This article was downloaded by:

On: 25 January 2011

Access details: Access Details: Free Access

Publisher Taylor & Francis

Informa Ltd Registered in England and Wales Registered Number: 1072954 Registered office: Mortimer House, 37-
41 Mortimer Street, London W1T 3JH, UK

Pt e STEVEN 4, CRANTR Separation Science and Technology
Publication details, including instructions for authors and subscription information:
SEPARATION SCIENCE

http://www.informaworld.com/smpp/title~content=t713708471

Pore Network Modeling of Nanoporous Ceramic Membrane for Hydrogen
— - Separation
Mohammad Moeini?® Fatolah Farhadi?
* Department of Chemical and Petroleum Engineering, Sharif University of Technology, Tehran, Iran

Online publication date: 15 September 2010

To cite this Article Moeini, Mohammad and Farhadi, Fatolah(2010) 'Pore Network Modeling of Nanoporous Ceramic
Membrane for Hydrogen Separation’, Separation Science and Technology, 45: 14, 2028 — 2038

To link to this Article: DOI: 10.1080/01496395.2010.504437
URL: http://dx.doi.org/10.1080/01496395.2010.504437

PLEASE SCROLL DOWN FOR ARTICLE

Full terms and conditions of use: http://ww.informaworld. confterns-and-conditions-of-access. pdf

This article may be used for research, teaching and private study purposes. Any substantial or
systematic reproduction, re-distribution, re-selling, |oan or sub-licensing, systematic supply or
distribution in any formto anyone is expressly forbidden.

The publisher does not give any warranty express or inplied or make any representation that the contents
will be conplete or accurate or up to date. The accuracy of any instructions, formul ae and drug doses
shoul d be independently verified with primary sources. The publisher shall not be liable for any |oss,
actions, clainms, proceedings, demand or costs or damages whatsoever or howsoever caused arising directly
or indirectly in connection with or arising out of the use of this material.



http://www.informaworld.com/smpp/title~content=t713708471
http://dx.doi.org/10.1080/01496395.2010.504437
http://www.informaworld.com/terms-and-conditions-of-access.pdf

08:39 25 January 2011

Downl oaded At:

Separation Science and Technology, 45: 2028-2038, 2010
Copyright © Taylor & Francis Group, LLC

ISSN: 0149-6395 print/1520-5754 online

DOI: 10.1080,/01496395.2010.504437

Taylor & Francis
Taylor & Francis Group
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for Hydrogen Separation
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Pore network modeling of porous media has this advantage that
can consider the pore structure incorporating any desired details,
but it has not been studied sufficiently. In addition, most studies
are limited to mathematical modeling only which need validation.
In the present study, this approach was applied to hydrogen separ-
ation from syngas by nanoporous ceramic membrane to predict
the membrane permeance theoretically based on its pore structure.
Gas transport through nanoporous membrane was modeled with
the aim of a 2D network model. A dusty gas model was used for
gas transport in the individual pores. Model validation showed that
the model predictions are in good agreement with the experimental
data with the coordination number of 2.5 and the pore length of
about 20nm. A parametric study indicated that hydrogen per-
meance through the membrane increases with the average and mini-
mum pore size and decreases with temperature and pressure. Also,
hydrogen selectivity increases slightly with temperature and
decreases with pressure and average pore size.

Keywords dusty gas model; hydrogen; nanoporous membrane;
network modeling; syngas

INTRODUCTION

Hydrogen has been considered as an attractive
alternative to the fossil sources in recent years, because
when it is used in a fuel cell or internal combustion engine,
it results in a near pollution-free energy with water as the
main by-product (1). Hydrogen also is used extensively in
many industrial sectors, such as refining, petrochemical,
ammonia synthesis, metallurgy, and semi-conductors (2,3).
The hydrogen usage is expected to increase in the future by
the development of fuel cell applications. Another advan-
tage of hydrogen is its flexibility. “While fossil sources
are limited to specific geographical areas, localized pro-
duction of hydrogen is feasible nearly everywhere from sev-
eral sources (fossil fuels, biomass, water, etc.)” (1).

