic materials cannot. This limits
the lifetime of artificial body parts. Recently, the next
third-generation biomaterials were designed to stimu-
late specific cellular response at the molecular level.
The separate concepts of bioactive materials and
resorbable materials were converged. Molecular mod-
ification of resorbable polymer systems elicits specific
interactions with cell integrins and thereby direct cell
proliferation, differentiation, and ECM production
and organization.

Polymeric materials have greatly contributed to
the development of bioactive and biodegradable
materials. Polymethylmethacrylate (PMMA) was
the first synthetic polymer introduced for medical
use. Other polymers used are, for example, polyethy-
lene (PE) in catheters and drainage tubes [6];
polytetrafluoroethylene (PTFE) as vascular graft
material [7]; polyvinylchloride (PVC) in medical
tubing, polyglycol lactide (PGL) in absorbable suture
thread, polylactide (PLA) in bone screw, polyur-
ethane (PU) in pulsative blood-flowing arterial
vascular reconstruction [8]; and polydimethylsilox-
ane (PDMS) in catheters, drainage tubing, and
insulation for a pacemaker lead. This latter polymer
owing to its oxygen permeability is used in mem-
brane oxygenators. Its exceptional flexibility and
stability has been applied to produce finger joints,
heart valves, breast implants, nasal implants, etc.

Besides, synthetic material components of ECM,
such as collagen, laminin, elastin, and fibronectin,
have been used as matrices for tissue engineering
and as vehicles for cell delivery. Collagen has been
widely used as a scaffold and carrier for cells in tissue
engineering and regenerative medicine, particularly
in soft-tissue applications such as skin [9].
Carbohydrate polymers have been utilized not only
in hydrogels for drug delivery but also in tissue
engineering [10].

Progress in both membrane and cell culture tech-
nology has also greatly contributed to the success of
artificially engineered tissue. It was demonstrated that
polymeric membranes are attractive for their charac-
teristics of selectivity, stability, and biocompatibility in
the use of biohybrid systems for cell culture. In parti-
cular, semipermeable membranes act as supports for
the adhesion of anchorage-dependent cells and allow
the specific transport of metabolites and nutrients to
cells and the removal of catabolites and specific
products [11–13].

In tissue-engineered constructs, the surface and
transport properties of the membranes play an impor-
tant role in the promotion of cell adhesion,
proliferation, and viability. The material surface prop-
erties, such as chemical composition, hydrophilicity/
hydrophobicity, charge, free energy, and roughness,
affect cell adhesion through the modulation of
proteins secreted by cells or contained in the physio-
logical liquids.

Novel strategies aimed at improving cell–
biomaterial interactions have been proposed: the
development of new biocompatible and cytocompa-
tible materials and modification of surface chemistry
including grafting of functional groups, and immobi-
lization of molecules leaving the bulk properties
unaltered.

In this chapter, we review the membrane bioarti-
ficial systems developed for tissue engineering.
Particular attention is given to the recent achieve-
ments in liver and neuronal tissue engineering.
3.10.2 Membranes for Liver Tissue
Regeneration

Each year 30 000 people die of end-stage liver disease
in the United States, with an estimated annual cost of
$9 billion dollars [14]. Liver transplantation is the
only established successful treatment for end-stage
liver disease, and currently there are 100 524 people
on the waiting list for a donor organ and of those,
there are 16 005 candidates awaiting a liver transplant
(based on United Network for Organ Sharing Organ
Procurement and Transplantation Network, UNOS
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OPTN, data as of 6 November 2008). In 2006, there
were 6649 liver transplants performed in the United
States and 1935 died while waiting for a liver trans-
plant due to organ shortage [15]. The European
Liver Transplant Registry (ELTR) has cumulated
data concerning 75 530 transplantations in 67 848
patients from 136 centers in 23 countries from May
1968 to June 2007 [16]. Cirrhosis is the most frequent
indication for transplantation in Europe, followed by
cholestatic disease, primary liver tumors, and acute
hepatic failure [17].

Liver failure is potentially reversible because of
liver regeneration [18], so considerable work has
been done over many years to develop effective
liver-support devices. Various nonbiological
approaches, such as hemodialysis, hemoperfusion,
and plasmapheresis, have limited success because of
insufficient replacement of the synthetic and meta-
bolic functions of the liver in these systems [19, 20].
On the other hand, extracorporeal biological treat-
ment, including whole-liver perfusion, liver-slice
perfusion, and cross-hemodialysis, have shown some
beneficial results, but they are difficult to implement
in a clinical setting [21]. For these reasons, many
researchers have developed various extracorporeal
biohybrid artificial liver (BAL) systems. Generally,
a BAL system consists of functional liver cells sup-
ported by an artificial cell culture material. In
particular, it incorporates hepatocytes into a bioreac-
tor in which the cells are immobilized, cultured, and
induced to perform the hepatic functions by proces-
sing the blood or plasma of liver-failure patients. The
BAL system acts as a bridge for the patients until a
donor organ is available for transplantation or until
liver regeneration [22]. The development of a BAL
system involves many design considerations. It
must provide: (1) an adhesion support to the cells;
(2) adequate mass transfer of oxygen, nutrients, and
toxic substances from blood or plasma of patients to
the cell compartments and proteins, catabolites, and
other specific compounds produced by cells from the
cell compartment to the blood or plasma; (3) immu-
noprotection of cells; and (4) biocompatibility. BAL
devices are classified by the cell source, the type of
culture system for the hepatocytes, and the config-
uration of the bioreactor (Table 1).
3.10.2.1 Cell Source

The choice of the cellular component plays a critical
role in the performance of a BAL device. Cells inside
must retain their differentiated functions. Primary
xenogeneic hepatocytes and human cell lines have
been used in the development of BAL.

In particular, due to a lack of human-organ avail-
ability, the current main source of hepatocytes for
bioartificial systems is xenogeneic material. Primary
porcine hepatocytes, for example, which can be
obtained in large quantities, have been widely used
as the cell source for hybrid artificial livers. Porcine
hepatocytes exhibit biotransformation functions,
synthesis of urea, albumin, and other proteins, and
are activated by growth factors that also activate
human cells [23].

Although the cells are easily obtained in large
quantities and demonstrate the same qualities and
therapeutic effects of human hepatocytes, this type
of cell source carries the risk of xenogeneic infections
and lack of metabolic compatibility [24]. An alterna-
tive approach is to use human immortalized
hepatocyte cell lines which have the necessary func-
tional and survival characteristics [25, 26]. The
advantages of using established cell lines include
the ability to culture large quantities of cells for an
extended period of time and the ability to control the
degree of hepatocyte function that is displayed [27,
28]. However, because these cells are cancerous in
nature, it is important to maintain safe handling
practices when considering the possibility of using
these cells clinically.

Stem cells have been suggested as interesting cell
sources. Stem cells, found in sources such as bone
marrow, are the most flexible cells in terms of being
undetermined in their pathway and expressing a
remarkable ability to differentiate into a desired cell
type. Hepatic progenitor cells that are in the liver are
often distinguished as primary or small hepatocytes.
These cells can differentiate into other functional
cells of the liver. Primary hepatocytes are harvested
via perfusion and are the precursor cells to mature
hepatocytes. Primary human hepatocytes are very
difficult to culture, and human cells that are obtained
via perfusion do not survive beyond several divisions
[29]. In addition, not only are human hepatocytes
difficult to maintain in culture, they also do not per-
form normal functions or undergo differentiation
[30]. To sum up, the problems are the limitations in
the supply of human hepatocytes, the possible infec-
tion in porcine hepatocytes, and tumorigenesis in cell
lines and gene-transferred hepatocytes. A preserva-
tion method is necessary when using human liver
cells as the cell source for a bioartificial liver. The
preference for progressive freezing is indicated by a
report that compared stepwise freezing with



Table 1 Characteristics of membrane BAL systems in clinical evaluation

References
Bioartificial
system

Bioreactor
configuration Membrane Cell source

Cell
capacity

Culture
technique Cell position

Level of
development

Matsumara

et al., 1987

[47]

Kiil dyalizer

bioartificial

liver

Plate Cellulose (MWCO 20 kDa) Primary rabbit

hepatocytes

1�1010 Suspension Dalysate

compartment

First clinical

report

Margulis
et al., 1989

[48]

Cartridge Polyvinyl chloride Porcine
hepatocytes

4�107 Suspension Shell Phase II
clinical

trials

Sussman

et al.,1992
[49]

ELAD

Amphioxus
cell

Technology

Hollow fiber Cellulose acetate (MWCO¼70 kDa) Human cell line

(C3A)

2�1011 Aggregates Shell Phase I

clinical trial

Demetriou

et al., 1995
[50]

Hepat Assist

Circe
Biomedical

Hollow fiber Polysulfone membranes (pore size

0.2mm)

Cryopreserved

porcine
hepatocytes

5�109 Microcarrier-

attached
irregular

aggregates

Shell Phase II/III

clinical trial

Gerlach
et al., 1994

[51]

LLS Charite,
Humboldt

Univ.

Germany

Hollow fiber Polyamide (MWCO¼100 kDa)
Polyethersulfone (MWCO¼80

kDa) Silastic polypropylene

(0.2mm pore size)

Pig primary
hepatocytes–

endothelial

cells

2.5� 109 Aggregates Shell Phase I

Patzer et al.,
2002 [52]

BLSS Excorp
Medical Inc.

Hollow fiber Cellulose acetate (MWCO¼100kDa) Porcine primary
hepatocytes

70–120 g Collagen gel
entrapped

Shell Phase I/II
clinical

trials

Flendrig

et al., 1997
[53]

AMC-BAL

Univ.
Amsterdam

Spirally

wound

Nonwoven polyester matrix,

polypropylene membranes (pore
size 0.2 mm)

Pig primary

liver cells

1�1010 Small

aggregates

Shell/on the

nonwoven
polyester

matrix

Phase I

Ding et al.,
2003 [54]

BAL TECA
Corp.

Hollow fiber Polysulfone (MWCO¼100 kDa) Swine
hepatocytes

1�1010 Aggregates Shell Phase 0
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progressive freezing as the freezing method following
precultivation of adult liver cells separated from the
removed liver [31].
3.10.2.2 Culture System

Hepatocytes are involved in many important liver
functions: blood detoxification; bile secretion; pro-
tein, steroid, or fat metabolism; and vitamin, iron, or
sugar storage. This multifunctionality implies a great
number of biological parameters, which are difficult
to reproduce in vitro to maintain all the functional-
ities of the hepatocytes. Moreover, primary cultured
hepatocytes rapidly lose liver-specific functions
when maintained under standard in vitro culture con-
ditions. To overcome such limitations in hepatocyte
in vitro culture, many strategies to restore and main-
tain normal hepatic structure and function have been
developed, such as the use of protein-coated culture
dishes [32], collagen sandwich [33], coculture with
other liver-derived or nonliver types of cells [34].
Implantable systems utilizing microcarriers, micro-
capsules, or aggregates have also been developed.
Other established culture models have also been
able to promote prolonged hepatocyte survival and
metabolic function in vitro. These models include the
use of porous membranes in a flat configuration, such
as the modified polyetheretherketone (PEEK-WC)
membrane [35], polyvinyl formal (PVF) resin [36],
and poly(D,L-glycolic-co-lactic acid) PGLA foam
[37], hepatic multicellular aggregates (spheroids) in
suspension culture [38], in microstructured scaffolds
[39], and in pores of porous matrices like polyur-
ethane foam (PUF) [40] as well as entrapment of
hepatic cells in coated alginate beads [41].
3.10.2.3 Bioreactor

A hybrid liver-support device is one of the most
complex bioreactors, considering the several func-
tions a liver performs. Its design is to ensure: the
rapid detoxification of neural and hepatic toxins;
the return of liver-specific hepatotrophic factors, as
well as liver-specific coagulation factors, back into
the patient’s blood; and the maintenance of liver-cell
detoxification and synthetic functions until liver-
tissue regeneration. On the basis of these considera-
tions, an efficient culture device must be designed
considering the following important design criteria:
(1) to use a sufficient number of differentiated hepa-
tocytes that can maintain the long-term functions; (2)
to reduce mass-transfer resistances and eliminate
substrate limitations so that the device can function

at maximum efficiency; and (3) to minimize the dead

volume in the device, thereby reducing plasma-

dilution effects in the patient. The ideal bioreactor

design would maximize mass transfer to the hepato-

cytes, thereby allowing nutrients, including oxygen,

and toxins from the patient’s blood or plasma to reach

the hepatocytes. The treated blood or plasma,

including metabolites and synthetic products, would

then be returned to the patient’s circulation. To

achieve this task a large surface area is important

for cell adhesion. An ideal device should integrate

efficient mass transport, scalability, and maintenance

of hepatocyte functions. One of the most promising

bioreactors is the membrane bioreactor. Membranes

with suitable molecular weight cut-off (MWCO)

have been proven to provide an effective immunoi-

solation barrier to immunocompetent species present

in the patient’s blood. Thus, xenogenic or allogenic

implants may be used without the need of immuno-

suppression therapy. Membranes also permit the

transport of nutrients and metabolites to cells and

the transport of catabolites and specific metabolic

products to blood. In the case of anchorage-depen-

dent cells, they offer high surface area available for

cell attachment and culture. In these bioreactor

designs, mass transfer is determined by the MWCO

or pore diameter and occurs by diffusion and/or

convection in response to existing transmembrane

concentration or pressure gradients. Some bioreac-

tors use membranes with MWCO ranging from 70 to

100 kDa that allow the transport of serum albumin

but exclude proteins with high molecular weight

(MW) such as immunoglobulins and cells

(Table 1). The advantage in using these membranes

is that they provide immunoprotection. Other bior-

eactors use microporous membranes with large pore

diameter (0.2 mm) that allows the free passage of

plasma proteins, toxins, and clotting factors between

blood or plasma and cells, but they exclude the

passage of cells (Table 1). The advantage in using a

membrane with large pore diameter is that it

increases the fluid convection in order to improve

mass-transfer conditions. Polymeric membranes with

different morphologies and chemical–physical prop-

erties have been used in BAL devices [42]. The

majority of extracorporeal BALs use cellulose and

polysulfone derivatives (Tables 1 and 2).

