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Abstract—Simulated results are presented using a reaction rate equation and a one-dimensional reactor model for a
water gas shift reaction (WGSR) in a membrane reactor (MR) with a feed stream obtained from coal gasifiers. CO con-

version in a MR at 423-573 K was higher than equilibrium

conversion at the same temperature. The effect of two

important parameters of a membrane, hydrogen selectivity and hydrogen permeance, on MR performance was stud-
ied and hydrogen selectivity was favorable for enhanced CO conversion, reduced CO concentration, and enhanced
fuel-cell grade hydrogen. Hydrogen permeance was also favorable for CO conversion enhancement in a MR due to an
increased driving force between the shell side (retentate) and the tube side (permeate) of a membrane. The criteria of a
hydrogen permeance of higher than 8x10* mol m s 'Pa™' and a hydrogen selectivity of 100 were suggested to pro-
duce a fuel-cell grade hydrogen (CO concentration less than 50 ppm) in the permeate and a concentrated CO, (more

than 90%) in the retentate simultaneously in a MR.
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INTRODUCTION

Recently, there has been a strong demand for hydrogen in many
industrial sectors such as petroleum, petrochemical, and fuel-cell.
Currently, most of hydrogen used in the world is commercially pro-
duced by catalytic reforming of methane using Ni-based catalysts in a
steam reformer. Much attention has been paid to the concept of a
membrane reactor (MR) to produce enhanced hydrogen as means
to meet the high demand for hydrogen. Fig. 1 shows the comparison
between a conventional reactor/separator and a MR. A MR can be
employed in various industrial applications for a compact design
and cost savings by combining two units (reactor and separator)
into one single unit (MR). Furthermore, improved reactant con-
version and product yield can be achieved by continuously removing
one of products of interest through a membrane [1]. For example,
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Fig. 1. Comparison between (a) a reactor/separator and (b) a MR.
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higher conversion and hydrogen yield can be obtained in the reform-
ing of methane by incorporation of a hydrogen-selective membrane
into a conventional reactor, because of a shift of equilibrium caused
by removing hydrogen through a membrane. At the same time,
fuel-cell grade hydrogen can be obtained during a reaction in the
tube side of a MR (permeate) due to a hydrogen-selective mem-
brane used in a MR without further separation and purification
steps, while all other products except hydrogen can be obtained in
a shell side of a MR (retentate). Previously, a MR equipped with a
hydrogen-selective membrane was applied to various reforming
reactions that produce hydrogen such as methane dry reforming
(CH,+CO,=2H,+2CO) [2,3], methane steam reforming (CH,+
H,0=3H,+CO) [4-7], methanol steam reforming (CH;OH+H,0O=
3H,+CO,) [8-10], and ethanol steam reforming (C,H;OH+3H,0=
6H,+2CO,) [11-14] and enhanced reactant conversion and hydro-
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gen yield in a MR compared to a conventional packed-bed reac-
tor (PBR) without a membrane were reported. Even though the
better performance of MRs than PBRs was reported from various
research groups, its commercialization was hindered by some chal-
lenging issues such as hydrothermal stability for silica-based mem-
branes and high cost for palladium-based membranes. At the same
time, many efforts are being made to improve hydrothermal sta-
bility and to reduce production cost by introducing some materi-
als to pure silica and palladium membranes.

Similarly, many previous studies have reported the performance
enhancement in a MR for a water gas shift reaction (WGSR) (Eq. (1)).

