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Abstract

Water-gas-shift (WGS) reaction is a critical step in integrated gasification combined
cycles (IGCC) power plants with CO> capture. Membrane reactors made with a COq-
permselective ceramic-carbonate dual-phase (CCDP) membrane offers the potential to enhance
hydrogen yield with simultaneous CO> capture for WGS reaction. The present work studies
operation of WGS reaction in a tubular membrane reactor made of samarium-doped ceria
infiltrated with lithium/sodium molten carbonate mixture. The WGS reaction was performed in
the membrane reactor with and without a high-temperature WGS catalyst at 800-850 °C, feed
pressure of 7 bar, the space velocity of 150-3000 h, and a feed gas mixture of 45.7/13.1/41.3
mol% CO/CO2/N. with steam to carbon ratio of 4. The results show that the catalyst-free
membrane reactor can convert 92% of carbon monoxide into CO2 and H. and recover 29% CO>
at 850 °C and a space velocity of 150 h™. However, in the catalyst-free membrane reactor, a
significant amount of unwanted carbon deposition is observed. The side reactions can be
minimized by reducing the operating pressure and increasing the operating temperature and
space velocity, and completely avoided using a high-temperature catalyst at space velocity larger
than 500 ht. The membrane reactor with a WGS catalyst achieves CO conversion of about 85%,

above the equilibrium conversion, and 40% CO: recovery without carbon deposition at high
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temperature and pressure. The membrane remains in the same structure and gas-tightness after
the WGS reaction tests.
Keywords: Water gas-shift, carbon deposition, membrane reactor, CO> separation, ceramic-

carbonate membrane

1. Introduction

Fossil fuel power plants need to reduce anthropogenic carbon dioxide (CO.) emissions to
mitigate global warming and climate change. In this vein, integrated gasification combined
cycles (IGCC) power plants can control CO> emissions with efficient power generation from
coal because the high CO. concentration in the precombustion process facilitates its
separation/capture, producing high purity hydrogen (H2) stream [1]. A typical coal-fired IGCC
power plant with precombustion CO; capture comprises gasification of solid feedstock with
oxygen and steam to produce raw syngas, which is a mixture mainly of carbon monoxide (CO)
and Hz [2]. The syngas is cleaned at low temperature, and water-gas shifted (WGS) to produce a
stream of CO- and H as follows:

CO + H,0 & CO, + Hy,, AH,05 = —41.2k]/mol (4)

The WGS reaction is exothermic, and thus, the thermodynamic equilibrium conversion of
CO decreases with increasing temperature. Consequently, two reactors, one at temperatures
higher than 400 °C and the other at temperatures lower than 300 °C, are used to promote the
kinetic and overcome the equilibrium limitation in order to obtain high CO conversion [3,4].
Then, CO; is removed/captured from the WGS product steam by scrubbing with solvents in an

acid gas removal unit, followed by the burning of Hz in a gas turbine to produce heat and then



electricity. The most common industrial CO> removal/capture technology is amine absorption
which has a high energy penalty [1].

Membrane reactors can improve the conversion of WGS with the separation of CO; in
the same unit [5,6]. Over the years, membrane reactors made of Hx-permselective membranes
have been studied to intensify CO conversion and Hx production in WGS reactions at
temperatures lower than 400 °C. Among the most studied membranes are the palladium (Pd)-
based membranes with an iron (Fe)-based catalyst [7-9]. Although these membrane reactors are
promising, Pd-alloy membranes still suffer from poor stability under industrial reaction
conditions presenting a technological challenge. Other efforts have been devoted to catalytic
membrane reactors made of silica [10-12], zeolite (MFI type) [13-15], and ZIF-8 [16]
membranes; however, these membranes have low Hz selectivity, and the membrane reactors
could produce a hydrogen stream of less than 90% purity. Also, membrane reactors made of
proton-conducting ceramic membranes, i.e., europium doped SrCeQOs have been reported, but
these membranes have very low oxygen permeation fluxes and suffer from stability problems.

