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Capturing CO, and converting it into valuable products represents a future direction of carbon emissions
reduction. The emergence of CO,-permeable membranes has opened up a broad range of new
opportunities for efficient CO, capture and conversion. In this context, this study develops a membrane
reactor concept using a ceramic-carbonate dual-phase membrane for integrated CO, capture and
conversion. The membrane reactor has two concentric tubes, with the inner tube being for the flue gas to
provide a CO, source and the outer for the CO, conversion. The catalyst is coated on the membrane
surface instead of being packed in the reactor bed so that the permeated CO, can be immediately
converted, and the CO, permeation flux can be significantly promoted in this manner. The performance of
the developed membrane reactor concept is evaluated based on CFD simulations. The membrane reactor
can achieve high CO, capture rates of over 90% and conversions of up to 95% for the reaction of the
reverse water gas shift. The CO productivity is limited by the membrane permeation flux and large reactor
volume, and can be increased by compact designs that increase the ratio of the membrane area to the
reactor volume, which are simple but effective approaches to increasing CO productivity, but maintain high
CO, capture rates and conversions. The developed membrane reactor concept can be readily applied to
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1. Introduction

Carbon dioxide capture and utilization (CCU) is regarded as an
effective way to reduce CO, emissions and produce value-added
products. Conventionally, CCU processes have adopted a two-
step approach, in which CO, is captured in the first step and
then converted in the second. This approach, however, may not
be energy-efficient and cost-effective, as the CO, capture and
conversion processes are not coupled. Integrating CO, capture
and conversion into a single step offers an appealing solution
that can potentially reduce the energy and cost expenses of CO,,
capture and conversion. The idea of integrated CO, capture and
conversion can be achieved by designing multi-functional
materials and integrated processes. At the materials level,
calcium-based  dualfunctional = materials are  suitable
candidates. CO, is captured by reacting with CaO to generate
CaCOg;, after which the CaCO; is reduced by H, or CH, to
produce syngas or other chemicals and fuels. Kim et al,' for
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any other reaction for integrated CO, capture and conversion.

instance, proposed a process for integrated CO, capture and
conversion, wherein CO, is captured using CaO and the
generated CaCO; reacts with CH, to produce syngas. The same
idea was also investigated by Hu et al.> and Tian et al.* for the
dry reforming of methane. Similarly, Duyar et al* designed a
process using a CaO/y-Al,O; sorbent and a Ru-based catalyst,
but one difference is that the reducing agent was altered to H,
for CH, production. Sun et al.” developed a Ce-modified sorbent
and coupled it with reverse water gas shift for the production of
CO. At the process level, Jens et al® developed an integrated
CO, capture and utilization process. In this process, CO, is
captured by low-temperature methanol, and the CO,-containing
methanol solution is then directly subjected to methyl formate
synthesis without desorbing CO,. Machida et al” developed a
novel process for solvent-based CO, capture, in which the
thermal regeneration of solvents is replaced with H, stripping
to reduce the energy consumption, and the mixture of CO, and
H, can be used for downstream chemical syntheses.