Morphological properties (e.g., pore size, pore-size

distribution, and roughness) and physico-chemical

properties (e.g., surface charge, wettability, and



Table 2 Membrane BAL systems in in vitro and preclinical tests

References
Bioartificial
system

Bioreactor
configuration Membrane material Cell source

Bioreactor cell
capacity

Culture
technique Cell position

Hu et al., 1997

[55]

Liver� 2000 Hollow fiber Polysulfone (MWCO 100

kDa)

Porcine

hepatocytes

1�108 Gel entrapment Lumen

Shiraha et al.,

1996 [56]

BAL Hollow fiber Polysulfone (pore size

0.2mm). Agarose

microcapsule

Rat hepatocytes,

HepG2

9�107 Multicellular

spheroids

Extrafiber space

Naka et al., 1999

[57]

BLSS Hollow fiber Polyethylene (Plasma Flo)

(0.3mm pore size)

Porcine

hepatocytes

5.4� 109 Entrapment Extrafiber space

De Bartolo et al.,

2000 [11]

FMB-BAL Flat Polyterafluoroethylene and

polycarbonate (pore size
0.2mm)

Pig hepatocytes 1�1010 Sandwich Between flat

membranes

Nagaki et al.,

2001 [58]

BAL Hollow fiber

bioreactor

Polyolefin fiber 0.4 mm pore

size

Rat hepatocytes,

HepG2

2�107 Entrapment Extrafiber space

Roy et al., 2001
[64]

Flat-plate Microchannel
bioreactor

Polyurethane membrane
dense

Rat hepatocytes 2�106 Monolayer Over the surface

Jasmund et al.,

2002 [59]

Oxy-HFB Crosswise hollow

fiber

Polyethylene (pore size

0.2mm) polypropylene

Pig liver cells 1–5�109 Aggregate Extrafiber space

Mizumoto and
Funatsu, 2004

[61]

LLS HALLS Hollow fiber
Multicapillary

Polyethylene coated with
EVAL hollow fiber

polyurethane foam and

capillary

Porcine
hepatocytes

0.5–100 g Organoids
spheroids

Extrafiber space

Curcio et al.,

2007 [62]

RWMS Flat Fluorocarbon dense

membrane

Rat hepatocytes 7.5–9�105 Spheroids Over the surface

Schmtmeier

et al., 2006
[63]

Minibioreactor Flat Polyterafluoroethylene

membrane dense

Porcine

hepatocytes

6�106 Monolayer Over the surface

Sauer et al.,

2004 [65]

Slide reactor Hollow fiber Polyethersulfone

membranes (pore size

0.2mm)

Human hepatoma

cells

8�104 Aggregates Between hollow

fibers

Pless et al., 2006

[66]

Microchannel

bioreactor

Flat-plate Polyurethane membrane

dense

Rat hepatocytes 2�106 Monolayer Over the surface



Ostrovidov et al.,
2004 [67]

PDMS
microbioreactor

Flat Polydimethylsiloxane and
polyester membrane

(pore size 0.4 mm)

Rat hepatocytes 5� 105 Monolayer Over the surface

Ye et al., 2006

[68]

LSS Hollow fiber Cellulose acetate

membrane PMB-30
modified (MWCO 100

kDa)

RTH33 cell line 2� 106 Monolayer Extracapillary

space

De Bartolo et al.,

2007 [69]

Multibore fiber

bioreactor

Multibore capillary Modified polyethersulfone

(pore size 0.2 mm)

Human

hepatocytes

7.5�106 Small

aggregates

Lumen

Lu et al., 2005

[70]

PVDF-hollow fiber Hollow fiber Polyvinylidene difluoride

(pore size 0.5 mm)

Rat hepatocytes 5� 107 Aggregates Extracapillary

space

Memoli et al.,
2007 [71]

Membrane
bioreactor

Flat Galactosylated
polyethersulfone (pore

size 0.1 mm)

Human
hepatocytes

4.7�107 Small
aggregates

Over the surface
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surface free energy) affect both the adhesion and
metabolic functions of hepatocytes [12, 43].

However, most of the commercial membranes
used in liver-cell culture are developed for hemodia-
lysis, in which they are optimized to be inert with
blood proteins and cells. As a result, membranes
express poor properties with regard to cell interac-
tions and functions. Thus, the development of
membranes that are able to favor the adhesion and
the expression of liver-specific functions is quite
important in the design of a tissue-engineered liver
bioreactor. Several strategies have been proposed to
improve the cytocompatibility of membranes includ-
ing the development of new membranes and surface
modification by grafting of functional groups (e.g.,
COOH, NH2), or by immobilization of biomolecules
such as RGD peptide or galactose that interact with
cell receptors [44, 45].

Another important issue in bioartificial liver
design is the maintenance of sufficient oxygen supply
to the hepatocytes. Since hepatocytes are highly
metabolic with high oxygen-uptake rates, in order
to oxygenate the circulating blood or plasma, some
devices incorporate an oxygenator in the bioreactor,
while others use an inline oxygenator in the extra-
corporeal perfusion circuit.
3.10.2.4 Membrane BAL Systems in
Clinical Evaluation

Currently, several BAL devices are in various stages
of clinical evaluation and are listed in Table 1.
Many of these devices use hollow fiber membranes
(HFMs) as supports for the cultured hepatocytes
and as immunoselective barriers between the plasma
of the patients and the hepatocytes used in the
bioreactor [46].

In 1987, Matsumura et al. [47] reported an early
clinical trial of a bioartificial liver. The device was
developed on the principle of hemodialysis against a
suspension of functioning hepatocytes. The liver sus-
pension was placed in a dialysate compartment on
one side of a cellulosic semipermeable membrane.
The blood flows through a compartment on the
opposite side of the membrane (Table 1). Later,
one of the first large clinical studies was performed
by Margulis et al. [48] in which 20-ml capsules filled
with porcine hepatocytes in suspension were used.

Since the 1990s, several BALs were proposed.
Sussman et al. developed an extracorporeal liver-
assist device (ELAD) in which the human hepatocyte
cell line C3A, which is derived from hepatoblastoma
cell line (HepG2), is located outside the hollow fiber
and blood flows through the lumen of the hollow
fibers. A portion of the patient’s plasma is ultrafil-
trated through a cellulose acetate membrane (70
kDa) and is in direct contact with the C3A cells
[49]. This device was commercialized by
Amphioxus Cell Technologies.

A hollow fiber device that uses cryopreserved
porcine hepatocytes attached to collagen-coated
dextran microcarriers that are called Hepatic Assist
was developed by Demetriou et al. In this system,
hepatocytes are loaded into the extracapillary space
and patient plasma flows through the capillary
lumina of membranes with a pore size of 0.2 mm.
This size is sufficiently small to block the passage of
whole cells [50]. Plasma first passes through an acti-
vated charcoal column and then flows through the
lumen of the hollow fibers.

A more complex system was proposed by Gerlach
et al. The liver-support system (LSS) or the modular
extracorporeal liver system (MELS) consists of a
bioreactor with four interwoven independent capil-
lary membrane systems that serve different functions.
The cells are cultured on the outer surface and
among the capillaries. Each fiber type exhibits a
different function: silastic membranes for oxygen
supply and removal of carbon dioxide, polyamide
fiber for the plasma inflow, polyethersulfone (PES)
fiber for plasma outflow, and hydrophilic polypropy-
lene membranes for sinusoidal endothelial coculture
[51]. With this capillary array, decentralized meta-
bolite and gas exchange with small gradients are
possible. Due to independent plasma inflow and
plasma outflow compartments, decentralized perfu-
sion of cells between these capillaries is achieved.
Additional functions could be integrated into the
module.

The BLSS is a hollow fiber device that uses por-
cine hepatocytes embedded in a collagen matrix.
This system uses cellulose acetate hollow fibers
with a 100-kDa MWCO containing greater than
70 g of primary porcine hepatocytes embedded in a
collagen matrix. The patient’s blood is perfused
through the capillary lumina [52]. In the circuit, a
flowing nutrient stream directly perfuses the hepato-
cytes providing specific nutrients.

The Academic Medical Center Bioartificial Liver
(AMC-BAL) developed by Flendrig et al. [53] uses a
three-dimensional, spirally wound, nonwoven polye-
ster matrix for hepatocyte attachment with
integrated hollow fibers for oxygen delivery to the
cells. In contrast with the other systems, the
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AMC-BAL uses direct contact between the patient’s
plasma and the matrix-attached hepatocyte to
improve bidirectional mass transfer.

Another BAL system that is currently in clinical
testing is a bioreactor from TECA Corp. in which a
polysulfone membrane with MWCO of 100 kDa
compartmentalizes porcine hepatocytes [54].
3.10.2.5 Membrane BAL system in
Preclinical and In Vitro Evaluation

Several BAL systems have been evaluated preclini-
cally in in vitro experiments and in large-animal
models of liver failure.

In the Liverx2000 system of Hu et al. [55], the
hepatocytes are suspended in a collagen gel and
injected into the lumen of a hollow fiber with a
MWCO of 100kDa and the extracapillary compart-
ment is perfused with a recirculating medium. The
flow of the medium through the luminal space pro-
vides hepatocyte nutrients (Table 2).

A bioartificial liver-support system consisting of
a hollow fiber cartridge using encapsulated multi-
cellular spheroids of rat hepatocytes was developed
by Shiraha et al. The spheroids, formed in a posi-
tively charged polystyrene dish, were encapsulated
into microdroplets of agarose that contained about
9� 107 rat hepatocytes. The medium was circulated
in a closed circuit in which the cartridge was
inserted [56].

Several alternative device configurations have
advanced to the stage of large-animal, preclinical
evaluation. Naka et al. have developed a system
using primary porcine hepatocytes that is similar to
the BLSS. The differences are in the use of micro-
porous polysulfone HFMs in the hepatocyte
bioreactor and perfusion of plasma through the bior-
eactor. The system has shown some efficacy in
support of ischemic pig liver-failure model [57].

The flat-membrane bioreactor (FMB) developed
by De Bartolo et al. consists of primary porcine hepa-
tocytes cultured between semipermeable flat
membranes. This is a reproducible model with total
hepatectomy in pigs, suitable in testing the safety and
efficacy of the liver-support system. Isolated hepato-
cytes were cultured within an ECM between
oxygen-permeable flat-sheet membranes in the
FMB. In particular, both sides of the outside shell
are constituted of PTFE membranes permeable to
oxygen, carbon dioxide, and aqueous vapor, which
allow direct oxygenation of the cells adhering to the
surface and to the medium overlying the cells.
Porcine hepatocytes are maintained in a three-
dimensional coculture with nonparenchymal cells.
A microporous polycarbonate membrane separates
the medium from the cell compartment. The FMB
maintained stable cell-specific functions and is a safe
and efficient device [11].

Nagaki et al. developed a hybrid liver-support
system which consists of plasma perfusion through
porous hollow fiber modules inoculated with 10 bil-
lion porcine hepatocytes entrapped in a basement
membrane matrix, Engelbreth–Holm–Swarm (EHS)
gel. This system was applied to pigs with ischemic
liver failure. It was demonstrated that the use of a
BAL support device in combination with a hollow
fiber module and hepatocytes entrapped in EHS gel
has potential advantages for clinical use in patients
with hepatic failure [58].

An oxygenating hollow fiber bioreactor (OXY-
HFB) BAL system was developed by Jasmund et al.
[59] and it consists of oxygenating and integral heat-
exchange fibers with a simple design. Primary liver
cells are seeded on the surface of the fibers in the
extrafiber space. Oxygen requirements are supplied
and temperature is controlled via the fibers. Plasma
from the patient is perfused through the extrafiber
space and brought into direct hepatocellular contact.

The liver lobule-like structure module (LLS)
BAL system has many hollow fibers that act as
blood capillaries and are regularly arranged close to
each other [60]. Hepatocytes are inoculated by a
centrifugal force in the outer space of the hollow
fibers. The multicapillary PUF module used as a
BAL system consists of a cylindrical PUF block
with many capillaries in a triangular arrangement to
form a flow channel [61]. The hepatocytes in the
foam pores formed spheroids with a diameter of
100–150 mm.

Based on the use of a gas-permeable membrane, a
rotating-wall gas-permeable membrane system was
developed by Curcio et al., and used for the formation
and culture of hepatocyte spheroids. Microgravity
conditions were obtained in rotating-wall systems in
which hepatocyte aggregates were formed by cells
protected from gravitational forces and acceleration.
Owing to the high O2 permeability of the rotating-
wall membrane system, the viability and functions of
the cells improved with respect to a polystyrene (PS)
rotating-wall system [62].

Schmitmeier et al. developed a new small-scale
bioreactor with the hepatic sandwich model. It is of
the same dimension as the conventional 24-well
cell-cultivation plate where the bottom is replaced
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by the gas-permeable PTFE membrane. Compared

to hepatocytes cultured in conventional systems,

primary porcine hepatocytes exhibited stronger

liver-specific capacity and remained in a differen-

tiated state in the small-scale bioreactor over a

cultivation period of 17 days. This in vitro model

could serve as a tool to predict the liver response to

newly developed drugs [63].
Pless et al. evaluated primary human liver cells in

bioreactor cultures for extracorporeal liver support

on the basis of urea production. In particular, the

long-term course of 47 bioreactor cultures of hepa-

tocytes over a culture period of 21 days was

investigated. The bioreactors based on the design

developed by Gerlach et al. consist of three interwo-

ven hollow fiber capillary bundles, forming four

compartments, and integrated into a PU housing.

Two of the bundles are made of hydrophilic PES

membranes with a pore size of 0.5 mm, serving for

medium supply during stand-by or for plasma perfu-

sion during clinical application. The third bundle

consists of hydrophobic multilaminate HFMs and

was perfused with a mixture of air and CO2 supply-

ing the cells with oxygen and carbon dioxide [64].
A simple hollow fiber-based bioreactor that is

suitable for light microscopy was developed by

Sauer et al. [65] to evaluate cell–cell and cell–

membrane interactions. The SlideReactor offers a

cell compartment separated from a medium inflow

and outflow compartment. Due to its simple design

and the use of materials available in most labora-

tories, SlideReactor is a simple and valuable tool to

evaluate the cell-to-cell and cell-to-hollow-fiber

interaction and enables the comparison of different

types or arrangement of hollow fibers, for example,

for use in bioreactor-based ELADs, or analysis of the

influence of medium supplements on the cell viabi-

lity and tissue integrity.
A flat-plate microchannel bioreactor with an

internal membrane oxygenator was designed to

improve oxygen supply to the cells. The hepatocytes

are attached to a glass substrate and are in direct

contact with the perfusing medium. A PU gas-

permeable membrane separates the liquid compart-

ment from the oxygenating gas compartment. This

design allows oxygen delivery to the hepatocytes to

be decoupled from the medium flow, thereby allow-

ing oxygen delivery and flow to be studied

independently. Hepatocytes with oxygen-dependent

functional heterogeneity may exhibit optimal func-

tion in this bioreactor [66].
Ostrovidov et al. [67] developed two types of
membrane-incorporating microbioreactors to
improve the maintenance of primary rat hepatocytes:
one with a commercially available polyester mem-
brane and the other with a PDMS membrane. These
microbioreactors closely mimic the in vivo liver
architecture and revealed to be promising tools
toward future application in drug screening or
liver-tissue engineering [67].

Ye et al. presented a bifunctional cellulose acetate
(CA) HFM bioreactor modified with 2-methacryloy-
loxyethyl phosphorylcholine (MPC) copolymers
(PMB30 (MPC-co-n-butyl methacrylate) (BMA)
and PMA30 (MPC-co-methacrylic)) for preparing a
novel liver assist HFM bioreactor. A CA/PMB-
PMA30 HFM modified asymmetrically on the
inner and outer surface with PMB30 and PMA30
was prepared successfully. The modified HFM has
good hemocompatibility and antifouling property on
the other surface due to the modification effect of the
MPC copolymer [68].

De Bartolo et al. [69] developed a multibore fiber
bioreactor as an in vitro liver-tissue model to study
disease, drugs, and therapeutic molecules alternative
to animal experimentation. This bioreactor, owing to
the membrane configuration, combines the advan-
tage of having seven compartments represented by
seven capillaries arranged in one single fiber with
high stability and mechanical resistance. Human
hepatocytes were cultured in the intraluminal com-
partment of the multibore fiber bioreactor. The
morphological, physico-chemical, and transport
properties of the multibore fiber membranes favor
cell adhesion and ensure sufficient oxygenation pro-
cess, nutrient feeding, end-product removal, and
distribution of fluid molecules inside the cell
environment.

