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A B S T R A C T

High-purity hydrogen to be fed directly to a PEMFC was produced by carrying out natural gas steam reforming
under moderate operating conditions in a Pd-Au composite membrane reactor packed with a commercial Ni-
based catalyst. The Pd-Au composite membrane with a thickness of approximately 12 µm was fabricated by using
both electroless and electroplating techniques to deposit Pd and Au layers, respectively, over a porous stainless-
steel support. After annealing, the membrane showed a hydrogen permeance of 1.30×10−3 mol/s-m2-Pa0.5 at
450 °C, and near-infinite ideal selectivity of H2/Ar at pressures lower than 300 kPa and at temperatures lower
than 400 °C. The natural gas reforming reaction was performed at 450 °C with a steam-to-methane ratio of 3.5
and gas hourly space velocity of 2600 h−1 at different operating pressures varying from 100 kPa to 300 kPa. As a
comparison, the steam methane reforming reaction was also carried out at the same operating conditions.

The natural gas reforming reaction showed better performance than the steam methane reforming reaction
and reached> 80% conversion of the higher hydrocarbons and almost 65% of hydrogen recovery at 450 °C and
300 kPa. High-purity hydrogen was obtained in all the experimental tests. No coke formation was observed. Post-
reaction analysis of the membrane is discussed via scanning electron microscope and energy-dispersive X-ray
spectroscopy.

1. Introduction

Over the past decade, there has been an increase in the application
of hydrogen as an energy vector due to its environmentally friendly
quality and wide range of energy applications [1]. Currently, close to
50% of the hydrogen global demand is produced via steam reforming of
natural gas [2], which is the most economic technology among all
hydrogen production pathways [3]. Although natural gas (NG) consists
mostly of methane, its composition can vary widely depending on the
geologic reservoir from which it is recovered. Well location, geological
conditions, and extraction method can dictate the level of impurities,
e.g., water, nitrogen, hydrogen sulfide and higher-order hydrocarbons,
contained within the natural gas. Once raw natural gas is processed
(e.g., sulfur removal, etc.), it can enter the pipeline distribution system
followed by consumption of the end-use product. The NG consumed in
the U.S. has a standard heating value of approximately 1000 BTU/ft3

(1000 kJ/28 L) at STP [4]. Hence, given that the standardization is
based on the heating value rather than the gas composition, a

compositional range of gases, largely determined from a safety per-
spective by the Pipeline and Hazardous Materials Safety Administration
sector of the U.S. Department of Transportation, can be found within
NG [5]. The maximum compositional limit for various components of
pipeline-quality NG [6–9] is shown in Table 1.

Currently, the conversion of NG to hydrogen takes place in a con-
ventional reformer at harsh operating conditions. The general reaction
describing NG steam reforming (SR) can be described as [10]:

+ ↔ ⎛
⎝

+ ⎞
⎠

+C H x H O x y H xCO
2x y 2 2 (1)

where x is the number of carbon atoms and y is the number of hydrogen
atoms within the hydrocarbon feed. For example, if the feed is methane,
as described previously, Eq. 1 reduces into Eq. (2). Furthermore, the
three main reactions governing the steam methane reforming (SMR)
process are [11]:

+ ↔ + =°CH H O CO H3 ΔH 206 kJ/mol4 2 2 298K (2)
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+ ↔ + = −°CO H O CO H ΔH 41 kJ/mol2 2 2 298K (3)

+ ↔ + =°CH H O CO H2 4 ΔH 165 kJ/mol4 2 2 2 298K (4)

However, NG contains several other hydrocarbons (HCs) as shown
in Table 1, that react across the same catalytic bed, typically comprised
of Ni, thereby leading to additional reactions [12]. Therefore, for SR of
ethane, the following reactions are known to be prevalent [13]:

+ ↔ + =°C H H O CO H2 2 5 ΔH 346 kJ/mol2 6 2 2 298K (5)

+ ↔ = −°C H H CH2 ΔH 66 kJ/mol2 6 2 4 298K (6)

+ ↔ + = −°CO H CH H O3 ΔH 206 kJ/mol2 4 2 298K (7)

+ ↔ + = −°CO H O CO H2 2 2 2 ΔH 82 kJ/mol2 2 2 298K (8)

+ ↔ + =°C H H O CO H4 2 7 ΔH 264 kJ/mol2 6 2 2 2 298K (9)