With the emergence of CO,-permeable membranes,
membrane reactors offer another option for simultaneous CO,
capture and conversion. Anderson et al.® first realized this idea
by developing a ceramic-carbonate dual-phase membrane and
used it for the dry reforming of methane. CO, was separated
from the mixture of CO, and N, and transported to the other
side of the membrane where the reaction took place. At 850 °C,
the CO, permeation flux was 0.17 mL min™" cm 2 with CO, and
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CH, conversions of 88.5% and 8.1%, respectively. Fabidn-
Anguiano’ also developed a membrane reactor concept for the
oxy-dry reforming of methane by using an oxygen-permeable
membrane and a ceramic-carbonate dual-phase membrane. In
addition to methane, any other species that react with CO, can
be considered. Chen et al'® experimentally investigated a
ceramic-carbonate dual-phase membrane for CO, capture and
conversion into syngas through the reaction of reverse water gas
shift. The CO, permeation flux was improved by more than an
order of magnitude compared to the membrane developed by
Anderson et al.,® up to 4.25 mL min™' cm 2. At the system level,
Fang et al.'" performed a life-cycle analysis of combined CO,
capture and conversion in a membrane reactor. The membrane
reactor utilizes a high-temperature mixed electronic and
carbonate-ion conductor membrane for CO, capture and a solid
oxide electrolysis cell (SOEC) for CO,/H,O co-electrolysis. The
energy consumption for the CO, capture of the membrane
system is only 0.321 MJ kg™*-CO,, which is less than half that of
the state-of-the-art MEA (monoethanolamine)-based scrubbing
processes, and a system efficiency of 82% was achieved,
suggesting that it has advantages for simultaneous CO, capture
and conversion. Studies on CO, capture and conversion by
means of computational fluid dynamics (CFD) simulation are
quite limited. Bian et al.'® developed a 2D membrane reactor
model for coupling of cyclohexane dehydrogenation and CO,
methanation by using a hydrogen permeable membrane. The
coupled rector model could boost methane yield but did not
show positive effects on the cyclohexane conversion. Liu et al.™
developed and simulated a water-permeable membrane reactor
for the CO, methanation reaction. Key aspects including
operating conditions and species distribution were investigated.
Salehi et al.'* presented a novel membrane reactor concept for
CO, hydrogenation to methanol. CO, is supplied and
distributed vie a tubular alumina membrane. The CFD
simulation results showed that the selectivity of methanol
production was improved by 6%.

These early exploratory studies proved the feasibility of
using membrane reactors for the simultaneously capture and
conversion of CO, at the same time. Against this backdrop,
this study continues to investigate this promising membrane
reactor concept. CO, capture is achieved by using a ceramic-
carbonate dual-phase membrane and the conversion of CO,
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is based on the reaction of reverse water gas shift. Through
detailed CFD modeling and simulations, the effects of
operating conditions on conversion and productivity will be
investigated and the suitable operating window identified,;
the importance of geometry characteristics will also be
highlighted. This study could make contributions to future
designs of this type of membrane reactor for integrated CO,
capture and conversion.

2. The membrane reactor concept

The geometry of the membrane reactor consists of two tubes
with the membrane between them, as shown in Fig. 1. The
outer tube has a radius of 25 mm, whereas that of the inner is 7
mm; and the length of the reactor is 400 mm." H, is fed into
the outer tube where the reaction takes place. In addition, H,
itself acts as the sweep gas, and so no external N, sweep is
needed. The flue gas in the inner tube flows in parallel with H,
to supply the CO, via the membrane. Another important feature
of the membrane reactor is the coupling mode of the
membrane and catalyst. The design of the catalyst coating on
the membrane surface carries two differences compared to
packed-bed membrane reactors: one is the reaction mechanism
and the other the mass transport one. The permeated CO, does
not need to diffuse through the catalyst channels to the active
sites, and therefore the internal mass transport limitations are
eliminated. The reaction mechanism is changed from a
volumetric to surface reaction so that CO, can immediately
react with H, after arriving.

3. CFD modeling

This section introduces the fundamentals of CFD modeling,
the membrane permeation process and reaction kinetics, as
well as implementation using the ANSYS Fluent program.

3.1 Mass balance equations

The mass balance of a chemical reactor generally takes a
differential form:"®

0,

L4 V-(pV) = Sm (1)

Catalytic membrane

H, —»  Hy+CO, = CO + H,0

Flue gas —>

(a)

%?COZ permeable membra neT¢

Catalyst
coating

Rz

(b)

Fig. 1 Membrane reactor concept for integrated CO, capture and conversion: (a) dimensions and configurations of the reactor, Ry = 7 mm, R, =
25 mm, and L = 400 mm (dimensions taken from ref. 15); and (b) cross-sectional view of the coupling mode of the membrane and catalyst.
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where p is the fluid density and v the velocity. The first term
on the left-hand side represents the accumulation or loss of
mass in the system; the second term is the mass flux by fluid
flow. S, stands for external source terms, such as adsorption
or membrane permeation. The above equation is applicable
for incompressible and compressible flows. For 2D
axisymmetric geometries, the continuity equation is adapted
to the following coordinate form:'®

g 0 9 Py

4 — — s 2

ot Tax PVe) T3, (pvr) 77 = Sim (2)
where v, is velocity in axial direction and v, the velocity in the

radial direction. If chemical reactions are present in the system,
the continuity equation is more specifically written as follows:*®

d d ) oY
at(p z);]ax(m;} 2 Jr]ar(pv’ 2
:_(a;x+ a;r—i_%)—i_ri_.—si 3)
N-1
VT
Ji= =) _pDjVY;=Dri— (4)
J=1

where Y; is the species local mass fraction, J; the mass diffusion
of species and the D; and Dy; thereof are the binary and
thermal diffusion coefficients, respectively. The mass diffusion
of species can be caused by concentration and the temperature
gradient, which accounts for mass transport by natural
convection. r; is the consumption or production rate of species
via chemical reactions.

