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Abstract-The separation characteristics of  hydrogen from a gas mixture were investigated by using a single and 
two-stage inorganic membrane. Three palladium impregnated membranes were prepared by using the sol-gel, hydrol- 
ysis, and soaking-and-vapor deposition (SVD) techniques. A two-stage gas separation system without a recycling 
stream was constructed to see how much the hydrogen separation factor would be increased. Numerical simulation 
for the separation system was conducted to predict the separation behavior for the multi-stage separation system and 
to determine the optimal operating conditions at which the highest separation factor is obtained. Gas separation 
through each prepared membrane was achieved mainly by Knudsen diffusion. The real separation factor for the ~ /  
N2 mixture was increased with the pressure difference and temperature for a single stage, respectively. For the two- 
stage separation system, there was a maximum point at which the highest separation factor was obtained and the 
real hydrogen separation factor for Hz/'N 2 mixture was increased about 40 % compared with a single stage separa- 
tion. The numerical simulation for the single and two-stage separation system was in a good agreement with the 
experimental results. By numerical simulation for the three-stage separation system, which has a recycle stream and 
three membranes that have the same permeability and hydrogen selectivity near to the Knudsen value, it is clear that 
the hydrogen separation factors for H2/N2 mixture are increased from 1.8 to 3.65 and hydrogen can be concentrated 
up to about 80 %. The separation factors increased with increasing recycle ratio. Optimal operating conditions exist 
at which the maximum real separation factor for the gas mixture can be obtained for three-stage gas separation and 
they can be predicted successfully by numerical simulation. 
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INTRODUCTION 

The inorganic membrane has been studied for gas separa- 
tion due to its thermal and chemical stability, and membrane 
gas separation technology is accepted in the chemical and pe- 
troleum refining industries. Among the many types of  gas sep- 
aration, there has been interest in the removal o f  hydrogen 
from purge gases, the separation of H2/CO in synthesis gases, 
oxygen and nitrogen separation from air, dehumidification of  
gas streams and the recovery of  high purity hydrogen [Tsuru 
et al., 1995; Bhide et al., 1991]. 

Compared to polymer membranes, porous inorganic mem- 
branes have suffered from low selectivity. In general, a more 
selective membrane inevitably has less permeability. Many ef- 
forts have been made to overcome such disadvantages [Uhl- 
home t  al., 1992; Ha et al., 1996; Lee et al., 1994]. The separa- 
tion factor obtained by the Knudsen diffusion of  gases through 
a micro-porous inorganic membrane cannot be over the Knud- 
sen limit, which is the square root of  the mass ratio of  each 
gas component. In order to overcome this Knudsen limit, the 
surface diffusion is introduced by modifying the surface or 
pores of  the inorganic membrane [Lee et al., 1995; Yoon et 
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al., 1996]. However, this research has focused on the prepa- 
ration of  the selective membrane. Considering the application 
of  the inorganic membrane technique for gas separation from 
coal gasification gas or the synthesis gas mixture, it is neces- 
sary to do research on the separation characteristics o f  hydro- 
gen from the gas mixture. 

There have been other engineering approaches to enhanc- 
ing the separation performance of  membranes. It is the design 
of  membrane modules and their optimal configuration that leads 
to a higher separation factor [Hwang et al., 1980; McCandless 
et al., 1985; Qiu et al., 1991; Stem et al., 1984]. It was re- 
ported that the recycle of  the permeate or retentate stream to 
the inlet stream can increase the separability of  the used mem- 
brane [Qiu et al., 1991]. In a multi-stage membrane separa- 
tion, the configuration of membranes is a critical factor for ob- 
taining the desired gas with a high purity from the gas mix- 
ture. Research about numerical simulation to a multi-stage sep- 
aration system is required to predict the effect of  system variables 
such as recycle ratio, intermediate pressure, and recycling struc- 
ture on the membrane performance because it is difficult to pre- 
pare membranes with the same performance and to test the 
effect of  system variables directly. Although the optimal condi- 
tions for a multi-stage system vary with the properties of  the 
membrane used, further research for multi-stage separation 
is required to predict the optimal condition. 
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Fig. 1. Schematic diagram of  the control volume for deriving 
the model equations. 

stream is negligible. So the total pressure of  the gas phase is 
constant along the membrane. 