Currently, steam reforming of natural gas is the main
process for hydrogen production. Thus, the separation of
hydrogen from syngas is an important separation process.
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The membrane methods of separation have been consid-
ered as an attractive alternative to the conventional separ-
ation processes because of their lower capital costs and
greatly reduced energy consumption. Elimination of all
process heat requirements, cleaner and safer mode of oper-
ation, and the lack of mechanical complexity are other
advantages of membrane separation processes (4-8).

There are different categories of H, separation mem-
branes, such as, dense or nonporous metal membranes,
nanoporous inorganic membranes, and polymeric
membranes. Polymeric membranes are not suitable for
syngas separation due to their limited stability at high tem-
peratures. Nanoporous membranes offer many advantages
over dense membranes. More importantly, while the flux is
directly proportional to the pressure in porous membranes,
it is proportional to the square root of the pressure in dense
metal membranes. Therefore, porous membranes are the
more attractive option for operation at high pressures.
Moreover, porous membranes are cheaper than dense
metal membranes, because dense metal membranes usually
are made from Pd and its alloys which are expensive (4,9).

Ceramic and carbon membranes are two common types
of nanoporous membranes which are used in hydrogen sep-
aration (4). The disadvantage of carbon membranes is that
they are brittle and can be difficult to package if a large
membrane surface is needed. Furthermore, carbon mem-
branes are still expensive (4,9). Ceramic membranes are
more suitable for syngas separation, because they have
higher chemical, mechanical, and thermal stability which
are essential for syngas separation at high pressure and
temperature (10).

Considerable development has been made in the con-
trolled synthesis of nanoporous materials in the recent
years. The structure of porous materials can be controlled
on two levels:

1. in macroporous structure level, by mixing of particles
with different sizes, and then, specific thermal treatment,
and

2. in mesoporous and microporous structure level, by the
use of specific material of particles with specific meso-
porous or microporous structure (11).
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The modeling of gas transport through membranes can
be a useful tool in finding the optimum porous struc-
ture (porosity, tortuosity, pore size distribution, pore’s
shape, etc.) and improve the separation properties of
the membrane with controlling its structure during the
fabrication process. While there are a lot of papers
on the fabrication and characterization of nanoporous
membranes, studies on transport mechanisms through
them and modeling their nanoporous structure are
limited.

GAS TRANSPORT THROUGH POROUS MEMBRANE

Different approaches have been developed to model
transport through porous media, but they can be divided
into four general categories:

1. statistical models,

2. geometrical models,

3. corrected averaged form of governing differential
equations, and

4. dusty gas model.

The main difference between these approaches lies in
the way they deal with the random structure of porous
media.

Since a porous medium is generally a random structure,
the idea of developing statistical models is appealing.
“Whenever a probability law is used in the model, the term
statistical model seems appropriate” (12). Two kinds of
these models are cut-and-random-rejoin-type model, which
was introduced by Childs and Collis-George (13), and the
model of Haring and Greenkorn (14).

In geometric models, a specific geometry which hope-
fully is to some extent similar to the porous medium is
considered. There are different kinds of geometric models,
such as one-dimensional models, Bethe lattice models, and
network models.

In one-dimensional models the pore space is considered
to be made of a bundle of parallel capillary tubes, or a
collection of tubes in series. The disadvantage of one-
dimensional models is that they cannot take into account
the interconnectivity of the pores, the existence of pore
loops, etc. As a result, many predictions of such models
are grossly in error, and they are so simple that they cannot
be improved (15).

Deriving the analytical formulae for the properties
of interest is often possible with Bethe lattice models,
and sometimes, the predictions of such formulae are well
in agreement with those of three-dimensional systems.
One of the disadvantages of these models is that they
cannot take into account the closed loop of bonds, which
are a major element of the topology of real pore
spaces (15).