Membrane bioreactors using specific adhesive
substrates such as galactosylated membranes were
developed in order to improve the adhesion and
specific functions of liver cells. A galactosylated
polyvinylidene difluoride hollow fiber bioreactor
provided specific adhesion and showed an enhanced
albumin production of rat hepatocytes [70].
Recently, a flat bioreactor using galactosylated-PES
membrane promoted the long-term maintenance of
differentiated functions of human hepatocytes out-
side of the body [71]. This human hepatocyte
bioreactor was applied to study interleukin-6 (IL-6)
effects on the production of acute phase proteins and
gave evidence that IL-6 downregulated the gene
expression and synthesis of fetuin-A by primary
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human hepatocytes. The human hepatocyte bioreac-
tor behaves like the in vivo liver, reproducing the
same hepatic acute-phase response that occurs dur-
ing the inflammation process.
20.0 µm

Figure 1 Confocal image of human hepatocytes on

PEEK-WC–PU membranes immunostained for actin

(green). DAPI (blue) counterstaining was used to detect

nuclei. Scale bar 20mm.
3.10.2.6 Novel Membrane Biohybrid
System for Liver Regeneration

In the last few years, several studies have demon-
strated that semipermeable synthetic membranes can
be used for the development of biohybrid systems for
liver cell cultures. We demonstrated that the
morphological and physico-chemical properties of
membranes, such as surface free-energy parameters,
affect cell adhesion and specific metabolic functions
of hepatocytes [12, 72]. Polymeric membranes are
able to support the long-term maintenance of meta-
bolic and biotransformation functions of isolated
human hepatocytes in a biohybrid system [35, 73].
Moreover, surface modification by plasma process
and the immobilization of biomolecules, such as
RGD and galactose, on membrane surface improve
cell adhesion and the maintenance of differentiated
functions [44, 45, 74–79].

In the recent past, the in vitro use of membrane
biohybrid systems including bioreactor systems
contributed to provide important information
about the effect of various drugs, such as diclofenac
(DIC), rofecoxib, and paracetamol, whose effects
are not completely known, on the specific functions
of human hepatocytes [69, 71, 80, 81]. A novel
biohybrid system constituted by a modified
PEEK-WC and PU membrane and human hepato-
cytes was developed by De Bartolo et al., as an in

vitro system able to reproduce all liver functions to
be used for drug testing and toxicity alternative to
animal experimentation. In this system, human
hepatocytes showed polygonal shape and intercel-
lular junctions with the neighboring cells formed a
structure that is close to the in vivo liver architec-
ture (Figure 1).

This system was used to investigate the effect of
a triterpene, ursolic acid (UA), on the specific meta-
bolic functions of human hepatocytes. UA is a
pentacyclic triterpene acid which is widely distrib-
uted in medical herbs and plants [82] and it
possesses antibacterial, antiviral, hepatoprotective,
and immunomodulatory activity [83]. In particular,
the protective effects on the liver cells in the pre-
sence of toxic concentrations of the drug were
investigated. Membranes were prepared from a
polymeric blend of PEEK-WC or poly(oxa-1,4-
phenylene-oxo-1,4-phenylene-oxa-1,4-phenylene-3,

3-(isobenzofurane-1,3-dihydro-1-oxo)-diyl-1,4-phe-

nylene) and PU by inverse-phase technique using

the direct immersion–precipitation method.

Therefore to obtain information about the mechan-

ism whereby UA reduces drug toxicity, we

investigated the effect of UA on the specific functions

of human hepatocytes cultured on PEEK-WC–PU

membranes in presence of the anti-inflammatory

drug DIC at a concentration (700 mM) that is

known to be toxic. The hepatoprotective effect of

UA was evaluated on the liver-specific functions,

such as urea synthesis, using DIC at toxic concentra-

tion (700 mM) in the presence of UA (100 mg ml–1)

(Figure 2). The ability of human hepatocytes

cultured on the PEEK-WC–PU membrane system

to synthesize urea was maintained for the whole

culture period of 24 days. In the presence of DIC,

urea synthesis decreased dramatically whereas

administration of DIC with UA showed less drastic

effects on the metabolic functions. It is interesting to

note that when the two substances are simultaneously

supplied, hepatocytes synthesize urea with a rate that

lies between the rates when treated alone with either

of them.
These results demonstrated that the biohybrid

PEEK-WC–PU system is able to reproduce liver

functions in vitro and therefore it can be used as

model system for drug testing and toxicity as well

as for studying metabolic diseases and therapeutic

molecules.
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Figure 2 Urea synthesis of human hepatocytes cultured in biohybrid PEEK-WC–PU system for 24 days and treated with:
(^) ursolic acid (UA) (100mg ml–1); (&) diclofenac (DIC) (700mM); (*) ursolic acid–diclofenac association (UAþDIC). The

values are the mean of six experiments� standard deviation. On fourth day of culture: � p < 0.05 vs. DIC; x p < 0.05 vs. DIC. On

sixth day of culture: � p < 0.05 vs. DIC. On eighth day of culture: � p < 0.05 vs. DIC; x p < 0.05 vs. DIC. On tenth day of culture: �

p < 0.05 vs. DIC; x p < 0.05 vs. DIC; ‡ p < 0.05 vs. UA þ DIC. On twelfth day of culture: � p < 0.05 vs. DIC; ‡ p < 0.05 vs. UA þ
DIC. On sixteenth day of culture: � p < 0.05 vs DIC.
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3.10.3 Membranes for Neuronal
Tissue Regeneration

In the tissue-engineering strategies to repair all body
parts, neuronal repair stands out. The nervous system
consists of the central nervous system (CNS) which
includes the brain and the spinal cord and the per-
ipheral nervous system (PNS), which is composed of
cranial, spinal, and autonomic nerves that connect to
the CNS. The functional unit of the nervous system
is the neuron that has a cell body and dendrites and
axons. The dendrites serve as antennae to receive
signals from the surroundings or other neurons
whereas the axon that is longer than the dendrite is
engaged in transporting impulses from the cell body
to dendrites of other neurons through synapses [84].
Electrical impulses can also pass from axon to axon,
axon to soma, or from dendrite to dendrite. Injury to
the nervous system caused by mechanical, thermal,
or ischemic factors can impair various nervous sys-
tem functions such as memory, cognition, language,
and voluntary movement. CNS injury may result in
death or permanent disability.

In the United States alone, more than 3 million
cases of traumatic brain injury are reported
annually. These patients include anyone who has
fallen, especially someone older than 64 years; a
person who has been in a motor vehicle accident;
someone with a gunshot wound or violence-related
injury; or an adolescent or young adult who has a
sports-related injury. Approximately 400 000
Americans suffer from neurological symptoms asso-
ciated with multiple sclerosis (MS). Furthermore,
over 5 million people in the United States and
Europe alone suffer from the dementia associated
with Alzheimer’s disease. About 450 000 people in
the United States live with spinal cord injury (one in
670), and there are about 11 000 new spinal cord
injuries every year (one in 30 000) [85].

While in PNS injury the several axons can re-
extend and reinnervate with a functional recovery, a
rare return of damages, structures, and functions is
observed following injuries to the CNS. Owing to the
profound impact of CNS damage, extensive studies
have been carried out aimed at facilitating CNS
repair. Many strategies have been developed to facil-
itate axonal reinnervation and to direct their
outgrowth. Various devices using synthetic and bio-
logical substrates are being developed as biomaterial
bridges for peripheral nerve grafts. In particular,
membranes in tubular configuration act as a guidance
channel to protect the regenerating axons in the
lumen from the external environment. The mem-
brane reduces the infiltration of fibrous tissue and
provides a conduit for the diffusion of neurotrophic
factors and allows the selective transport of mole-
cules between the lumen and the surrounding
environment.

Current attempts are focused on seeking new
biomaterials, new cell sources, as well as novel
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designs of tissue-engineered neuronal bridging
devices, to generate safer and more efficacious
nervous-tissue repairs.
3.10.3.1 Clinical Approaches for Treating
Nerve Injuries

For peripheral nerve injury, one of the current clin-
ical treatments for nerve transaction is surgical end-
to-end reconnection, which involves the suturing of
individual fascicles within the nerve cable. End-to-
end repair, however, is only effective if the nerve
ends are directly adjacent and can be reconnected
without causing tension. If the injury creates a gap in
the nerve, autologous nerve grafts or autografts are
used. For longer nerve gaps, this approach is not used
because any tension introduced in the nerve cable
would inhibit the regeneration while an autologous
nerve graft from other donor sites is used. This tech-
nique has the disadvantage of the loss of function at
the donor site and the need for multiple surgeries.
There are a few devices that are now Food and Drug
Administration (FDA) approved for relatively short
nerve defects, including Integra Neurosciences
Type I collagen tube (NeuraGen Nerve Guide)
[86] and SaluMedica’s SaluBridge Nerve Cuff [87].
However, these treatments are reserved for small
defects (several millimeters) and do not address lar-
ger peripheral nerve injuries.

For CNS injury, and particularly spinal cord
injury, clinical treatment is less promising. If bone
fragments exist near the site of injury, then surgery
may be performed to reduce any risk of secondary
injury. Anti-inflammatory drugs, such as methyl-
prednisone, are often also administered to reduce
swelling and secondary injury [88]. Unfortunately,
there is currently no treatment available to restore
nerve function.
3.10.3.2 Bioengineering Strategies for
Nerve Repair

Bioengineering efforts are focused on creating a per-
missive environment for regeneration and providing
a seamless interface between the CNS and the PNS.
Many researchers are presently focusing efforts on
creating physical or chemical pathways for regener-
ating axons. These devices include physical or
mechanical guidance cues, cellular components, and
biomolecular signals, as reviewed individually below.
Future therapies will incorporate multiple cues into
unique devices that more closely mimic native nerve.
They will also be interactive and programmable, and
thus capable of seamless communication with sur-
rounding tissues.

3.10.3.2.1 Guidance therapies

The growth of cells and tissue is strongly influenced
by environmental cues. In particular, topographical
features, such as that created by cells, matrix proteins,
and surface texture on biomaterials, influence cell
and tissue growth. This phenomenon is termed as
contact guidance. The physical guidance of axons is
a vital component of nerve repair. Since the 1960s,
when Millesi et al.[89] pioneered microsurgical tech-
niques to accurately align nerve fascicles in the direct
resection of nerve ends, with improved functional
outcomes, the need for physical guidance has been
acknowledged as an essential element in nerve
regeneration. The nerve guides or nerve-guidance
channels serve to direct axons sprouting from the
proximal nerve end, provide a conduit for the diffu-
sion of growth factors secreted by the injured nerve
ends, and reduce the infiltration of scar tissue. Past
research in this area has focused either on existing
natural or on synthetic materials; however, none of
the materials studied to date have matched or
exceeded the performance of the nerve autograft.
As a result, researchers are now focusing on the
combination of materials and desired biomolecules
to create new composite materials that can actively
stimulate nerve regeneration. Matrices are incorpo-
rated into the lumen of the guidance channel to
enhance the organization of the regeneration envir-
onment and provide topographic-guidance cues via
aligned textures, and biological-guidance cues by
patterned biomolecules, to facilitate unidirectional
outgrowth of the regenerating axons [90–96]. Cells
[97], ECM molecules [98], or growth factors [99] can
be incorporated into the tube to assist axonal sprout-
ing and outgrowth. Among the variety of tubular
structures used for guidance channels, semiperme-
able HFMs appear to be a favorable guide to
regenerate neuronal tissue. The most promising
results were observed with a minichannel entubula-
tion device in which Schwann cells were seeded into
a semipermeable nondegradable HFM made of a
random copolymer of acrylonitrile and vinylchloride
(PAN–PVC) with an outer diameter comparable to
that of the hemisected part of the right spinal cord
[97, 100, 101]. A large number of both myelinated
and nonmyelinated regenerating axons were discov-
ered in the midpoint of the channel and some of the
regenerating axons were able to traverse the
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bridge–host interface and reenter the host CNS
environment. These axons terminated as button-
like structures in the gray matter. In order to confirm
the efficacy of the minichannel design on CNS axon
regeneration, further evaluations of functional recov-
ery and synaptic reconnections are necessary.

Topographic cues such as the surface microgeo-
metry of the guidance channels and the morphology
of the intraluminal matrices within the nerve-
bridging device may represent key elements in the
successful guidance of regenerating axons. In fact,
unoriented ECM materials allow little nerve
regeneration [102].

3.10.3.2.2 Tissue response to bridging

devices

In a tissue-engineered construct, the response of
tissue depends on the properties of the materials
and the cells [103]. Material properties, including
morphological, structural, mechanical, physico-
chemical [104], and electrical properties [105], affect
tissue response. The cells within the construct inter-
act with the material directly via physical contact or
indirectly via the diffusion of cell-secreted soluble
factors.

In the case of a typical tissue-engineered neuronal
bridging device, the properties of the material com-
ponents relevant to the tissue response include the
surface microgeometry [106], the MWCO [107], the
electrical properties [108], possibly the bioactive fac-
tors that are loaded and sustainedly released through
the channel wall, and the degradation rate for biode-
gradable materials [109].

Axon guidance by concentration gradients of
soluble guidance cues has been extensively studied
in vitro. The modification of the surface with neuro-
nal trophic factors has been found to elicit neuronal
regeneration. The patterning of materials with che-
mical cues, such as ECM proteins (e.g., laminin,
fibronectin, and RGD peptide), has been evaluated
in the neurite outgrowth. Neurons from rat brainstem
and cortices adhered to surfaces coated with laminin.
DRG neurite attachment was found to be dependent
on fibronectin strip width (30 mm). Hippocampal
neurons adhered to and extended neurites on the
pattern of poly-L-lysine and laminin. Electric fields
in the form of voltage gradients have been
observed to polarize the nervous system along the
rostral–caudal axis during the development
(5–18 mV mm–1) and direct nerve growth and
accelerate wound healing in the rat cornea
(þ40 mV/0.5 mm) [110]. Cues in three dimensions,
such as matrigel, collagen, as well as polymer syn-
thetic polymer-based scaffolds, support longer
neurites than in bidimensional culture systems.
Topographical cues influence nerve growth and
regeneration. The influence of topographical features
on neuronal cell adhesion and differentiation has been
studied using patterned adhesive areas that provide
only a fraction of the surface for cell adhesion while
the rest is cell repellent or using contact-guidance
cues in combination with nerve growth factors or
electric field [111–113]. Neurons have the ability to
respond to topographical features in their microen-
vironment and they have been shown to adhere,
migrate, and orient their axons to navigate surface
features such as grooves in substrates at micro- and
nanoscales. Topographical guidance of neurite out-
growth has been explored in vitro with well-defined
micropatterned substrates. Topographic guidance of
neurites’ outgrowth has been explored in vitro with
culture substrate containing etches, microchannels,
nanotubes, or microgrooves [114–118]. Mahoney
et al. [119] studied the effects of microchannels of
20–60mm in width and 11mm in depth on PC-12
cell cultures. Neurites were directed along the axis
of the grooves with microchannels of 20–30mm being
most effective at neurite directions. Other authors
found an optimal surface with roughness in the
range of 50 nm for the attachment of primary neurons
isolated from the substantia nigra [120].

De Bartolo et al. [121] showed that hippocampal
neurons exhibited a different morphology in
response to varying the properties of the membrane
surface. Indeed, cells grown on the smoother mem-
branes such as fluorocarbon (FC) and PES
membranes displayed a large number of neurites
with consequent formation of bundles. The density
of axonal network increases the neurites to become
more elaborate and highly branched on the smoother
surfaces (Figure 3). As a consequence, while a very
complex network was formed on these membranes,
cells tend to, instead, form aggregates and most of the
processes are developed inside the pores of the mem-
branes when rougher PEEK-WC surfaces were used.
Aebischer et al. [106] observed that smooth inner
walls of polymeric channels induced the formation
of discrete nerve cables with a number of myelinated
axons within an organized fibrin matrix in contrast
with the rough inner walls that elicited the formation
of scattered nerve fascicles in an organized fibrin
matrix.