Applying the mass balance to component i for the con- 
trol volume A and B, the governing equations were obtained 
as follows. 

dXi 

dXi D f a  X, Y, "~ 

~ ~ Lpt  where, tL=znK~og meooO~,__--- 
l*'r 

E d(X, + V,) 
0 (3) 

, d~ 

B.C : At ~=0 ; X,=X,.o, Y,=Y,,o 

The purpose of this work is to understand hydrogen gas 
separation from a gas mixture, such as H2FN2 by the porous 
inorganic membrane where the gas separation is achieved main- 
ly by Knudsen diffusion, and to provide information for the 
preparation and selection of a porous membrane suitable for 
obtaining the desired gas with high purity from a gas mixture. 
Three membranes were prepared by the sol-gel, hydrolysis, and 
soaking-and-vapor deposition (SVD) techniques [Lee et al., 
1995; Yoon et al., 1996]. The gas separation mechanism for 
the prepared membrane was investigated by the measurement 
of pure gas permeability as a function of pressure difference 
from 25 to 400 ~ A two-stage gas separation system was 
constructed to investigate the separation characteristics and see 
how much the hydrogen separation factor would be increased. 
A three-stage separation system, which is expected to increase 
the performance of membranes, was proposed, and the char- 
acteristics of hydrogen gas separation from Hz/N2 were inves- 
tigated by numerical simulation. 

M O D E L I N G  

All notations used in this equation are listed in the nomencla- 
ture section. 

Fig. 2 is a schematic diagram for the three-stage separa- 
tion system with recycle stream. All permeates of the first 
stage flow to the retentate side of  the second stage. A part 
of  the retentate stream of  the second stage is recycled to the 
permeate side of the first stage. The permeate stream from 
the second stage flows to the retentate side of the third stage 
and some retentate of the second stage is recycled into the 
permeate side of the second stage. 

The R] and R 2 a r e  defined as the recycle ratio of the reten- 
tate from the second stage to the first stage and from the third 
stage to the second stage, respectively. The pressure at the per- 
meate side of the first stage should be the same as that of P2 
at the retentate side of the second stage as shown in the Fig. 
2. Also, the pressure at the permeate side of the second stage 
is the same as that of  P3 at the retentate side of  the third stage. 

The goveming equations for each stage correspond to Eqs. 
(1) and (2). Therefore, model equations used in a single stage 
can be applied to the three-stage simulation. The iteration 
scheme for the multi-stage is the following : 

Fig. 1 is a schematic diagram showing the membrane sep- 
aration system to derive the model equations. The mass bal- 
ance for the retentate and permeate side can be established 
at the infinitesimal control volume shown in Fig. 1. The con- 
trol volume A and B represent the retentate and permeate side, 
respectively. The mass balances were applied to the control 
volume A and B under the following assumptions : 

1. The system is at steady state. 
2. The flows in the retentate and permeate stream are plug 

flow. 
3. All components in the feed are permeable through the 

membrane. 
4. The permeability of each gas component is the same as 

that of  the pure gas, and is a constant along the membrane 
at a f~xed pressure. 

5. The pressure drop both for the retentate and permeate 

1. Guess the inlet fraction, Y).0, Y,2.0 of the permeate side for 
each stage. 

2. For the first stage, predict the values of X/, y l by the sim- 
ulation of a single stage. 

3. Take y l as the input values for the second stage : 

X~o=Y) 

For the second stage, repeat step 2 to predict the value of 
x l ,  W .  

4. Take y2 as the values of  X~0. 

X~ ___r 1 s t  x ~ r l ~ - ~  2r id f - ~ - - - ~  _ 3 rd  

X ~ (~-ROX z (1-R2)X ~ 
Fig. 2. Schematic diagram of the three-stage gas separation. 
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For the third stage, repeat step 2 to predict the value of X), 
W .  