CO+H,0CO,+H, AHYs c=—41 k] mol™* 1)

Tosti et al. [15] carried out the reaction over a low-temperature
shift catalyst, LK-821-2, at 598-603 K in a MR fitted with Pd-Ag
metal foils and observed the CO conversion close to 100% that is
well above the equilibrium data of about 80%. Basile et al. [16] per-
formed both experimental and simulation studies using two kinetic
models (Temkin and Hinshelwood-Langmuir) and one simplified
model for a WGSR in a MR fitted with Pd or Pd-Ag membrane,
and found that there was a good agreement between experimen-
tal and simulation data. Brunetti et al. [17] reported experimental
results of a WGSR in a MR using a hydrogen-selective silica mem-
brane at 220-290 °C and 2-6 bar with the best CO conversion of
95% achieved at 280 °C and 4 bar exceeding an equilibrium con-
version of a traditional reactor. H,/CO, selectivity of the silica mem-
brane ranged from 35 to 23 with a temperature range of 225 to 291 °C.
Brunetti et al. [18] also did a simulation study for a WGSR in a
MR fitted with a Pd-alloy membrane using a main parameter, Dam-
kohler's number (Dg, a ratio of a reaction rate and a reactant feed
rate), and introduced a volume and a conversion index as a simple
tool to analyze volume reduction or improved conversion shown
in a MR. Barbieri et al. [19] performed experimental studies for a
WGSR in a MR equipped with a Pd-alloy membrane using a tem-
perature range of 280-320 °C, an operating pressure up to 600 kPa,
and a gas hourly space velocity range of 2,000-4,500 h™". They re-
ported that there was a significant reduction in a required reactor
volume for a MR with a new configuration compared to a typical
one. Mendes et al. [20] investigated the effect of using a MR for a
WGSR to enhance hydrogen production using a CuO/ZnO/ALO;
catalyst and a Pd-Ag membrane under various reaction conditions
such as a reaction temperature, a feed pressure, and a feed compo-
sition and proved the benefit of a MR with 100% CO conversion
and an almost complete hydrogen recovery. In addition, Mendes
et al. [21] studied a WGSR both numerically and experimentally
in a MR fitted with a Pd-Ag membrane with a commercial CuO/
ZnO/AlL,O; catalyst under various reaction conditions and showed
that simulation results based on a one-dimensional and isother-
mal model were in good agreement with experimental results. Zhang
et al. [22] reported some experimental results for a WGSR in a MR
using a commercial CuO/ZnO/ALO; catalyst and a hydrogen-selec-
tive zeolite membrane with H,/CO, selectivity of 42.6 and a hydro-
gen permeance of 2.82x10” mol m~s 'Pa”' and a higher CO con-
version than an equilibrium one was obtained in a MR. Corna-
glia et al. [23] reported the use of a new Pt/La,0;-SiO, catalyst in a
Pd-Ag MR for a WGSR under reaction conditions of 673-723 K

and 100-800 kPa and observed a CO conversion of 98% and a hydro-
gen recovery of 90% in a pressure difference of 700 kPa in a MR.
Moreover, Cornaglia et al. [24] studied a WGSR using a Pt/La,O;-
SiO, catalyst in a Pd-Ag MR experimentally and developed a one-
dimensional model for simulation studies to obtain good agree-
ment between experimental and theoretical data.

Although many previous studies have shown the benefit of a MR
for a WGSR in terms of an increased CO conversion and a high
hydrogen recovery, only the effect of reaction conditions such as
temperature, pressure, feed flow rate and feed composition on the
conversion of CO and a hydrogen recovery in a MR was investi-
gated. The effect of a wide range of two important parameters of
membrane, hydrogen permeance and hydrogen selectivity, on the
performance in a MR was not analyzed. Therefore, the goal of this
research was to investigate the feasibility of performing a WGSR
in a MR for enhanced and purified fuel-cell grade hydrogen com-
pared to equilibrium data using numerically simulated results ob-
tained from a one-dimensional reactor model. In addition, the effect
of reaction temperature (423-573 K), and most of all, two import-
ant parameters of a membrane, representative hydrogen selectivity
over other gases such as CO, H,0, and CO, (4.7 to 10", representing
a Knudsen region and infinite region, respectively) and hydrogen
permeance (1x10™° to 1x10” mol m™s 'Pa™"), on the performance
of a MR is discussed extensively in the paper.

