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ARTICLE INFO ABSTRACT
Keywords: The work aimed to study the influence of co-existing gaseous mixture (Hp—-N2—-CO-CO2) on
Pd-Ag membrane hydrogen permeation through the counter-current flow of a Pd82-Agl8/a-Al,03 membrane
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Counter-current
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during transient start-up at 350 °C and atmospheric pressure. The membrane was operated for an
8-h. Its performance was measured in terms of hydrogen flux and recovery. The results were
mapped on Sieverts-Fick’s line and showed a slight membrane deactivation because of the
presence of Ny and CO in the feed gas. The membrane deactivation became more profound when
CO was a constituent. The effect of the co-existing gases on the hydrogen flux, in increasing order,
was CO > COy>Nj. The co-existing gases, if present as a significant fraction, induces dilution,
concentration polarization, and inhibition over the membrane surface, decreases the membrane
performance in term of hydrogen recovery, time lag during transient start-up, and deactivation. It
is recommended that the start-up might be run using equimolar Hy-Ny mixture.

1. Introduction

Hydrogen has the advantages of being a viable future energy carrier, including environmental friendliness, high electrical energy
conversion efficiency, and high energy density. Hydrogen is classified as green, grey, or blue depending on how it is produced. Green
hydrogen, which is primarily produced through electrolysis, is carbon-neutral hydrogen because no carbon is produced during the
production process or consumption as a fuel. Grey hydrogen is produced by reforming process from natural gas, coal, and heavy oil.
When the carbon produced during extraction or manufacturing is captured and stored, grey hydrogen is improved to blue hydrogen
[1]. Hydrogen separation and purification processes are categorized as membrane separation [2,3], pressure swing adsorption [4,5],
low-temperature separation [6], metal hydride method [7,8], and catalytic deoxygenation [9]. Separation technology with membrane
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has advantages in improving efficiency, reducing capital and operational costs, increasing hydrogen yield and selectivity, and reducing
CO; emissions. Pd-based membranes exhibit good permeability (Pey,) and selectivity to hydrogen [10-14]. Pd membranes are usually
combined with other metals, such as silver and/or ceramic buffers, such as alumina [15-20]. Due to the high permeability of Pd and its
alloys (Ag, Cu, Au) for hydrogen, palladium-based membranes have the ability to extract high flux with high perm selectivity among all
Hj-selective membranes [21] to increase their mechanical strength. Various variables affect the hydrogen permeation through the Pd
membrane, including the influence of pressure and temperature on Hy production [19]. Furthermore, Faizal et al. [20] studied the
effect of feed gas flow rate on hydrogen permeation. Barreiro et al. [10] observed the influence of temperature, pressure, flow rate, and
feed gas concentration on Pey, . The effects of CO, CO2 and H20 on Hj permeation were reported by Hou and Houghes [22], Boon et al.
[23], Sakamoto et al. [24], and Goldbach et al. [25]. Ng gas inhibits Hy permeation through the Pd-Ag membrane by forming NHy on
the membrane surface [26] and can be regenerated at a temperature of >773 K by flushing using pure H,. However, due to dilution,
concentration polarization, and competitive adsorption, Hy production becomes discontinuous when flushing, and NHy compounds
reduce the Hy permeation flux through the Pd membrane wall. The partial pressure of H, in feed gases containing H, and other gases is
also lower than that of pure Hy [27,28]. This is the leading cause of reduced H; permeation, which results in a smaller Hy permeation
flux. Compounds other than Hj can also cause concentration polarization [29]. Gases that cannot penetrate the membrane create a
concentration gradient above the surface of the membrane, blocking the Hy permeation. This phenomenon is known as the “external
mass-transfer resistance” of the membrane as studied by Budhi et al. [30-32] on a 100 pm Pd75-Ag25 membrane without support. Hou
and Hughes [22] examined the influence of CO, CO5, and H20 on the Pd-Ag membrane. The inhibitory effect follows the H,O > CO >
CO4 sequence, which correlates with the adsorption ability of this compound on the surface of the membrane. These gases create a
significant inhibitory effect as their concentration increases, but their impact decreases at temperatures above 400 °C. The influence of
CO», is insignificant at temperatures above 325 °C. Some other researchers [ also observed a similar phenomenon, and a decrease in the
Hy flux occurred only due to the concentration of polarization [36]. Barbieri et al. [37] reported that CO, and Ny were insignificant in
inhibiting Pd-Ag membranes at 374 °C and 100 kPa. A mixture of Hp with CO5 and/or Ny, is still on the Sieverts-Fick line, showing a
decrease in Hj flux due to dilution. Israni et al. [38,39] found significant CO, inhibition at temperatures below 300 °C, while Gallucci
et al. [40] results were similar to Barbieri et al. [37]. Barbieri et al. [37] proposed the joint law of Sievert and Langmuir isotherms to
estimate H2 flux with CO. Li et al. Scura et al., Mejdell et al. Caravella et al., and Kurokawa et al. [27,37,41-43] reported a significant
reduction in Hy permeation at low temperatures. It is minimized if the operating temperature is > 477 °C after evaluating the effect of
temperature and CO on the feed gas. Scura et al. [37] reported reversible CO inhibitory effects, and the influence of other compounds
was summarized by Unemoto et al. [44]. Li et al. [41] reported CO inhibition on the Pd membrane reduced Hy permeation as the
duration of the operation increased. Israni et al. [38] reported that the thin membrane of Pd-Ag was developed by stacking it on
a-Al203 as a support, which increases the possibility of engineering application at high pressures. Adding Ag increases Hy permeation
and reduces the effect of NHy inhibition on the membrane. The Pd-Ag membrane and a-Al;O3 buffer combination is expected to
provide better Hy separation performance than a pure Pd membrane. The performance of the membrane can be quantified through
Pey,. The performance reliability of membrane work is also affected by the dynamics of hydrogen permeability and mechanical
properties caused by structural and superficial changes at membrane work in gaseous media [45]. Thus, this study is focused on
observing the effects of co-existing gases, such as Hj, Ny, CO, and CO, on the permeation of H; through a
Pd82-Ag18/a-Al,Osmembrane. Observations were made on a mixture of Hp gas with Ny, CO, and CO; in binary, ternary, or quaternary
gaseous mixtures. The membrane stability of Pd82-Ag18/a-Al,0O3 as a function of time was assessed during a start-up operation of
approximately 8 h at a temperature of 350 °C.