3.2 Membrane permeation modeling

The first step of membrane modeling is the abstraction of
the permeation processes, and the second step the modeling
of those processes by means of CFD. As indicated by the
mass balance in eqn (2) and (3), membrane permeation can
be seen as a source term, where the feed side is a positive
source and the flue gas side a negative one. For CFD
simulations in ANSYS Fluent, as no model is readily available
for simulating membrane permeation processes, it is
necessary to develop customized models with user-defined
functions (UDFs). As the ANSYS Fluent solver is based on the
finite volume method, membrane permeation fluxes are
converted from area-to volume-specific:'”

A
+]’V—CO H, side
S = sz"l (5)
-2 Flue gas side
Ve

In the above equation, A.y, Ac1, Veo, and V., are the areas
and volumes of the neighboring cells of the membrane wall,
which can be indexed by the built-in functions of F_C0 and
F_C1, as shown below (Fig. 2):

The membrane employed here is a YSZ (yttria doped
zirconia) ceramic-carbonate dual-phase membrane and its
permeation flux is calculated as follows:®

This journal is © The Royal Society of Chemistry 2022
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Fig. 2 Abstraction of the membrane permeation processes.

eoc(1-¢)oy

_RT In Pco,. (6)
ALF? \eoc + (1-¢)oy Pco, s

where L is the membrane thickness, 300 um, F is Faraday's
constant, 96 485 C, ¢ the membrane porosity, 0.34, o and o are
the conductivities of CO;> and 0>, 3.5, and 0.106 S cm ' at
900 °C, respectively. The permeation flux of CO, is proportional
to the temperature, but it is a logarithmic function of pressure,
indicating that it does not significantly influence the CO, flux.

Jco,

3.3 Reaction kinetics

The reaction of reverse water gas shift adopts a Ni-based
catalyst, and its long-term stability is proven at high
temperatures of up to 900 °C. The intrinsic kinetics of the
catalyst was determined by Wolf et al.,"® as shown in eqn (7)
and (8). The equilibrium constant in eqn (9) is taken from
the work of Benguerba et al.>® The reaction order with respect
to H, is 0.3, suggesting that it is less influential on the
reaction rate than CO,:

oot 4

Trwgs = k (ccozc;){‘f - “COTH0 Hg}?) molkg™! s7* (7)
I(eq,cHZ
82000
k = 3100 exp| - 8
o(- ) (5
36580

Keq = 564971 exp| - (9)

It should be noted that the above reaction rate is based on
the catalyst weight, in order to implement it in the
simulations, it should be converted into the rate based on
the surface area of the membrane:

cl

. x % |14 2 -1
I's = T'twgs X Peat
A1

mol m™° s (10)
where rg is the reaction rate based on the membrane surface
area and p, is the catalyst density.

3.4 Model set-up

The simulation set-up details are introduced and explained
in this section. To facilitate simulations, the following major
assumptions are made:
(1) The operation of the membrane reactor is isothermal;
(2) The selectivity of the membrane to CO, is infinite
whereas its selectivities to other gases are zero;

React. Chem. Eng., 2022, 7, 2573-2581 | 2575
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Fig. 3 Study of grid dependency.

(3) Side reactions of methanation are ignored due to high
temperature.

3.4.1 Geometry and meshing. The geometry was constructed
with the DesignModeler in ANSYS Workbench, which is reduced
from 3D cylinders to 2D rectangles through axial symmetry. This
simplification is beneficial with respect to the computation time,
as it still captures important characteristics of the model. Then,
the geometry is discretized by generating meshes. To investigate
the grid dependency, different number of meshes are generated,
as shown in Fig. 3. H, flux is selected as the observed variable, as
it is the lightest gas in the reaction system, so it is most sensitive
to mass balance. With the increase of meshes, the H, flux drops
quickly and then becomes stable. A total of 23 469 cell elements
are determined as a trade-off between computation effort and
solution accuracy. The meshing is achieved by cutting parallel
edges into equal numbers of divisions. In order to account for
the large gradients of heat and mass transfer within the boundary
layers, inflation layers are also added, so the meshes close to the

View Article Online
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boundaries are denser than those in the inner regions, as shown
in Fig. 4.