Similarly, the dominant pathways for SR of propane are [14]:

+ ↔ + =°C H H O CO H3 3 7 ΔH 499 kJ/mol3 8 2 2 298K (10)

+ ↔ + =°C H H O CO H6 3 10 ΔH 375 kJ/mol3 8 2 2 2 298K (11)

Also, the pathways for SR of butane [15] are:

+ ↔ + = −°CO H CH H O4 2 ΔH 165 kJ/mol2 2 4 2 298K (12)

+ ↔ = −°C H H CH3 4 ΔH 174 kJ/mol4 10 2 4 298K (13)

+ ↔ + =°C H H O CO H4 4 9 ΔH 650 kJ/mol4 10 2 2 298K (14)

+ ↔ + =°C H H O CO H8 4 13 ΔH 486 kJ/mol4 10 2 2 2 298K (15)

Additionally, a complex network of side reactions can take place to
form various HC species. Comprehensive literature studies relating to
the industrial process of NG reforming are available in terms of catalyst
deactivation, kinetics, energy evaluation, life cycle analysis, among
other parameters [16–19].

The industrial reformed stream contains mainly H2 and by-products
such as CO2 and CO. In order to obtain pure hydrogen, the industrial
reformer is followed by water gas shift (WGS) reactors and equipment
for hydrogen separation and purification. In the context of process in-
tensification, the membrane reactor (MR) can be used to perform SR
reactions and remove pure hydrogen within the same device. In parti-
cular, metallic MRs have been proven to efficiently produce hydrogen
from SMR at lower temperatures and pressures than current industrial
conditions [20–24].

Few studies exist in the literature dealing with hydrogen production
in Pd and Pd-Ag MRs using real NG mixtures. For example, Shirasaki
et al. produced pure hydrogen at a rate of 3.6 kg/h (40m3/h) by using
planar Pd-Ag membranes with a thickness of ~ 20 µm and a NG mixture
composed by 88.5% methane, 4.6% ethane, 5.4% propane, and 1.5%
butane [25]. This study mainly focused on the overall principle of large-
scale hydrogen production from reforming of NG via Pd-based MRs. The
authors obtained an overall average energy efficiency of> 70% and a
best value of 76.2% based on the HHV of pure hydrogen produced di-
vided by the HHV of NG along with auxiliaries (i.e., air handling

equipment, heat needed for the reaction, cooling loads, NG compressor,
etc.). Although the MR was operated for 3310 h and was subjected to 61
thermal cycles (from start up to shut down), it provided a hydrogen
purity greater than 99.99% throughout the testing. In addition, the
reformer system was optimized to realize a NG conversion of 83%, with
the possibility of reaching 90% [26]. In another study [27], a mixture of
CH4 at> 90mol.% and other HCs (C2-C4) were fed into a fluidized-
bed membrane reformer (FBMR) obtaining a conversion of 58.6% based
on the average CH4 equivalent of all HC species at T=600 °C and
preaction = 400 kPa. The 25-μm Pd-Ag25 flat composite membrane de-
posited on porous stainless steel (PSS) used in the work produced a H2

purity greater than 99.99% over a 395-h period. The same authors in
another study illustrated a NG conversion of 81%, with a decreased of
H2 purity of 99.988% [28].

Although higher hydrocarbons are more reactive and enhance the
overall H2 production, they also increase the coke formation, which can
rapidly deactivate the nickel catalyst, and decrease the membrane
performance. Usually, an additional step called pre-reforming is added
to the overall SMR process, which converts all the heavier hydro-
carbons in CH4, carbon oxides, H2 and steam and it serves to avoid
catalyst deactivation and to enhance heat recovery.

Therefore, the aim of this work is to use a thin Pd-Au membrane
supported on PSS to perform the NG SR reaction and to evaluate how
the heavier HCs and impurities, such as CO2, present in NG may impact
the Pd-Au MR performance in terms of conversion and hydrogen pro-
duction. A comparison between SMR and NG SR reactions is also per-
formed and evaluated. This paper will lay the foundation for a direct
performance evaluation between different reactants, a first of its kind
comparative analysis using MR technology.