2. Experiments

An experimental setup was designed provide the laboratory work to run the Pd82-Ag18/a-Al,O3 membrane for H; separation. In
each experiment, the feed gas was made to flow to the membrane on the feed side, while the sweep gas (N5) was made to continuously
flow at a rate of 120 mL/min on the permeate side. The feed and sweep gases were fed in a counter-current flow configuration, based on
a study by Caravella et al. [46]. After the equipment was assembled, a leak test was performed for each hose connection by applying
soap on the same and checking if bubbles were released from the connection. The Hy compositions in the feed and retentate streams
were measured using a gas detector (Cosmos XP-3140, New Cosmos Electric Co., Ltd., Japan). In this case, N3 should not penetrate
through the membrane wall, and thus the permeate side output should be pure H,. In addition, before the membrane system was used,
it was cleaned by purging by the use of ultra-high-pure argon for approximately 30 min. This would eliminate any non-inert gases on
the membrane surface. During this time, the membrane was heated up to a desired operating temperature (350 °C). For the following
30 min, ultra-high-pure- H, and argon were simultaneously introduced into the membrane to remove all adsorbed compounds over the
membrane surface. With this activation stage, the initial state of the membrane would always be clean and in the same condition. In the
next 30 min, only argon was fed into the module to ensure that the membrane was free of Hj.

2.1. Hydrogen separation

The main experiments were carried out with a mixed gas flow of Hy, N2, CO, and CO. In each experiment, the sweep gas of N, was
continuously made to flow at a rate of 120 mL/min on the permeate side to create a partial pressure difference between the retentate
and permeate sides. The concentration of the permeate gas was measured by the H; gas online sampling system (Cosmos XP-3140,
thermal conductivity). The membrane performance was expressed in terms of the hydrogen recovery and the hydrogen flux.
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2.2. Data interpretation

The hydrogen recovery was determined from the H, composition taken from the flow rate measurement. The data were treated, and
a reproducibility test was also performed.

2.2.1. Permeability of Pd membrane
The Pey, of the Pd82-Ag18/a-Al;03 membrane was calculated using the following equations:

Pe 0. 0.
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where Jy, = molar flux of hydrogen (mol m~2 s7!), Pey, = permeability value of membrane (mol m~! s~ Pa~%%), § = membrane
thickness (m), Py, w» = partial pressure of Hy on permeate side (Pa), Py, s = partial pressure of Hz on feed side (Pa), yy, (. = mole
fraction of hydrogen on permeate side, and yy, 1 = mole fraction of hydrogen on feed side.

2.2.2. Determination of hydrogen recovery
The determination of hydrogen recovery (HR) of the Pd82-Ag18/a-Al,03 membrane was conducted by comparing the H; flow rate
on the permeate side to the total flow rate of H; in the feed. HR can be calculated using Equation (4).

