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PERMEATION OF HYDROGEN THROUGH
PALLADIUM/ALUMINA COMPOSITE
MEMBRANES

Ting-Chia Huang,* Ming-Chi Wei, and Huey-Ing Chen

Department of Chemical Engineering, National Cheng
Kung University, Tainan, Taiwan 70101, R.O.C.

ABSTRACT

In this study, the Pd/alumina composite membranes for hy-
drogen separation were prepared on a disk-type of ¢-alumina porous
support and supported y-alumina membrane by electroless-plating
technique, respectively. The composite membranes with thickness
of palladium layer ranging from 7-15 pm are used in the gas per-
meation experiment under 600-669 K and 50-220 kPa. The exper-
imental results demonstrated that the hydrogen transport through
these composite membranes is mainly controlled by solution-diffu-
sion mechanism. It also showed that the selectivity coefficient of
H,/N; in the composite membranes reaches to infinite. The expo-
nential dependency of the hydrogen partial pressure on permeation
rate is in the range of 0.627 to 0.688, which is somewhat above
that predicted by Sievert’s law. Furthermore, the apparent activa-
tion energies of hydrogen permeation from the experimental results
are within 8.8-9.3 kJ/mol. Additionally, the transport behavior of
hydrogen through the bulk Pd layer of Pd/alumina composite mem-
branes were analyzed based on the resistance model. Consequently,
the hydrogen flux through a Pd/ alumina composite membrane, with
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200 HUANG, WEI, AND CHEN

apalladium film of 7 um thick, deviated from Sievert’s law. In addi-
tion, the hydrogen flux through thick Pd film (15 pm) was observed
to be proportional to the difference in the square root of the hydro-
gen pressure on either side of the film, in accordance with Sievert’s
law.

Key Words: Pd/Al,O3 composite membranes; Palladium mem-
brane; Hydrogen permeability

INTRODUCTION

In recent years, the use of Pd-based membranes in the separation of hydro-
gen and catalytic membrane reactor has received increasing attention. In order to
increase the hydrogen permeation rate and retain the high permselectivity of Pd-
based membranes, it is necessary to reduce the thickness of the Pd film. However,
very thin membranes have the drawback of low mechanical strength. To overcome
this limitation of low mechanical strength and also to enhance the permeation rate
of hydrogen, Pd-based film were deposited on a mechanically resistant porous
support. These membranes have high permselectivity and permeation rate and
exhibit good mechanical and thermal stabilities at high temperatures. There are
several techniques for the preparation of Pd-based composite membranes. Many
investigators prepared Pd-based composite membranes by the electroless plating
technique on microporous glass (1,2), porous stainless steel (3—5), and anodic alu-
mina (6-11) supports. Yan and his coworker (12) deposited a Pd film on porous
a-alumina support by metal-organic chemical vapor deposition method. A sput-
tering method was used to deposit a Pd-based film on the anodic alumina support
by Konno et al. (13).

The Pd/Al,O; composite membranes have a very thin, dense Pd skin layer
integrated with a porous Al,O3 support. The permeation of hydrogen through the
porous Al,O3 support can be described by phenomenological equation in which
the hydrogen flux is proportional to the driving force, that is, the pressure difference
across the Al,O3 support. The dust-gas model (14,15) has been used to analyze
gases transport through a porous media in terms of Knudsen flow and viscous
flow (16). Additionally, the permeation of hydrogen through dense membranes
is analyzed using the solution-diffusion mechanism first proposed by Thomas
Graham in 1988. In this case, the permeation rate of hydrogen through dense
Pd-based film is proportional to the square root of pressure difference, that is,
the relationship between hydrogen flux and driving force can be described by the
Sievert’s law (17,18). Also, a few experimental studies (2,5,9,11-13,19-21) have
been reported in the literature on hydrogen transport through Pd-based composite
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PERMEATION OF HYDROGEN 201

membranes. It was found that the exponential dependency of the partial pressure
of hydrogen on hydrogen flux, n, was ranging from 0.5 to 1.0.