2. Experimental details

2.1. Membrane fabrication and membrane reactor details

The composite Pd-Au/PSS membrane used in this work was fabri-
cated at Worcester Polytechnic Institute's Center for Inorganic
Membrane Studies. The commercial PSS support was purchased from
Pall AccuSep, and it was already characterized by a deposited layer of
zirconia on the outer surface. The outer diameter of the support was
1 cm and its total active length was 3.6 cm. The electroless plating was
used to deposit a dense Pd layer by using a similar procedure to Ma
et al. [29–31]. A thin gold layer was deposited on top of the palladium
surface via conventional electroplating, which allows for obtaining
films of desired thickness [32]. Notice that gold has been shown to
enhance the properties of Pd-based membranes, such as permeance,
stability and contaminant-recoverability [33], and therefore, it was
used in this work. In addition, the optimum amount of gold is 5%,
which has a negligible effect on the total cost of the membrane. Finally,
to provide active sites on the asymmetric membrane, and to enhance
the initial H2 flux and decrease the overall time of annealing as shown
within the literature [33], a pure Pd topmost layer was deposited.

The thickness of the membrane was estimated by gravimetric
methods. Specifically, the final membrane was characterized by a Pd
layer of approximately 12-μm thickness and a thin layer of 4.4 wt% Au,
with a total active area of 11.3 cm2. A photo showing the final mem-
brane along with a schematic of the metallic layers on the PSS support
is shown in Fig. 1.

One end of the membrane was welded to a 316-L nonporous-capped
tube while the other end was welded to a nonporous tube. A com-
mercial Ni-based catalyst supplied by Johnson Matthey Inc. was used.
Before packing 3 g of catalyst in the annular region of the MR, it was
crushed and sieved to an approximate particle size of 200–400 µm, in
order to increase the available surface area for the reaction and to avoid
pressure drop in the catalytic bed.

A cross-section of the MR system is shown in Fig. 2.

Table 1
Maximum composition limits of various components for pi-
peline quality natural gas.

Component Maximum [mol%]

Methane > 96
Ethane 10
Propane 5
Butane 2
Nitrogen 4
Carbon Dioxide 4
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2.1.1. Experimental details
The MR system was heated using heating tape controlled by a vol-

tage controller (Glas-Col) and the temperature was monitored via a K-
type thermocouple (Omega Engineering) housed in the permeate side of
the MR. Pure gases were regulated and supplied to the MR via Aalborg
GFC17 thermal mass flow controllers, distilled water was supplied
through an Eldex 1LMP pump, which was vaporized and mixed with
gases prior to entering in the MR, a temperature-regulated water bath
(Julabo F25-EH) was used to condense water vapor from the retentate
and an Extrel Max-300LG Mass Spectrometer (MS) was utilized for
analyzing the composition of dry gas species coming from both re-
tentate and permeate sides. Before beginning experiments, the MS was
calibrated using the standard addition method [34] in order to obtain
accurate molar compositions with parts per million (ppm) precision for
both retentate and permeate streams.

The MR was heated to the operating temperatures with a heating
ramp of 1 °C/min under an Ar atmosphere. The effect of both NG and
CH4 feed gases on the MR performance under different reaction pres-
sures between 100 and 300 kPa was evaluated. The reaction tempera-
ture, steam-to-methane ratio (S/CH4), gas hourly space velocity
(GHSV), and sweep gas were kept constant at 450 °C, 3.5/1, 2600 h−1,
and 100mL/min, respectively.

The NG composition used in this work is reported in Table 2. Notice
that the N2 effect was already investigated by the same authors in a
previous study [24]; therefore, its influence was not considered in this
study.

Prior to the reaction experiments, the membrane was characterized
by permeation measurements using pure gases, such as H2 and Ar. The
permeating flux of each gas through the membrane was measured using
a bubble-flow meter, along with a MS, with an average of 15 experi-
mental points recorded.

The equations used to describe the permeating characteristics of the

membrane are as follows:

= −J P p p( )H H retentate
n

H permeate
n

2 2, 2, (16)

where JH2 is the hydrogen permeating flux through the membrane, P is
the permeance, pH2 is the partial pressure of hydrogen in either the
retentate or permeate side of the membrane and n is the dependent
factor that relates the hydrogen partial pressure to its flux and varies
between 0.5 and 1.0.

= ∙ −P P exp E RT( / )o
a (17)

where Po is the pre-exponential factor, Ea apparent activation energy, R
universal gas constant, and T is absolute temperature.

=( )α Permeance
Permeance

Ideal selectivity H Ar
H

Ar
/

2
2 (18)

Each permeation point obtained represents an average value of at
least 10 measurements taken over 20min at steady-state conditions
with an error variation lower than 1%.