3.4.2 Physical models and material properties. All of the
simulations are performed at steady state with the pressure-
based solver and the gravity is considered. The energy model is
turned on to solve the energy equations. For turbulence
modeling, the realizable k-epsilon model is selected with the
model parameters kept at the default. The realizable k-epsilon
model is suitable for general turbulent flows with robust
turbulence modeling capability. To model mass transport and
chemical reactions, the species transport model is selected with
the diffusion energy source, full multi-component diffusion, and
thermal diffusion enabled. The reaction mechanism for the
catalytic membrane reactor concept is “wall surface”. No
turbulence-chemistry interaction was opted for. A total of seven
gases were involved in the reactions to be studied, including CO,,
H,, CO, H,0, CHy, O,, and N,. These gases were extracted from
the Fluent database to form a mixture package. As the reaction
temperature is very high and the behaviors of the gases are ideal,
the density of the mixture was calculated by the ideal gas method
and the heat capacity by the mixing law. The thermal conductivity
and viscosity were calculated by means of the mass-weighted
mixing laws. The mass diffusivity and thermal diffusion
coefficients are based on kinetic theory. The solid material must
also be specified for the membrane and reactor wall, but the
material has no influence on the simulations because the
thickness is idealized to zero. Here, the default material of
aluminum was used.

3.4.3 Cell and boundary conditions. The
implementation of reaction kinetics was achieved through the
macro of DEFINE_SR_RATE. The membrane permeation process
is abstracted as a source term, which is realized by using the
macro of DEFINE_SOURCE via UDFs. It should be noted that
species generation or consumption is always accompanied by
energy transfer. Therefore, the turbulent kinetic energy, turbulent

zone

Fig. 4 Meshing of the membrane reactor geometry.
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Table 1 Boundary conditions for the CO, permeable membrane reactor
simulations

Boundary Location Type and value
Inlets Feed gas Velocity inlet: by case study
Temperature: 500 °C
Pure H,
Flue gas Velocity inlet: by case study
Temperature: 500 °C
Molar fraction: CO,: 0.178, H,O: 0.182,
N,: 0.565, O,: 0.075 (ref. 21)
Outlets Feed gas Gauge pressure: 0 bar
Flue gas Backflow turbulent intensity: 5%
Backflow turbulent viscosity ratio: 10%
Walls Membrane Heat coupled, reaction enabled

Reactor wall Temperature: 800, 900 °C

dissipation rate, energy and momentum should be calculated
together.

The boundary conditions for the membrane reactor model
are detailed in Table 1. The operating pressure does not
change the reaction equilibrium of the reverse water gas
shift, but higher pressures are beneficial to the productivity
and permeation flux of CO,, so the operating pressure was
elevated to 30 bar. The outer tube is fed with pure H, to react
with permeated CO, and the inner tube with a flue gas
sourced from a cement plant. The inlet velocities were
determined according to the CO, capture rate and conversion
by sensitivity analysis. To reduce thermal stress within the
membrane, the inlet temperatures of H, and flue gas were
both 500 °C. The outlet boundary conditions were kept at the
default level. The maximum operating temperature of the
YSZ dual-phase membrane reactor can be up to 900 °C,
which is both favorable for the membrane permeation and
reaction, and so the effects of operating temperature were
analyzed by setting two temperatures of 800 °C and 900 °C.
The reactions were then hooked to the membrane surface to
simulate the surface reactions.

4. Results and discussion

Based on the established membrane reactor concept and the
numerical set-ups outlined above, a number of cases were
simulated and the performance evaluated.