“Models of pore structure, consisting of three-
dimensional networks where the pore sizes are distributed

over the bonds and/or the nodes of the network in a
disordered manner, come to resemble closest the structure
of real porous media” (12). Different networks have been
considered, such as square, trigonal, hexagonal, kagome,
and crossed square.

The third approach is the development of correct
averaged forms of the governing differential equations.
These equations should be valid for any geometry, thus
the results obtained for specific geometric models must
satisfy the averaged equations. In addition, any statistical
model should be in accord with the averaged equa-
tions (16).

Another distinct approach is the “dusty gas model” (17)
which describes the porous material as a number of large
particles with zero velocity which are dispersed throughout
the gas mixture. The disadvantage of this model is that it
avoids any assumption about the exact internal structure
of the porous material. Therefore, averaged empirical and
semi-empirical factors such as the porosity and tortuosity
of the porous material are required.

The above discussion shows that network modeling is
the only approach which is capable of considering the
internal structure of porous media incorporating any
desired details. Moreover, this model can take into account
the interconnectivity of pores and the closed loop of bonds.
Despite their importance, network models have not been
studied sufficiently because of their high computational
load. In addition, most of these studies are theoretical mod-
eling only which need validation with the experimental
data. Thus, the present study aims to apply this modeling
approach to hydrogen separation from syngas by nanopor-
ous ceramic membrane which is a highly important separ-
ation process in the fuel cell applications. Syngas mixture
transport through the nanoporous membrane has been
modeled via network modeling to obtain membrane per-
meance and selectivity theoretically, based on the con-
sidered pore structure. The developed model then has
been validated by two sets of experimental data. This vali-
dation is one of the significant features of this study,
because there are limited articles on both network
modeling and its validation.

MODELING

While the dusty gas model cannot include the exact
internal structure of porous media, it results in analytical
equations for transport through simple and specific geome-
tries, such as capillary tubes, and these equations do not
require any empirical constant. In addition, this model
gives a strong theoretical basis for combining different
transport mechanisms. Thus, the pore structure is
modeled via a two-dimensional network model and the
dusty gas model is used for modeling the transport through
each bond, and not for transport through the entire
membrane.
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Pore Network Description

In this study, the nanoporous membrane is represented
by a two-dimensional square network. In this network,
the bonds represent the pore throats or the narrow chan-
nels that connect the sites which represent the pore bodies
(Fig. 1). Pores’ volume can be assigned to bonds, sites, or
both of them, but in most cases the sites are ignored and
no volume is assigned to them (15). In the present study,
the sites have been ignored and the pores’ volume has been
assigned to the bonds. The bonds are assumed as cylinders
with a smooth internal surface which have similar length.
The effective radius of each bond is selected from the below
pore size distribution (PSD) which is similar to the experi-
mental PSD for many membranes (18):

2
f(r):r_irmzexp[_l(r—rm) ] )
(Va—}’m) 2 Ta = Fm
r, and r,, are average and minimum pore radius, respect-
ively, and can be selected from experimental PSDs.
To make the network similar to real pore structure,
some of the pores are removed randomly. In this way,

the average coordination number (number of bonds which
are connected to each node) becomes less than 4 (19):

1

where Z, is average coordination number and P, is the
fraction of pores which has been removed.

Multicomponent Gas Transport in the Pores

As said, the dusty gas model is used for modeling the gas
mixture transport through individual pores. “In this model,
the porous medium is treated as one component of the gas
mixture, consisting of giant molecules held fixed in space,
and the highly developed kinetic theory of gases is applied

|_Y i . node

|__}— hond

(a) (b)

FIG. 1. Square network with the coordination number of 4 (a) network
description (b) transport in the bonds and nodes.

to this supermixture” (17). This model considers three
modes of gas transport:

1. free-molecule or Knudsen flow,
2. continuum or ordinary diffusion, and
3. viscous flow.