In this study, the Pd/Al,O3; composite membranes with different thickness of
Pd layer on @-Al, O3 support and supported y-Al,O3 membrane were prepared by
electroless plating. Various composite membranes with different thicknesses of Pd
layer and support were used for the permeation study. The hydrogen permeation
behaviors through these composite membranes were investigated to understand
the influence of the mass transfer resistance of «-Al, O3 support. Furthermore, the
permeation mechanism of hydrogen through Pd/Al,O3; composite membranes was
also discussed.

THEORETICAL CONSIDERATION

The Pd/Al, O3 composite membranes consisted of the dense part of the Pd
membrane and the porous part of the Al,Os support. Therefore, two parts of
transport mechanism are taken into account for the permeation of gas.

Gas permeation in a porous medium:

The permeation of gases through a porous medium can be described by
Poiseuille flow and Knudsen diffusion. The relative contribution of Knudsen dif-
fusion to the Poiseuille flow on the overall transport rate depends on the Knudsen
number, Kn, which is defined as the ratio of mean free path of the gas molecules,
A, to the pore radius of the medium, r, that is

Kn="Z (1)

W < 161 ) (nRT) )
57 PAVE 2M

Payr is the average pressure across the medium, p is the gas viscosity, T is the
absolute temperature, M is the gas molecular mass, and R is the universal gas
constant.

If the Knudsen number is much larger than unity, that is, Kn > 1, the gas
molecules collide with the pore wall much more frequently than with each other.
This transport mechanism of gas is the Knudsen flow. If the Knudsen number
is much smaller than unity, that is, Kn < 1, the Poiseuille flow is the dominant
mechanism. However, the transition region between Knudsen and Poiseuille occurs
mainly in the range of 0.01 < Kn < 10.

Several models have been used to describe the transition region. The conven-
tional starting point for the description of gas permeation through porous media
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is the dust gas model (14,15). In this case, the rate of gas permeation per unit area
or gas flux, J, is expressed in terms of Darcy’s law as follows:

J=Fp(P, — P) 3)

where Fp is the permeability and P, and P; are the partial pressures of gas in the
sides of high pressure and low pressure, respectively.

In our previous work (16), the permeation of hydrogen and nitrogen through
the porous «-Al,O3 support and supported y-Al,O3 membrane under room tem-
perature and various pressures had been investigated. It showed that the permeation
of gases through these media was mainly described by Poiseuille flow and Knud-
sen flow. The permeability can be expressed as the sum of the Poiseuille flow, Fpy
P4ye, and Knudsen flow, Fpg:

Fp = Fpx + FpyPave “
in which
o) ()
3tLRT) \ oM
and
Foy = — ©)
87, LRT

where ¢ is the medium porosity, t the tortuosity factor of pores (for cylindrical
perpendicular pores, the tortuosity is equal to unity), and L the media thickness.

Rearranging Equations (5) and (6), the mean pore radius of the membrane
can be written in terms of Fpy and Fpg as:

Fpy 3 (aM\™ (r .
Fpx 16 \8RT m

Then using the mean pore radius, the tortuosity factor of pores can be calculated
from the following equation

1
£ = 8‘[//LLRTFP\/—2 (8)
r

According to Equations (5) and (6), the Knudsen permeability is directly
proportional to 1/(MT) and independent of mean pressure, whereas for Poiseuille
flow, the permeability should be proportional to the mean pressure and 1/(uT).
The selectivity coefficient (a;*j), or ideal separation factor, is defined as the ratio
of permeabilities of two pure gases as follows:

N Fp;
aij =
Fpj

©))
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PERMEATION OF HYDROGEN 203

If the gas flow through the porous media is merely due to Knudsen diffusion,
the selectivity coefficient of two pure gases i and j can be represented by the square
root of the ratio of their molecular masses, that is

(10)