98%

96.4%
96%

96.1%
94.7%

94.9%
94% -
92% -
90% - T T T

900/900 360/900 900/360 360/360
GHSV H,/flue gas / h'*

CO, conversion
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4.1 Conversion and productivity

Four cases with different combinations of H, and flue gas
velocities were simulated using the boundary conditions in
Table 1. The analyzed range of the gas hourly space velocity
(GHSV) was from 360 to 900 h™, which was determined based
on the capture rates of CO,. Later, it will be shown, at the lowest
space velocity of 360 h™", that the CO, capture rates can be
higher than 90%, and so further reducing the space velocity is
not necessary. The CO, and H, conversions at 900 °C were first
analyzed and are presented in Fig. 5. In the left-hand figure, the
CO, conversions are very high in all of the simulated cases. This
is not only because of the high reaction temperature. The
equilibrium conversion of CO, at 900 °C with a stoichiometric
feed is only 52.9% and the excess amount of H, also leads to its
high conversions. In other words, the high CO, conversions are
partially at the expense of the H, conversions, as indicated by
the low H, conversions in the right-hand figure. The problem of
low H, conversions can be solved by recycling the unreacted H,.
In the left figure, it is also found that the CO, conversions are
mainly affected by the H, flow rates rather than the flue gas
flow rates. Although more H, input can shift the chemical
equilibrium and increase the CO, conversions, in this
membrane reactor concept, H,, in fact, also acts as the sweep
gas in addition to as a reactant, and so more CO, is taken away
from the reactor without being reacted at higher H, flow rates,
leading to the lower CO, conversions.

The CO, conversions at 800 °C are close to those at 900 °C
but are still very high, as shown in Fig. 6. Although the
converted CO, at the lower temperature was decreased, the
amount of permeated CO, was as well. The two opposing
factors do not significantly reduce the CO, conversions. The H,
conversions are even lower. A higher temperature is both
beneficial to the reaction conversion and CO, permeation, and
so the following analyses only concern the results at 900 °C.

The calculation results of the CO space-time yield (STY) are
provided in Table 2. Overall, the CO STY of all cases is not high
and does not change significantly at different GHSVs of H, and
flue gas. The first two cases with higher flue gas velocities had
slightly higher CO STY. As the CO, conversions of all the cases
approach completion, the CO STY is subject to the amount of

2.0%

1.4%
1.5% ’

1.3% —

1.0%

H, conversion

0.6% 0.5%

0.5% -

0.0% -
900/900 360/900 900/360 360/360
GHSV H,/flue gas / h'*

Fig. 5 CO; and H, conversions of the CO, permeable membrane reactor at 900 °C and 30 bar.
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0.4% 0.4%
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1-0.2% 0.2%

H
o
N
X

0.0% -
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Fig. 6 CO, and H, conversions of the CO, permeable membrane reactor at 800 °C and 30 bar.

Table 2 CO STY and CO, capture of the CO, permeable membrane
reactor at 900 °C and 30 bar

H,/flue gas/h™ CO STY/mol m™ s™* CO, capture rate

900/900 0.665 39.7%
360/900 0.674 39.7%
900/360 0.608 90.6%
360/360 0.615 90.1%

permeated CO,. At low flue gas flow rates, the CO, permeation
fluxes are lower due to the lowered CO, concentration in the
flue gas, which will be more specifically analyzed below by ways
of CO, distribution contours. As the reaction temperature and
pressure are already high, to change the operating conditions to
enhance the CO STY is no longer an efficient way in this
circumstance. In the following sections, the CO STY will be
improved by modifying the geometric structure of the reactor.
As one of the purposes of this membrane reactor concept
is to capture CO, from industrial sources for in situ
conversion, another important aspect is the percentage of
CO, captured by membrane permeation. As is also shown in
Table 2, the captured CO, is inversely proportional to the
GHSV of the flue gas. At the high flue gas GHSVs, nearly 40%
CO, is captured via membrane permeation. When the GHSV
is reduced to 360 h™", the CO, capture rate is raised to more

=l =l =g =3 = = =g = =
295555555
QOO DDV DD
O O MO LW v~
Il i A B R A
L R I

l
i
i

1.44e-01
1.40e-01
1.36e-01
1.32e-01
1.28e-01
1.24e-01
1.21e-01
1.17e-01
1.13e-01
1.09e-01
1.05e-01
1.01e-01

than 90%, suggesting that this membrane reactor concept
has the potential for efficient CO, capture. The CO, flux,
according to the flux equation in eqn (6), is a logarithmic
function of the CO, partial pressure ratio between both sides
of the membrane, and so the CO, fluxes are not sensitive to
the partial pressure of CO,. This permeation characteristic
enables the possibility of high CO, capture rates from
sources even with very low CO, concentrations using this
kind of membrane reactor concept.