The development of transport equations is very compli-
cated and requires many equations from the kinetic theory
of gases. Thus, only the final results are presented here:

dC
Jp = —DZ (3)
ByZRTCdC
o= 4
o n dz )

where C is the concentration, C is the total concentration,
Jp is the diffusive flux (containing Knudsen and continuum
diffusion), and J,;,. is the viscous flux. By, the viscous flow
parameter, is a constant characteristic of the pore geome-
try, and the inverse of matrix D (D! = [DU]_] = [ay]) is
defined as below:

aij =N _ ,1: Jril):/(tr) i=j (5)

D; is hindered diffusivity, D,k is Knudsen diffusivity, and
€/q, the porosity-tortuosity factor, is a constant related
to the pore geometry. It was mentioned that pores are
assumed as capillary cylindrical tubes, so By :§ and
- =1(17). Total flux is given by:

J=dyse +JIp (6)

While Chapman-Enskog theory yields an exact equation
for computing the Knudsen diffusivity, this equation is
very complicated and not suitable for application in the
network model. What is important in this exact equation
is that the Knudsen diffusivity is proportional to (7/
M;)"? (17). In practice, other parameters must be obtained
experimentally. Thus it is recommended to use the simple
equations which follow the above relationship. The follow-
ing equation, which is the exact equation for Knudsen dif-
fusivity in infinitely long cylindrical pore, can approximate
Knudsen diffusivity in a finite capillary tube (10):

4 [RT
Div — —
K =3 7,

(7)

where 7 is the pore radius. The hindered diffusivity is given
by (18):

D; = Dh() (8)
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/.= R;/r, with R; being the molecular size of gas i, D° is the
bulk diffusivity, and (/) is a function that modifies the
bulk diffusivity for diffusion in the pore:

h(2) = (1= 2)7(1 — 2.1044 + 2.09/* — 0.95/°)  (9)

Governing Equations
With steady state assumption in each pore for all of the
components, transport equations in each pore are as below:

dJ;

EZO’ i=1,2,...,0 (10)

where J; is the total flux of component i. Also, at every
node j of the pore network, the mass balance for each
component of the gaseous mixture must be established:

Z
Sos =0, i=1.2,...v (11)
k

where Jl-(k> is the total flux of component i in pore k that
reaches node j, Sj is the cross-sectional area of pore k,
and Z; is the coordination number of node j. Equations
(10) and (11) govern the transport of gaseous mixture
through the nodes and pores of the network which must

be solved simultaneously with suitable boundary conditions.

Boundary Conditions
For the feed side of the membrane, the boundary con-
ditions are:

Ci=C; i=12,...,v (12)

where Cj is the feed side concentration of component i. If a
sweep gas is used in the permeate side, the boundary con-
dition is as below for there:

Ci=0 i=12... (13)

For the other surfaces, no-flux boundary condition is
used (18).

SOLUTION PROCEDURE

Equations (10) and (11) form a differential equations
system. Since the second-order differential equations for
each pore must be solved with their own boundary con-
ditions, it seems that the finite difference method is the best
choice for solving the governing equations system. By using
the finite difference method, the differential equations sys-
tem is converted to a nonlinear algebraic equations system
which must be solved with an efficient method. Newton’s
method (20) with variable step size has been used for this
purpose. The golden section method (21), which is an
optimization method, has been used to find the optimum
step size.

RESULTS AND DISCUSSION
Model Validation

The developed model is validated by two different
experimental data sets of Araki et al. (22) and Yoshino
et al. (23). The specifications of the membranes which have
been used in these references are given in Table 1. For the
purpose of modeling, the effect of support and intermedi-
ate layers is neglected compared to the selective layer. It
is assumed that support and intermediate layers have no
serious effect on the permeance of gases through the mem-
brane and the separation performance. Real values of the
average pore diameter and membrane thickness are used
for network generation, while the coordination number
and number of nodes in the transport direction are tuned
to make the model a better representation of the real mem-
brane. A comparison of model results with the experi-
mental data showed that the model predictions are in
good agreement with the experimental data when the coor-
dination number and pore length are 2.5 and about 20 nm,
respectively (Figs. 2 and 3). Permeance is defined as the

TABLE 1
The specifications of nanoporous membranes for model validation

Membrane

Description

Reference

Membrane 1 Support: a-alumina

Araki et al. (22)