RESULTS AND DISCUSSION

Various reaction kinetic models for a WGSR have been reported
so far [25-28] and an empirical rate expression reported by Choi
and Stenger [29] over a commercial Cu/ZnO/ALO; catalyst (EX-
2248, Sud-Chemie) was chosen for this study. The kinetic model
is shown in Eq. (2).

— Peo P
Ioo=2.96x IOSexp( 4£;OOJ(PCOPHZO— %H‘)
‘ ©)

K,= exp(@ - 4.33)

Reactor modeling used in a conventional one-dimensional study
was employed for this study [21,30] (see Appendix A). The follow-
ing assumptions were made in the reactor modeling: (a) steady-state
operation, (b) negligible heat transfer, and (c) negligible radial con-
centration gradients. In addition, a constant hydrogen partial pres-
sure along a reactor length was assumed for this study to only focus

Table 1. Reaction conditions and properties of a tubular membrane

used in a MR
Reactant Co,, (mol s™") 10°°
CO:H,0:H,:CO, 1:09:0.8:0.3
T (K) 423-573
Reactor
Catalyst used (g) 2
Length (cm) 4
Tubular Tube diameter (cm) 1
membrane  H, permeance (mol m s 'Pa™") 1071077
H, selectivity 4.7-10°
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the effect of different hydrogen permeances from different mem-
branes on the permeance of a MR.

Table 1 shows details of reaction conditions and properties of a
tubular membrane used in a MR. The membrane conditions were
chosen based on a CO feed flow rate of 10 °mol s ' and the per-
meance of a gas molecule (Q) is a property obtained by the for-
mula, Q=F/AAp, where Q is the permeance (mol m ™ s 'Pa”") of
a gas molecule, F is the molar flow rate (mol s™), A is the membrane
area (m”), and Ap is the pressure difference between the shell and
tube sides of a membrane (Pa). The operating pressure is atmo-
spheric pressure and hydrogen flow permeating through the mem-
brane is driven by a partial pressure difference of hydrogen between
shell and tube sides. The hydrogen selectivity is the ratio of hydro-
gen permeance over other gas molecules permeance, indicating
that a higher hydrogen selectivity means higher hydrogen perme-
ance compared to other gas molecules of interest. Various mem-
branes with different hydrogen permeance and selectivity rather
than just a single membrane were chosen for this study to investi-
gate the effect of two parameters, hydrogen permeance and selec-
tivity, on a MR more extensively. The composition of a feed stream
for WGSR was obtained from average compositions from various
coal gasifiers (GE Energy Radiant, Conoco-Phillips E-Gas, KBR
Transport Gasifier, and Shell) [31] to closely simulate actual com-
positions and the molar ratio of CO:H,0:H,:CO, was 1:0.9:
0.8:0.3.