4.2 CO, permeation and reaction rate

The distribution of the CO, molar fraction is shown in Fig. 7.
Here, only the cases with different flow rates of flue gas are
presented because the H, flow rate has little influence on the
CO, distribution. From both contours, the area with a low
CO, molar fraction at 360 h™" is larger than that at 900 h™,
as indicated by the blue colors, and most of the CO, is
removed. There are no clear boundary layers observed in
either contour, as the radius of the flue gas channel is only 7
mm, which is small enough to avoid an obvious
concentration polarization in the radial direction.

The CO, fluxes along the membrane surface are shown in
Fig. 8(a). Again, only the fluxes at flue gas GHSVs of 900 and
360 h™" are presented in the figure. The CO, fluxes both

H

9.25e-02
8.40e-02
7.55e-02
6.69e-02
5.84e-02
4.98e-02
4.13e-02
3.27e-02
2.42e-02
1.57e-02
7.12e-03

&

Fig. 7 Contours of CO, molar fractions of the flue gas: (a) H,/flue gas = 900/900; (b) H,/flue gas = 900/360.
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Fig. 8
membrane surface.

increase along the membrane surface in the front end section
of the reactor, and the two lines overlap. After a critical point,
the trends of the two lines progress differently. The blue line
at 900 h™" continues to slightly increase and remains stable
for some distance, and then gradually decreases in the rear
end of the reactor. However, the yellow line at 360 h™*
decreases drastically after reaching a maximum point. An
overlapping regime and a divergent one are differentiated. In
the overlapping regime, the CO, fluxes are controlled by the
inlet temperature. The inlet temperature of the flue gas is
lower than the reactor wall temperature and must be heated
by the wall, and so the CO, fluxes increase first. This regime
corresponds to the areas in red in the above contours. As ever
more CO, is permeated, the limiting factor becomes the CO,
concentration in the divergent regime. When the flow rate of
flue gas is low, the CO, supply is less and its concentration
drops very rapidly. The divergent region corresponds to the
areas in blue in the above contours. The corresponding
surface reaction rates shown in Fig. 8(b) follow identical
trends to those of the CO, fluxes. On the one hand, the
reaction rates, according to the kinetics in eqn (7), are more
sensitive to the CO, concentration as the reaction order with
respect to CO, is higher compared to H,. On the other hand,
the excess amount of H, renders its concentration on the
membrane surface at a high and stable level and its influence
on the reactions rates much less significant. Thus, the
reaction rates are overwhelmingly dominated by the CO,
fluxes. Taking the CO, and H, conversions, as well as the
reaction kinetics together, it can also be found that the
limiting factor to the CO STY is the CO, permeation flux, and
the conversions and productivity will both be improved if the
CO, flux is increased.

The average CO, fluxes of the four cases are presented in
Table 3. The CO, fluxes with higher flue gas velocities are
higher but do not change with the H, space velocity. The
calculated CO, fluxes are much higher than the value of

Table 3 Surface-averaged CO, flux at 900 °C and 30 bar

GHSV H,/flue gas/h™" 900/900 360/900 900/360 360/360

CO, flux molm?s* 0.0289 0.0289 0.0264 0.0262

This journal is © The Royal Society of Chemistry 2022
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(a) CO; fluxes along the membrane surface at different GHSVs of the flue gas; and (b) corresponding surface reaction rates along the

0.0153 mol m™> s™" at the same temperature measured by

Dong et al.>* This is not only because of the higher operating
pressure. More importantly, the presence of the reaction
quickly consumes the permeated CO, and reduces the partial
pressure of CO,, and thus facilities the transport of CO,
across the membrane, which suggests the advantage of
coupling of CO, capture and conversion using membrane
reactors.