In terms of the reaction experiments, each point obtained represents
an average value of at least 100 measurements taken over 150min at
steady-state conditions with an error variation lower than 1%. The
main equations used for describing the performance of the Pd-Au/PSS
MR are:

=
−

∙( )X
Q Q

Q
Methane conversion 100CH

CH
IN

CH
OUT

CH
IN4

4 4

4 (19)

=
−

∙X
Q Q

Q
Ethane conversion( ) 100C H

C H
IN

C H
OUT

C H
IN2 6

2 6 2 6

2 6 (20)

=
−

∙( )X
Q Q

Q
Propane conversion 100C H

C H
IN

C H
OUT

C H
IN3 8

3 8 3 8

3 8 (21)

=
−

∙( )X
Q Q

Q
Butane conversion 100C H

C H
IN

C H
OUT

C H
IN4 10

4 10 4 10

4 10 (22)

where QC H
IN

x y is the reactant flow rate entering the MR and QC H
OUT

x y is
the flow rate of the unreacted species leaving the MR.

=
+

∙HR
Q

Q Q
Hydrogen recovery ( ) 100H

Permeate

H
Retentate

H
Permeate

2

2 2 (23)

= ∙HPP
Q

Q
Hydrogen permeate purity ( ) 100H

Permeate

Total
Permeate

2

(24)

where QH
Permeate

2 and QH
Retentate

2 are the molar flow rates of H2 in the
permeate and retentate streams, respectively, and QTotal

Permeate is the
total molar flow rate of the permeate stream of the membrane.

The formation of other hydrocarbons, i.e., ethylene, propylene, was
not detected by the MS. Additionally, in order to evaluate whether coke
formation occurs during reaction testing, pure H2 was supplied to the
MR after the experiment and the retentate stream was analyzed using
the MS to check for the presence of CH4 [35].

+ ↔ = −°C H CH HΔ 75.0 kJ/mol2 4 298K (25)

It was found that coke was not formed in any of the experiments
performed in this work. Moreover, the carbon balance between the inlet
and outlet gaseous streams was closed with± 2.0% error. Before

Fig. 1. Pd-Au composite membrane A) actual membrane B) schematic of
membrane layers.

Fig. 2. Cross-section of the Pd-Au MR.

Table 2
Composition used for the reaction tests in this work.

Species Composition [wt%]

Methane 86.63
Ethane 5.86
Propane 3.50
Butane 1.51
Carbon Dioxide 2.50
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performing the reaction experiment, the catalytic bed was reduced
through the addition of hydrogen at 450 °C. The catalyst was stable
throughout all of the experimental tests.

2.2. 3 Experimental results

2.2.1. Membrane annealing
The temperature of the membrane was increased from room tem-

perature to 350 °C under an Ar environment. At this temperature and at
50 kPa of trans-membrane pressure, argon leak test showed an un-
detectable leak, and hydrogen was introduced to the module. The hy-
drogen permeating flux was measured as a function of time, con-
tinuously every 30min, as shown in Fig. 3. Once a steady hydrogen flux
was achieved at 350 °C, the temperature was increased to 400 °C and
argon leak tests were performed displaying undetectable Ar leak. This
procedure was repeated until a working temperature of 450 °C was
reached. The temperature was kept constant at 450 °C for more than
100 h and the hydrogen permeating flux increased from 6.17× 10−2

mol/s-m2 to 9.15×10−2 mol/s-m2. The annealing caused an increase
in the hydrogen permeating flux, which led to the formation of a
complete alloy of the three deposited layers of Pd-Au-Pd. This proce-
dure allows for obtaining the maximum permeability for Pd-Au as
theoretically predicted [36,37]. During this period several leak tests
were performed and Ar was not detectable.

At the end of the annealing period, the membrane showed a H2

permeance of 1.30×10−3 mol/s-m2-Pa0.5 at 450 °C. A selected sum-
mary of permeance data from different literature sources is summarized
in Table 3, including the results from the current study.

It can be noted that the hydrogen permeance of the presented Pd-
Au/PSS membrane is superior to the permeance of the Pd-based
membranes at 450 °C, and it shows the same order of other Pd-based
membranes working at higher temperature. This enhanced behavior of
the membrane is due to the presence of gold, which can raise the per-
meance up to 2× due to an increase in diffusivity [44,45]. Although
the amount of gold in the presented membrane is 4.4%, which is just

below the optimum 5% [46], the membrane displayed an excellent and
stable H2 flux.