Fig. 2 shows CO conversion results obtained from MRs with a
different hydrogen selectivity from 4.7 to 10° at a temperature range
of 423 K-573 K with thermodynamic equilibrium CO conversions
presented for comparison. The hydrogen permeance of a mem-
brane used in a MR was 2x10* mol m™s 'Pa™". A hydrogen selectiv-
ity of 4.7 represents a Knudsen diffusion region where the permeance
of a gas molecule is inversely proportional to the square root of its
molecular weight and a hydrogen selectivity of 10° represents a nearly
infinite hydrogen selectivity often found in palladium membranes
[32-34]. First, equilibrium CO conversion decreases with increas-
ing temperature consistent with the fact that a WGSR is exother-
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Fig. 2. CO conversion at 423-573 K in a MR with different hydro-
gen selectivity (S) and a hydrogen permeance of 2x10™° mol
m s 'Pa’.
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mic. The equilibrium conversion at 423 K is 87.9% and it decreases
to 74.3% (~16% decrease) at 573 K. For all MRs studied, higher
CO conversion than equilibrium was observed because of the equi-
librium shift confirming the benefit of a MR. Furthermore, there
was a clear trend of increasing CO conversion with increasing hydro-
gen selectivity at the same temperature. For example, CO conver-
sion was 78.3% for a membrane with hydrogen selectivity of 4.7,
but it increased to 81.1% for a membrane with hydrogen selectivity
of 10° at 573 K. At 423K, the CO conversion was 88.5 for a mem-
brane with a hydrogen selectivity of 4.7 and it slightly increased to
89.0% for a membrane with a hydrogen selectivity of 10°. It is believed
that these phenomena happened because more CO remained and
reacted in a retentate side due to the high hydrogen selectivity of a
membrane. Interestingly, there was only little increase of CO con-
version in a MR when the hydrogen selectivity was higher than
100, which suggests that this hydrogen selectivity of 100 can be con-
sidered as a criterion for achieving good performance in a MR. Also,
even though CO conversion decreased with increasing tempera-
ture due to a thermodynamic reason, CO conversion enhancement,
defined as Eq. (3), increased with increasing temperature. For exam-
ple, for a membrane with a hydrogen selectivity of 100, the CO con-
version enhancement relative an equilibrium conversion at 423 K
was 1.3%, while the one at 573 K was 9.0%. This result suggests
that more benefits of a MR can be obtained at a high temperature
even with less CO conversion, and a reaction temperature should
be chosen carefully depending on individual needs.

Conversion enhancement

_ conversion (MR) — conversion (Equilibri um)
conversion (Equilibriu m)

x100 (3)

Fig. 3 presents hydrogen flow in a tube side of a membrane (per-
meate) fitted with a membrane with a different hydrogen selectiv-
ity when the hydrogen permeance of a membrane used was 2x
10"* mol m™*s 'Pa”". The hydrogen flow in a permeate side has a
significant meaning because it shows how much a purified hydro-
gen can be obtained in a MR during the reaction with no additional
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Fig. 3. H, flow through a membrane (permeate) at 423-573K in a
MR with a different hydrogen selectivity (S) and a hydro-
gen permeance of 2x10° mol m ’s 'Pa .
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Table 2. Effect of hydrogen selectivity on H, flow and H, purity in

a MR
T/K  H, selectivity 10 100 100 10°
03 H, flow decrease/% 2.4 43 44 44
H, purity increase/%  12.1 245 259 261
498 H, flow decrease/% 2.3 4.0 42 43
H, purity increase/% 133 265 280 282
573 H, flow decrease/% 22 39 4.0 4.1

H, purity increase/% 154 299 316  31.8

units to separate and purify hydrogen attached. Overall, hydrogen
flow in the permeate side decreased as temperature increased because
of thermodynamics, and this trend held for all membranes used.
Interestingly; for the same temperature, hydrogen flow in the per-
meate side decreased as hydrogen selectivity increased indicating,
that a hydrogen perm-selective membrane was not favorable for
higher hydrogen flow. For example, respective hydrogen flows in
the permeate side were 1.15x10™° and 1.10x10™° mols ' for mem-
branes with a hydrogen selectivity of 4.7 and 10°. More quantitative
analysis for the phenomena is presented in Table 2 with a hydro-
gen flow and hydrogen purity in the permeate side. H, flow decrease
and H, purity increase were calculated from the difference between
a membrane with a hydrogen selectivity of 10, 10°, 10°, and 10° and
a membrane with a hydrogen selectivity of 4.7. Compared to H,
flow and purity for the membrane with a hydrogen selectivity of
4.7, there was a significant increase in a hydrogen purity for a mem-
brane with a higher selectivity of 10-10° (up to 31.8%) with only a
slight decrease in a hydrogen flow (up to 4.4%). The actual con-
centration of hydrogen in the permeate side was about 75% for a
hydrogen selectivity of the Knudsen region, and it gradually increased
to about 99.9%, feasible for a fuel-cell grade hydrogen, for a hydro-
gen selectivity over 10°. Therefore, it is a better choice to use a mem-
brane with a higher hydrogen selectivity at the expense of a hydrogen
flow when high purity hydrogen is needed.
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Fig. 4. CO concentration in a purified hydrogen in a MR (perme-
ate) with a different hydrogen selectivity (S) and a hydro-
gen permeance of 2x10° mol m ’s 'Pa .