Thickness: 2 mm, Average pore diameter: 0.15 um, Porosity: 0.4

Selective layer: y-alumina

Thickness: 400 nm, Average pore diameter: 4.4 nm

Membrane 2 Support: x-alumina

Yoshino et al. (23)

Thickness: 1 mm, Average pore diameter: 0.7 um, Porosity: 0.4

Intermediate layer: a-alumina

Thickness: 65 um, Average pore diameter: 60 nm, Porosity: 0.39

Selective layer: y-alumina

Thickness: about 300 nm, Average pore diameter: 4.3 nm




08:39 25 January 2011

Downl oaded At:

2032 M. MOEINI AND F. FARHADI

5.E-06

——model prediction H,

O experimental data [22]

4.E-06

3.E-06

Permeance (mol/m2-s-Pa)
N
m
o
(=]

1.E-06 1

0.E+00 T T T
0.03 0.04 0.05 0.06 0.07

T2 ( K-1/2)

FIG. 2. Comparison of model results with the experimental data (22)
(average pore diameter: 4nm, minimum pore diameter: 0, membrane
thickness: 400 nm, average coordination number: 2.5).

ratio of flux over partial pressure difference across the
membrane:

J

0=

AP;

(14)

It is observed that the temperature dependency of the per-
meance and the order of the permeance of components are
predicted completely correct, and more importantly, the
predicted permeance values are in good agreement with
the experimental data. It should be mentioned that the
most important objective of this study is to calculate the
permeance of a real nanoporous membrane based on
the available information on its pore structure (i.e., its pore

1 2 3 4
1.E-04 T T 5
permeance: model prediction
O permeance: experimental data [23]
——————— separation factor: model prediction
A separation factor: experimental data [23] |+ 4
©
o
@ S
£ A b A A A T3 8
S A o =
£ c
£ 1.E-05 A o
g 1% 8
£ o N, (7]
Q g O
ot 11
1.E-06 0
1000/T (1/K)

FIG. 3. Comparison of model results with the experimental data (23)
(average pore diameter: 4.3nm, minimum pore diameter: 0, membrane
thickness: 300 nm, average coordination number: 2.5).

size distribution and selective layer thickness and porosity),
and model validation showed that the developed model
successfully does this. Good prediction of this two-
dimensional pore network model shows that for some
applications it is not really necessary to use three-
dimensional networks with heavier computational load.

It may be questioned whether simulated values of 2.5
and 20nm for the coordination number and pore length
agree with what could be inferred from electron micro-
graphs. It should be noticed that square networks are ideal
and relatively simple networks. In addition, we have made
an assumption which influences these parameters signifi-
cantly: the sites have been ignored and the volume of the
pores has been assigned to the bonds. So, while square net-
work models are a step forward toward the exact modeling
of the pore structure and we need to consider more aspects
of the pore structure compared to the continuum or one-
dimensional models, they are still far from reality. The
two-dimensional aspect of the model also influences these
values. So, we cannot expect the presented model to predict
real pore length and connectivity values. It may be better to
see these two parameters as model adjustment parameters.
The more important parameter which should have a
reasonable value is the porosity of the constructed network
(see below).

Model results showed that for membrane 1, the model
predictions are more accurate with the average pore diam-
eter of 4 nm, instead of the reported average pore diameter
of 4.4nm in the reference. In the experiments for finding
the pore size distribution of porous materials, usually a
simple model (e.g., a bundle of capillary tubes) is con-
sidered for the pore structure and the pore size distribution
is calculated based on the experimental data and this sim-
ple structure (12). Thus, the reported PSD is not the real
PSD of porous material. It is only an approximation for
the real PSD. Since one-dimensional models are very differ-
ent from the network models, it is not surprising that the
network model does not give accurate results with the aver-
age pore size calculated from the other models.