Hydrogen permeation in the palladium layer:

The permeation of hydrogen through the dense Pd layer usually involves
several steps in series (17): 1) dissociated adsorption of molecular hydrogen on
the membrane surface, 2) reversible dissolution of surface atomic hydrogen in bulk
layer of palladium, 3) diffusion of atomic hydrogen in the bulk palladium layer, and
4) associated desorption of atomic hydrogen on the other surface of palladium layer.
Consequently, the hydrogen flux in the Pd layer via solution-diffusion mechanism
can be expressed in terms of Fick’s first law as follows (18):

J = Fp(P} - P) (11)

where Fp; is premultiplication factor and » is a constant.

Proposed mechanism of hydrogen permeation generally assumes a rate-
limiting step, which may be either a surface process (n = 1) involving step (1),
step (2) and step (4), or a bulk-diffusion process (n = 0.5, Sievert’s law) involving
step (3).

When the value of n does not depend on the temperature, the temperature
dependence of the gas permeability can be expressed by an Arrhenius equation as

F Pl = Aoe% (12)
where Ay is the preexponential factor and Ea is the apparent activation energy.

Summarizing the description mentioned above, the flux of hydrogen per-
meating through the Pd/Al,O3; composite membrane also could be expressed as
Equation (11). In this case, the n values will be ranged between 0.5 and 1.0. To
further elucidate the influence of the support transport resistance to the overall
transport resistance of the composite membrane for gas permeation, a resistance
model (22) is used to analyze the permeation behavior of gas through compos-
ite membrane. According to this model, the permeation behavior of gas through
the composite membranes is analogous to the flow of electricity through a series-
parallel array of resistors. A schematic diagram for hydrogen permeation through
the palladium/c-alumina composite membrane is shown in Figure 1, where the
flux corresponds to current and the pressure drop corresponds to voltage drop.
Two transport resistances represented in Figure 1 are the transport resistance of
hydrogen flowing through the o-alumina support, R, and the transport resistance
of hydrogen, Rp,. At steady state, the overall transport resistance, R,yerqi1, €quals
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Figure 1. Schematic representation of a Pd/alumina composite membrane. a) Cross-
sectional view of the Pd/alumina composite membrane, and b) electrical circuit.

to the sum of the Pd layer and porous «-alumina support. Consequently, subtracting
the permeation of hydrogen through the support from overall hydrogen flux, the hy-
drogen flux through the bulk Pd layer of composite membrane can be obtained (23).

EXPERIMENT
Preparation of Pd/Al,O; Composite Membranes

Electroless plating technique was employed to deposit palladium film on the
porous alumina support. The support was pretreated through several steps and a
surface activation step prior to the electroless plating. Support was first cleaned
with hydrochloric acid solution and sodium hydroxide solution, respectively, and
rinsed with deionized water. An activation procedure was then adopted to seed the
alumina surface with finely divided palladium nuclei, which the plating process
initiated. The activation procedure consisted of the two-step immersion sequence
in acidic SnCl, solution (96 mM) followed by acidic PdCI, solution (1.4 mM).
After surface activation, the support was immediately rinsed with a large volume
of deionized water and then dried at 100°C.

The composition of the plating solution is listed in Table 1. The plating bath
was kept at 70 + 2°C and was refreshed every 1 h to keep a constant depositing rate.
Finally, the membranes were washed with deionized water and dried at 100°C.