Recently, we reported membrane reactors with a CO.-permselective dense ceramic-
carbonate dual-phase (CCDP) membrane for WGS with CO, separation in temperatures between
700-950 °C, without using a WGS catalyst, under atmospheric pressure conditions [17]. CCDP
membranes are made of an oxygen ionic or mixed ionic-electronic conductor support with pores
infiltrated with a eutectic molten carbonate mixture [18-22]. Since CO- is transported by C05™
ions through the molten-carbonate phase, these membranes provide infinite selectivity for CO2
over any other chemical species [23,24]. With CO> removal the CCDP membrane reactor could
achieve CO conversion and CO> recovery of 26.1% and 18.7%, respectively, much higher than

the conventional fixed bed reactor under identical conditions, and produce essentially pure CO-



stream [17]. In a modeling study, the performance of WGS in such a membrane reactor can be
significantly improved at high feed pressures (e.g., 30 bar) [25].

Our study on WGS in the catalyst-free CCDP membrane reactor was focused on CO
conversion and CO> capture. It is known that the WGS reaction is accompanied by unwanted
side reactions to form carbon (C) and methane (CHa) in fixed-bed reactors [26-29]. Carbon and
CHjy yields were found to increase with the initial CO2 amount in the syngas. Both carbon and
CHjy yields decrease as the temperature increases and can be suppressed by increasing the steam
to carbon (S/C) ratio [26,27]. Also, high pressure in the reactor can intensify the carbon
deposition in catalyzed WGS reaction [29], and nickel-based steam reforming catalyst can also
favor C formation due to the dissociation of reactants on the metal surface [28]. However, CHa4
and C vyields can be suppressed at high temperatures and high steam to carbon ratios. The
introduction of oxygen (O) or solid sorbents for CO, capture can also minimize CHs and C
formation. Our recent experimental study [17] shows the promise of using a CO, perm-selective
CCDP membrane reactor for WGS with simultaneous CO: capture but did not address the issue
of coking and side reactions. The objective of the present work is to study conditions for WGS
reaction with higher CO2 conversion in CCDP membrane reactor, with focus on understanding
effects of side reactions on WGS in the CO. permselective membrane reactor.

2. Experimental procedures
2.1. Dense dead-end tubular ceramic-carbonate membrane fabrication

Powders of samarium-doped ceria (SDC) with the chemical formula of CeogSmo202.5 were
synthesized by the citrate method, and dead-end SDC tubes were fabricated by the cold isostatic
press (CIP)/sintering method as was reported in our previous publication [24]. Briefly, SDC

powders were well packed inside a rubber bag with a stainless-steel rod mold for making the



dead-end tube. The rubber bag was placed inside a metallic vessel with water and pressurized at
1500 bar with a water pressure intensifier setup. The green dead-end tubes were sintered at 1200
°C for 4 hr. The pores of the sintered dead-end tubes were infiltrated with molten carbonate of
lithium carbonate (Alpha Aesar 99%) and sodium carbonate (VWR BDH Chemicals 99.5%) at
52:48 molar ratio at 600 °C to form a dense CCDP membrane.
2.2. CCDP membrane characterization

The porous SDC supports, and dense SDC-MC membranes were characterized by X-ray
diffraction (XRD) (Bruker AXS D8 device with Cu anode (Ko radiation)). The analysis was
performed in the 2-theta degree interval of 20 to 100° using a step size of 0.02°. The inner and
outer surface and cross-section of membranes were examined by scanning electronic microscopy
(SEM) using an Amray-1910 electron microscope. The pore volume fraction (porosity) of the
dead-end SDC tubes was measured by the Archimedes method with liquid nitrogen [30]. Helium
permeance through the porous SDC supports was measured by a steady-state helium permeation

setup at room temperature, and the data was used to calculate the average pore size (a;) and pore
volume fraction to tortuosity ratio (G) ) [31]. The gas-tightness of CCDP membranes after
14

carbonate infiltration was confirmed by the room temperature unsteady-state helium permeation
method.
2.3. Water-gas shift reaction in CCDP membrane reactor