5. Compare the predicted values with the guessed value in 
the step 1. 

Thus, Y',.0 with (R1 x X, ~) 

Y~,o with (R2 x X~) 

Table 1. Preparation history of each membrane 

Membrane Preparation history 

A sol-gel #7+in-situ hydrolysis #2+SVD #4+ESVD#2 
B sol-gel #8+in-situ hydrolysis #2+SVD #5+ESVD#2 
C in-situ sol-gel #6+SVD #6+silica-sol coating #6+ESVD 

#2 

Then, calculate the error between the guessed value and the 
predicted value. 

6. If the error is not in the error boundary, then take (R~x 
Xb to a new and (R: • X 3) to Y~,,0- 

7. Repeat the steps from 1 to 6 when the error goes into the 
error boundary. 

In general, the real hydrogen separation factor is defined by 

y / (1  - y )  
o ~ = - -  (4) 

x / (1  - x) 

where y and x is the hydrogen composition at the permeate 
and the feed stream, respectively. 

EXPERIMENTS 

1. Preparation of the Inorganic Membrane 
In this section, the preparation methods of each membrane 

will be described briefly. The detailed procedure is described 
elsewhere [So et al., 1997; Yoon et al., 1995]. The sol-gel pro- 
cess, in-situ hydrolysis, in-situ silica sol coating and soaking 
vapor deposition (SVD) techniques were applied to modify the 
pore of three inorganic membranes. The porous support used 
in this work is an a-alumina tube (Noridake, Co) which has 
a length of 500 mm, outer diameter of 10 rnm, and inner di- 
ameter of 7 mm. The porous membrane used in this work has 
an asymmetric structure and an average pore size of 80 nm 
in the dense layer. 
1-1. Sol-Gel Step 

First, the pore of the membrane was modified by the sol-gel 
process. The preparation of alumina sol followed the method 
developed by Yoldas [Yoldas et al., 1973]. Aluminum iso-pro- 
poside (Ai[CHO(CH3)z]3, Aldrich Chemicals Co.) was used as 
an alkoxide precursor. For the impregnation of catalytic mate- 
rial, which can help the adsorption of the hydrogen on the 
pore surface and into the pore of the ready-made membrane, 
the palladium particles were impregnated directly into the 
alumna sol. The palladium chloride, PdCI2 (SIGMA,Co.), was 
used as the precursor of the palladium particles. The prepared 
palladium sol was sonicated to disperse well the palladium 
particles in the sol solution. Thereafter, the bare porous mem- 
brane was dipped in the sol solution, dried at room tempera- 
ture, and calcined at 500 ~ Finally, it was reduced at 400 ~ 
1-2. Hydrolysis Step 

The in-situ hydrolysis proceeded by using the TEOS (Tetra 
Ethyl Ortho Silicate, Adrich chemical Co.). TEOS and water 
was vaporized and each vapor was carried by cartier gas, which 
was nitrogen, into the outside and inside of the porous mem- 
brane, respectively. 
1-3. Soaking and Vapor Deposition (SVD) Step 

The SVD technique was applied to plug the pore of the 
ready-modified membrane and impregnate the palladium par- 
ticles into its pore. The palladium(I/) acetate, which was used 
as the palladium precursor, was dissolved in the acetone of 
200 ml with the HC1 of 5 g. This solution was supplied to 
the outside of the membrane that had been modified by the 
sol-gel and in-situ hydrolysis step. Then, the palladium acetate 
solution was diffused into the pore of the membrane by the 
capillary force. The inner pressure of the membrane was main- 
mined under atmospheric pressure : for example, 100 to 150 
torr for about 15 min to easily take the palladium solution 
near the surface pores to the inner pore of the membrane, 
before drying it to remove the solvent of acetone. Thereafter, 
the membrane was dried in the drying oven at 300 ~ for 3 
hours to form the precursor of the palladium acetate in the 
pore. Then, the membrane impregnated by the palladium ace- 
tate was heated at 180 ~ to form the intermediate layer of the 
palladium in the porous support. This process is called en- 
hanced soaking and vapor deposition (ESVD) [Lee et al., 
1995]. 