As mentioned before, the average coordination number
and the number of nodes (or pore length) are two para-
meters of the developed network model to be adjusted.
There are some limitations in adjusting the number of
nodes. One of these limitations is the porosity. The con-
structed square network must have a reasonable porosity.
In addition, we have an important constraint—the porosity
can not be very close to unity. In practice, the porosity is
usually between 30 to 50% for the support and this value
is even smaller for the selective layer of the membrane.
Increasing the nodes of the network over some value (at
constant membrane thickness), causes to have porosity lar-
ger than unity which is impossible. Since the porosity of the
membrane selective layer has not been reported for the
used experimental data, it is not possible to fix the porosity
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FIG. 4. The effect of average coordination number on the model results
(average pore diameter: 4nm, minimum pore diameter: 0, membrane
thickness: 400 nm, feed side pressure: 17bar, temperature: 750°C, feed
composition: 79.6% H,, 3.1% CHy, 6.6% CO, 10.7% CO,).

of the constructed network. But, those combinations of
pore length and coordination number are tried that give
a reasonable value for the porosity. Figure 4 shows that
the average coordination number is a good parameter for
model adjustment, because this parameter changes the per-
meance of components through the membrane, but has no
serious effect on the selectivity which determines the separ-
ation performance.

One important issue in the network modeling is con-
structing the network. The goal is to make a random net-
work with the specific size, average coordination number,
and PSD, but there are many different random structures
with the same size, average coordination number, and
PSD. Thus, if the results should be independent of the nature
of random structure generation, several realizations of the
desired network are to be generated, and the results should
be averaged over them. One appropriate approach for this

purpose is Monte Carlo simulation. To make this concept
clearer, five random networks with the same specifications
(all with similar size, average coordination number, and
PSD) are shown in Fig. 5. Model results corresponding to
these networks are shown in Fig. 6. In Fig. 5, the thickness
of bonds shows the pore radius, qualitatively. It is evident
from Fig. 6 that the permeance changes a bit from one net-
work realization to another, but the selectivity values are
constant for all networks. In the present study, the selective
layer of the membrane is very thin and the number of pores
in the transport direction is small. So, a little alteration in the
network structure can cause a sensible change in the per-
meance. For large networks however, permeance likely does
not change too much from one realization to another. So,
this issue is more critical for small networks.

Syngas Separation

Syngas composition depends on the process from which
it is produced and the type of feed used. Table 2 sum-
marizes the specifications of syngas produced from six dif-
ferent processes, and Fig. 7 shows the model results for
theses syngas streams. The last column in Table 2 is related
to the syngas produced in the hydrogen unit of a refinery.
In this unit, hydrogen is produced via the steam reforming
of a mixture of methane and hydrogen. It is observed that
the permeance of components is almost constant for all
cases, that is, the permeance of components through the
membrane is independent of their feed side mole fraction.
This behavior is because of the linear variation of flux with
the composition (Fig. 8). Equation (14) indicates that per-
meance becomes independent of composition when flux
varies linearly with the composition.

Parametric Study
In this section, the syngas produced in the hydrogen unit
of refinery has been considered for the parametric study.
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FIG. 5. Five different randomly generated square networks with the same specifications (average pore diameter: 4 nm, minimum pore diameter: 2 nm,

membrane thickness: 400 nm, average coordination number: 2.5).
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FIG. 6. Model results for the networks shown in Fig. 5 (feed side press-
ure: 17 bar, temperature: 750°C, feed composition: 79.6% H,, 3.1% CHy,
6.6% CO, 10.7% CO,): (a) permeance values (b) selectivity values.

Figure 9 shows that increasing the average pore size
decreases the selectivity and increases the permeance. It is
noticed that the average pore size has a considerable effect
on the selectivity. In the average pore diameter of 4 nm,
selectivity is 4.2, 3.3, and 2.5 for H,/CH,4, H,/CO, and

H,/CO,, while the theoretical Knudsen selectivity values
(31) are 4.7, 3.7, and 2.8, respectively. The closeness of
selectivity values in the average pore diameter of 4nm to
Knudsen selectivities indicates that Knudsen diffusion is
the dominant mechanism in this average pore size.
Decrease in the selectivity with the average pore size is
due to the increased share of viscous flow mechanism.