Membrane Characterization

The surface morphology of membranes was observed with a scanning
electron microscope (SEM) (JEOL JXA-840). In addition, the thickness of the

Copyright © Marcel Dekker, Inc. All rights reserved.
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Table 1. Composition of the Pd Electroless
Plating Baths
Component Concentration
PdCl, 5.4 (g/L)
NH4OH (28%) 390 (mL/L)
Na,EDTA 70 (g/L)
N>H4 (1M) 10 (mL/L)
Thiourea 0.0006 (g/L)
Loading 200 (cm?/L)
o
flowmeter
purge
to GC 11
1 PG1 PG2 10 13 to GC
2 ) s @ PG3 \N\ 14 reject
6 12
feed 7 16 toGC
3 \N\ ~ permeate
12
15
4
o
flowmeter
8
1,2,10,13,14,15,16: valve, 9

3:mass flow controller,

4: preheating coil,

5,6,7: pressure gauge,

8: permeator,

9: oven,

11: back pressure regulator,
12: cooling coil

Figure 2. A schematic diagram of the experimental apparatus for gas permeability

measurement.
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Figure 3. Scanning electron micrographs for the cross-sectional view of «-1 and «-2
membranes, respectively, a) «-1 membrane, b) «-2 membrane (magnification: 2000).
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Table 2. Specification of Pd/Al,O; Composite Membranes

Thickness of Thickness of
Membrane Support Pd Layer
No. Support (mm) r(nm) ¢ Plating-Time (pum)
a-1 a-Al,O5 disk 2 95.9* 0.38¢ 1h 7
a-2 a-ALO; disk 2 95.9¢ 0.38¢ 2h 15
y-2 Supported y-Al,0; 2 8.6 0.15° 2h 15

membrane

“permeation gas: H,, Ny; permeation temperature: 523 K.
b(25): permeation gas: He, N,, CO,; permeation temperature: 372 K.

palladium film was measured with EPMA from the cross-sectional view of the
composite membrane. To verify the crystalline structure of the membrane prepared,
X-ray diffraction (XRD) with a copper target and a nickel filter (Rigaku RX-III)
was used.

Pd[111]
Pd [200]

Pd [220]

o i

Intensity

-

. 1 s 1 L 1 N | s 1 N
20 30 40 50 60 70 80
20

Figure 4. XRD patterns of a) the palladium/alumina composite membrane deposited for
1 h at 70°C by electroless plating technique, and b) the «-Al,O3 support.

Copyright © Marcel Dekker, Inc. All rights reserved.
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Permeability Measurement

Three pieces of palladium/alumina composite membranes were used in the
permeability study. The permeabilities of hydrogen and nitrogen through the mem-
branes were measured under temperature ranges of 523-669 K and pressure dif-
ferences up to 220 kPa.

A stainless-steel permeation cell with a flat membrane clamped between two
pieces of gaskets was placed in a thermostat chamber. The schematic diagram of gas
permeation apparatus was shown in Figure 2. The assembly of permeability testing
consisted of gas cylinders, a stainless-steel permeation cell, a gas chromatograph,
and a thermostat chamber. The effective area of the membrane for permeation was
4.91 cm?. The upstream pressure was controlled by the regulator of gas cylinder,
whereas the downstream of gas vented to air. Prior to the hydrogen permeation
measurement, the flow system was preheated to the setting temperature in nitrogen

0.6 T T T T T

0.5 —

0.4 —

J(mol/s-mz)

02 —

50 100 150 200 250
P,-P, (kPa)

Figure 5. The hydrogen and nitrogen fluxes through «-Al,O3 support as a function of
pressure difference at different permeation temperatures. (V) N,, 669 K, (A) N,, 625 K,
(©) Np, 573 K, (O) Ny, 523 K, (V) H, 669 K, (A) Hy, 625 K, (¢) H,, 573 K, (W) Hy,
523 K.
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atmosphere. The permeation rate of gases was measured at atmospheric pressure
and ambient temperature by a soap-bubble flowmeter.