Three membranes were prepared by the above techniques 
and have the preparation history as shown in Table 1. The # 
number means the repeating times of each step, Therefore, for 
example, the membrane A was prepared by 7 times of sol-gel, 
2 times of in-situ hydrolysis, 4 times of SVD, and 2 times of 
the ESVD step. The ESVD step is the same as the SVD 
technique except for applying the vacuum into the inner side 
of the membrane during the ESVD. 
2. Measurement of the Permeability for Pure Gases 

The permeability and hydrogen selectivity of pure gases such 
as 1-12, and N2 were measured as a function of the pressure 
difference which ranges between 170.3 and 411.7 kPa. Fig. 
3(A) is the schematic diagram for measuring the permeabil- 
ity of pure gases. The pressure at the retentate side was con- 
trolled by a needle valve installed in the retentate stream as 
shown in Fig. 3(A). The inlet flow rate of each gases was 
controlled by the Mass flow controller (MFC, UFC-1500A, 
Unit instrument Inc.) at 2 l/min. 
3. Separation of Hydrogen from the Gas Mixture 
3-1. Single Stage 

Hydrogen separation from the gas mixture was conducted 
for the prepared membranes. The flow rates and compositions 
of each of the gases for the H2/N2 mixatre were controlled 
by the mass flow controller (MFC, UFC-1500A, Unit instru- 
ment Inc.). The hydrogen composition at the inlet stream of 
the H2/N 2 was maintained at 50 vol%. The permeate stream 
was kept to atmospheric pressure. The pressure of the reten- 
tate was changed from 170 kPa (1.68 atm) to 412 kPa (4.06 
arm) by using the needle valve which is connected with the 
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retentate stream. The module was maintained between 25 to 
400 ~ by using an electrical furnace with a temperature con- 
troller. 
3-2. Two-Stage 

The experimental apparatus for the two-stage separation is 
shown in Fig. 303). The first stage was set with the mem- 
brane C which had much higher permeability than that of  
membrane B which was set on the second stage. All perme- 
ates from the first stage were made to flow into the retentate 
side of the second stage. The pressure, PI at the retentate side 
of the first stage was changed between 239.3 to 411.7 kPa by 
the needle valve connected with the retentate stream of the 
first stage. The permeate flowing into the retentate side of  the 
second stage was controlled by the needle valve to produce 
the proper pressure, P2 at the retentate side of the second stage. 
No pump was used in order to make the permeate of the first 
stage flow to the retentate side of  the second stage. Thus, the 
pressure at the permeate side of the first stage should be same 
as the one at the retentate side of the second stage. 

The pressure at the retentate side of the first stage was main- 
tained at a fixed value when the pressure at the retentate side 
of the second stage was changed. Therefore, the flow leaving 
from the retentate side of the first stage was adjusted to keep 
the pressure at the retentate side of the first stage at a fixed value. 
4. Analysis o f  the Permeate Composition for the Gas Mixture 

The gas composition of the permeate for each gas mixture 
was analyzed by gas chromatography (GC, HP 5890 Series [1) 
with a thermal conductivity detector (TCD) and porapark Q 
column. A part of the permeate for each gas mixture flowed to 
the GC with an autosampling valve. 

RESULTS AND DISCUSSION 

1. Experiment  
Fig. 4 shows the permeability of H 2 and N2 for the prepar- 

ed membranes as a function of the pressure difference, pR_pP, 
at 25 and 400 ~ From this figure, it is clear that the gas flow 
mechanism through pores of the prepared membranes is achiev- 
ed mainly by the Knudsen diffusion. 
1-1. Single Stage 

The ideal hydrogen selectivity to the nitrogen for membrane 
A was plotted as a function of pressure difference at several 
temperatures as shown in Fig. 5. At low pressure difference 
and a temperature of 400 ~ the hydrogen selectivity was 
above the Knudsen limit (=3.74). However, the ideal hydro- 
gen separation factor had a lower value than the Knudsen 
limit at the high pressure regime because there were the re- 
latively large pores in the modified membrane and Poiseuille 
flow through the large pores occurred. The contribution of Poi- 
seuille flow to gas permeation was increased with increasing 
the pressure difference. The dependency of the real hydro- 
gen separation factor for the H2/N2 mixture on the pressure 
difference and the temperature is shown in Fig. 6. The real 
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Fig. 4. Permeability of  pure gases as a function of pressure dif- 
ference. 
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Fig. 5. Ideal separation factor of hydrogen to nitrogen as a fune- 
lion of pressure difference between 25 and 400~ for 
membrane A. 

hydrogen separation factor was increased with increasing the 
pressure difference and the temperature. 