HR = Fpen MeAOX Hpermear )

F, membrane feed®Xpmembranefeed
2.3. Pd82-Agl18/a-Al;03 membrane

The Pd82-Ag18/a-Al;03 membrane used in this study was synthesized by electroless plating over the outer surface of a porous
a-AlpO3 tube [32,47,48]. The technical specifications are as follows: outer and inner diameters are 10 and 7 mm, respectively;
membrane thickness of 20.2 pm; membrane length of 80 mm; and a mean pore diameter of the support of 0.1 um [49]. Its cross-over
surface was analyzed by scanning electron microscope (SEM). In addition, an energy dispersive X-Ray (EDX) analysis was conducted to
investigate the distribution of Ag in the Pd82-Ag18/a-Al,03 membrane. The characterization results are presented in Fig. 1. Based on
the SEM analysis, no pinholes were observed. This indicates that the Pd82-Ag18/a-AlsO3 membrane has been prepared in a good
condition. Furthermore, from the images obtained through the EDX analysis, it could be seen that the distribution of Ag was uniform at
an average of 18.2 wt%.
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Fig. 1. SEM image and EDX analysis over Pd82-Ag18/a-Al,O3 membrane.
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2.4. Variation of experiments

The experimental runs performed in this study are summarized in Table 1 for binary compositions of Hy-N» (run 1-3), H,-CO; (run
4-5), H,-CO (run 7), for ternary compositions of Hp—N3—CO3 (run 6), Ho~CO2—CO (run 8), and Ho—-N2—CO (run 9). Experimental
variations were selected based on the typical output of a secondary reformer in an ammonia plant, which followed a composition
consisting of 56%-mole Hy; 24%-mole Nj; and 14%-mole CO; with the balance being COy (run 10). The reproducibility test was
accomplished by taking sample for Run 2 (named Run 11). The influence of temperature was only investigated in experiments
involving Hy and CO (Run 12).

3. Results and discussion
3.1. Determination of hydrogen permeability of the Pd82-Ag18/a-Al,O3 membrane

The effect of Hy partial pressure on the retentate and permeate sides of the Pd-based membrane plays an important role in the
separation of Hy. This is in line with Sieverts-Fick’s law, which states that the higher the partial pressure difference between the
retentate and permeate sides, the greater the driving force on Hj to permeate. This principle can be used to determine the membrane’s
Pey, constant. In this study, the determination of the membrane’s Pey, constant was carried out by passing pure H; feed at a flow rate of
90 mL/min on the retentate side of the Pd82-Ag18/a-Al;03 membrane, which was operated at a constant temperature of 350 °C. On
the permeate side, a sweep gas of pure Ny was introduced with a varying flow rate of 41 to 237 mL/min, thus leading to different levels
of Hy permeation. By plotting the H; flux as a function of the difference in the partial pressures between the retentate and permeate
sides, the membrane’s Pey, constant could be determined (Equation (1)). The power value (n) in the partial pressure difference
equation was set to 0.5 because the membranes used in the experiment were relatively thick (>10 pm) and operated at a low pressure.
According to Basile et al. [50], when the membrane had a thickness >10 pm, and was operated at a sufficiently low pressure, the
diffusion acted as a rate determinant; hence, the value of n was set to 0.5. This was confirmed by Caravella et al. [46], who reported the
Pey, on a Pd membrane with a thickness of 10 pm, at an operating temperature of 350 °C. They also found that under these conditions,
the greatest resistance to Hy permeation was offered by the diffusion of Hy across the membrane. A plot of the hydrogen flux (Jg,)
versus the partial pressure difference between the feed and permeate sides is shown in Fig. 2. When the Hj partial pressure difference

between the feed and permeate sides was high, the Hy flux passing through the membrane was also high. The slope of the curve was 16,

PE;Z. Thus, from the value of the membrane layer thickness (5), which was 20.2 pm, the membrane’s Pey,

which represents the value of
could be evaluated. The Pey, of the PA82-Ag18/a-Al,03 membrane in this experiment was obtained as 3.23 x 104 jmolm A

m2ehekpa®S*

comparison of the Pey, values in this study with the results of other researchers is presented in Table 2.