RESULTS AND DISCUSSION
Characterization of Pd/Al;O3; Composite Membranes

The cross-sectional views of Pd/x-Al,O3 composite membranes obtained
by electroless-plating technique at 70°C for 1 h and 2 h, are shown in Figure 3(a)
and (b), respectively. It was observed that the thickness of the Pd film on the
«-Al,O3 support for plating 1 h (¢-1) and 2 h (¢-2) were 7 um and 15 pum,
respectively. Besides, for plating 2 h (y-2), the thickness of Pd layer deposited on
supported y-Al,O3; membrane was determined to be about 15 pm. The thickness

25 T I ¥ I | 1 l 1

15 — -

Fp (10'7 mol /s - m* -Pa)

10 — —

130 150 170 190 210 230

Figure 6. Gas permeabilities of H, and N, through «-Al,O3 support as a function of the
mean pressure at different permeation temperatures. (V) N», 523 K, (A) N», 573 K, (¢) Na,
625 K, (O) N,, 669 K, (V) H,, 523 K, (A) H,, 573 K, (¢) H,, 625 K, (W) H,, 669 K.
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of Pd layers for each composite membrane, that is, o-1, «-2, and y-2, are listed in
Table 2. The results of X-ray diffraction analysis of membrane «-1 and «-Al, O3
support are illustrated as Figure 4 (a) and (b), respectively. Comparing Figure 4(a)
and (b), it shows that there were only characteristic peaks of Pd occurring at2 6 =
40.04, 46.54, and 67.86, and without any peaks of «-Al,Os. It strongly evidenced
an f.c.c. structure of the Pd deposit. The crystallite dimension of palladium was
estimated to be 36.8 nm from the width of characteristic peaks, which was very
close to that obtained for pure Pd by other investigators (5,24).

Effect of Pressure and Temperature on Membrane Performance

Gas permeation through the «-Al, O3 support:

Figure 5 shows the dependences of hydrogen and nitrogen fluxes on trans-
membrane pressure difference for the o-Al, O3 support. It showed that the hydrogen
and nitrogen fluxes through the o-Al,O3 support varied linearly with increasing

0.20 T T T T T T T | T
N e ]
v A
0.15 — v & & _
A O H
0
| ¢ © _

o A

& o

! d

2 010 X —

3 g

)

— — % -
0.05 — é —
0.0()@ 1 ' 1 ' [ I ! I ]

0 50 100 150 200 250
P, - P, (kPa)

Figure7. The hydrogen fluxes through «-1 membrane as a function of pressure difference
at different permeation temperatures. (V) 669 K, (A) 647 K, (<) 625 K, (O) 600 K.
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pressure difference. As also can be seen from Figure 5, the hydrogen and nitro-
gen fluxes through the «-Al,O3 support were decreased with temperature; these
tendencies were in accordance with Knudsen flow and Poiseuille flow behavior.

The permeabilities of hydrogen and nitrogen through the «-Al, O3 support at
difference temperatures are showed in Figure 6. The results denoted that the per-
meabilities varied linearly with the mean pressure. Therefore, it evidenced that the
gases permeated through the a-Al, O3 support can be described by the combined
model of Knudsen and Poiseuille mechanisms, as expressed in Equation (4). From
the linear plot of Fp vs. Payg, the values of Fpy and Fpg were determined. Conse-
quently, the mean pore radius and the porosity of supports were also determined
by Equations (8) and (9) and were listed in Table 2.

Hydrogen permeation through the Pd/Al,O3; composite membranes:
The hydrogen fluxes at various temperatures through «-1, «-2, and y-2
membranes were shown in Figures 7, 8, and 9, respectively. The results indicated

0.10 T T T T T [ T
A\
A O
0.08 |— Vv o O
A O
L <& i
v ]
. A
o 0.06 — <o —]
g v O
. A
< v 8
S 004 § —
g 8
0.02 — é —
0‘0()& 1 I 1 | 1 ' i I i
0 50 100 150 200 250
P, - P, (kPa)

Figure 8. The hydrogen fluxes through «-2 membrane as a function of pressure difference
at different permeation temperatures. (V) 669 K, (A) 647 K, (<) 625 K, (O) 600 K.
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Figure9. The hydrogen fluxes through y-2 membrane as a function of pressure difference
at different permeation temperatures. (V) 669 K, (A) 647 K, (<) 625 K, (O) 600 K.