2.2.2. Permeation tests
Permeation tests with pure gases, such as H2 and Ar, were carried

out and ideal selectivities were evaluated at different temperatures and
trans-membrane pressures of 350, 400 and 450 °C and 50, 100 and 150
kPa, respectively. In particular, permeation measurements with Ar were
performed to investigate the presence of any defects within the metallic
layer and were then used to calculate the ideal selectivity αH2/Ar. The
membrane exhibited near-infinite selectivity at each temperature and
pressure tested except for 450 °C and at pressures above 100 kPa.
Specifically, at 450 °C the ideal selectivity decreased from infinity at
50 kPa to 12400 at 150 kPa. This decreasing trend can be attributed to
the defects of the membrane, which are potentially caused by irregu-
larities in the support surface and/or impurities present during elec-
troless plating fabrication of the membrane [23]. These defects allow
for Knudsen diffusion of the gas from the retentate to permeate through
the defects in the Pd layer, as also reported previously by Rothenberger
et al. [47]. These results indicate that the composite Pd-based mem-
brane was not completely defect-free and not fully selective to hy-
drogen permeation with respect to all other gases at higher pressure
than 100 kPa and 450 °C, although the H2/Ar ideal selectivity was still
high compared to the DOE H2/N2 ideal selectivity target of 10000.

In order to establish the membrane permeation characteristics to-
wards hydrogen permeation, Po, Ea and n need to be estimated. At
350 °C and 400 °C, the hydrogen permeation flux as a function of the
difference in partial pressure of hydrogen to the power of n was plotted
and a linear regression equation with associated R2 was used to eval-
uate the n value. The best linear fit corresponding to the highest coef-
ficient of determination, R2, was found for n=0.5 indicating that the
permeation follows the Fick-Sieverts’ law. At 450 °C the best linear fit
corresponding to the highest coefficient of determination, R2, was
found for n=0.53, as shown in Fig. 4. Therefore, at this temperature,
the transport of hydrogen through the membrane is mainly limited by a
solution-diffusion transport mechanism through the bulk metallic
phase. Nevertheless, a deviation from 0.5 indicates that the permeation
of hydrogen may be influenced by a combination of other factors such
as Pd surface impurities, bulk defects, i.e., organic contaminants from
fabrication or pinholes, respectively [48,49].

In order to evaluate Ea and Po, an Arrhenius relationship between
the hydrogen permeance and the reciprocal temperature was used.
Values for Ea and Po of 18.15 kJ/mol and 2.50× 10−8 mol/s m2 Pa
were determined, respectively. These values are in reasonable agree-
ment with other studies utilizing Pd-Au membranes, i.e., 13.1 kJ/mol
for 9 wt% Au deposited on a Pd/Al2O3 membrane [33], as well as the
range 7.9–19.2 kJ/mol for the varied composition of Au between 5 and
40wt% [50] and a range of 11.1–18.8 kJ/mol for Pd-Au/Al2O3

Fig. 3. Hydrogen permeating flux, argon leak tests at 350, 400, 450 °C at dif-
ferent elapsed times. Δp= 50 kPa.

Table 3
Selected permeance data from the literature for Pd-based membranes.

Membrane Thickness
[μm]

Temperature [°C] Permeance [mol/s-
m2-Pa0.5]

Reference

Pd/Al2O3 13 500 9.50× 10−4 [39]
Pd-Ag 50 450 2.00× 10−5 [40]
Pd/PSS 11 523 1.11× 10−3 [41]
Pd-alloy 15 540 2.00× 10−3 [42]
Pd 11 600 1.70× 10−3 [43]
Pd-Au/PSS 12 450 1.30× 10−3 This work

-

Fig. 4. H2 flux through Pd-Au/PSS supported membrane vs the trans-membrane
pressure by varying ‘n’ at T=450 °C.
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membranes [51]. In addition, the membrane showed high stability in
terms of selectivity and no performance decrease for over long periods
of time, i.e., > 1000 h.