Fig. 4 shows CO concentration in purified hydrogen (perme-
ate) at different temperature and hydrogen selectivity when hydro-
gen permeance was 2x10° mol m™s 'Pa”". The CO concentration
increased with increasing temperature because less CO reacted at
high temperature, and this is consistent with a thermodynamic
expectation. In an equilibrium condition, the range of a calculated
CO concentration in a product stream was from 403 to 815 ppm
from 423 to 573 K, and this CO concentration is too high to be
directly fed to fuel cells. Normally; fuel-cell grade hydrogen is defined
as purified hydrogen with a CO concentration below 50 ppm [29].
CO concentration in the permeate side was higher than 100 for a
MR fitted with a membrane with hydrogen selectivity of 4.7 ad 10.
However, the CO concentration in the MR started to decrease with
increasing hydrogen selectivity, and it was less than 50 ppm for all
temperatures studied when a membrane with a hydrogen selectiv-
ity higher than 100 was used. Therefore, a membrane with a hydro-
gen selectivity of more than 100 should be used to obtain a fuel-
cell grade hydrogen with a CO concentration of less than 50 ppm.
Moreover, this proves one advantage of a MR that a purified fuel-
cell grade hydrogen can be obtained during the reaction without
an additional separation unit.

Fig. 5 presents the effect of hydrogen permeance on the CO con-
version enhancement at 473, 523 and 573K in a MR when a mem-
brane with hydrogen selectivity of 100 was used. The hydrogen per-
meance ranged from 1x10~° to 1x10” mol m™s 'Pa”. Tt also shows
the percentage of hydrogen permeating through a membrane (per-
meate) in total hydrogen produced (retentate+permeate) with dif-
ferent hydrogen permeance and temperature. CO conversion en-
hancement increased steadily with hydrogen permeance. It increased
from 1.5 to 6.0% at 473K and from 4.5 to 19.5% at 573 K when
hydrogen permeance increased from 1x10°™° to 1x10” mol m s 'Pa™",
This result strongly supports the need to develop a membrane with
a high hydrogen permeance to take full advantage of a MR. How-
ever, it reached a plateau when the hydrogen permeance was about
8x10"° mol m s 'Pa”', and it is surmised that this happened because
the partial pressure difference between retentate and permeate sides,
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Fig. 5. Effect of H, permeance on CO conversion enhancement and
the percentage of H, in a permeate in a MR with a hydro-
gen selectivity of 100 at 473, 523, and 573 K.
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which is thought a driving force for a hydrogen permeation, started
to decrease as a hydrogen permeance increased. In addition, there
was a good correlation between CO conversion enhancement and
a percentage of hydrogen permeated through the membrane. In
other words, a higher hydrogen permeance induced a higher per-
centage of hydrogen permeating through a membrane, causing
more driving force between retentate and permeate sides, and this
led to CO conversion enhancement by an equilibrium shift. Con-
sequently; this result also provides a guideline for a minimum hydro-
gen permeance of 8x10~° mol m s 'Pa” to fully utilize the benefits
of a MR for the conditions studied here. This calculated hydrogen
permeance is easily obtained from various membranes reported so
far, such as silica- and palladium-based membranes; however, it is
very challenging to produce hydrothermally stable silica or low-cost
palladium membranes as noted before. Therefore, future research
directions should be focused on fabricating hydrogen-selective mem-
branes with good hydrothermal stability and low manufacturing
cost by incorporating some materials into pure silica or palladium
membranes.