Increase in the minimum pore size increases the hydro-
gen permeance, but has no considerable effect on the selec-
tivity (Fig. 10). Increasing the minimum pore size (r,,) in
Eq. (1), while the average pore size (r,) is fixed, increases
the number of pores with the size close to the average pore
size, and decreases the pores with very small sizes. This
change in the PSD increases the permeance.

Though hydrogen flux through dense palladium mem-
branes increases with temperature (3,29,32), but for nano-
porous membranes the trend is reverse (22,23), because
transport mechanism is completely different. Our modeling
results show this behavior as well (Fig. 11). In our para-
metric study, the pressure difference across the membrane
is fixed. If flux equations (Egs. (3) and (4)) are written in
the form of the pressure gradient instead of the concen-
tration gradient, it will be revealed that the temperature
reduces both viscous and diffusive fluxes. Of course, the
effect of temperature is greater on the viscous flux. Thus,
selectivity increases with temperature due to the increased
share of diffusion mechanism compared to viscous flow
at higher temperatures (Fig. 11). Readers may be confused
as to why does temperature reduce the diffusive flux, while
it increases the mobility of molecules? The answer is that
while temperature increases the mobility of molecules and
diffusivity values, it reduces the concentration gradient in
the case of constant pressure difference across the
membrane. The effect of temperature on concentration is
greater than its effect on diffusivity values and thus,
flux through the membrane is reduced with temperature.

TABLE 2
The specifications of syngas streams produced from various processes

Water-coal Dry coal Partial Steam Hydrogen unit
Process slurry gasification gasification oxidation reforming Autothermal of refinery
H, 27-30% 27-30% 62.6% 65.1% 41% 79.6%
CO 35-45% 62-64% 33.7% 1% 1% 6.6%
CO, 10-15% <4% 3.1% 15.5% 15% 10.7%
CH,4 - - 0.3% 0.2% - 3.1%
H->O 15-25% <4% - 18.2% 9.5% -
N, - - 0.3% - 33.5% -
H,S 0.2-1.2% 0.2-1.2% - - - -
Temperature About 870°C About 870°C  780-1400°C 750-900°C 850-1300°C 750°C
Pressure About 27 atm About 27 atm 25-80 atm 22-35atm 20-70 atm 17 bar
Reference (24) (24) (25, 26) (27, 28, 29, 30) (28, 30)
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FIG. 7. Model results for various kinds of syngas (average pore diameter:

4nm, minimum pore diameter: 0, membrane thickness: 400 nm, average

coordination number: 2.5, feed side pressure: 17 bar, temperature: 750°C).
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FIG. 8. The effect of feed side mole fraction on the flux (average pore

diameter: 4nm, minimum pore diameter: 0, membrane thickness:
400nm, average coordination number: 2.5, feed side pressure: 17 bar,

temperature: 750°C).
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FIG. 10. The effect of minimum pore diameter on the model results
(average pore diameter: 4 nm, membrane thickness: 400 nm, average coor-
dination number: 2.5, feed is the steam reforming syngas produced in the

hydrogen unit of refinery).

Figure 12 shows that both hydrogen permeance and
selectivity decrease with the feed side pressure. Although
the flux of hydrogen increases with pressure, the effect of
pressure drop increase across the membrane is more than
the effect of flux increase, and thus, permeance decreases
slightly with pressure (note that permeance is the ratio of
flux over partial pressure drop across the membrane).
Decrease in the selectivity is due to the increased share of
the viscous mechanism at higher pressure drops.

Figure 13 shows the model results for a specific pore
structure and operating conditions that seem more suitable
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FIG. 9. The effect of average pore diameter on the model results (mini-
mum pore diameter: 0, membrane thickness: 400 nm, average coordination
number: 2.5, feed is the steam reforming syngas produced in the hydrogen

unit of refinery).
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FIG. 12. The effect of feed side pressure on the model results (average pore
diameter: 4 nm, minimum pore diameter: 0, membrane thickness: 400 nm,
average coordination number: 2.5, temperature: 750°C, feed spec is that of
steam reforming syngas produced in the hydrogen unit of refinery).