L \05 05
(Pa)" = (pie) " (epa)

From Tables 2 and it is seen that Pey, of the Pd82-Ag18/a-Al;03 membrane in this work had a value that agreed reasonably with
the Pey, values of various palladium-based membranes, as reported by several other researchers. These values were all of the order of
10™* mol e m/(m? e he kPa%°). The value of Pey, for a Pd93-Ni7 membrane was smaller than that of the Pd82-Ag18/a-Al,03
membrane (this study) because the former was thicker and operated at a lower temperature [51]. The greater membrane thickness
resulted in a larger internal mass transfer resistance of the membrane, thus rendering the Hy permeation more difficult. The same factor
also caused the Pd-Ag membrane with a 50-pm thickness to have a smaller value of Pey, [53]. Furthermore, the operating temperature
affected the kinetic energy of the hydrogen molecules moving across the membrane. The higher the temperature, the better the Pey, .
This was also responsible for the Pd80-Ag20/ceramic membrane investigated by Pizzi et al. [54] to have a larger Pey, value. On the

Table 1

Experimental variation.
Run Interaction type Feed composition (%-mole)

H, Ny CO, co

1 Binary Ho-N, 52% 48% - -
2 Binary Ho-Nj 70% 30% - -
3 Binary Ho—Nj 77% 23% - -
4 Binary H,-CO» 87% - 13% -
5 Binary H,-CO, 54% - 46% -
6 Ternary Hy-Ny-CO- 60% 30% 10% -
7 Binary H,-CO 80% - - 20%
8 Ternary Hy—CO,-CO 68% - 13% 19%
9 Ternary Hy-N,-CO 62% 23% - 15%
10 Quaternary H,-N>-CO>-CO 56% 24% 9% 14%
11 Binary Ho-Ny® 70% 30% - -
12 Binary H,-CO * 80% - - 20%

Note: * operating temperature: 250 °C; the other experiments at 350 °C.
@ For reproducibility test.
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Table 2

Comparison of permeability values Pey, of various Pd based membranes.
Membrane Type mol.m & [pm] Toperating [°c] References

Pey, T e T e kpddS
m? e h e kpa

Pd93-Ni7 1.63 x 1074 100 300 Itoh and Xu [51]
Pd 1.59 x 1074 20 350 Chen and Chiu [52]
Pd-Ag 1.05 x 1074 50 350 Basile et al. [53]
Pd80-Ag20/ceramic 7.67 x 107* 2.5 400 Pizzi et al. [54]
Pd100/A1,03 2.52 x 1074 20 350 Budhi et al. [32]
Pd82-Ag18/u-Al;03 3.23 x 1074 20.2 350 This research

other hand, even though the membrane investigated by Budhi et al. [30]and the one employed in this work had identical membrane
thicknesses, operating temperatures, and the same a-AlyO3 support, the Pd82-Ag18/a-Al0O3 membrane (of the current study) had a
larger Pey, than the Pd/a-Al,Os membrane (used by Budhi et al. [32]). According to De Falco et al. [55], the addition of Ag on the Pd
membrane could increase the Pey, by up to 1.7 times. This was achieved by the addition of 23 wt% Ag. Consequently, when compared

with the Pd/a-Al,O3 membrane, the Pey, of the Pd82-Ag18/a-Al,O3 membrane was almost 1.3 times higher.

3.2. Effect of N, on the performance of the Pd82-Ag18/a-Al;0O3 membrane

The effect of N3 on the membrane performance was observed by passing a feed gas, consisting of a binary mixture of Hy/N», in
which the fraction of Ny was varied from 23% to 48% v/v. The experimental results of the stability of the Pd82-Ag18/a-Al,03

Hydrogen Recovery (%)

40

35

30

25

Average HR:

time lag: £2 hour

2 3 4

22,0%

5

Operating time (hours)

Fig. 3. The stability of hydrogen recovery (HR) throughout the membrane operation time of the feed gas which is a mixture of Hy/N, gas with a
mole ratio of 52/48. White spots display HR per unit of experiment time; the red line is the auxiliary line to see the dynamic trend of HR every time;
the black vertical dotted line represents the line indicating the time at which HR has stabilized. (For interpretation of the references to colour in this
figure legend, the reader is referred to the Web version of this article.)
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membrane under an 8-h operation, when Hy/N; was fed to the membrane with a composition 52% or 48% v/v, is shown in Fig. 3.
Based on Fig. 3, the HR was calculated based on the ratio of the permeated H; and the amount of Hy in the feed. An average HR value
was calculated after the value stabilized. As observed, the HR fluctuated in the initial period of the membrane operation (start-up), and
eventually became stable. The time required to a stable HR is called “time-lag,” whose value was approximately 2 h. The HR fluctuated
at the start-up because the hydrogen on the membrane surface underwent adsorption and desorption mechanisms to reach an equi-
librium as finally indicated by steady state condition.

From the simulation results and experimental data, the Jy, was obtained as 148.2 mol/(m?h). The counter-current operation
resulted in approximately the same partial pressure difference between the two sides of the membrane at each particular position
(approximately 41.4 kPa); therefore, the hydrogen flux along the membrane could be maintained under constant conditions. Thus, the
reduction of Hj flux along the membrane owing to depletion was not significant. The experimental results showing the effect of Ny
concentration variation on the membrane performance are summarized in Table 3. Fig. 4 shows the effect of the H; fraction in the feed
on the Hj flux.