Zhang et al. fabricated HFMs with unidirectional
aligned grooves parallel to the hollow-fiber long axis
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Figure 3 Micrographs of hippocampal neurons after 8 days of culture on (a) modified fluorocarbon (FC) membrane and

(b) different magnification.
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on the inner surfaces from both nondegradable and

biodegradable natural and synthetic polymers. HFM

guidance channels with aligned grooves on the inner

surfaces may allow enhanced orientation and direc-

tional outgrowth of regenerating axons [122]. Both

surface and transport properties of the membranes

play an important role in neuronal regeneration: the

surface microgeometry of the membrane inner wall

affects the orientation of the axonal growth, and the

MWCO of the membrane affects axonal regenera-

tion by governing the mass transfer of molecules

between the controlled regenerating environment

within the channel lumen and the external environ-

ment [107]. In Table 3, the main studies with

neuronal cells using membrane systems are

reported.
The MWCO of the membrane can be adjusted to

allow diffusion of nutrients, waste products, and the

external humoral factors that are beneficial to regen-

eration across the membrane–tissue interface,

excluding the transport of immunocompetent species

and molecules. Polyvinyl alcohol (PVA) and poly-

ethylene-co-vinylalcohol (EVAL) membranes were

used for culture of neural stem cells isolated from

embryonic cerebral cortex. Single neural stem cells

seemed to remain dormant on the EVAL.

Conversely, the development of cell clusters at low

density allowed the differentiation of cells into neu-

rons and astrocytes [123]. The physico-chemical

properties of the membrane surface are also impor-

tant in the interactions with cells. Manwaring et al.

cultured cells derived from meningeal tissue on
surfaces with different wettability: PAN–PVC, poly-

ethylene vinyl acetate (PEVAC), polypropylene (PP)

PS, and Tecoflex (TECO). The hydrophilic materi-

als supported the highest level of cell attachment

while the hydrophobic materials supported less cell

adhesion [124]. Other studies demonstrated that PC-

12 cells are a differentiated neuronal phenotype with

a long neurite on polyethylene surface with moderate

wettability [125].
Chang et al. studied the effect of membranes made

of a polymeric blend of polyethyleneimine (PEI) and

EVAL with different concentrations of PEI on the

behavior of granule neuronal cells. The addition of

PEI at increasing concentrations resulted in a change

in wettability properties of the membranes with con-

tact angle ranging from 23 to 85�. An increased cell

viability was observed on membrane surface at 57.8�

[126].
In understanding the interactions between micro-

fabricated synthetic interfaces and cells, Lopez et al.

investigated microfabricated nanoporous silicon

membranes modified with collagen and laminin on

the survival, proliferation, and differentiation of PC-

12 cells. The modification of the membrane with

collagen was important to improve the adhesion of

cells [127].
The tubular membrane can be engineered to

allow adsorption of the bioactive factors to the chan-

nel walls during the fabrication process, which could

be released within the lumen to favor nerve regen-

eration. Previous studies reported enhanced nerve

regeneration in vivo under the effect of growth factors



Table 3 Characteristics of membranes in vitro neuronal regeneration

Reference Membrane Configuration Matrices
Membrane
properties Cells Effect

Li et al., 1999

[129]

Polyacrylonitrile

polyvinylchloride
copolymer

Hollow fiber Macroporous

cellulosic
microcarriers

Hydrogel PC-12 L-dopa

secreting and
C2C12 CNTF

secreting

Cell proliferation, dopa and CNTF

secretion

Manwaring

et al., 2001
[124]

Glass, CA, PES, PAN-PVC,

PS, PP, PEVAC

Flat - Contact angle

ranging from 35
to 95�

Dorsal root ganglion

and cerebellar
granule neurons

Cell proliferation on CA, PAN–PVC,

PEVAC and glass

Broadhead

et al., 2002

[130]

Copolymer of acrylonitrile

and vinylchloride

Hollow fiber - Cut-off 40,150 kDa PC-12 Proliferation and maintenance of

viability

Lee et al., 2003

[125]

Polyethylene Flat Corona treated Wettability gradient

surfaces

PC-12 Longer neurites on surface with

contact angle of 55�

Zhang et al.,

2005 [122]

Aromatic polyether-based

polyurethane, Poly DL-
lactide-coglicolide

Hollow fiber Poly-L-lysine

and laminin

Grooves on the

lumen of width of
38.5–91 mm

Dorsal root ganglion High rate of neurite outgrowth on

textured inner surface

Young et al.,

2005 [123]

Polyvinyl alcohol and

polyethylene-co-vinyl
alcohol

Flat - Dense structure Cerebral cortical stem

cells

Differentiation in neurons/strocytes

and prolifertaion

Lopez et al.,

2006 [127]

Silicon Flat Laminin and

collagen

Pore size ranging

from 20 to 50 nm

PC-12 The modification of collagen increases

cell survival and functionality

Chang et al.,
2007 [126]

Polyethyleneimine-
polyethylenevinylalcohol

Flat - Contact angle
23.2–84.9�

Rat cerebellar granule
neurons

Increased cell viability on surface with
57.8�

De Bartolo

et al., 2008

[121]

Fluorocarbon,

polyethersulfone, modified

polyetheretherketone

Flat Poly-L-lysine Roughness ranging

from 6 to 200 nm

Hippocampal neurons Surface with Ra up to 50 nm favored

the formation of longer neurites and

BDNF secretion
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or neurotrophic factors released from the walls of the
guidance channels [128].

Both nonbiodegradable materials, such as silicon,
PE, PVC, polyvinylidenedifluoride, and PTFE, and
biodegradable materials, such as collagen, chitosan,
polycaprolactone, and polyglycolic acid, have been
used to realize tube as nerve-guidance channels for
repairing transected nerves. Particularly semiperme-
able HFMs seeded with fetal spinal cord cells have
been shown to markedly promote axonal growth
across a gap in adult-rat spinal cord. Zhang et al.
used semipermeable HFMs with highly aligned tex-
tures on the inner surface in order to promote the
dorsal root ganglion regeneration. Aromatic poly-
ether PU was used as nondegradable and poly-DL-
lactide-coglycolide was employed as a degradable
polymer. The presence of grooves with heights of
38.5–91 mm allowed the regeneration of neurites
that were aligned and parallel to the direction of
the grooves [96].

Asymmetric HFMs of PAN–PVC were used to
encapsulate PC-12 cells secreting dopa and C2C12-
secreting ciliar neurotrophic factor (CNTF) sup-
ported the proliferation of cells and the secretion of
specific factors [129]. PAN–PVC membranes with
structural properties have been used for PC-12 cells
by Broadhead et al. [130]. The encapsulated cell
biomass, the number of proliferating cells, and the
quantity of dopamine released increased as a function
of increasing HFM diffusive permeability. In this
respect, membrane permeability plays a dual role
by regulating the size of the cell mass that generates
the product and by being able to restrict the diffusion
of the product across the membrane into the sur-
rounding environment. Unlike biomass size, the
percentage of viable cells was independent of mem-
brane permeability.

The use of biodegradable materials in guidance
channels offers the advantage of timely disappear-
ance from the implantation site without an additional
surgical intervention once the regeneration process is
completed and further allows connection of the
regenerated axons with the host circuitry. The
important characteristics of a biodegradable guidance
channel include minimal tissue response following
implantation, in vivo degradation at a rate that
matches with the regeneration process, nontoxic
and readily excreted degradation products, and the
absence of toxic residual chemicals that may be con-
tained in their preparation [109].

For most of the biodegradable materials that are
well tolerated in the CNS, such as polylactic,
polyglycolic acid and their various copolymers
[131–133], polyanhydrides [134], hydrogels [135],
and poly(phosphoester) [136], the tissue inflamma-
tory response generally becomes stabilized and
resolved as a function of material degradation.
Biodegradable materials formulated into micro-
spheres were designed for controlled drug delivery
at a CNS tissue site.
3.10.3.3 Membranes Used in In Vivo
Neuronal Regeneration

Synthetic HFMs can be used to repair nerve
transaction. Transplantation of porous tubes in poly(2-
hydroxyethyl methacrylate-co-methyl methacrylate)
was performed by Reynolds et al. [137], following a
spinal cord transaction surgery in order to improve
locomotor functions in rat (Table 4).

Semipermeable membranes are also used for the
cell encapsulation in order to immunoisolate the cells
from the host by being permeable to molecules smal-
ler than certain sizes, but restricting the passage of
larger molecules, such as antibodies and complement
components, from entering the membrane lumen and
interacting directly with the encapsulated cells [138].
One of the applications of HFMs with encapsulated
cells is with regard to implantation in the CNS for
treatment of Parkinson’s disease. Parkinson’s disease
is a neurological disease characterized by the pro-
gressive loss of dopaminergic neurons, in the
substantia nigra pars compacta, which are important
to motor control. A treatment strategy under devel-
opment involves the implantation of encapsulated
dopamine-secreting cells, with the purpose being to
alleviate at least some of the symptoms of Parkinson’s
disease through the targeted delivery of dopamine.
There are also other nervous system disorders where
the delivery of missing factor(s), for example, neuro-
transmitters, neurotrophic factors, or enzymes, might
compensate for a disease-caused deficiency and thus
alleviate symptoms. Although approaches such as the
use of pumps or slow-release polymer systems could
be employed, the use of encapsulated secretory cells
is a particularly attractive one for chronic implant
therapies since the supply will last as long as the cells
survive. There are two methods of encapsulation:
micro- and macroencapsulation [138]. For macroen-
capsulation, cells are usually suspended in a matrix
within an HFM. The open ends of the hollow fiber
are sealed, thereby forming a capsule within which
cells reside. In this case, the relatively thick fiber
membrane represents a large diffusion distance for



Table 4 In vivo applications of membranes in neuronal regeneration

Reference Membrane Configuration Matrices
Membrane
properties Cells Effect

Benvensite et al.,
1987 [139]

Diaflo Microdialysis
tube

- 50 kDa Cellular reaction to implant

Winn et al., 1989

[140]

PAN–PVC Capsules - Giant cells Immunoisolation form

xenograft

Aebischer et al.,
1989 [107]

Polysulfone Tubes - MWCO 10 and 100
kDa

Sciatic nerve Regeneration of peripheral
nerve with 10 kDa MW cut-off

membrane

Li et al., 1999
[129]

Polyacrylonitrile
polyvinylchloride

copolymer

Hollow fiber Macroporous
cellulosic

microcarriers

Hydrogel PC-12 L-dopa secreting
and C2C-12 CNTF

secreting

Cell proliferation in vitro and in
vivo and release of L-dopa

and CNTF

Sajadi et al.,

2006 [141]

Polyethersulfone Fiber Polyvinylalcohol Inner diameter

500mm

MDX-12 secreting

GDNF

Regeneration of nigrostrial

dopaminergic fibers
Reynolds et al.,

2008 [137]

Poly-2-hydroxyethyl

methacrylate-co-methyl

methacrylate

Tube - Dense structure Improvement of locomotion

function after spinal

transection

Xue et al., 2001
[142]

Alginate-polylysine-
alginate

Microcapsules Polylysine Diameter 100–300mm Bovine chromaffin cells Reversion of behavioral deficits
in hemiparkinsonian rats

Kim et al., 2004

[143]

Alginate Microcapsule Poly-L-lysine Diameter 100–300mm Chromaffin cells Maintenance of cell viability

after implantation and
analgesic effect
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the release of catecholamine. This limit can be over-

come by microcapsules. The thin membrane and

spherical shape result in a high surface-to-volume

ratio that facilitates transmembrane diffusion and

enhances cell viability. A disadvantage of the micro-

capsules is that they are fragile and cannot be

retrieved easily.
One of the first studies concerning the implanta-

tion of HFMs was that of Benveniste, who implanted

a Diaflo HFM microdialysis tube in the rat hippo-

campus and studied the cellular reaction.

Hypertrophic astrocyte processes invaded the

spongy fiber wall 3 days after and late collagen

deposits and occasional granuloma were formed.

This study represents an initial attempt toward

understanding the CNS tissue response to an HFM

device [139]. Later, Winn et al. [140] encapsulated

cells in a PAN–PVC HFM implanted into an adult

male rat’s right parietal cortex. A layer of reactive

astrocytes mixed with other inflammatory cells

including macrophages and microglia enveloped the

membrane with some of the cells penetrating into the

fiber wall. However, the response was benign due to a

consistent absence of necrosis at or around the

implant–brain interface over time.
Semipermeable polysulfone tubular membranes

with MWCO ranging from 100 to 1000 kDa were

used in transacted hamster sciatic nerve model to

support nerve regeneration in the absence of a distal

nerve stump by Aebischer et al. [107]. The MWCO of

the tubular membrane affected the outcome of regen-

eration. Only membranes with MWCO of 100 kDa

supported the regeneration of well-differentiated

peripheral nervous tissue containing a significant

number of myelinated axons.
Li et al. [129] used asymmetric hollow fiber mem-

branes of PAN–PVC copolymer to encapsulate PC-

12 cells secreting L-dopa and dopamine attached to

macroporous cellulosic microcarriers. PC-12 cells on

microcarriers were embedded in polyethylene oxide

(PEO) or agarose within hollow fiber devices.

Devices were implanted into rodent striatum for 4

weeks and assayed for catecholamine release.

Proliferation control is attained by embedding cell-

containing microcarriers in nonmitogenic hydrogels.
Glial-cell line derived neurotrophic factor

(GDNF) was encapsulated in HFMs of PES pre-

viously filled with PVA cylindrical matrix and the

fiber ends sealed with acrylic-based glue. The

implantation of encapsulated cells by PES fibers in

animal models of Parkinson’s disease [141] leads to
improvement of movement associated with striatal
reinnervation of dopaminergic fibers.

Microcapsules made of alginate–polylysine–algi-
nate have been used by Xue et al. [142], to
encapsulate bovine chromaffin cells that have been
implanted into the brain of hemiparkinsonian rats.
The results of this study show great promise in the
application of adrenal autograft tissue for the treat-
ment of Parkinson’s disease. Bovine chromaffin cells
have also been encapsulated in microcapsules of
alginate with 100–300 mm diameter covered by
poly-L-lysine and implanted in the subarachnoid
space of rats. The microcapsules reduced the symp-
toms of pain. The cells were morphologically normal
and retained their functionality [143].
3.10.4 Conclusions

With the recent advances in the field of biomaterials,
particularly in membrane systems, there is much
promise of working toward functional tissue-
engineered constructs. Many strategies are being
developed to realize tailored synthetic and biode-
gradable membrane systems that are compatible
with human cells and tissues. The preclinical devel-
opment stage of some of these membrane systems
demonstrates their potentiality in the tissue engi-
neering field. Bioartificial membrane systems could
not only have a role in the replacement of injured
organ or tissue but also accelerate the development of
new drugs that may cure patients as an alternative to
animal experimentation. Many problems encoun-
tered with testing potential drugs can be overcome
and redesigned on a quicker time scale and at lower
cost utilizing a system that can effectively act as a
functioning liver. Considering the multidisciplinary
nature of tissue engineering, it is important for clin-
icians, basic scientists, and engineers to collaborate
and explore all areas of possibilities in order to rea-
lize new advancements toward the creation of an
entire organ.
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Glossary
CD Cluster of differentiation, a protocol used for

the identification and investigation of cell surface

molecules present on cells. Hematopoietic stem

cells and T helper cell generally express CD34

(CD34þ cell) and CD4 (CD4þ cell), respectively.

c-Myc One of the genes of transcription factors

relating to pluripotency of cells.