4.3 Effects of geometry characteristics

It was previously mentioned that changing the operating
conditions is not an efficient way to increase the CO STY. In
this section, the enhanced CO productivity will be realized by
increasing the ratio of the membrane area to the reactor
volume (A/V). Neglecting the thickness of the membrane, the
A/V is mathematically expressed as A/V = 2r/(r,> - r,?), where
r; and r, are the radius of the reactor geometry. The A/V has
an important feature in that it only contains the radius and
is irrelevant to the reactor's length. It can be changed by
adjusting ry, r, or both. Here, changing the A/V is realized by
reducing the dimension of r, in Fig. 1 from 25 to 15 mm, so
that the membrane area is not changed but the reactor
volume is reduced, and the resulting 4/V is increased from
24.3 to 79.5.

The resulting CO, and H, conversions are shown in Fig. 9.
Comparing the CO, conversions with those in Fig. 4, no large
difference is observed because the amount of permeated CO,
is virtually unchanged. However, one difference is that the
CO, conversions are lower at the lower H, flow rates, which
is a result of two competing factors: although higher H,
space velocities will take more CO, away from the reactor
without being reacted, higher H, flow rates shift the reaction
equilibrium and therefore increase the CO, conversions. The
H, conversions are much increased, as the H, input is less.

The CO STY and CO, capture rates are presented in
Table 4. Compared to the original geometry shown in
Table 2, the CO STY with the increased A/V is more than
tripled as a result of the increased A/V. The reduced reactor
volume also makes its design of the reactor more compact
and its space more effectively utilized. The CO, capture rates
in the table are slightly lower than those with the original

React. Chem. Eng., 2022, 7, 2573-2581 | 2579
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Fig. 9 CO; and H; conversions of the CO, permeable membrane reactor at 900 °C and 30 bar with A/V = 79.5.

Table 4 CO STY and CO, capture of the CO, permeable membrane
reactor at 900 °C and 30 bar with A/V =79.5

H,/flue gas/h™ CO STY/mol m™ 57" CO, capture rate

900/900 2.20 39.4%
360/900 2.03 36.5%
900/360 2.01 89.8%
360/360 1.87 84.0%

Table 5 Surface-averaged CO, flux at 900 °C and 30 bar with A/V =
79.5

GHSV H,/flue gas/h™ 900/900 360/900 900/360 360/360

CO, flux mol m™2s™* 0.0287 0.0266 0.0261 0.0244

geometry, as H, itself is also the sweep gas and the CO,
permeation resistance is stronger at a low H, sweep velocity.

The surface-averaged CO, permeation fluxes are calculated
and provided in Table 5, The values in the table are slightly
decreased compared to those with the original A/V ratio in
Table 3, as the H, input is less and the permeation resistance
of CO, is increased. In summary, changing the A/V can
increase the CO STY, whereas the CO, capture rates and
conversions can be maintained for this membrane reactor
concept.

5. Conclusions

The development of CO,-permeable membranes has enabled
the possibility of integrating CO, capture and conversion into
a single device. This study developed a novel membrane
reactor concept in which a ceramic-carbonate dual-phase
membrane was used with a catalyst coating on its surface.
The membrane reactor featured a tubular design, wherein
the inner tube was for the passage of the flue gas to provide
a CO, source and the outer tube was for the conversion of
the permeated CO, by the reverse water gas shift reaction.
The membrane reactor's performance was evaluated based
on CFD simulations and the major conclusions are
summarized below:

2580 | React. Chem. Eng., 2022, 7, 2573-2581

(1) High CO, conversions of over 95% were achieved,
which is a result of the high reaction temperature and large
flow rate of H,. The low H, conversions were simply due to
the excess amount of H, provided and can be increased by
recycling the unreacted H,.

(2) The low space-time yield of the CO of the membrane
reactor with the original geometry was caused by the limited
CO, permeation flux and large reactor volume.

(3) The CO, capture rates can be up to 90%, which suggests
the capability of efficient CO, capture from sources with low
CO, concentrations of this membrane reactor concept.

(4) The CO space-time yield can be improved in compact
designs by increasing the ratio of the membrane surface area
to the reactor volume. This method is efficient and generally
applicable, as it can raise the CO productivity and will not
reduce CO, conversions and capture rates.

The advantage of integrating CO, capture and conversion
using membrane reactors was clearly demonstrated in this
study. Although the reverse water gas shift reaction was
used as an example for the conversion of CO, in this study,
the applications of this developed membrane reactor
concept should not be limited to this reaction and any other
reaction for integrated CO, capture and conversion can be
considered.
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