The averaged HR (stable operation) was 22%. It was observed that there was no decrease in the hydrogen yield or membrane
deactivation after the 8-h operation of the Pd82-Ag18/a-Al;03 membrane, when a binary Hy/Nj feed was introduced. Hou and Hughes
[22] and Barbieri et al. [37] also reported similar results, which revealed that N, did not cause the deactivation of the Pd-Ag
membrane. However, in a similar experiment using a Pd100/a-Al,O3 membrane, Budhi et al. [31] reported a decrease in the HR (due
to membrane deactivation) during 8 h of operation. Thus, this current study confirmed the study of Chantaramolee et al. [12], which
stated that the addition of Ag decreased the N atomic adsorption energy to the membrane and therefore, a deactivation due to Ny did
not occur.

From Table 3, we observe that the membrane operating lag time ranged from 2 to 3 h. At the start-up, the adsorption and desorption
mechanisms moving towards an equilibrium were strongly influenced by the larger fraction of Hy in the feed. In addition, from Table 3
and Fig. 4, it was found that the larger the H; fraction in the feed (or in other words the smaller the Ny fraction), the greater the H flux
and HR. Peters et al. (2008) [47] and Caravella et al. (2010) [27] suggested that a decrease in the H; flux in multi-component feeds was
caused by various factors, including dilution, and the presence of competitive adsorption or inhibition on the membrane surfaces.
Fig. 4 shows the H flux versus Hj fraction of the feed to clarify the factors causing the decrease in the H; flux with increasing N feed.

The hydrogen fraction in the feed was proportional to the partial pressure on the feed side. When the partial pressure on the
permeate side was constant owing to the constant sweep gas rate, the slope of the graph between the Hs fraction in the feed and H; flux
was a fixed value, and followed Sieverts-Fick’s law. From Fig. 4, it is seen that all the experimental points were in the region through
which the Sieverts-Fick’s line (red dashed line) passed. The existence of all the three test points on the line indicates that a decrease in
the H; flux, when the amount of N3 was increased was due to the dilution effect, and not the inhibition effect. This was also consistent
with the results of the membrane stability experiment, which indicated the absence of membrane deactivation due to N inhibition
during the 8-h operation. This was in accordance with the results reported by Barbieri et al. [37].

3.3. Effect of CO on the performance of the Pd82-Ag18/a-Al;03 membrane

The effect of CO2 on the membrane was observed by introducing a feed gas that was a binary mixture of Hy and CO, in which the
CO», fraction was varied between 13% and 46% (v/v). In addition, ternary feeds containing Ho, N, and CO5 (60%, 30%, and 10% v/v,
respectively) were also investigated. From the previous experiment, it was concluded that N was inert on the surface of the membrane.
One experimental result showing the Pd82-Ag18/a-Al,03 membrane’s stability for more than 7-h of operation, when fed with Hy and
CO> (87% and 13% v/v, respectively) is shown in Fig. 5.

Fig. 5 shows the HR over time for more than 7-h of membrane operation. The HR was calculated based on the ratio of the permeated
H, to the amount of H; in the feed. The average HR score was calculated after the value became stable. In Fig. 5 it appears that the HR
fluctuated during the start-up period, and eventually became stable. The fluctuations during the start-up period were more oscillatory
than those in the experiments involving only Hs and N». The time until the HR stabilization was attained was approximately 3 h. The
HR fluctuated at start-up because the Hy on the surface of the membrane underwent adsorption and desorption until equilibrium was
reached [30]. The average HR, after the operation was stabilized, was approximately 36.4%. The CO, gas feed did not result in a
significant deactivation of the Pd82-Ag18/a-Al,O3 membrane for more than 7 h. Some researchers found no significant effect of CO4
on the membrane deactivation above 325 °C [10,22,23,36,40]. In addition CO, and N3 did not cause significant inhibition of Pd-Ag
membranes, when operated at 374 °C and 100 kPa [37].