In general, the real separation factor is smaller than the ideal 
separation factor due to backdiffusion, non-separative diffusion, 
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tion of pressure difference at several temperatures for 
membrane A. 
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Fig. 7. The real hydrogen separation factors for membrane A, 

B and C at 25 and 400~ 

concentration polarization on the feed or permeate side and the 
occurrence of Poiseuille flow in large pores [Yan et al., 1994]. 
So, the increase of the pressure difference reduces the back- 
diffusion, which results in increasing the real separation fac- 
tor. The maximum separation factor of hydrogen to nitrogen 
obtainable by membrane A was about 1.8 at a pressure dif- 
ference of 310 kPa and 400 ~ The real hydrogen s~aration 
factor for all prepared membranes is plotted in Fig. 7 which 
shows that the separation factor of hydrogen for the H2[N 2 mix- 
ture is increased with the pressure difference and temperature. 
1-2. Two-Stage 

The real hydrogen separation factors for two-stage system 
are plotted in Fig. 8(a) as a function of intermediate pressure 
at a fixed total pressure. The separation factor showed a max- 
imum point with changing pressure of the second stage under 
a fixed pressure of the retentate side of the first stage. The 
maximum separation factor at each fixed P~ is replotted in 
Fig. 8(b) as a function of the total pressure difference. The 
obtainable maximum hydrogen separation factor, which was 
about 2.1, was achieved experimentally at Pl of 308.1, P2 of 
203.3 kPa and 400 ~ The real separation factor by the two- 
stage system was increased about 40 % compared with the 
single stage in which the maximum hydrogen separation fac- 
tor to nitrogen was about 1.5 for both membranes B and C. 
2. Numerical Simulation 

The numerical simulation for a single stage separation was 
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Fig. 8. (A) The real hydrogen separation factor as a function of 
the intermediate pressure, Pz, (B) The maximum separa- 
tion factor at a fixed PI for two-stage separation system. 

conducted by using the pure gas permeability as a function of 
pressure difference. Although the gas flow through pores of 
the prepared membrane was achieved mainly by the Knudsen 
diffusion, the Poiseuille flow affected the gas separation with 
increasing high pressure difference. So, the permeability of  
pure gases can be written as a function of the pressure differ- 
e n c e .  

~, ~ K, + G,AP 

Fig. 9 shows the simulation results of  the H2/N2 mixture 
for the prepared membrane A. The simulation results were 
in good agreement with the experimental results. The results 
of the numerical simulation for the two-stage system are shown 
in Fig. 10. The thin solid line in Fig. 10 indicates the results 
obtained by using the permeability of each pure gas for the 
two membranes used. The simulation results showed some- 
what of  a deviation from the experimental results, although the 
trend of  the simulated separation factor was consistent with 
that of the experiment. Jung et al+ reported that the porous in- 
organic membrane by the pore modification techniques used 
in this work showed a decrease of separation performance with 
the usage time [Jung et al., 1997]. It was supposed that the 
performance of each used membrane in the two-stage would 
be decreased when the two-stage experiment was conducted. 
Therefore, the value of K in the above equation of pure gas 
permeability for any membrane was increased to lead the nu- 
merical expectation to the experimental value. When the per- 
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meability of each gas is adjusted for the membrane B or C, 
the simulation results are in a good agreement with the exper- 
imental results. 