Experiments on WGS reaction in the membrane reactor without or with a catalyst were
performed in a homemade high-temperature/pressure membrane permeation setup, Figure 1. The
stainless-steel (SS) membrane housing was placed at the center of a tubular furnace. The open
end of a CCDP membrane was sealed with a home-designed graphite gasket, and the dead-end

side was free-suspended to allow longitudinal thermal expansion/contraction. The gasket was



compressed between a washer and the module head. For the reaction with catalyst, 2.5 gr of
high-temperature Co-Mo-Mg(AlO.). catalyst (SSK-10) (Haldor Topsoe, Lyngby, Denmark) was
placed on the outside of the CCDP membrane tube, as shown in Figure 1. The module was
housed within a tubular furnace, and, to avoid oxidation of the outer surface of the graphite
gasket, the permeation module was blanked with a flow of inert gas of nitrogen. This enabled

effective sealing of the SDC-MC membranes at high temperature/pressure for at least 12 hr.
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Figure 1. Schematic representation of the setup and permeation cell for high temperatures and
pressures WGS reaction tests in CCDP dead-end tubular membranes. (1) CCDP membrane, (2)
catalyst, (3) graphite gasket, (4) reaction cell, (5) reaction cell head, (6) alumina tube for sweep
gas, (7) inert gas, (8) mass flow controllers, (9) back-pressure regulator, (10) bubble flowmeter,
(11) heating-tape, and (12) tubular furnace.

A gas stream of CO/CO2/N2/H20, formed by mixing a dry gas mixture of 45.7/13.1/41.3
mol% CO/CO2/N2 with a controlled amount of steam produced by a pump, is fed as the reactants

to the shell side of the membrane tube. The steam to CO (S/C) ratio was controlled at 4, giving

the highest CO conversion reported in our previous study [17]. Nitrogen was added to the feed to



simulate raw syngas from the air-blown gasifier. The feed stream of steam was generated by
controlling the stream pumping flow rate, and the stainless tubing was heated up with heating
tapes at 140 °C to avoid steam condensation. A back-pressure regulator (max. 30.1 atm,
Swagelok) was installed after the cold trap on the retentate side to regulate the total feed pressure
from 1 to 10 bar. A long thin alumina tube passing through the module head was placed inside
the dead-end SDC-MC tubular membrane to introduce sweep gas to the tube side of the
membrane to remove the permeate gas. This small alumina tube was sealed outside the furnace
with another graphite ferrule. The sweep gas was helium at a total pressure of 1 bar. The
membrane tube was heated to the desired temperature at the ramping rate of 1 °C/min. Once a
steady-state temperature was reached, the feed pressure was increased to a pre-determined value
at the 0.08 bar/min ramping rate.

The composition of retentate and permeate stream was measured by gas chromatography
(GC Agilent Technologies 6890N with a TCD detector, Alltech Hayesep DB 100/120 column of
300 1/8” 0.85” SS, and argon as carrier gas). Samples were taken one hour after the change in
operating conditions reached the steady-state system. The retentate and permeate flow rates were
measured with a bubble flowmeter at the outlets. The compositions and flow rates of the
retentate and permeate were used to calculate molar flow rates for various species in the retentate
and CO:z permeation flux through the membrane. The cold trap was installed on the retentate
side to condensate water before taking the sample for GC analysis. N2 concentration in the
permeate was neglectable because the SDC-MC membrane is permeable only to CO with less
than 1% leakage through the membrane defects (if any) and seals.

The CO conversion (Xco), CO2 recovery (R¢o,), and carbon balance (Bc) are defined as

follows:
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where F/¢¢¢, Fretentate qng pPeT™ete are the molar flow rates of the feed, retentate, and

permeate stream for each gas (i=CO, COy), in this particular study Fhy™ ™°**¢ = 0 because the
CCDP membrane is CO2-permeable only.
3. Results and discussion

Porous SDC tubes prepared by the CIP method followed by sintering at 1200 °C are
mechanically quite strong. Figure 2a shows that the support is made of sintered SDC particles
between 100 and 200 nm, giving an average pore size of about 100 nm. Helium permeance vs.
average pressure data for the SDC support exhibits a straight line in Figure 2b. The regression
of the data gave the slope (=5.8 x 10* mol-s*-m2.Pa2 and y-interception (a=7.7 x 108 mol-s°
L.m2.Pal), which were used to calculate average pore diameter, &;:190 nm, consistent with
SEM observation. The SDC support also has a porosity of 7% and a tortuosity factor of 14.