The experimental results of the effect of CO5 concentration variation on the membrane performance are summarized in Table 4,

Table 3
The comparison result of the performance Pd82-Ag18/a-Al;03 membrane in the variation of binary Hp/N feed.
Run 1 Run 2 Run 3
H, fraction on feed 52% 70% 77%
N, fraction on feed 48% 30% 23%
Time lag (h)
+2.0 +2.8 +3.0
Partial pressure difference in each point of membrane length (kPa) 41.4 50.1 52.5
HR average (%) 22.0 29.2 33.1
Fetzimole/meh) 148.2 220.5 248.8
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Fig. 4. Hydrogen fraction in feed to hydrogen flux due to N, gas. The red dotted line is the Sieverts-Fick’s line. (For interpretation of the references
to colour in this figure legend, the reader is referred to the Web version of this article.)
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Fig. 5. The stability of hydrogen (HR) when binary feed gas of H,/CO5 with a mole ratio of 87/13 is introduced to membrane. White spots display
HR on each observation time; the red line is the auxiliary line to see the dynamic trend of HR every time; the black vertical dotted line represents the
line indicating the time at which HR has stabilized. (For interpretation of the references to colour in this figure legend, the reader is referred to the

Web version of this article.)

Table 4

Result of observation of CO, effect on Pd82Ag18/a-Al;03 membrane performance.

Run 4 Run 5 Run 6
H, fraction on feed 87% 54% 60%
CO,, fraction on feed 13% 46% 10%
N, fraction on feed - - 30%
Time lag (h) +2.0 +3.0 +2.6
Pressure different on each relative position (kPa) 55.9 42.8 45.5
Averaged HR during stable oscillations period (%) 36.4 22.2 24.6
Ji2 (mole/(m*h)) 277.1 151.5 175.3
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from which, it can be seen that the membrane operating lag time ranged from 2 to 3 h. It was also found that a larger H; fraction in the
feed led to greater HR and Hj flux (Jy2). Peters et al. [56] and Caravella et al. [27] suggested that the decrease in the Hy flux in
multi-component feeds was caused by various factors, including dilution, and the presence of competitive adsorption or inhibition on
the membrane surfaces. To determine the factors causing a decrease in the Hj flux with the CO; feed, the Hj flux distribution versus the
H, fraction of the feed was examined, as shown in Fig. 6.

The Hj fraction in the feed was proportional to the partial pressure on the feed side. When the partial pressure on the permeate side
was constant because of the sweep gas rate being set as a constant, the slope of the line relating the Hj fraction in the feed and the H,
flux is a fixed value and follows Sieverts-Fick’s law. From Fig. 6, it can be seen that all the experimental points involving CO» (see
specified points in Runs 4, 5, and 6) were in the region, through which the Sieverts-Fick’s line (red-dashed line) passes. The Sieverts-
Fick’s line also passes through the points in the experiments with a binary feed of Hy and Ny (see specified points in Runs 1, 2, and 3).
Thus, the effect of CO, was similar to that of N3 on the surface of the Pd82-Ag18/a-Al,03 membrane. The presence of all the test points
on the Sieverts-Fick’s line indicates that the decrease in the Hj gain, when the amount of CO- in the feed was increasing, was due to
dilution (and not inhibition), as is the case with Ny, as discussed in the previous section. Similar results were also reported elsewhere
[22,23,36,37,40]. In addition, this result was also consistent with the results of the membrane stability experiments, which did not
indicate significant membrane deactivation for more than 7 h of operation. In a feed containing a large CO; fraction (Run 5), the Hy
fraction in the feed was so small that the H; flux passing through the membrane was negligible; as a result the HR was very low.

The presence of a large CO fraction in the feed led to an increasing number of CO5 molecules residing in the membrane interface
layer, thus increasing the external membrane mass transfer resistance. This made it more difficult for Hy to permeate through the
interface layer; therefore, the gradient of the Hy concentration along the membrane became smaller than it should be. A schematic
diagram of the concentration polarization event was reported by Caravella and Sun [29]. A comparison of the effects of N, and CO5 are
summarized in Table 5. The effect of these two gases was compared when they had a relatively equal fraction of the feed, which was
from Run 1 (representing the effect of N3) and Run 5 (representing the CO; effect). Both these runs were performed under similar
conditions with a feed containing a Hy fraction of approximately 55%.

From Tables 5 and it appears that the average HR value, H; flux (Jy2), partial pressure difference for permeation at each point, as
well as the decreasing gradient value of the Hy concentration along the membrane for Run 5 (Hy/CO5, feed) were greater than those of
Run 1 (Hy/Njy feed). This is reasonable because Run 5 had a slightly larger fraction of Hy in the feed than Run 1. A crucial distinction
was that the time lag of the two experiments was not identical; the time-lag in Run 5 (larger Hy/CO5 feed), and its start-up oscillation
were greater than those of Run 1 (Hy/N; feed). In addition, the reduction in the Hy concentration fraction along the membrane owing
to the concentration polarization for Run 5 was also greater than that of Run 1. However, the H; fraction in Run 5 was larger than that
in Run 1. This indicates that the CO, concentration polarization effect was greater than that of Nj. This is in accordance with Barreiro
et al. [36]. The larger size of the CO, molecule compared to that of Ny was responsible for the greater polarization effect of CO,. The
polarization of the concentration in the film layer around the membrane surface manifested as the resistance of the external mass
transfer for Hy to move through the film layer. Relative to time lag, the presence of H, permeation barriers in the form of concentration
polarization prevented the Hj adsorption and desorption mechanism from reaching an equilibrium sooner after the start-up. Hence,
this process took a longer time.
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the reader is referred to the Web version of this article.)
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Table 5
Comparison of effect of N, and CO, on Pd82-Ag18/a-Al;03 membrane performance.
Run1 Run 5