Three-stage simulation results are shown in Figs. 11 to 13. 
The pressure at the retentate of the first stage was fixed at 
405.3 kPa (=4 atrn). The permeate side of the third stage 
was assumed to be open to the atmosphere, thus has a fixed 
pressure of 101.3 kPa (=1 atm). Therefore, the total pres- 
sure difference of the three-stage gas separation system is 
the same as that for a single stage system. The pressures of 
each stage are given by P,,  where P1 denotes the pressure at 
the retentate side of  the first stage, P2 is the pressure at the 
permeate side of the first stage or at the retentate side of the 
second stage, P3 is the pressure at the permeate side of the 
second stage or at the retentate side of the third stage, and 
P4 is the pressure at the permeate side of  the third stage. 

The effect of the intermediate pressure such as P2 and P3 
was investigated at a f'txed recycle ratio, R~ and R, which 
are represented from the second stage to the first stage and 
from the third stage to the first stage. Fig. 11 shows the real 
hydrogen separation factor as a function of P2 and P3. The 
hydrogen separation factors were increased with decreasing 
P3 at a fLxed P2 and reached a maximum value with chang- 
ing P2 at a fixed P3. The decrease of P2 value at a frxed P3 
means that the driving force of the first stage and the sec- 
ond stage is increased and decreased, respectively. The in- 
crease of the P3 value at a fixed Pz means that the driving 
force of the second stage and the third stage is decreased 
and increased, respectively. Under the fixed recycle ratio as 
a value of 0.5, the maximum hydrogen separation factor to 
nitrogen can be obtained at P2 of 187.5 kPa (=1.85 atm) and 
P3 of 121.6 kPa (=1.2 atm). 

The effect of the recycle ratio, R~ and R2, on the real sep- 

P]= 4, P4= 1 arm 

R 1 = R 2 = 0.5 

3.e "% z 

3.4 "& 
3.2 -~-. 

Fig. l l .  Hydrogen separation factor for H2/N 2 mixture as a 
function of Pz and P3 at the fixed recycle ratio of 0.5 
for three-stage separation system. 
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Fig. 12. Hydrogen separation factor with the recycle ratio at 
fixed pressures for three-stage separation system. 

aration factor is showed in Fig. 12. The real separation fac- 
tor of hydrogen to nitrogen was increased with increasing re- 
cycle ratio R~ and R2. But, at an R1 and R2 value over 0.9, 
the separation factors decreased slightly. The maximum sep- 
aration factors obtainable under the fixed Rl and R2 as the 
value of 0.9 are shown in Fig. 13 as a function of P2 and P3. 
The real hydrogen separation factor showed the maximum 
point with changing the P2 and P3. The maximum separation 
factor of  hydrogen to nitrogen achievable by the three-stage 
separation system with recycle stream was about 3.65 at a 
P2 of 268.5 and a P3 of 131.7 kPa under the R~ and R2 of 0.9, 
respectively. This separation factor is much greater than that of 
the single stage separation under the same driving force. From 
the above result, it is clear that the proposed three-stage sep- 
aration system promises to enhance the membrane perfor- 
mance to lead to a high real hydrogen separation factor up 
to 3.65, even though the ideal gas separation factor for the 
used membrane was less than the Knudsen value and the real 
hydrogen separation factor for a single stage of the membrane 
was about 1.8. 

The maximum separation factors obtainable from the propos- 
ed three-stage membrane system were simulated with chang- 
ing the total driving force, P~-P4. Table 2 shows the effect of 
the total driving force on the maximum separation factor as 
a function of Pz and P3. At a P~ of 506.6 kPa (=5 atm), the 
maximum hydrogen separation factor to the nitrogen achiev- 
able by the three-stage separation system was over the Knud- 

Korean J. Chem. Eng.(Vol. 16, No. 2) 



200 K.Y. Jung et al. 

Pl=4, Pn=I atm 

Rl=0.9, R=0.9  

r . . . . . .  

,. ~ . ~  1 . 4  ' ' ~  

Fig. 13. Maximum separation factor of hydrogen for H~/N~ 
mixture at a given recycle ratio in the three-stage 
separation system. 
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Fig. 14. The separation factor and yield with the fraction of 
hydrogen for three-stage separation system. 

sen limit, about 4.1. When P1 is 608.0 kPa (=6 atm), the sep- 
aration can be increased more over 4.3. 