Figure 2c shows the cross-section of the dense CCDP membrane made by direct
infiltration of the pores of the SDC support with the carbonate mixture. The helium permeance
after the carbonate infiltration was of the order of 10** mol-s*-m-Pa which is three orders of
magnitude lower than before the infiltration, confirming the membrane is gas-tight. The
diffractograms of the outer surface of the SDC support and SDC-carbonate membrane given in

Figure 2d show a single crystalline structure of the SDC phase for both the SDC support and



SDC-carbonate membrane. The diffraction peaks of the carbonate phase are not observed in the
XRD pattern because the intensity of the diffraction peaks is indistinguishable due to the low

weight percent of carbonate of 2.2% on the surface of the membrane.
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Figure 2. SEM image of the cross-section of (a) SDC support sintered at 1200 °C and (c) SDC-
carbonate dense membrane. (b) Helium permeance results as a function of average pressure for
SDC support sintered at 1200 °C. (d) XRD patterns of SDC and SDC-carbonate samples. (*)
SDC crystalline phase.

The effect of temperature, S/C ratio, and syngas flowrate on WGS reaction performance in
CCDP membrane reactor without catalyst was previously investigated by Lin and coworkers
[17]. However, the experiments were performed at 1 bar and high space velocities (SV) between
1,619 and 3,055 h, resulting in low CO conversion (<30%). In the present work, experiments

were performed at lower SV and higher feed pressure to increase CO conversion. Figure 3
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shows the results of WGS reaction in CCDP membrane reactor without catalyst with SV=150 h!
at two different temperatures as a function of feed pressure. At 1 bar and between 800 and 850
°C, the CO conversion and CO> recovery increase from 65 to 70% and 9 to 19%, respectively.
Thermodynamically, the CO conversion decreases with temperature for the WGS reaction, as
shown by the equilibrium conversion at 800 and 850 °C in Figure 3a. However, CO, removal by
the CCDP membrane shifts the reaction equilibrium towards the products, enhancing the CO
conversion. The CO conversion for the WGS reaction in the catalyst-free CCDP reactor reported

here is much higher than we previously reported [17] as a result of different operating

conditions.
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Figure 3. Results of WGS reaction performance without catalyst in SDC-carbonate membrane
reactor and SV=150 h'* at 800 and 850 °C as a function of total feed pressure: (a) CO conversion
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in the membrane reactor, (b) CO2 recovery in the membrane reactor, (c) CO2 permeation flux for
WGS reaction in membrane reactor in comparison with CO> separation with equal molar CO2:N>
feed, (d) carbon balance in the membrane reactor.

Figure 3b shows that CO. recovery increases with the total feed pressure due to the
increased CO> permeation flux driven by a higher CO. partial pressure on the reaction side
[24,25]. This effect also promotes the shifting of the WGS reaction equilibrium and increases the
CO conversion, as shown by reaction (A). However, under such space-velocity, carbon balance
IS less than 100%, between 77% and 95%, indicating that WGS is accompanied by a significant
amount of side reactions.

Figure 3c shows CO> permeation flux in the membrane reactor with WGS reaction feed.
The CO, permeation flux increases with feed pressure and reactor temperature due to a strong
temperature dependence of ionic conductivity of the two phases in the membranes and increases
in driving force due to increased feed pressure. However, CO, permeation fluxes with WGS
reaction are lower than with equal-molar CO2:N. feed without WGS reaction. This is because, in
the separation experiments, the CO> partial pressure is 50% of the total-feed pressure, much
larger than the average CO: partial pressure in the reaction stream for WGS according (the initial
CO, partial pressure is about 5% of the total feed pressure (feed composition:
45.7:13.1:41.3:182.8 for CO/CO2/No/steam). The driving force for CO, permeation through the
dual-phase membrane in the WGS reaction is lower than that in CO> separation.