Condition of feed
H, fraction on feed 52% 54%
N, fraction on feed 48% -
CO,, fraction on feed - 46%
Results
Averaged HR (%) 22.0 22.2
Juz (mole/(m>h)) 148.2  151.5
Partial pressure difference for permeation at each point (kPa) 41.4 42.8
The decreasing gradient of the fractional concentration of hydrogen along the membrane (%mole cm™1) 1.23 1.3
Time lag (h) +2 +3
The reduction of the gradient decreases from the fraction of hydrogen concentration along the membrane as a result of the concentration 0.8 1.1

polarization indication (%mole em™Y)

3.4. Effect of CO on the performance of the Pd82Ag18/a-Al;03 membrane

The effect of CO on the membrane was observed by introducing (i) a binary mixture of Hy and CO (80% and 20% v/v, respectively);
(ii) a ternary feed, either with the addition of CO3 or Ny, for example, Hy/CO/CO> (68%/19%/13% v/v) and Hy/CO/N3 (62%/15%/
23% v/v); and (iii) a quaternary feed, which was a mixture of Hy/CO/N3/CO3 (56%/11%/24%/9% v/v). Fig. 7 (a) shows the stability
of HR for the binary feed of Hy and CO, whereas Fig. 7 (b) shows the stability of HR for the quaternary feed, (H2/CO/N3/CO>). The HR
was calculated based on the ratio of the permeated H; to the amount of Hy in the feed. The average HR was calculated after its value
had a certain inclination (i.e., after the start-up period).

In Fig. 7, it appears that the HR fluctuated during the start-up period, after which, it consistently decreased over the duration of the
operation. The time-lag of the membrane operation ranged from 3 to 4 h. In the experiments involving CO, the tendency of the
membrane deactivation was evident over the operation period of 8 h. The experimental results of the CO concentration variation
versus the membrane performance are summarized in Table 6.

Furthermore, Fig. 8 shows a decrease in the H; flux at any given time in the binary and quaternary feed experiments. A similar
phenomenon was reported by Li et al. [41]. Peters et al. [56] and Caravella et al. [27] suggested that the decrease in the Hj flux in
multi-component feeds was caused by various factors, including dilution and the presence of competitive adsorption or inhibition on
the membrane surfaces.

To elaborate the factors causing the decrease in the Hj flux with a CO feed, the H; flux distribution of the H fraction in the feed, is
plotted in Fig. 9. This figure is a compilation of all the experiments discussed in the previous section (Runs 1-6). The H; fraction in the
feed was proportional to the partial pressure on the feed side. When the partial pressure on the permeate side was constant owing to the
constant sweep gas rate, the slope of the graph of the hydrogen fraction in the feed versus the Hy flux was a fixed value and followed
Sieverts-Fick’s law. Unlike in the previous experiments on N5 and CO, that had experimental points located on the Sieverts-Fick’s line,
from Fig. 9, it appears that all the observation points of influence of CO on the membrane were below the Sieverts-Fick’s line (dashed-
red line). This indicates that CO had an inhibitory effect on the surface of the Pd82Ag18/a-Al;0O3 membrane.