2.2.3. Reaction tests
The SR reaction testing using NG mixture as a feed was performed in

the Pd-Au/PSS MR at T= 450 °C, S/CH4 = 3.5/1, GHSV=2600 h−1,
and ppermeate = 100 kPa. The MR performance in terms of CH4 con-
version, HR, and HPP was investigated at different reaction pressures
and the effect of the heavier HCs was evaluated by performing the SR of
methane at the same operating conditions. Fig. 5 shows the methane
conversion vs the reaction pressure for both NG and methane feeds. As
displayed, the methane conversion slightly increases with increasing
reaction pressure for both feeds. This increasing trend is caused by a
growing shift effect promoted by a higher hydrogen permeation driving
force. In particular, an increase in the reaction pressure results in an
increased H2 partial pressure in the retentate stream. This causes a
higher H2 permeation flux through the membrane, thereby causing
more hydrogen to be removed from the reaction zone, driving the re-
actions towards further product formation and resulting in an increase
in the methane conversion. This phenomenon is called the ‘shift effect’.

By comparing the two feeds, it is visible that the methane conver-
sion is higher when pure methane is used with respect to NG at all
tested pressures. The lower methane conversion obtained by using NG
is likely due to the presence of the other HCs, which react to produce
methane, Eqs. (6), (7), (12), and (13), thereby causing a lower estimate
of the methane conversion. Additionally, the presence of CO2 within the
NG feed can decrease the conversion, since it is a product of the reac-
tion [33]. The maximum methane conversion obtained by using pure
methane and NG feeds was 48% and 37%, respectively at 450 °C and at
300 kPa. However, although the conversion of methane was lower at all
tested pressures by feeding NG, the amount of hydrogen produced was
greater.

Fig. 6 shows the HR by varying the reaction pressure for both feeds.
The higher HR obtained by using a NG feed can be attributed to the
presence of the HCs. Indeed, high conversion of propane, butane and
ethane has been obtained at all pressures tested, as shown in Fig. 7,
which has produced more hydrogen, enhancing the hydrogen per-
meation driving force. The higher the driving force, the higher the
hydrogen permeation flux through the membrane. As a consequence, a
greater amount of H2 was collected in the permeate stream, increasing
the HR value. The conversion of each HC can be found in Fig. 7. As can
be seen, the conversion increases with increasing pressure due to the
shift effect. The lowest and highest values of the conversion for each HC
were: ethane 89.5 – 93%, propane 88.5 – 92%, and butane 76 – 83%.

In addition to the data presented in Fig. 7, the CO2 and CO se-
lectivities (flow rate of the respective gas divided by the total gas flow
rate) for methane and NG SR reactions are shown in Fig. 8(a,b).

As the reaction pressure is increased, an increasing trend in the
formation of CO2 and a decreasing trend in the formation of CO are
found for both feeds. This is due to the increased permeated hydrogen
flux with increasing pressure, which shifts the reactions towards further
product formation, among which include CO2, thereby resulting in a
higher consumption of CO due to the WGS reaction. This effect is more
evident when using an NG feed because of higher hydrogen permeation,
which enhances the shift effect.

In all of the experiments carried out, the HPP was found to be ap-
proximately 100% indicating that, by using a condensable sweep gas
such as steam, the hydrogen coming from the permeate stream can be
used directly for industrial applications as well as a fuel cell feed. In
addition, steam increases the methane conversion due to the presence
of oxygen. In addition, there is no structural damage caused in the
composite Pd-based membranes, as shown in the study of Gallucci et al.
[52].

Also, no coke formation was detected in the entire experimental
tests indicating that the MR is stable under the operating conditions
used in this work and can produce high-purity hydrogen from an NG
mixture to be directly used.

3. Pd-Au membrane characterization post reaction testing

The scanning electron microscope (SEM) and energy-dispersive X-
ray spectroscopy (EDS) techniques were performed after the tests to
characterize the Pd-Au composite membrane used in this study – pri-
marily to verify and determine the thickness and composition. Fig. 9
shows (a) the membrane surface and (b) a cross sectional image of the
supported Pd-Au membrane using SEM. From the superficial SEM
image, it can be seen that the Pd-Au membrane after tests still presents
the characteristic cauliflower morphology of Pd clusters indicating that
the membrane did not degrade under the conditions used during the

Fig. 5. Methane conversion vs reaction pressure for both pure methane and NG
feeds by using Pd-Au/PSS MR at T= 450 °C, S/CH4 =3.5/1,
GHSV=2600 h−1, ppermeate = 100 kPa.