that the hydrogen fluxes through three Pd/Al,O3 composite membranes deviated
from a straight line with increasing pressure difference. Furthermore, the hydrogen
fluxes through these composite membranes were increased with increasing tem-
perature. It was shown that the Knudsen diffusion and Poiseuille flow are no longer

the

dominant permeation mechanisms in the Pd/Al,O3; composite membranes. In

Table 3. An Example of Interface Pressure in Pd/Al,O; Composite Membranes

Membrane Temperature (K) P, (kPa) P, (kPa) P; (kPa)
a-1 669 201 101 149
a-2 669 201 101 128

Copyright © Marcel Dekker, Inc. All rights reserved.
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the presence of dense Pd layer on the «-Al,O3 support, the hydrogen permeation
behavior in the composite membrane revealed the tendency of solution-diffusion
mechanism, as expected from the Equation (11).

The hydrogen fluxes through the «-Al, O3 support and three Pd composite
membranes were shown in Figures 5, 7, 8, and 9, respectively. It indicated that the
hydrogen fluxes through these composite membranes in each case were reduced as
aresult of Pd film deposition. It can be seen that for a-1, -2, and -2 membranes,
the hydrogen fluxes decreased by 64%, 80%, and 88%, respectively. The results
also showed the mass transfer resistance of support could not be neglected for
these composite membranes.

As illustrated in Figures 7 and 8, it finds that the measured low hydrogen
flux through «-2 membrane was evidently due to its thicker Pd layer. Comparing
«-2 with y-2 membrane, the hydrogen fluxes in these composite membranes were

3.00 T T T T T T T
O

295 |— o —
g S 8 4
'S <o 0
e = B
3 A ° 4
15} A A
g 2.90 — = —
E= v v <&
3
T L A A i
v A\ A A

2.85 | v vV v —

- v -]
2.80 | | ' | \ | ! I |
130 150 170 190 210 230
kP
PAVE( 2)

Figure 10. The selectivity coefficients of hydrogen to nitrogen as a function of mean
pressure across the membrane for the o-Al, O3 support at different permeation temperatures.
(V) 669K, (A) 625K, () 573 K, (O) 523 K.
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Table 4. Permeation Parameters for Various Palladium/Alumina Composite Membranes

Membrane Temperature Fp; x 10°
Description (K) (mol/m?-s-Pa") n Rgrand
a-1 669 7.705 0.659 0.655
647 7.613 0.656
625 6.850 0.659
600 6.591 0.657
a-2 669 3.442 0.674 0.627
647 3.514 0.668
625 3.105 0.673
600 2.314 0.690
y-2 669 2.014 0.674 0.688
625 1.528 0.685
600 1.345 0.690
0.20 I T T I T
0.16
“g 012 i
@
= —
g
=~ 0.08 ]
0.04
0.00%% L
0 500 1000 1500 2000 2500

Figure 11. The dependence of hydrogen fluxes on P; — P/ at various temperatures

0.655
Ph 0.655 _ Pl 0.655 (Pa )

through -1 membrane. (O) 669 K, (A) 647 K, (¢) 625 K, (V) 600 K.
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affected by the resistance of the support. With the small pore size and porosity, the
hydrogen fluxes in y-2 membrane were smaller than that in the «-2 membrane.

From the experimental results, it can be concluded that hydrogen permeating
through these Pd composite membranes was dominated by solution-diffusion
mechanism, instead of a combined mechanism of Knudsen diffusion and Poiseuille
flow as seen in the «-Al,O3 support.