The order of the gaps between the Sieverts-Fick’s line and the data plotting points in the CO gas experiment, from the largest to the
smallest is as follows: (see the vertical black arrow pointing downward in Fig. 9): Run 7 > Run 8 > Run 9 > Run 10. This is reasonable
as Run 7 had the largest CO fraction in the feed (CO fraction in Run 7 > Run 8 > Run 9 > Run 10). Thus, the higher the CO fraction in
the feed, the more significant the CO inhibition. Similar results were reported by Barbieri et al. [37], Caravella et al. [27], and
Kurokawa et al. [43] At the same time, according to Peters et al. [56], the polarization effect of the concentration and dilution was not
significant compared to the effect of CO inhibition on the membrane surfaces. CO significantly inhibited the Pd membrane because the
bond between the C atoms in CO and Pd was in the covalent bond range. According to Gallucci et al. [40], the bonds were very close
(closer than those for Pd-CO, or Pd-Nj, which were influenced by van der Waals forces only). This caused the CO-Pd bonds to be
stable, resulting in a significant inhibitory effect on the Pd membrane. A comparison of the bonding distance between CO, CO5, and No
and Pd were reported by Gallucci et al. [40]. Caravella et al. [27] also observed that the effect of CO inhibition was reversible. In
addition, to compare the effects of CO and N5 gases, binary experiments having similar H; feed fractions, i.e., Run 3 (representing the
effect of No) and Run 7 (representing the effect of CO) were compared. Both the experiments had a H; feed fraction of approximately
80%. This comparison is presented in Table 7. The HR of the experiments involving CO decreased over time. The H; flux in Run 3
(involving Nj) was 248.8 (mole/(mz-h)), while that in Run 7 (involving CO) decreased from 194.5 to 177.6 (mole/! (m2-h)). Moreover,
the Hpy feed fraction in Run 7 was slightly greater than that in Run 3. Over an 8-h operation, the hydrogen flux of Run 7 was
approximately 72% of that in Run 3. This indicates that the CO inhibition significantly decreased the Hj flux.

Furthermore, the effect of temperature in the presence of CO on the feed gas was investigated with conclusion that H, permeation
reduction is significant at low temperatures [27,41-43]. In this study, another run was conducted with a binary feed of H, and CO
(80%,/20% v/v) at temperatures of 250 and 350 °C. It can be seen that the operation of the Pd82Ag18/a-Al;03 membrane in the same
feed, that is binary Ha/CO (80%/20% v/v) at 250 °C decreased the hydrogen flux to 162 mol/(m?h), or in other words decreased by
33 mol/(m?h) when compared to the operation at 350 °C. The average HR also decreased from 26% at 350 °C to 22% for at 250 °C. Li
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Fig. 7. The stability of hydrogen (HR) recovery over the time of membrane operation in the feed gas which is (a) a mixture of H,/CO gas with an
80/20 mol ratio and (b) a mixture of H,/CO/N5,/CO, with a mole ratio of 56/11,/24/9. White spots display HR per unit of experiment time; the red
line is the auxiliary line to see the dynamic trend of HR every time; the black vertical dotted line represents the time line where HR has a fixed
tendency. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)

Table 6
The result of observation of the influence of CO on the performance of membrane Pd82Ag18/a-Al,Os.
Run 7 Run 8 Run 9 Run 10

H, fraction on feed 80% 68% 62% 56%
CO fraction on feed 20% 19% 15% 11%
N, fraction on feed - - 23% 24%
CO, fraction on feed - 13% - 9%
Time lag (hours) +3.4 +3.8 +3.2 +3.4
Averaged HR (%) 26.1 24.4 23.8 21.7
Jtizsinitial (mole/(m?hr)) 194.5 186.6 169.6 160.6
JH2 final (mole/(m?hr)) 177.6 151.5 161.7 127.8
Juz decline rate throughout operation time (mole/(m?2.hr))/hr 5.0 2.4 9.3 10.5

etal. [41] explained that a decrease in the temperature would make the adsorption of CO on the surface of the membrane stronger. This
was reflected in the large value of the CO adsorption constant at low temperatures. More CO adsorbed on the surface of the membrane
meant that the more CO covered the adsorption sites for Hy, and consequently, a lower Hy flux.

4. Conclusions

The H, separation from a mixed gas containing Ny, Hp, CO, and CO» was performed using a Pd82-Ag18/a-AloO3 membrane. The
Pey, value on the Pd82-Ag18/a-Al;03 membrane was found to be approximately 3.23 x 10~*mol m/(m2h-kPa®>). In the stability test
under a steady state for 8 h, there was no membrane deactivation in the form of decreased HR and H, flux at any time owing to the
presence of Ny and CO5 compounds. The decrease in the Hj flux because of both compounds was due to dilution and concentration
polarization. The Pd82Ag18/a-Al,03 membrane had a significantly decreased flux and HR owing to CO in the feed gas. The greater the
CO concentration and lower the operating temperature, the more significant the inhibition. The higher the co-existing gas fraction in
the feed, the lower the H flux. The order of the influence of the co-existing gases in terms of their effect on the Hy flux was CO > CO3 >
Ny as can be seen from Sieverts-Fick’s line mapping.
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Table 7
Comparison of effect of N, and CO on Pd82Ag18/a-Al,03 membrane performance.
Run 3 Run 7
H, fraction on feed 77% 80%
N, fraction on feed 23% -
CO fraction on feed - 20%
Whether or not HR declines in 8 h of operation No Yes
Ji2 (mole/(m*h)) 248.8 194.5 - 177.6
Time lag (h) +3.0 +3.4
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