Fig. 6. HR vs reaction pressure for both pure methane and NG feeds by using
Pd-Au/PSS MR at T=450 °C, S/CH4 =3.5/1, GHSV=2600 h−1, ppermeate

= 100 kPa.

Fig. 7. HCs conversion vs reaction pressure for NG feed by using Pd-Au/PSS MR
at T= 450 °C, S/CH4 = 3.5/1, GHSV=2600 h−1, ppermeate = 100 kPa.
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testing.
Regarding the cross-sectional image, the real thickness of the

membrane is approximately 12 µm, although it looks bigger in EDS
image. This is due to the cutting and polishing procedures of the sample
that, in this case, did not offer a flat surface for the physical and che-
mical characterizations. Therefore, the Pd layer is affected by the
‘background readiness’, which magnifies the real thickness dimensions.
The EDS analysis took place to understand the diffusion of dissimilar
metals deposited as elemental rich layers, i.e., the Au-rich layer into the
Pd-rich layers. The plating of two dissimilar layers of metal has been
shown to be an effective approach for the production of a hydrogen-
permeable membrane [53–55]. Several factors surrounding the use of
bilayer deposition relating to lower permeation, hydrogen embrittle-
ment, and metallic delamination of alloying have recently been over-
come [56–60]. One prevailing method that has yielded good success is
the deposition of hydrogen permeable layers around the alloyed metal,
i.e., Pd-metal-Pd as this has shown to allow for elevated hydrogen
permeation while the diffusion of dissimilar metals takes place [61–63].
Based on a literature search, the membrane used during the current
work had two different electroless plated layers of Pd and one layer of
electroplating of Au. Methods for achieving homogeneous metal alloys
vary throughout the literature, but one common method is that an-
nealing the alloyed membrane at an elevated temperature aids in dif-
fusion due to the increased movement of atoms [64,65].

Fig. 10 shows the primary placement of the elements associated
with the fabrication of the Pd-Au membrane. Fig. 10A shows the initial
porous SS support in red, Fig. 10B has the manufacturer deposited ZrO2

layer visible in yellow. Fig. 10C contains the as-deposited Pd layer
shown in purple with a uniform thickness. Fig. 10D shows two signals

in blue, the Au layer close to the upper-most part of the Pd layer of the
membrane and the ZrO2 layer close to the PSS. It is also important to
note that the Au-rich layer shows some Au that has diffused through the
Pd layer, but still has a high concentration in the area of original de-
position.

Unfortunately, it is hard to conclude that the Au-rich layer has
created a homogeneous layer with Pd, as there is not an untested
membrane for comparison. What has been shown throughout this ex-
perimental work is a high H2 permeation and high ideal selectivity,
thereby leading to the conclusion that this type of fabrication can be
used for NG SR reaction testing.

4. Conclusions

The results of this study have shown that the use of pipeline-sourced
natural gas for the purpose of producing high-purity hydrogen is at-
tainable at milder conditions than the conventional industrial method
for producing hydrogen via SMR. Although the conversion of methane
was lower when using real natural gas as compared to pure methane,
the production of hydrogen was greater due to the high conversions of
the other hydrocarbons: ethane (93%), propane (92%) and butane
(83%). These results suggest that by using the MR technology with a
real natural gas mixture, high conversions and high hydrogen recovery
can be achieved at low operating temperatures (450 °C) and pressures
(300 kPa). This highlights the ability of the MR to produce hydrogen at
mild conditions with respect to the commercial hydrogen production
process. It is also important to note that no coke was detected during
the testing.

Furthermore, the Pd-Au membrane showed stability in terms of

Fig. 8. a) CO2 selectivity and b) CO selectivity vs reaction pressure for pure methane feed and NG feed by using Pd-Au/PSS MR at T=450 °C, S/CH4 = 3.5/1,
GHSV=2600 h−1, ppermeate = 100 kPa.

Fig. 9. SEM imaging of (a) surface (b) and cross section of the Pd-Au composite membrane.
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ideal selectivity, which was near-infinite at 350 and 400 °C, with a
hydrogen permeate purity of 100% for over long periods of time,
i.e., > 1000 h. These results indicate that by producing a bi-layer me-
tallic membrane through electroless plating of Pd and electroplating of
Au, an established alloy is achievable for its use under steam reforming
reactions. In order to understand the dynamics of using natural gas as
the feed for steam reforming within the Pd-Au MR, further results will
be discussed in future work.
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