Ficoll–Hypaque or Ficoll–Paque

method Isolation method for mononuclear cells in

the blood by density centrifugation.

Fluorescence-activated cell sorting

(FACS) Flow cytometry is a technique for

counting and examining various kinds of cells by

suspending them in a stream of fluid and

passing them by an electronic detection

apparatus. The antibody conjugated with

fluorescence for the surface marker of cells

binds to the targeted cells with specific binding

between the antibody and the surface marker of

the cells, and allows the detection of the

targeted cells from the fluorescent signals in

FACS. The targeted cells can be separated by

applying the electrical field from the electrical

charging plate in FACS.

Klf4 One of the genes of transcription factors

relating to pluripotency of the cells.
Leukocytapheresis (LCAP) Leukocyte removal

from the blood for clinical therapy by the filtration of

blood through the leukocyte removal filters.

Magnetic cell selection system (MACS) This is

one of the cell separation methods, in which

magnetic beads attaching a monoclonal antibody

that binds to the targeted cells are mixed with cell

solution. The magnetic beads attaching the

monoclonal antibody that binds to the targeted

cells are separated by magnetic force to collect the

specific marked cells.

Oct-3/4 One of the genes of transcription factors

relating to pluripotency of the cells.

Permeation ratio (%) It is defined as (Np/

Nf)� 100, where Np and Nf are the number of cells

in the permeate and feed solutions, respectively.

PSL Therapy with prednisolone (corticosteroid)

administration.

Recovery ratio (%) This is defined as (Nr/Nf)� 100

where Nr and Nf are the number of cells in the

permeate solution after the permeation of human

serum albumin (HSA) solution and in the feed

solutions, respectively.

Scrapie prion Scrapie is a fatal, degenerative

disease that affects the nervous systems of

animals. It is one of the several transmissible
253
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spongiform encephalopathies (TSEs), which are

related to bovine spongiform encephalopathy (BSE

or mad cow disease) and chronic wasting disease

of deer. Similar to other spongiform

encephalopathies, scrapie is caused by a prion.
Fi
gure 1 Mechanism of cell analysis and sorting in fluorescen
SOX2 One of the genes of transcription factors

relating to pluripotency of the cells.

aP Separation factor for permeation defined as the

relative permeation ratio of KUSA-A1 cells divided

by that of H-1/A cells.
ce
Nomenclature
r pore diameter of membrane (mm)
aP separation factor
-activa
3.11.1 Introduction

Cell separation is a key technology in the isolation of

cells from tissue and the transplantation of blood cells

or mesenchymal stem cells (MSCs). Techniques such

as centrifugation [1–3], fluorescence-activated cell

sorting (FACS) [4], magnetic cell selection [5–8], affi-

nity column chromatography [9–11], and membrane

filtration [12–17] are typically employed for cell

separation. The centrifugal separation of cells is a

typical method employed to separate platelets, leuko-

cytes, mononuclear cells, red blood cells (RBCs), and

nonblood cells from blood. The centrifugal technology

is frequently used to separate specific cells from tissue

or organ samples in tissue-engineering experiments.

For example, hepatocytes were isolated from
collagen-digested liver followed by the centrifugation

for the separation between hepatocytes and nonpar-

enchymal liver cells. An initial step in the isolation of

endothelial progenitor cells involves centrifugation

processes of blood samples through a Ficoll density

gradient to isolate mononuclear cells [2]. However,

the centrifugation method is not suitable for the

separation of cells with similar characteristics, such

as T and B cells or CD34þ cells and mononuclear

cells. Furthermore, it is not applicable for the clinical

application on bedside because of too noisy and too

big and heavy instrument on bedside.
The most highly purified cellular preparations are

obtained using FACS in conjunction with a fluores-

cently labeled antibody as the cell-surface marker.

Figure 1 shows schematic mechanism of cell analysis
ted cell sorting (FACS).
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and sorting in FACS. Flow cytometry is a technique
for counting and examining various kinds of cells by
suspending them in a stream of fluid and passing
them by an electronic detection apparatus. It allows
simultaneous multiparametric analysis of the physi-
cal and/or chemical characteristics of up to
thousands of particles per second. The antibody con-
jugated with fluorescence for the surface marker of
cells binds to the targeted cells with specific binding
between the antibody and the surface marker of the
cells, and allows the detection of the targeted cells
from the fluorescent signals in FACS. The targeted
cells can be separated by applying the electrical field
from the electrical charging plate in FACS.

However, FACS cannot be applied to clinical
applications because of difficulties with sterility and
the excessive time requirements for the purification
of sufficient quantities of specific cells (such as
CD34þ cells). Furthermore, FACS cannot be used
directly from tissue or organ samples (e.g., blood
sample), and it needs pretreatment using another
cell separation method, such as centrifugation, before
usage of FACS. The other problem is that an expen-
sive antibody conjugated with fluorescent probe is
necessary to bind to the targeted cells to detect the
cells by FACS.

A magnetic cell selection system (MACS, Isolex
magnetic cell selection system, Baxter healthcare or
CliniMACS, Miltenyi Biotec) is a sophisticated cell
separation method, in which magnetic beads
Magnet

(a)

Magnet

Figure 2 Schematic mechanism of the separation method of
permeation of cell solution. (b) After permeation of cell solution.
attaching a monoclonal antibody as the cell-surface
marker are mixed with cells from tissue suspension
samples, peripheral blood, umbilical cord blood, or
bone marrow [5–8]. Figure 2 shows the schematic
mechanism of the separation method by an MACS.
The magnetic beads attaching the monoclonal anti-
body are separated by magnetic force to collect the
specific marked cells. However, the MACS also
needs to use an expensive antibody conjugated with
magnetic beads to bind to the targeted cells for the
detection of the cells. Both cell-separation methods
using FACS and MACS are not applicable if the
antibodies to the specific markers on the surface of
the targeted cells have not been established.

Cell separation through membrane filtration was
recently reported by several researchers [12–22].
Here, we discuss the recent development of blood-
cell separation and stem-cell separation by the mem-
brane filtration method from different cell sources
such as blood and tissue cell samples in the following
sections.
3.11.2 Blood-Cell Separation

Blood is a living tissue composed of several blood
cells in plasma. The cellular elements of RBCs, pla-
telets, and white blood cells make up 45% of the
volume of whole blood. Another 55% is plasma,
which contains 7–8% of the plasma proteins and
(b)

Magnet Magnet

cells by a magnetic cell selection system. (a) During



Plasma

Blood contains
55% of plasma

Blood contains
45% of blood cells
(96% of red blood cells,
   3% of leukocytes, and
   1% of platelets)

Concentration of plasma
protein is 7–8%

Platelet
Leukocyte

Red blood cell

Figure 3 Blood components.
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92–93% of water (Figure 3). Blood for transplanta-
tion is typically passed through membrane filters to
eliminate leukocytes, which function to prevent
infection by viruses (such as the human immunode-
ficiency virus and the hepatitis C virus), and to avoid
side effects originating from leukocytes [12, 13].
Compared with other cell-separation methods, the
membrane filtration is simple and inexpensive, and
sterility is easy to maintain during the process. We
discuss the recent development of leukocyte-
removal filters and clinical therapy of blood filtration
using leukocyte-removal filter (leukocytapheresis
(LCAP)) in the following sections.
3.11.2.1 Leukocyte-Removal Filter

Blood transfusion-related adverse reactions have
been reported to be caused by leukocytes in blood
products. It is desirable to reduce leukocytes in blood
samples and drugs as possible. In the recent years,
blood-component therapy is widely used to replace
whole blood transfusions due to the improvement of
transfusion techniques. RBC concentrates and plate-
let concentrates are the most frequently transfused
Table 1 Specific infection of virus or protein to leukocy

contamination of leukocytesa

Disease Cause of virus or protein Infecte

AIDS HIV T-help

Herpes CMV Granu
Herpes EBV B cell

Leukemia HTLV-1 T-help

NHFTR IL-1, IL-8 (protein) Granu

Allo-immunization Macro
CJD Prion (protein) B cell

GVHD T help

a AIDS, acquired immune deficiency syndrome; NHFTR, nonha
Jakob disease; GVHD, graft versus host disease; HIV, human
human T-lymphotropic virus; EBV, Epstein-Barr virus.
blood components [12, 13, 21]. Blood-component

therapy can not only reduce waste of blood resources,

but also provide benefits to more patients from a

donor blood unit [23].
It has been reported that white blood cells

(leukocytes) generate many adverse reactions during

blood-transfusion therapy, which are grafted versus

host disease (GVHD), platelet refractoriness, nonhe-

molytic febrile transfusion reaction, and infection of

viruses, such as human T-lymphotropic virus

(HTLV), cytomegalovirus (CMV), and human immu-

nodeficiency virus (HIV) [24–26]. Table 1 summarizes

side effects of transfusion caused by contamination of

leukocytes. It was found that most of the viruses infect

specific type of leukocytes, such as granulocytes,

monocytes, lymphocytes, lymphocytes-B, T helper

cell (CD4þ cell), and T-cell suppressor/cytotoxic

cells (CD8þ cell). HTLV-1 and HIV mainly infect T

helper cell [27–30], while CMV mainly infects granu-

locytes, monocytes, and lymphocytes. GVHD was

mainly generated by T helper cell and T-cell suppres-

sor/cytotoxic cells (CD8þ cell) [31]. In addition, a

possible transmission of scrapie prion was reported to

be mediated by B cells [21, 32].
tes and side effect of transfusion caused by

d blood cells

er cells

locytes, monocytes, and lymphocytes

er cell (CD4þ cell)

locytes, monocytes

phage, B cell

er cells, T-cell suppressor/cytotoxic cells (CD8þ cell)

emolytic febrile transfusion reactions; CJD, Creutzfeldt–
immunodeficiency virus; CMV, cytomegalovirus; HTLV-1,



Table 2 Commercially available leukocyte-removal filtersa

Filter name Production company Base materials Morphology

Sepacell R-500A Asahi Kasei Medical PET NW

Sepacell PLX-5A Asahi Kasei Medical PET NW

Imugard IIIRC Termo PU S

Imugard IIIPL Termo PU S

Pall RCXL2 Pall PBT NW
LeukoGard RS Pall NA NA

Pall RC400 Pall NA NA

Fresenius Biofil02 Fresenius NA NA

Nipro CF-2 Nipro Polyester NW

Sitafilter Nipro NA NA

a PET, poly(ethylene terephthalate); PBT, poly(butylene terephthalate); PU, polyurethane; NW,
nonwoven fabric; S, sponge structure made from salt leaching method.
NA, not available.
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Therefore, removal of leukocytes in RBC and
platelet concentrates as well as whole blood compo-
nent are essential to prevent the adverse effect of
contaminated leukocytes [23, 33]. Leukocytes can
be removed using a filter comprised of nonwoven
fabric or sponge materials as a filter medium.
Table 2 summarizes commercially available leuko-
cyte-removal filters. The mechanism of leukocyte
removal on the filters comprised of nonwoven fabric
is based on the adsorption of leukocytes, while that
comprised of sponge materials is based on the sieving
effect and adsorption.

Filtration methods have several advantages com-
pared to other methods of removing leukocytes such
as centrifugation. Virus contamination is lower in
blood components during the process in the filtration
method than in the centrifugation method due to the
mild operation and the ease of operation under ster-
ilized conditions. The filtration method does not
require a special apparatus such as centrifugation
equipment, and provides high leukocyte removal
from the blood components.

It is also reported that leukocyte depletion using
the filters reduces the risk of reintroduction of
hepatocellular carcinoma cells during liver trans-
plantation or an intracellular parasite of monocytes
transmissible by transfusion [34, 35].

Vries et al. [36] investigated clinical efficacy and
biocompatibility of leukocyte- and fat-removal filters
during cardiac surgery, because activated leukocytes
and fat particles are associated with organ injury in
patients after a cardiac surgery, and the effects of
activated leukocytes and fat particles on the injuries
of lungs, brain, and kidneys in patients have been
reported [36–39]. Leukocyte depletion as well as fat
particles by means of filtration were proposed as a
method to reduce this organ injury [40–42]. Most
clinical filtration procedures are currently performed
during a cardiopulmonary bypass (CPB) with its
concomitant hemodilution. Vries et al. [36] measured
the leukocyte and fat-removal properties and the
biocompatibility of three different filters (i.e., two
leukocyte removal filters and fat-removal filter)
using residual heart–lung machine blood. They
determined the circulating leukocyte and platelet
acid concentration after the filters. They also inves-
tigated free hemoglobin, plasma elastase, and
complement C5–9 to assess the biocompatibility of
the filters [36]. The total leukocyte counts and fat
particles were higher after the lipid removal filter
compared to the leukocyte-removal filters, which
means leukocyte-removal filters effectively remove
leukocyte and fat particles. They concluded that the
leukocyte-removal filters were superior to the fat-
removal filter both in leukocyte and in fat removal. A
clear mechanism for filtering leukocytes has not been
determined, but most scientists consider the size and
depth of the filter material important [43–46].

Leukocyte-removal filters were typically made of
polyurethane (PU) foaming membranes where the
pore was made by salt leaching method and nonwo-
ven fabric. The typical scanning electron microscopy
(SEM) pictures of those leukocyte-removal filters are
shown in Figure 4. The pore structure of both filters
is found to be completely different, although the pore
size of those filters was almost the same from capil-
lary flow porometer measurements. The mechanism
of leukocyte removal (i.e., separation of leukocyte



(a) (b)

10 µm

Figure 4 Typical SEM pictures of leukocyte removal filters made of nonwoven fabric (a) and polyurethane forming

membranes (b).
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from plasma and other blood cells) in leukocyte-

removal filters is mainly based on leukocyte adsorp-

tion on the filters. The adsorption of leukocytes was

affected significantly by filter materials, pore struc-

ture, and pore size [47].
Umegae et al. [48] and Shirokaze [47] investigated

the effect of fiber diameters on leukocyte-removal

rate using filters made of nonwoven fabric. They

found that the leukocyte removal rate increased

with the decrease of fiber diameter of nonwoven

fabric. Leukocyte-removal rate increased when the

fiber of nonwoven fabric is less than 10 mm, especially

less than 3mm [47, 48]. This can be explained by the

increase in surface area with the decrease in fiber

diameter of nonwoven fabric.
Filter media can control interactions with blood

cells through hydrophilic/hydrophobic treatment of

filter materials or through a surface coating with

charged substances [23]. Nishimura [49] investigated

leukocyte retention by means of hydrophilicity and

surface charge. A filter material was coated with vinyl

monomers containing amine functional groups and

nonionic hydrophilic vinyl monomers. Pall and Gsell

[50] prepared a leukocyte-removal filter having

surface with acryl/methacrylic acid and a hydro-

xyl/carboxyl functional group. Carbohydrates and

polysaccharides are also used to induce adhesion

of leukocytes on the leukocyte-removal filters

[51, 52]. Hiraide [51] reported leukocyte-removal

rates through nonwoven fabric coated with

hydroxyapatite.
Currently, commercially available leukocyte-

removal filters (membranes) are applied after blood

is centrifuged and separated into RBCs, platelets,

and plasma. However, direct removal of leukocytes

from whole blood without the centrifugation
procedure has not yet been achieved using leuko-

cyte-removal filters. This is thought to be because

adhesion of platelets to the membrane surface causes

considerable loss of platelets in the whole blood

passed through the leukocyte-removal filters. A

high recovery of platelets and RBCs, as well as a

high removal ability of leukocytes, is necessary for

whole blood filters for leukocyte removal.