The relationship between the separation factor and the yield 
obtained by the three-stage system is shown in Fig. 14. The 
yield of hydrogen, which is defined as the fraction to the inlet 
of hydrogen obtained at the permeate side of the fmal stage, 
decreased with the increase of the hydrogen separation fac- 
tor. 

CONCLUSIONS 

The palladium-impregnated inorganic membranes were pre- 
pared by sol-gel, in-situ hydrolysis, and SVD techniques and 
the separation characteristics of hydrogen from the HJN2 gas 
mixture were investigated. 

The dominant gas transport mechanism through pores of 
the prepared porous inorganic membranes was the Knudsen 
diffiasion. The ideal hydrogen separation factors for the pre- 
pared membranes were above the Knudsen limit due to the 
occurrence of  surface flow at low pressure and high temper- 
ature. However, the considerable Poiseuille flow became dom- 
inant as the pressure difference was increased. 

The real hydrogen separation factors for the prepared mem- 
brane were increased with increasing pressure difference and 
temperatures. The maximum separation factor to nitrogen achi- 
eved by the prepared membrane A was about 1.8 at a pres- 
sure difference of 310 kPa and 400 ~ 

Two-stage gas separation system without a recycling stream 
was constructed. The real hydrogen separation factor to nitro- 
gen was increased 40 % compared with the value of the single 
stage. There existed a optimum intermediate pressure at which 
the maximum separation factor was obtained. 

Numerical simulation was conducted on both the single and 
three-stage membrane to see if the theoretical prediction of 
the real hydrogen separation factor, by using the permeability 
of pure gases, agreed with the experimental results, and how 
much the real separation factor of hydrogen could be increased 
by the proposed three-stage separation. The optimal operating 
conditions for the three-stage gas separation at which the real 
separation factor has a maximum value were predicted by the 
numerical simulation. The simulation results were in good a- 
greement with the experimental results for a single stage and 
two-stage. 

The hydrogen separation factor was increased from 1.8 to 
3.6 by using the three-stage separation system for which mem- 
branes have the same permeability as the prepared membrane 
A. For the three-stage separation system, the real separation 
factors were increased with increasing the recycle ratio Rl and 
R2 up to 0.9, respectively. There existed the optimum P2 and 
P3 at which the actual separation factor had a maximum value. 
They were predicted successfully by the numerical simulation. 

When the total driving force was increased from 405.3 to 
608.0 kPa, the real hydrogen separation factor for HJN 2 mix- 
ture could be over the Knudsen limit, although the mem- 
brane A used for the three-stage simulation had much lower 

Table 2. The optimal 1)2 and 1)3 value predicted by the simulation of the three-stage separation system with changing the total 
pressure difference under the fixed R~ and R2 of 0.9 

P~ (kPa) P2 (kPa) P3 (kPa) P4 (kPa) Maximum real separation Maximum real separation 
factor (single stage) factor (three-stage) Hydrogen fraction 

405.3 268.5 131.7 101.3 1.8 ~ 3.65 b 0.785 
506.6 268.5 132.7 101.3 4. l0 b 0.804 
608.0 288.8 141.9 101.3 4.38 b 0.814 

~ result for the membrane A at 400 ~ and the pressure difference of 310 kPa 
bSimulation results 
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value than the Knudsen limit for a single stage separation. 

NOMENCLATURE 

a, po/p/: pressure ratio between the permeate and retentate side 
po : pressure at the retentate side [atm] 
P~ : pressure at the permeate side [atm] 
F ~ : molar flow rate of component I at the retentate side 

[mol/sec] 
: molar flow rate of component I at the permeate side 

[mol/sec] 
X, : dimensionless molar flow rate at the retentate side 
Y, : dimensionless molar flow rate at the permeate side 
L :length of membrane [m] 
Fr : total inlet molar flow rate [mol/sec] 
~, : permeability of pure i-component [m 3 (STP)/mZ-kPa-sec] 
x : dimensionless length 
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