Fig. 6 shows the effect of hydrogen permeance on the percent-
age of hydrogen permeated through a membrane described previ-
ously and CO, concentration in the retentate side at 473, 523, and
573K in a MR with a hydrogen selectivity of 100. For tempera-
tures studied, there was little difference for H, permeated through
a membrane, while there was a slight difference for CO, concen-
tration in the retentate side. A higher CO, concentration in the reten-
tate side was observed for a lower temperature possible due to more
CO, production caused by an exothermic WGSR, and the differ-
ence became smaller with increased H, permeance. As hydrogen
permeance increased, both the percentage of hydrogen permeated
and CO, concentration in the retentate side increased. The per-
centage of hydrogen permeated increased from 38 to 98% and the
CO, concentration in the retentate side also increased from 49 to
90% as hydrogen permeance increased from 1x10°° to 1x10~" mol
m s 'Pa”". In particular, both the percentage of hydrogen perme-
ated and CO, concentration in the retentate side reached a plateau
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Fig. 6. Effect of H, permeance on the percentage of H, in a perme-
ate and CO, in a retentate at 473 K in a MR with a hydro-
gen selectivity of 100 at 473, 523, and 573 K.
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of 98 and 90%, respectively, and this result opens up the possibil-
ity of using a MR as a means to produce a fuel-cell grade hydro-
gen in the permeate side and concentrated CO, in the retentate
side at the same time.

CONCLUSIONS

A numerical simulation has been carried out for a WGSR in a
membrane reactor (MR) using a feed stream obtained from real
coal gasifiers. From 423-573 K, the CO conversion in a MR was
higher than equilibrium conversions. Two important parameters
of a membrane used in a MR, hydrogen selectivity and hydrogen
permeance, were chosen for comprehensive studies and hydrogen
selectivity was favorable for CO conversion enhancement and re-
duced impurities in a purified fuel-cell grade hydrogen, leading to
a CO concentration below 50 ppm in a MR with a minimum hydro-
gen selectivity of 100. Hydrogen permeance was also favorable for
CO conversion enhancement in a MR due the increased driving
force for hydrogen permeation between the retentate side and per-
meate side of a MR. In particular, fuel-cell grade hydrogen (CO
concentration <50 ppm) was obtained in the permeate side with
highly concentrated CO, (~90%) in the retentate side at the same
time in a MR with a hydrogen permeance higher than 810~ mol
m s 'Pa”’ and hydrogen selectivity of 100. These criteria can be
easily achieved by various membranes reported so far; however,
more hydrothermally stable silica-based membranes and low-cost
palladium-based membranes should be developed to open up the
possible commercialization of a MR.
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NOMENCLATURE
F,  :molar flow rate of species i on a shell side of MR (retentate)
[mol s™']
F**: molar flow rate of species i on a tube side of MR (permeate)
[mol s™']

W :catalyst weight [g]

r,  :reaction rate equation of reaction i [mols ' g ']

1! :permeation rate equation of species i through a membrane
[molsg]

K} :proportional constant of rji [mol s ' g™ atm ]

P, :total pressure on a shell side of MR (retentate) [atm]

>'F; :total molar flow rate on a shell side of MR (retentate) [mol
s

P,  :partial pressure of species i on a shell side of MR (retentate)
[atm]

PZf’:Z :total pressure on a tube side of MR (permeate) [atm]

ZFEM : total molar flow rate on a tube side of MR (permeate) [mol
s

P/ : partial pressure of species i on a tube side of MR (perme-
ate) [atm]

Qu, :hydrogen permeance [mol m s 'Pa”']
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A,  :cross-sectional area of a membrane [m’]
o;  :hydrogen selectivity of species i

R :gas constant [8.314] mol ' K']

T  :reactor temperature [K]

WGSR : water gas shift reaction

MR :membrane reactor

PBR :packed-bed reactor
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