Therefore, coating (surface) materials as well as

filter (membrane) materials must be adequately

designed to successfully construct whole blood fil-

ters for leukocyte removal [21].
Only a few researchers have investigated

whole blood filters for leukocyte removal [21,

53–56]. Paunovic et al. [53] investigated leukocyte

reduction from whole blood using leukocyte-

removal filters composed of multiple layers of

microporous PU membranes. Direct removal of

leukocytes from whole blood was confirmed to

show higher reduction of leukocytes as well as

higher recovery of the three blood components

(RBCs, platelets, and plasma) as compared with

the current technique that involves treatment of

each component (RBCs, platelets, and plasma)

after separation by centrifugation to remove the

leukocytes [21, 53–56]. The mechanism of leuko-

cyte removal has been explained by a mechanical

sieving effect of the cells through the leukocyte-

removal filters, while low platelet adhesion to the

surface of the filters resulted in high platelet per-

meation through the filters. This was thought to be

achieved by the biocompatibility of PU on the sur-

face of the filters. However, it has not yet been

clarified how the surface properties of the leukocyte

removal filters affect leukocyte removal and platelet

permeation through the filters.
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Figure 5 Chemical scheme of copolymers, poly(N,N9-dimethylacrylamide-co-buthylmethacrylate) [poly(DMA-co-BMA)],
poly(N-acryloylmorpholine-co-buthylmethacrylate) [poly(AMO-co-BMA)], and poly(N-vinylpyrrolidone-co-buthylmethacrylate)

[poly(VP-co-BMA)] for coating filters used to remove leukocytes from whole blood [21].
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Natori and Higuchi et al. [21] synthesized three types
of amphiphilic copolymers using n-butylmethacrylate

(BMA) as a hydrophobic monomer, and each of

N,N9-dimethylacrylamide (DMA), N-acryloylmorpho-

line (AMO), and N-vinylpyrrolidone (VP) as

hydrophilic comonomers for coating filters used to

remove leukocytes from whole blood (see Figure 5).

The influence of the amphiphilic property of

the resulting filters, which were composed of non-

woven fabrics coated with the above copolymers, on

leukocyte removal and platelet permeation through

the filters from whole blood was investigated. The

platelet permeation ratio through hydrophobic

noncoated filters was only 0.2%, because platelets

in whole blood adhered easily to the hydrophobic

filter material [21]. However, filters coated with

poly(AMO-co-BMA) of high AMO content showed

a much higher platelet permeation ratio (nearly

90%). Further, the filters coated with poly(DMA-

co-BMA) also showed high permeation ratios of pla-

telets (more than 78%) over a broad range of DMA

content in the copolymer. On the other hand, the

coated filters showed a slightly higher permeation

ratio of leukocytes than did the noncoated filters,

resulting from the increase in hydrophilicity of the

surface of the filters. Moreover, the coating of the

amphiphilic copolymers on the surface of the non-

woven fabrics affected the pore size of the filters,

affecting the permeation ratio of leukocytes more

strongly than that of platelets. They found that the

coated filters effectively improved platelet permea-

tion through the filters, with a slight increase in the

permeation ratio of leukocytes [21].
The investigation of the effect of surface proper-
ties of the filters on the leukocyte removal through
the filters is necessary to further develop leukocyte-
removal filters which will be available commercially.
3.11.2.2 LCAP Using Leukocyte-Removal
Filter

LCAP using a leukocyte-removal filter was per-
formed in the treatment of systemic lupus
erythematosus (SLE) in 1986 [47, 57]. Based on this
trial, LCAP using the leukocyte-removal filter has
been tried widely as a treatment for autoimmune or
inflammatory diseases in rheumatology, gastroenter-
ology, and neurology. The filter was recognized to
have immunosuppressive and anti-inflammatory
effects in the studies applied to rheumatoid arthritis
[58], and erythematosus [59]. The targets of clinical
trials of LCAP using a leukocyte-removal filter have
been spread to another autoimmune-related and
inflammatory diseases such as ulcerative colitis
(UC), Crohn’s disease, and rapidly progressive glo-
merulonephritis [47].

UC is a chronic inflammatory disease of the
rectum and colon, which is characterized by abdom-
inal pain, diarrhea, hematochezia, fever, and anemia.
The administration of corticosteroids is a typical
treatment in bringing about a clinical remission
[60, 61]. However, corticosteroids are not always
effective even in doses over 1 mg kg�1 day�1, while
the long-term use of corticosteroids often causes
serious side effects such as hormonal disturbance,
growth retardation, liver dysfunction, glaucoma,
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peptic ulcer, and psychological problems.

Alternative treatment for active UC requires to

avoid the clinical problems associated with corticos-

teroid therapy. In the recent years, LCAP and

granulocytapheresis (GCAP) using a leukocyte-

removal filter have been found effective in patients

with inflammatory bowel disease [60, 62, 63].
Especially, a multicenter randomized controlled

study of UC proved the high efficient improvement

for the patients treated by LCAP using a leukocyte-

removal filter [47].
Figure 6 shows a schematic representation of the

LCAP method using leukocyte-removal filter. The

saline solution with anticoagulant (e.g., nafamostat

mesilate) should be circulated in the circuit before

LCAP treatment. During the treatment, blood of a

patient is drawn from a cubital or femoral vein into

the circulation circuit of LCAP through the filter

using a pump. The blood proceed to flow through

the circuit and is returned to the corresponding vein

of the patient’s other arm or leg. Typically, 2–3 l of

blood is processed in a single 1-h session at a flow rate

of 30–50 ml min�1. Anticoagulant should be injected

continuously into the circuit to prevent coagulation.

This process is basically the same as the widely used

direct hemoperfusion-type adsorption therapy and is

performed using a general extracorporeal treatment

unit. Usually, LCAP is performed once a week for 5

weeks as intensive therapy and approximately once a

month as maintenance therapy [47].
Blood
pump

Infusion
pump

Arterial
pressure
line

Leukocyte-
removal filter

Venous
pressu
line

Figure 6 Schematic representation of leukocytapheresis meth
Adsorption of leukocytes on the filters made of
polyester nonwoven fabric was reported to be depen-

dent on the viscosity of the cells [64, 65]. Monocytes

have the highest surface viscosity, followed by gran-

ulocytes among the leukocytes. Lymphocytes have

relatively lower viscosity. The removal rate of blood-

cell components in a clinical test was reported for 14

patients suffering from UC where 3 l of blood was

processed by LCAP in 1-h treatment with the

flow rate of blood set at 50 ml min�1 through the

leukocyte-removal filter [66]. It was found that

monocytes and granulocytes were removed almost

100% during treatment, while lymphocytes were

removed approximately 64% at 15 min after the

start of the treatment. The removal rate of lympho-

cyte decreased with increase of time and reached

20% at the end of the treatment (1 h). The high

performance of platelet removal was found where

removal rate of platelets was approximately 93% at

15 min after the start of the treatment and approxi-

mately 46% at the end of the treatment [66].
The number of leukocytes in the peripheral blood

of a UC patient decreased to about 40% of its initial

count after 30 min of LCAP treatment. However, the

leukocyte number generally increased gradually

even if the treatment was continued to remove leu-

kocytes [47, 63]. It was reported that the number of

leukocytes increased to 170% of its initial number in

the peripheral blood even after the LCAP therapy

was completed [47, 63, 67]. However, the excess
Blood (return)

Blood (inlet)

Saline with
anticoagulant

re

od using leukocyte-removal filter.
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number of leukocytes returned to the initial value the
next day. Therefore, these phenomena were
explained by the homeostatic maintenance control
system to keep the constant number of leukocytes
in the peripheral blood [47, 63, 67]. The key point of
LCAP treatment through the leukocyte-removal fil-
ter is that aged and/or activated leukocytes and
platelets were removed from a patient’s blood.

The Research Committee of Inflammatory Bowel
Disease (IBD Research Committee) under the aus-
pices of the Ministry of Health and Welfare of Japan
conducted a randomized controlled study on patients
with moderate or severe UC from 1994 to 1998 [47].
The patients were separated into two groups, that is,
the prednisolone (PSL) (therapy with prednisolone
(corticosteroid) administration) group and the LCAP
(therapy using leukocyte-removal filter) group [68].
Statistically significant improvement during the
intensive therapy was observed in about 70% of the
group of LCAP therapy using leukocyte-removal
filter, which was substantially higher than in the
group of therapy with corticosteroid administration.
The incidence rate of the adverse effects in the group
of LCAP therapy using leukocyte removal filter was
also reported to be lower than in the PSL group [47].

Ueki et al. reported the clinical effectiveness of
LCAP therapy using leukocyte-removal filter admi-
nistered to 25 rheumatoid arthritis patients with the
American College of Rheumatology (ACR) core set
for 4 weeks after the three sessions of LCAP treat-
ment [47, 67]. The average score of tender and
swollen joints was reported to decrease significantly.
As many as 16 of the 25 patients (64%) were reported
to achieve an ACR 20% response that indicates over-
all improvement with LCAP treatment [67]. Hidaka
et al. evaluated the efficacy of LCAP in drug-resistant
rheumatoid arthritis with an ACR core set at 1 week
after the termination of the treatment in a rando-
mized double-blind controlled trial. It was reported
that 19 of 24 patients (79%) in the group of LCAP
therapy using leukocyte-removal filter achieved an
ACR 20% response, although the patients in the
sham apheresis group did not show any overall
improvement [47, 69].
3.11.2.3 Therapeutic Mechanism of LCAP
through the Filters

Several effective mechanisms were proposed for
LCAP through leukocyte-removal filter, and are dis-
cussed as follows.
It was reported that several leukocytes, that is,
lymphocytes and monocytes, infiltrate the mucous
membrane of the large intestine in a UC patient.
The tissues are damaged by inflammatory cytokines
secreted by the leukocytes due to secretion of cyto-
kines and active biomolecules by activated
leukocytes. Activated leukocytes easily adhere to
vascular endothelial cells and migrate to the mucous
membrane of the large intestine when blood flows
near the local inflammation site. Therefore, the
removal of the leukocytes from the peripheral
blood of a patient can safeguard the mucous mem-
brane of the large intestine from leukocytes attack
and hence decrease inflammation reaction in the
patient [47, 70].

Immune profiles of lymphocytes of UC patients
treated with LCAP were reported by Noguchi et al.
[71]. They found that CD4þDRþ cells increased and
CD4þDR� cells decreased in the blood filtered
through the leukocyte-removal filter compared to
the peripheral blood. Furthermore, the interleukin
(IL)-4 production was extensively increased by the
filter-passed lymphocytes. It was suggested that the
redistributed T lymphocytes producing IL-4 may be
one of the factors leading to remission and curing at
the local inflammatory sites. The leukocyte-removal
filter also removes platelets at a high rate during
LCAP treatment. It is also known that the activated
oxygen was secreted by the leukocytes, which were
stimulated by the activated platelets in the peripheral
blood of UC patients [72]. Therefore, the removal of
activated platelets results in the inhibition of the
production of activated oxygen and relieving symp-
toms of inflammation.
3.11.3 Stem-Cell Separation

Stem cells are characterized by the ability to renew
themselves through mitotic cell division and differ-
entiate into a diverse range of specialized cell types.
Stem cells are defined as the cells having character-
istics of self-renewal capacity, and long-term
viability, which can produce at least one type of
highly differentiated descendant. The two broad
types of mammalian stem cells are: embryonic stem
cells that are isolated from the inner cell mass of
blastocysts and adult stem cells that are found in
adult tissues. Recently, induced pluripotent stem
(iPS) cells were developed by Yamamiya et al.,
which are artificially derived from a nonpluripotent
cell (i.e., adult somatic cell) by inducing a forced
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expression of certain genes such as Oct-3/4, SOX2,
c-Myc, and Klf4 [73–75]. In a developing embryo,
stem cells can differentiate into all of the specialized
embryonic tissues. In adult organisms, stem cells and
progenitor cells act as a repair system for the body,
replenishing specialized cells, also maintain the nor-
mal turnover of regenerative organs, such as skin,
blood, or intestinal tissues. Stem cells can now be
grown and transformed into specialized cells with
characteristics consistent with cells of various tissues
such as osteoblasts, chondrocytes, adipocytes, nerves,
or muscles through cell culture. Highly plastic adult
stem cells from a variety of sources, including umbi-
lical cord blood and bone marrow, are routinely used
in medical therapies. Here, we summarize the pur-
ification and isolation of hematopoietic stem cells
(HSCs) and MSCs by the membrane filtration
method.
3.11.3.1 HSCs and Blood

HSCs are multipotent stem cells that give rise to all
the blood cell types, including myeloid (monocytes
and macrophages, neutrophils, basophils, eosinophils,
erythrocytes, megakaryocytes/platelets, dendritic
cells) and lymphoid lineages (T cells, B cells, and
NK cells) (see Figure 7). The hematopoietic tissue
contains cells with long-term and short-term regen-
eration capacities and committed multipotent,
oligopotent, and unipotent progenitors. We discuss
the HSC separation from peripheral and umbilical
Figure 7 HSCs are multipotent stem cells that give rise to all t

macrophages, neutrophils, basophils, eosinophils, erythrocytes

lineages (T cells, B cells, and NK cells).
cord blood through porous polymeric membranes by
the filtration method in the following sections.

3.11.3.1.1 Separation of HSCs and blood

cells by membranes

Blood cell separation is an important technology for
the transplantation of blood cells and HSCs. More
than 500 ml of cryopreserved CD34þ cells (HSCs)
are used in conventional unpurified mononuclear
transplantation procedures, whereas the amount of
magnetically purified and concentrated CD34þ

needed is only 3–10 ml [76, 77]. This reduction in
the required cell volume leads to reduced side
effects, which include headache and irregular blood
pressure, and which are attributed to the cryopreser-
vant, dimethyl sulfoxide, as well as to broken blood
cells in the cryopreserved blood [5, 76].

Purification of CD34þ cells (HSCs) from periph-
eral blood and umbilical cord blood is reported to
reduce the contamination of myeloma cells in graft.
This leads to improved patient survival and prevents
acute or chronic graft-versus-host disease (GVHD),
which is due to decreased T cell number [78]. There
is also a large demand for T and B cell separation in
the therapy and diagnosis of autoimmune disease and
cancer [79–82]. Specific T cell selection (separation),
which has the ability of graft-versus-leukemia (GVL)
effect but does not have the ability of GVHD will
enable the clinical application of lymphocyte ther-
apy, because the T cells responsible for GVL and
GVHD may be different [83].
he blood cell types including myeloid (monocytes and

, megakaryocytes/platelets, dendritic cells) and lymphoid
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Blood cell separation is typically performed by
centrifugation, fluorescence activated cell sorting

(FACS) [83], magnetic cell selection [5–8], or mem-

brane filtration. The centrifugal separation of blood

cells is a well-known method to separate platelets,

leukocytes, and RBCs, but this method does not work

well for the separation of cells with similar character-

istics, such as T and B cells or CD34þ cells and

mononuclear cells. The most highly purified cellular

preparations are obtained by FACS in conjunction

with a fluorescently labeled antibody for cell-surface

marker. However, this cannot be used for clinical

applications because of difficulties with sterility and

the excessive time needed to purify sufficient quan-

tities of CD34þ cells.
An alternative to these methods is to use a MACS

(e.g., Isolex magnetic cell selection system, Baxter

healthcare or CliniMACS, Miltenyi Biotec), in which

magnetic beads attaching an anti-CD34 monoclonal

antibody are mixed with cells from peripheral blood,

umbilical cord blood, or bone marrow. The magnetic

beads attaching anti-CD34 monoclonal antibody are

separated by magnetic force to collect the CD34þ cells.