Figure 3d shows carbon balance decreases as pressure increases or temperature decreases.
It is well known that the WGS reaction at high temperatures is accompanied by the formation of
carbon through the following reactions [26,28]:

2C0 & C+ C0,, AHyo5 = —172.4 k] /mol (B)

CH, & C + 2H,, AH,og = 74.9 kJ /mol ©)
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CO +H, & C+ H,0, AH,95 = —131.3 kJ/mol (D)

CO, + 2H, & C + 2H,0, AH,95 = —90 kj/mol (E)
Reaction (B) is a CO disproportionation known as the Boudouard reaction. Reaction (C) is CH4
decomposition, but it is unlikely in the present study because our experimental results show no
CHs formation through CO/CO. methanation. Reactions (D) and (E) are CO and CO:
hydrogenation, which may occur in this work. All reactions (B), (D), and (E) are exothermic and
gas-volume-reduction reactions. Thus thermodynamically, the formation of carbon is favored at
lower temperatures and high pressures. This explains the temperature and pressure dependence
of carbon balance shown in Figure 3d.

Experiments of WGS reaction in the membrane reactor without catalyst were performed at
low space velocities for higher CO conversion and CO> recovery, as was demonstrated in our
modeling study [25]. However, carbon vyield from the side reactions also increases with
decreasing space velocity. Increasing the space velocity may lower the side reaction, but it also
reduces the CO conversion in the WGS reaction in the catalyst-free membrane reactor. To
address the carbon formation issue, one could try to improve the kinetic rate of the WGS reaction
using a catalyst. This way, it is possible to perform a WGS reaction with sufficiently high CO

conversion at a high space velocity that minimizes carbon yield.
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Figure 4. WGS reaction results in a fixed-bed reactor with a catalyst at 10 bar: (a) performance

comparison with the results without catalyst (both cases at SV=2100 h?), and (b) performance at
different space velocities as a function of temperature.

To confirm the high-temperature catalytic activity, Figure 4a compares WGS reaction
results in a fixed-bed reactor with and without catalyst at 10 bar. With catalyst at SV=2100 h,
the reaction rate and hence CO conversion increases with temperature and reaches the
equilibrium at 750 °C and then decreases with temperature following the equilibrium conversion
data. But without a catalyst, at the same space velocity, the conversion of WGS, though also
increasing with temperature, does not reach the equilibrium in the entire range of operating
temperature. The comparison clearly shows that the catalyst used in this work effectively
enhances the WGS reaction rate.

Figure 4b shows the CO conversion and carbon balance for WGS in a fixed-bed reactor
with the catalyst at different space velocities as a function of temperature. As expected, the CO
conversion decreases with increasing space velocity. For the two data at higher space velocity,
the CO conversion increases with temperature but barely reaches the equilibrium at 850 °C. The
carbon balance at the whole space velocity range increases with temperature, reflecting the
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decreasing carbon yield for the exothermic side reactions as temperature increases. At 850 °C,

the carbon balance is over 90%, and it is essentially 100% at the higher space velocity. However,

at a space velocity higher than 2100 h™ the CO conversion of WGS is lower. These results help

select the operating conditions for WGS reaction with the catalyst in the membrane reactor, as

shown next.

On the one hand, the minimization of the formation of carbon with a carbon balance higher

than 90% in a catalyst-free membrane reactor for WGS reaction is achieved at 850 °C and a

pressure lower than 7 bar. In the catalyzed fixed-bed reactor, it can be reached at space velocities

as high as 2100 h and 700 °C. On the other hand, CO conversion higher than 90% can be

achieved at 850 °C, 7 bar, and SV=150 ht. Combining the results of both experiments one can

define optimal reaction conditions, the operating conditions of 850 °C, 7 bar, S/IC=4, and SV

~2100 h* allowed us to establish the optimized WGS reaction with a catalyst in the membrane

reactor.
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Figure 5 shows the experimental results of the WGS reaction with a catalyst in the
membrane reactor as a function of space velocity at 850 °C, 7 bar, and S/C=4. CO conversion
and CO2 recovery decrease with the space velocity, and no carbon deposition is observed in the
whole space velocity range because the carbon balance reaches 100% at SV > 500 h. The CO;
permeation through the membrane helps enhance the CO conversion at SV < 2000 h%, in which
the CO conversion is larger than the equilibrium. For instance, the CO2 removal increases the
CO conversion to 87%, 14% over the equilibrium conversion at SV = 500 h?. The CO;
permeation flux increases, and CO> recovery decreases with increasing space velocity. This is
because as space velocity increases CO, formation rate (not conversion) increases more than the
CO2 removal rate, resulting in an increase in the average CO; partial pressure on the reactor side.
For example, the CO- concentration in the retentate of on the feed side increases from 26 to 32%
as space velocity increases from 500 to 3000 h™. Higher CO, concentration produces a larger
driving force for CO, permeation flux. This also explains decreasing CO: recovery with
increasing SV. These results are consistent with our previous modeling study [25]. Dry-based H>
purity decreases with increasing SV because the CO conversion and the CO2 removal decrease at
higher SV. H. purity is lower than 40% because the dry composition of the feed gas contains a
high concentration of N2, ~41.3%.