Knowing J and P,, the interface pressures, P;, under various upstream pres-
sures and temperatures can be evaluated (23). In Table 3 an example of interface
pressure of Pd/«-Al,O3 composite membrane system is shown for the case that
the pressure on the upstream side was 201 kPa and the pressure on the permeate
side was 101 kPa. As can be seen, the interface pressures of two membranes were
much higher than the downstream pressure. It indicated, the transport resistance
of support can not be neglected.
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0.08 —

0.06 —

J(mol/s-m’)

0.02 |—

0.008% ! ’ 1 I 1 I |
0 400 800 1200 1600

Ph 0627 _ Pl 0627 ( Pa0.627 )

Figure 12. The dependence of hydrogen fluxes on P; — P/ at various temperatures
through -2 membrane. (O0) 669 K, (A) 647 K, (<) 625 K, (V) 600 K.
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Selectivity Coefficient of Hydrogen to Nitrogen

For «-Al,O3 support:

The selectivity coefficients of hydrogen to nitrogen for the «-Al,O3 sup-
port are shown in Figure 10. It can be seen that the selectivity coefficient was
reduced with increasing the mean pressure, mainly due to the flow of Poiseuille
model. Furthermore, the selectivity coefficients were also decreased with an in-
crease of temperature. This behavior is consistent with Poiseuille and Knudsen
model of permeation through the porous medium. Consequently, the values of
selectivity coefficient of Hy/N, were below the theoretical value of 3.74 expected
from Knudsen model.

For Pd/Al,O; composite membranes:
Three Pd composite membranes were impervious to nitrogen but permselec-
tive toward hydrogen. There was no nitrogen permeated through the Pd composite

0.06 T T T T T

0.05

0.04
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Figure 13. The dependence of hydrogen fluxes on P; — P/ at various temperatures
through y-2 membrane. (O0) 669 K, (A) 647 K, (<) 625 K, (V) 600 K.
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PERMEATION OF HYDROGEN 217

membrane for the pressure difference up to 220 kPa. Consequently, the selectiv-
ity coefficients of hydrogen to nitrogen through three Pd composite membranes
are infinite. It also indicates that these Pd layers obtained by electroless-plating
method were defect free.

Calculation of Fp; and n

For Pd/Al, O3 composite membranes:

The hydrogen permeabilities, F'p;, and n values for three Pd composite mem-
branes were determined by nonlinear regression analysis with Equation (11) and
were listed in Table 4. As can be seen, the values of n for the same composite mem-
brane were not varied with temperature significantly. Based on this observation, the
values of grand n, ng,anq, for the -1, @-2, and y -2 membranes were determined as
0.655, 0.627, and 0.688, respectively. The results are shown in Figures 11, 12, and
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Figure 14. The dependence of hydrogen fluxes on P;' — P/ at various temperatures
through the Pd layer of @-1 membrane. (O0) 669 K, (A) 647 K, (<) 625 K, (V) 600 K.
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13, respectively. It can be seen that the pressure exponent was larger than 0.5 value
expected by Sievert’s law. The 74,44 values decreased with increasing thickness of
Pd layer for the same support, whereas it increased with decreasing the pore size
of support for the same thickness of the Pd dense layer. Therefore, the resistance
of the support cannot be neglected. In addition, an increase in n indicated that the
relative resistance of the support on the overall flow of permeation is increased.

For the bulk Pd layer of Pd/Al,O3 composite membranes:

By subtracting the permeation of hydrogen through the «-Al, O3 support, the
dependence of hydrogen flux through bulk Pd layer of «-1 and «-2
membranes on corrected pressure difference, P;' — P/, areillustrated in Figures 14
and 15, respectively. The results show that the corrected pressure exponent for -2
membrane was near 0.5 expected for Sievert’s law, indicating the bulk diffusion
rate limitation, whereas the thin thickness of Pd layer leads to the exponent higher
than 0.5 for «-1 membrane.
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0.04
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Figure 15. The dependence of hydrogen fluxes on P;' — P/ at various temperatures
through the Pd layer of @-2 membrane. (O) 669 K, (A) 647 K, (<) 625 K, (V) 600 K.
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Activation Energy of Hydrogen Permeation

For Pd/Al,O3 composite membranes:

The effect of temperature on the hydrogen permeability for each membrane
showed a linear relationship as illustrated in Figure 16. From the slopes of the
straight lines, the activation energies of hydrogen permeation for the a-1, «-2,
and y-2 membranes were evaluated to be 8.73, 8.82, and 9.3 kJ/mol, respectively.
These values were approximately in accordance with the data of other studies
(2). For the hydrogen permeation through a Pd/Al,O3; membrane, the apparent
activation energy surely includes the energy barriers for dissolution and diffusion
of hydrogen in the Pd layer and the hydrogen permeation in the porous support.
Therefore, the activation energies for these membranes with different thickness of
palladium layer and different supports might be different. Eventually, the activation
energy increases with increasing the mass transfer resistance of support, whereas

-9.0 T T T T T
9.5 — B\B\B\E —
-10.0 — —
B

<

-S - -
-10.5 — —
110 — @\6\0 —
115 i | i | 1 | I

1.4 1.5 1.6 1.7 1.8

YT (107 K

Figure16. Arrhenius plot of hydrogen permeability through the Pd composite membranes.
(O) @-1 membrane, (A) a-2 membrane, (<) y-2 membrane.
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the activation energy doesn’t vary with the thickness of Pd dense layer for same
support significantly.

For the bulk Pd layer of Pd/Al,O3; composite membranes:

Subtracting the transport resistance of the support from overall resistance, the
activation energy of hydrogen permeation through the bulk Pd layer of Pd/Al,O;
composite membranes was calculated using Equation (12). The activation energy
of hydrogen permeation through «-1 and @-2 membranes were determined to be
15.6 and 12.7 kJ/mol, respectively. For «-2 membrane, this value was in good
agreement with that of 13.8 kJ/mol for Pd membrane reported by Holleck (18).
However, the activation energy of hydrogen permeation through «-1 membrane
was larger than through «-2 membrane. We speculate this trend is due to the thin
thickness of Pd layer.

CONCLUSIONS

In this study, electroless plating were used to deposit palladium film on
the surface of a porous «-Al,O3; support and a supported y-Al,O3 membrane,
respectively. Permeation behaviors of hydrogen and nitrogen through the «-Al, O3
support and the three Pd composite membranes were studied.

For the a-Al, O3 support, the permeation of gases can be described by the
combined mechanism of Knudsen diffusion and Poiseuille flow. For three Pd com-
posite membranes, the selectivity coefficients of hydrogen to nitrogen approached
infinite. The result showed that the deposited Pd layer was defect free. Besides,
because the resistance of the support could not be neglected, it showed that the
hydrogen fluxes through these Pd composite membranes did not obey Sievert’s
law. Furthermore, it was better to correlate the hydrogen flux to the difference of
permeation pressure using a power higher than 0.5, which was dependent on the
support and the thickness of palladium layer.
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NOMENCLATURE

Ea activation energy of permeability coefficient (kJ mol~")
Ao preexponential (mol m~2 s~! Pa™™")
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F, gas permeability (mol m~2 s~! Pa~')
Fp premultiplication factor (mol m=2 s~! Pa™")
Fpi gas permeability due to Knudsen diffusion (mol m=2 s~! Pa~!)
FpyPayp  gas permeability due to viscous flow (mol m2s ! Pah)
J gas flux (mol m~2 s~ 1)
Kn Knudsen number
L thickness of membrane (m)
M molecular weight of gas (g mol™!)

Py, P partial pressure of gas in the sides of high pressure and low

Pyve
P[
R

pressure of membrane, respectively (Pa)
mean pressure (Pa)

the interface pressure (Pa)

gas constant (8.314 J mol~! K1)

Roverat overall resistance (m? s Pa mol™')

Rpy resistance of Pd layer (m? s Pamol™1)
R resistance of support (m? s Pa mol~!)
r mean pore size (m)
T temperature (K)
Greek
A the pore radius (nm)
o;; the ideal separation factor
w  viscosity of gas (Pa s)
&  porosity of a porous medium
T tortuosity factor of a porous medium
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