Mobilized autologous apheresis by magnetic cell

selection has been reported to result in a 91.7% pur-

ification of CD34þ cells with a 55% recovery [5].
Yamaguchi et al. [84] and Koizumi et al. [85]

reported the efficient purification of CD34þ cells

(HSCs) using a nylon fiber syringe system along

with magnetic cell selection. After the isolation of

mononuclear cells from the peripheral blood by den-

sity centrifugation in Ficoll–Hypaque, a nylon-fiber

syringe filter was used to deplete adhering cells [84].

The cells were further purified using magnetic
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Figure 8 Reaction scheme of the surface-modified PU foamin
CD34þ selection. This resulted in a >90% pure

CD34þ cell preparation with an 86% yield [84].
Stem cell separation from peripheral blood was

investigated using unmodified and surface-modified

PU membranes with various functional groups by

Higuchi et al. [15–19]. Reaction scheme to prepare the

surface-modified PU membranes is shown in Figure 8.
Higuchi et al. [15–19] investigated the permeation

of HSCs through the surface-modified and unmodi-

fied PU membranes. Only viable cells were measured

using 7-amino-actinomycin D (7AAD) dying

method, because the dead and apoptotic cells dyed

with 7-amino-actinomycin D were stronger than

viable cells. Figure 9 shows the permeation ratio of

CD34þ cells through the surface-modified and

unmodified PU membranes. The permeation ratio

was less than 5% for the surface-modified and unmo-

dified PU membranes where the permeation ratio is

defined as

Permeation ratio ð%Þ ¼ ðNp=Nf Þ � 100 ð1Þ

where Np and Nf are the number of cells in the
permeate and feed solutions, respectively [15–19].
This indicates that the CD34þ cells adhere to the
membranes stronger than RBCs, platelets, T cells,
and B cells (see Figure 10). The adhesion of blood
cells to the PU membranes appeared to increase in
the following order: RBCs < platelets < T cells < B
cells < CD34þ cells.

Human serum albumin (HSA) solution was passed
through the PU membranes as a rinsing (recovery)

solution after permeation of blood. Figure 9 also

shows the recovery ratio of CD34þ cells. The recov-

ery ratio of CD34þ cells was the highest after
CH3

COOCH2 CH

OH

CH2

NHCRCOOH

PU-Gly (PU-COOH); R = H

PU-Asp; R = CH2COOH

PU-Lys; R = CH2CH2CH2CH2NH2

PU-Arg; R = CH2CH2CH2NHC(NH2)NH2
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g membranes [18].
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Figure 10 Permeation and recovery ratio of RBCs,

platelets, T cells, B cells, CD34þ cells, and MN cells through
unmodified PU membranes after permeation of peripheral

blood [15].
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T cells, B cells, CD34þ cells, and MN cells through PU-COOH

membranes after permeation of peripheral blood [15].
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Figure 9 Permeation and recovery ratio of CD34þ cells
through unmodified and surface-modified PU membranes

after permeation of peripheral blood [15].
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permeation of HSA solution through PU membranes

grafted with polymer segments having carboxylic

acid (PU-COOH, see Figure 8) membranes where

the recovery ratio is defined as

Recovery ratio ð%Þ ¼ ðNr=Nf Þ � 100 ð2Þ

where Nr is the number of cells in the permeate
solution after the permeation of HSA solution
[15–19]. This result was unexpected because the
PU-SO3H membranes allowed the highest recovery
of T and B cells (see Figure 11) and because the
PU-SO3H membranes were expected to give the
highest recovery of CD34þ cells before HSA per-
meation. Therefore, it appears that not only the pore
structure and surface charge but also the specific
functional group on the membrane surface can
regulate the attachment and detachment of specific
cells [15].

Finally, Higuchi et al. [15] examined the permea-
tion and recovery ratio of several blood cell types

through the unmodified PU and PU-COOH

(Figure 12). CD34þ cells were mainly recovered in
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the permeate of the PU-COOH membranes
(Figure 12), whereas both RBCs and platelets could
preferentially permeate through the unmodified PU
membranes (Figure 10). In contrast, CD34þ cells
could not permeate through the unmodified mem-
branes (Figure 10). The permeation and recovery
ratios of mononuclear cells were found to be less
than 10% [15].

After permeation of peripheral blood followed
by HSA, the ratio of CD34þ cells to mononuclear
cells in the permeate was enhanced at least 11-fold.
We conclude that the surface-modified PU mem-
branes display different permeation and recovery
ratios for specific cell types depending on the
functional groups (nanosegments) attached to the
membranes.

In conjunction with PU-COOH membranes, pas-
sing HSA solution to detach adhered cells allowed
the isolation of CD34þ cells and reduction of mono-
nuclear cells in the permeate solution. This process
may also be useful as a preliminary step in the
purification of CD34þ cells by magnetic cell selec-
tion (e.g., Isolex� magnetic cell selection or
CliniMACS�) because reduction of mononuclear
cells is essential for obtaining high purity and yield
of these cells by magnetic cell selection [84, 85].

3.11.3.1.2 Separation of HSCs by several

surface-modified membranes

Pluronic, a polyethylene oxide (PEO)–polypropy-
lene oxide (PPO)–PEO triblock copolymer, exhibits
amphiphilic properties, and undergoes self-assembly
into micelles as well as a lyotropic liquid crystal gel
phase due to its hydrophilic PEO and hydrophobic
PPO blocks [86–89]. Pluronic F127 can reversibly
interconvert at 30 �C from a soluble form at <30 �C
to a liquid crystal form at >30 �C in aqueous solution.
From these observations, Higuchi et al. [20] devel-
oped pluronic (PL)-coated (15PL-coated PU and
30PL-coated PU) and pluronic-immobilized PU
(PU-PL) foaming membranes for use in tempera-
ture-controlled cell separation from blood, based on
the fact that pluronic segments are dehydrated at
37 �C and hydrated at 4 �C. Reaction scheme for
the preparation of pluronic-immobilized PU foaming
membranes is shown in Figure 13 [20]. Hyaluronic
acid (HA)-coated PU foaming (5HA-coated PU)
membranes were also prepared for HSC separation
in their studies [20], because HA binds to HA-bind-
ing proteins and CD44 on the cells [90, 91]. PU-
COOH membranes were also evaluated for HSC
separation, because the most highly purified CD34þ
cells (highest recovery ratio of CD34þ cells divided
by recovery ratio of RBCs) were obtained using PU-
COOH membranes with r¼ 5.2 mm compared with
other surface-modified membranes investigated in
their previous study [15, 22]. Unmodified mem-
branes were used as a control in experiments on
HSC separation.

The amount of coating on pluronic-coated and
HA-coated membranes was obtained by comparing
the weight of the membranes before and after
coating. The coating amount was estimated to be
5–15 mg cm�2 (i.e., 10.5 mg cm�2 on 15PL-coated PU,
15.1 mg cm�2 on 30PL-coated PU, and 4.9 mg cm�2 on
5HA-coated PU) [20]. The surface morphology of
unmodified PU was slightly different from that of
30PL-coated PU membranes from SEM observation.
Thicker fibrils were observed on 30PL-coated PU
membranes compared with those on unmodified
PU membranes due to the thick coating of pluronic
on the membranes.

Blood permeation through unmodified PU, 15PL-
coated PU, 30PL-coated PU, 5HA-coated PU,
PU-PL, and PU-COOH membranes was investi-
gated at 37 �C.

Figure 14 shows the permeation ratio of RBCs,
platelets, lymphocytes, and CD34þ cells through
unmodified and modified PU membranes. RBCs
were observed to pass preferentially through all
membranes except 5HA-coated PU. The high per-
meation ratio of RBCs could be explained by the
easily deformable character of RBCs due to their
lack of nuclei.

Platelets were also able to pass through unmodi-
fied PU, pluronic-coated PU, and PU-COOH
membranes (permeation ratio >50%). A high per-
meation ratio of platelets was observed through
unmodified and modified PU membranes except
for HA-coated, and pluronic-immobilized mem-
branes in the investigation. Pluronic and HA on
the membranes may have tended to hinder permea-
tion of platelets through the membranes. Very little
permeation (<20% permeation ratio) of lympho-
cytes and CD34þ cells was observed through
unmodified and modified PU membranes. This was
thought to be because CD34þ cells and lymphocytes
adhere to surfaces more strongly than other blood
cells. Forraz et al. [92] reported that primitive hema-
topoietic stem and progenitor cells expressed
cell-adhesion molecules (CD162 and CD164) abun-
dantly, causing them to adhere to membrane
surfaces. A low permeation ratio through 5HA-
coated PU was explained by noting that HA binds
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to HA-binding proteins and CD44 on the cells [90,
91]. Most blood cells tended to bind to the surface of
5HA-coated PU membranes.

HSA solution was passed through the unmodified
and modified PU membranes as a rinsing solution at
4 �C following permeation of blood at 37 �C.
Figure 15 shows the recovery ratio of RBCs, plate-
lets, lymphocytes, and CD34þ cells through
unmodified PU, 15PL-coated PU, 30PL-coated PU,
5HA-coated PU, PU-PL, and PU-COOH mem-
branes [20].
Recovery ratios of RBCs, platelets, and lympho-
cytes through unmodified and modified PU
membranes were found to be <15% in Figure 15.
The low recovery ratio of RBCs through unmodified
and modified PU membranes was attributed to the
high permeation ratio of RBCs through all mem-
branes except 5HA-coated membranes, because a
few RBCs remained to be bound on the membranes
after permeation of blood. The recovery ratios of
lymphocytes were low because they adhered
strongly to the membranes.
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Figure 14 Permeation ratios of RBC, platelets,
lymphocytes, and CD34þ cells through unmodified PU,

15PL-coated PU, 30PL-coated PU, 5HA-coated PU, PU-

PL, and PU-COOH membranes after permeation of

peripheral blood at 37 �C [20].
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Figure 15 Recovery ratios of RBCs, platelets,
lymphocytes, and CD34þ cells through unmodified PU,

15PL-coated PU, 30PL-coated PU, 5HA-coated PU,

PU-PL, and PU-COOH membranes after permeation of
peripheral blood at 37 �C and 0.5 wt.% of HSA solution

subsequently at 4 �C [20].
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CD34þ cells passed through the modified mem-
branes when the recovery solution was permeated

through the membranes after blood. The recovery

ratio of CD34þ cells through pluronic-coated
membranes increased with increasing coating
amount. This was because of the increase in water
solubility of pluronic at low temperatures, as
described above. The rather low (42%) recovery
ratio of CD34þ cells through 30PL-coated PU mem-
branes when the recovery solution was permeated
through the membranes at 37 �C instead of 4 �C
supports the explanation. The recovery ratio of
CD34þ cells through 30PL-coated PU membranes
was higher than that through PU-COOH mem-
branes, the highest among membranes in Figure 15.

Several types of surface-modified PU membranes
were also prepared by Higuchi et al. [19]. PU mem-
branes modified with arginine (PU-Arg) and lysine
(PU-Lys) had zwitterionic groups, whereas PU mem-
branes modified with glycine (PU-Gly), asparagine
(PU-Asn), and aspartate (PU-Asp) had negatively
charged carboxylate groups (Figure 8). PU-Gly is
PU-COOH membrane [15, 93, 94]. Experiments on
the purification of CD34þ cells from peripheral blood
were carried out using several types of these surface-
modified PU membranes, and the permeation and
recovery ratios of CD34þ cells through these mem-
branes are shown in Figure 16 [19].The recovery ratio
of CD34þ cells from membranes with zwitterionic
groups (PU-Arg and PU-Lys) was found to be less
than for PU-Gly (PU-COOH) membranes. In their
previous study [84], it was reported that the recovery
ratio of CD34þ cells was less than 20% through
membranes modified with positively charged groups
on their surfaces.

The presence of the carboxylate groups on the
surface-modified PU membranes led to weak elec-
trostatic repulsions between cells and membranes
because of the negatively charged surfaces of these
cells. The zwitterionic groups on PU-Arg and PU-
Lys membranes caused them to have a higher surface
potential than PU-COOH membranes, and might
therefore have led to the lower recovery ratios of
CD34þ cells through the former membranes than
through the latter. PU-COOH membranes showed
the highest recovery ratio of CD34þ cells, higher
than for other negatively charged membranes such
as PU-Asp and PU-Asn.

HSCs as well as several other stem and progenitor
cells are found in bone marrow [95, 96] and umbilical
cord blood [97, 98]. Most current research on the use
of stem cells in tissue engineering has focused on the
development of tissues and organs from specific stem
cells [96, 98]. Safe and simple separation and purifi-
cation of specific stem or MSCs from bone marrow or
umbilical cord blood are essential for this application.
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Figure 16 Permeation and recovery ratio of CD34þ cells through surface-modified PU membranes after permeation of

peripheral blood [18].
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Membrane separation can provide a more sanitary

and simple isolation of these cells than FACS,

MACS, or other separation methods.
Forraz et al. [92] reported that negative-isolated

cells, which depleted umbilical cord blood mono-

nuclear cells from blood cells expressing mature

hematopoietic markers (glycophorin A, CD2, CD3,

CD7, CD16, CD33, CD38, CD45, and CD56),

lineage-negative cells, enriched long-term culture-

initiating cells. The lineage-negative cells main-

tained and expanded more primitive hematopoietic

stem and progenitor cells than CD34þ and CD133þ

cells, and expressed higher levels of the cell-adhesion

molecule CD162 (expression ratio (ER)¼ 16.0%)

and CD164 (ER¼ 96.7%) involved in hematopoietic

progenitors forming bone marrow than CD34

(ER¼ 14.4%) and CD133 (ER¼ 7.0%) [92].

Therefore, primitive hematopoietic stem and

progenitor cells tend to adhere to PU membrane

surfaces, due to their expression of these cell-adhe-

sion molecules on their surfaces.
CD34þ cells were efficiently recovered (85%

recovery ratio) through PU-COOH membranes in

a process using 20 wt.% aqueous dextran as the

recovery solution [20]. This indicated that dextran

solution was preferable to HSA and bovine serum

albumin (BSA) solutions during the recovery

process.
3.11.3.2 Separation of MSCs/
Mesenchymal Progenitor Cells

MSCs and mesenchymal progenitor cells (MPCs)
have the potential to differentiate into bone, carti-
lage, or fat [99, 100]. Thus, MSCs and MPCs are
thought to be promising materials for regenerative
medicine and gene therapies. MSCs have already
been used in the clinical application to repair or
regenerate somatic tissues, such as bone defects
[101] and infarcted heart [102, 103]. Furthermore,
several researchers suggested that MSCs might be
used to regenerate other cells or tissues, such as
neurons [104], retina [105], �-cell [106], and hepa-
tocytes [99, 107]. Gene transfer into MSCs mediated
by retrovirus [108], adenovirus [109], or lentivirus
vectors [110] has also been investigated. Human
MSCs can be obtained from various tissues, such as
bone marrow [100, 111], adipose tissue [112],
placenta [113, 114], amniotic fluid [115], umbilical
cord blood [116, 117], etc. MSCs and MPCs are
generally isolated by repeated passage of adherent
cells derived from a particular tissue of interest,
followed by analysis of the ability of such cells to
differentiate into mesenchymal lineages [99].