FIG. 13. Model results for a specific pore structure and operating conditions
(average pore diameter: 4nm, minimum pore diameter: 2nm, membrane
thickness: 400 nm, average coordination number: 2.5, feed side pressure:
17 bar, temperature: 750°C, feed composition: 79.6% H,, 3.1% CH,, 6.6%
CO, 10.7% CO,): (a) considered pore structure (b) profile of hydrogen concen-
tration in the network (c) profile of methane concentration in the network.

according to the results of parametric study. Figure 13a
shows the constructed pore network, while the profile of
hydrogen and methane concentration in this network is
shown in Figs. 13b and 13c, respectively.

There are many aspects of pore network modeling which
need more studies, such as how developed network models
can be used for real systems, or how experimental data on
pore structure (like porosity, PSD, porous material
geometry, and electron micrographs) can be used to gener-
ate networks which predict the important transport proper-
ties of the porous media accurately and how good are their
predictions. This study tried to answer some of these ques-
tions and have a contribution to the development of pore
network modeling by applying this model to a real nano-
porous membrane for an important separation process
and validating its predictions. But, more and more studies
are required to mature this modeling approach. Different
networks (square, triangular, etc.) as well as two and
three-dimensional networks should be compared with each
other and more validation studies should be performed to
confirm that previously developed models are really
reliable.

CONCLUSIONS

A two-dimensional random square network model was
applied to hydrogen separation from syngas by nanoporous
ceramic membrane to predict the membrane permeance the-
oretically. Model validation with the experimental data on
real membranes indicated that the model predictions are
in good agreement with the experimental data with the
coordination number of 2.5 and the pore length of about
20 nm. Good prediction of the membrane permeance with
two-dimensional network suggested that for some applica-
tions it is not really necessary to use three-dimensional net-
works with heavier computational load. Also a study of the
permeation of various syngases with different compositions
through the membrane showed that permeance is not com-
position dependent. The modeling of different random pore
networks with the same size, average coordination number,
and PSD showed that while the permeance values change a
bit from one network realization to another, the selectivity
values are constant for all cases.

A parametric study showed that hydrogen permeance
through the membrane increases with average and mini-
mum pore size and decreases with temperature and press-
ure. Also, it became clear that hydrogen selectivity
increases slightly with temperature and decreases with
pressure and average pore size. Of course, it should be
mentioned that except the average pore size, selectivity
does not change much with other parameters. Because with
the assumed average pore size for the parametric study
(4nm) Knudsen diffusion is the predominant transport
mechanism, which means that molecules do not interact
much with one another. The effect of various parameters
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separation performance showed that a porous

membrane with the average pore diameter of 4nm and
minimum pore diameter close to this average diameter
(for example 2nm) has a better performance.
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NOMENCLATURE

B, viscous flow parameter [m?]

C total concentration [mol/m3]

C; concentration of component i [mol /m3]

Cy feed side concentration of component i [mol/m”]
D, hindered diffusivity [m?/s]

Dix  Knudsen diffusivity [m?/s]

D> bulk diffusivity [m?/s]

J total flux [mole/m? - s]

Jp diffusive flux [mole/m? - s]

Jiise  viscous flux [rnole/m2 -s]

M molecular weight

P, fraction of pores which has been removed
P; partial pressure of component i [Pa]

0; permeance of component i [mole/m?-s - Pa]
R gas constant

R; molecular size of gas i [m]

r pore radius [m]

Ty average pore radius [m]

Fm minimum pore radius [m]

Sk cross-sectional area of pore k [m?]

T temperature [K]

X mole fraction

Z compressibility factor

Z; coordination number of node j

Z, average coordination number of network
z axial coordinate of pores [m]

Greek Symbols

e/q porosity-tortuosity factor

n viscosity [kg/m - s]

A ratio of molecular radius to pore radius
v number of components in gas mixture
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