Purification and isolation of specific mesenchymal
stem or progenitor cells will be necessary to obtain
bone-marrow stromal cells for use in clinical applica-
tions in future. For example, it is necessary to
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generate cardiomyocytic progenitors from marrow
stroma for the treatment of heart failure by cell
transplantation into damaged myocardia. Thus, a
method is needed for the separation and isolation of
specific mesenchymal cells from bone-marrow stro-
mal cells. Cell separation can be accomplished by
centrifugation [1, 118], FACS [9], magnetic cell
selection [6–9], affinity chromatography [10, 11], or
membrane filtration [12, 13, 15] as discussed in
Section 3.11.1. Of these methods, membrane filtration
method is a good candidate for the purification of
mesenchymal cells because it is simple and inexpen-
sive and because it is easy to maintain sterility during
the filtration process. In fact, it is already discussed in
the previous section that HSCs could be purified by
filtration through chemically modified 5-mm-pore
PU membranes.

In this section, we introduce one of the examples
in the separation between mesenchymal stem and
progenitor cells, that is, two types of marrow stromal
cells – osteoblast cell line (KUSA-A1) and preadipo-
cyte cell line (H-1/A) [17].
3.11.3.2.1 Flow-cytometric analysis of
mesenchymal cells

KUSA-A1 osteoblasts and H-1/A preadipocytes, two
mesenchymal cell lines, were incubated with fluor-
escent probes (Cell Tracker Orange� and Cell
Tracker Green�, respectively) to allow their inde-
pendent detection before and after permeation
through porous polymeric membranes. The numbers
of KUSA-A1 and H-1/A cells in the mixed cell
solution were determined from flow-cytometric scat-
tergrams at 575 nm for KUSA-A1 cells and 525 nm
for H-1/A cells. These values are close to those of
phycoerythrin (PE) and fluorescein isothiocyanate
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Figure 17 Flow-cytometric scattergrams of mixed solution of

each having a cell density of 50 000 cells ml�1 in the fluorescent
forward scattering and side scattering (b). (Color figure can be v
(FITC), which are used for conventional cell count-
ing of specific cells [17]. Figure 17(a) shows the
flow-cytometric scattergrams for the KUSA-A1
(osteoblasts) and H-1/A (preadipocytes) cells. The
fluorescence intensities at 525 and 575 nm for the two

cell types were significantly different. The forward
and side light scattering intensities, shown in
Figure 17(b), indicate that both cell types have a
broad size distribution, although KUSA-A1 cells are
mostly smaller than H-1/A cells. Furthermore, the
flow-cytometric scattergrams of KUSA-A1 cells and
H-1/A cells (forward light scattering intensity vs.
side light scattering intensity and fluorescence inten-

sity at 525 vs. 575 nm) were found to be identical in
single- and mixed-cell solutions (data not shown).
Thus, cell aggregates did not appear to be formed
when KUSA-A1 cells and H-1/A cells were mixed
together in a culture medium [17].
3.11.3.2.2 Cell separation through PU

membranes
The differences in the cell sizes and shapes suggested

that KUSA-A1 and H-1/A cells can be separated by
using porous polymeric membranes. This possibility
was examined with the use of a variety of membrane
types. Figure 18 shows an SEM image of the surface
of the porous polymeric membranes tested in this
study. A regular screen pore morphology was found
on the surface of nylon-net filters (Figure 18(b)) and
silk screens (Figures 18(e) and 18(f)), whereas a

specific pore morphology was not found on the sur-
face of nonwoven fabrics (Figures 18(c) and 18(d)).
Furthermore, a deformed open pore structure was
found on the surface of the PU membranes
(Figure 18(a)) [17].
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Figure 18 Scanning electron micrographs of the membrane surfaces of (a) unmodified polyurethane (PU) membranes,
(b) nylon-net filter, (c) nonwoven fabrics made of acrylonitrile, (d) nylonþpolyester, (e) silk screens made of silk (mesh size

150), and (f) silk screens made of Tetron� (mesh size 250) [17].
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The permeation of cells through PU and surface-
modified PU membranes was investigated first,

because a previous study showed that HSCs can be

recovered from peripheral blood with the use of

surface-modified PU (PU-COOH) membranes [15].

The permeation of KUSA-A1 cells, H-1/A cells, and

a mixture of the two cell types through PU and

surface-modified PU membranes (pore size¼ 12 mm)

at 25 �C were examined. Table 3 shows the permea-

tion ratio through the membranes with a suspension

of a single-cell type (50 000 cells ml�1) used as the

feed solution. The table also shows the results

obtained when the feed solution was a mixture of

the two cell types. A relatively low (<5%) permea-

tion ratio through PU and surface-modified PU
Table 3 Permeation ratio (P) and recovery ratio (R

PU-SO3H, and PU-COOH membranes after permeat

at the cell density of 50 000 cells ml�1 and 25 �C [17

Membrane P(KUSA-A1) (%) P

Single-cell permeation

PU 4.25 1
PU-SO3H 1.4 0

PU-COOH 0.1 0

Mixed-cell permeation

PU 1.2 0

PU-SO3H 0 0

PU-COOH 0 0

Data from Higuchi, A., Shindo, Y., Gomei, Y., Mori, T., Uy
Part B – Appl. Biomater. 2005, 74, 511–519.
membranes was found with either a single-cell solution

or a mixed-cell solution. Because open pore volume of

the membrane interior in PU and surface-modified PU

membranes is calculated as 0.506 ml (i.e., 1.25� 1.25

� 3.14� 0.12� 0.86 cm) and the total cell volume per-

meated through the membranes is approximately

calculated as 3.375� 10�4 ml in a mixed-cell solution

(i.e., 6 ml� 50 000 cells ml�1� 2� (7.5� 10�4� 7.5

� 10�4� 7.5� 10�4� 4/3 cm)) in this study, the low

permeation ratio is not due to the overloading of the

cells permeated through the membranes. The low per-

meation ratio through PU and surface-modified PU

membranes is due to the high degree of cell adhesion

on the membranes and a complicated pore structure of

the membranes [17].
) of KUSA-A1 cells and H-1/A cells through PU,

ion of single-cell solution and mixed-cell solution

]

(H-1/A) (%) R(KUSA-A1) (%) R(H-1/A) (%)

.6 6.1 8.0

.5 5.9 7.1

.1 4.5 4.6

.15 2.0 1.9

.1 3.5 3.4

5.9 6.8

ama, T., Umezawa, A. J. Biomater. Sci. Polym. Ed.
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The permeation ratio of both KUSA-A1 and H-
1/A cells through PU membranes was found to be

higher than that through PU-SO3H and PU-

COOH membranes. The surface modification of

PU-SO3H and PU-COOH membranes may cause

the decreased pore size of the surface-modified

membranes compared to the unmodified PU mem-

branes. The permeation ratio, when the feed

solution contained a single-cell type, was found to

be higher than the permeation ratio when it was a

mixed-cell solution through PU and surface-mod-

ified PU membranes. Although flow-cytometric

analysis suggested that coagulation or interaction

does not occur between KUSA-A1 and H-1/A cells

(data not shown), some coagulation or interaction

between KUSA-A1 and H-1/A cells that was not

detected from flow-cytometric analysis might lead

to a decrease of the permeation ratio in the mixed-

cell solution compared to the permeation ratio in

the single-cell solution. It was also found that the

permeation ratio for KUSA-A1 cells was higher

than for H-1/A cells, which is consistent with the

relatively smaller size of KUSA-A1 cells, as shown

in Figure 17(b) [17].
There was extensive adhesion of the KUSA-A1

and H-1/A cells to the membrane surface from an

SEM image of the PU membrane surface after the

permeation of KUSA-A1 or H-1/A cells. The high

adhesiveness of the cells may explain their low per-

meation ratios through the PU membranes [17].
Next, the effect of passing an HSA solution

through the membranes following permeation of

the single-cell or mixed-cell solutions was exam-

ined. Table 3 shows that the recovery ratio of
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Figure 19 Flow-cytometric scattergrams of KUSA-A1 cells (o

between forward light scattering intensity and side light scattering

cells of KUSA-A1 cells (orange dots) and H-1/A cells (green dot

50 000 cells ml�1 and (b) following subsequent permeation of HS
Reference 17.)
KUSA-A1 and H-1/A cells following this treatment

was higher than the permeation ratio. However, the

recovery ratio was still below 10% through any of

the PU membranes. Slightly higher recovery ratio

through the PU and PU-SO3H membranes in a

mixed feed solution was found when compared to

that in a single-cell type. On the other hand, no

significant difference in the recovery ratio was

found between feed solutions containing a single-

cell type or a mixture of cell types through

PU-COOH membranes [17].
Next, the flow-cytometric analysis of the

permeate solution of KUSA-A1 and H-1/A cells

and also that of the recovery solution following

filtration through PU membranes were examined.

Figure 19(a) shows the forward versus side light

scattering intensity in the permeate solution

after permeation of the cells through PU mem-

branes. Both smaller sized KUSA-A1 and H-1/A

cells passed through the PU membranes.

Therefore, KUSA-A1 cells have a higher permea-

tion ratio than H-1/A cells, because KUSA-A1

cells are typically smaller than H-1/A cells (see

Figure 17) [17].
Figure 19(b) shows the results of recovery solu-

tion following subsequent permeation of HSA

solution. The pattern of the scattergram in the recov-

ery solution (Figure 19(b)) was identical to that of

the feed solution (Figure 17(b)), even though the

numbers of both KUSA-A1 cells and H-1/A cells

were significantly lower in the recovery solution.

Thus, there is no significant separation of KUSA-

A1 and H-1/A cells in the recovery solution follow-

ing permeation with HSA solution [17].
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3.11.3.2.3 Cell separation through various

porous membranes

The separation of KUSA-A1 and H-1/A cells by
several porous membranes, including uncoated
nylon-net filters, fibronectin- or collagen-coated
nylon-net filters, nonwoven fabrics made of acrylo-
nitrile or a combination of nylon and polyester, silk
screen No. 150 made of silk or Tetron�, and silk
screen No. 250 made of Tetron�, were also exam-
ined [17]. Table 4 summarizes the permeation ratio
through these membranes with the use of a feed
solution containing a mixture of KUSA-A1 and H-
1/A cells. With the use of the nylon-net filter and
fibronectin-coated nylon-net filter, the permeation
ratio for KUSA-A1 cells was higher than for H-1/A
cells. This is mainly due to the smaller cell size of the
KUSA-A1 cells as detected in the forward and side
light scattering intensities shown in (Figure 17(b)).
In addition, a high cell permeation ratio was also
found with the use of silk screens made of silk or
Tetron�. This was because silk screens have a larger
pore size than the nylon-net filter and PU mem-
branes (see Figure 18). A relatively good separation
factor for permeation (�P), defined as the relative
permeation ratio of KUSA-A1 cells divided by that
of H-1/A cells, was obtained when the mixed-cell
solution was passed through the nylon-net filter
(�P¼ 1.8) or fibronectin-coated nylon-net filter
(�P¼ 1.5) membranes, whereas a separation was not
obtained when the nonwoven fabrics or silk screens
were used. Overall, the results suggest that the pore
size of nylon-net filter was optimal for producing a
sieving effect [17].
Table 4 Permeation ratio (P) and recovery ratio (R) of KUSA-A1

nylon-net filter coated with fibronectin [nylon (b)] and collagen [n

(a)], nylon and polyester [nonwoven (b)], and silk screens made o
(b), mesh size 150 and silk screen (c), mesh size 250] after perm

cells ml�1 and 25 �C [17]

Membrane
P(KUSA-A1)
(%)

P(H-
(%)

PU 1.2 0.15

Nylon (a) 57.0 32.0

Nylon (b) 77.0 53.0
Nylon (c) 38.5 37.0

Nonwoven (a) 47.0 42.0

Nonwoven (b) 49.0 45.0

Silk screen (a) 99.0 99.5
Silk screen (b) 99.0 99.5

Silk screen (c) 98.0 97.0

Data from Higuchi, A., Shindo, Y., Gomei, Y., Mori, T., Uyama, T., Umez
74, 511–519.
The effect of passing the HSA solution through
the porous polymeric membranes after permeation
of the cell mixture was also assessed. As summarized
in Table 4, the recovery ratio of both KUSA-A1
and H-1/A cells was relatively low (<20%) for all of
the membranes. This is caused by the high adhe-
siveness of the mesenchymal cells and their high
permeation ratio. Analysis of the recovery solution
shows that there was no effective separation of
KUSA-A1 and H-1/A cells. This is probably due
to the fact that the KUSA-A1 and H-1/A cells are
both mesenchymal cells and have similar character-
istics (i.e., adhesiveness) [17].

The above results show that a separation of cells
with similar characteristics, such as different types of
MPCs (i.e., osteoblasts and preadipocytes), can be
obtained in the permeate solution, but not in the
recovery solution following membrane filtration.
The main factor in this separation is the sieving
effect of cells through the porous membranes.
Therefore, prior to separation, flow cytometry
should be carried out to confirm that the cells to
be separated have different sizes. Separation factor
(�P¼ 1.8) and a high permeation ratio were
achieved when a mixed-cell solution was passed
through a nylon-net filter with an 11-mm pore size,
whereas an extremely low permeation ratio (<5%)
of both cell types was found with the use of surface-
modified or unmodified PU foaming membranes
with a 12-mm pore size. It was also found that the
nylon-net filter had screen-like pore structure,
whereas the PU membranes had a deformed open
pore structure. This indicates that not only the pore
cells and H-1/A cells through PU, nylon-net filter [nylon (a)],

ylon (c)], nonwoven fabrics made of acrylonitrile [nonwoven

f silk [silk screen (a), mesh size 150] and Tetron� [silk screen
eation of mixed-cell solution at the cell density of 50 000

1/A) R(KUSA-A1)
(%)

R(H-1/A)
(%)

2.5 1.0

15.0 17.5

9.5 6.5
7.0 6.5

15.0 14.0

17.0 16.0

3.0 3.5
2.0 1.5

3.0 2.5

awa, A. J. Biomater. Sci. Polym. Ed. Part B – Appl. Biomater. 2005,
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size but also the pore morphology are important for
membrane-based cell separation [17].
3.11.4 Concluding Remarks

We discussed the recent development of blood-cell
separation and stem-cell separation by membrane
filtration method through surface-modified mem-
branes from different cell sources such as blood and
tissue cell samples. The exact surface marker for
primitive hematopoietic stem and progenitor cells
remains unclear currently. Isolating such cells by
membrane filtration of umbilical cord or bone mar-
row is thought to be more effective than magnetic
bead or flow-cytometry sorting methods, because cell
separation in membrane filtration is based not only
on cell size, but also on the intensity of cell adhesion
to the membrane surface. Of all the methods, mem-
brane separation is likely to provide the most sanitary
and simple isolation of stem and progenitor cells [20].

Even a small degree of enrichment, such as the
separation factor of 1.8, is also considered effective in
the transplantation of mesenchymal cells in clinical
applications although clinical trials using the
enriched-cell type of mesenchymal cells have not
yet been performed. In conclusion, cell separation
between MPCs through porous polymeric mem-
branes was shown to be possible. This technology
will contribute to the future clinical application of
cell transplantation into the damaged tissue of
patients.

One of the drawbacks of separation of stem cells
by the membrane filtration method is the relatively
low selectivity compared to FACS and MACS meth-
ods using specific antibodies. The development of
surface-modified membranes immobilized nanoseg-
ments having specific interaction between
nanosegments and stem cells (e.g., CS-1 oligopep-
tides for HSCs, N-cadherin for MSCs, E-cadherin
for ES cells, and CD133 for cancer stem cells) might
be necessary in future.
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