Figures 6 and 7 present the characterization results of the SDC-carbonate membrane
used in the membrane reactor before and after the WGS reaction test with and without catalyst at
850 °C and total feed pressure of 7 bar. Figure 6 gives optical photographs (al, a2, a3) and SEM
micrographs (b1, b2, b3) of the outer surface of the fresh SDC-carbonate membrane and the

SDC-carbonate membrane after the WGS reaction test without catalyst and with catalyst.
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The optical micrographs show that the membrane surface changed in color after the WGS
reaction test. Before the test, the membrane has a typical light yellow color of the SDC phase.
After the catalyst-free test, the membrane surface exhibits gray stains, but the membrane surface
remains light yellow after the test with catalyst. In the first case, the gray stains are attributed to
the products of the side reaction deposited on the membrane surface.

Also, SEM micrographs show microstructural differences on the outer surface of the
membranes. SDC-carbonate membrane before the test shows a dense surface with uniform
distribution of SDC and carbonate phases, with the bright spots being the SDC phase and dark
areas the carbonate phase. Also, SDC has a narrow particle size distribution with an average
particle size between 100 and 200 nm (Figure 6-b1). However, the SDC-carbonate membrane
after the catalyst-free WGS reaction test shows larger bright agglomerates of 2-3 um (Figure 6-
b2), ascribed to the products of the side reactions deposited on the membrane, as it is discussed

in the next paragraph.
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Figure 6. Optical photographs and SEM images of the surface of the SDC-carbonate membrane
before the test (al) and (bl), after catalyst-free test (a2) and (b2), and after the test with catalyst
(@3) and (b3). Picture and SEM image of black powder removed from the wall of the steel
module after the catalyst-free test (a4) and (b4).
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After the test with the catalyst, the surface presents smaller particles (Figures 6-b3)
similar to SDC-carbonate before the test. SEM images show that both membranes remain dense
after the WGS reaction test. The MC can resist high feed pressures because, according to the
Young-Laplace equation, the SDC support with 190 nm pores can produce enough capillary
force for the MC to resist a maximum transmembrane pressure of 47 atm [24]. Also, the gas-tight
membrane after the test for 8 h was proved by the unsteady-state helium permeance at room
temperature, where the helium permeance was of the order of 10! mol-s*-m=2-Pa™,

The optical photograph and SEM micrograph of the black powder removed from the
inner wall of the membrane reactor module after the catalyst-free WGS reaction test is given in
Figure 6 (a4) and (b4). This powder comprises agglomerates between 0.5 and 7 um . These
agglomerates were also deposited on the surface of the membrane after the WGS reaction
without the catalyst, as can be observed by comparing the SEM images of the SDC-carbonate
membrane (Figure 6-b2) and the black powder (Figure 6-b4) after the catalyst-free WGS test.
SDC-carbonate membrane surface after the test with catalyst has no agglomerates, attributed to
the minimized side reaction. Optical and SEM images confirm the deposition of products from
side reactions on the membrane surface of the catalyst-free MR, and the membrane remains

dense after the WGS reaction test on catalyst and catalyst-free MR.
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Figure 7. XRD pattern of SDC-carbonate membrane after WGS reaction test with and without
catalyst, black powder removed from the wall of the module after the catalyst-free test, and
catalyst after and before the WGS reaction test. (*) SDC, (A) lithium carbonate, (¢) Graphite, (°)
Fe30s, and (y) High-temperature Mo-Co-based catalyst.

Figure 7 presents the XRD patterns of the SDC-carbonate membrane surface after the
WGS reaction test with and without catalyst, the black powder produced by side reactions, and
the catalyst before and after the reaction test. =~ The outer surface of the SDC-carbonate
membrane after the catalyst-free WGS test shows the crystalline structure of the SDC phase and
a secondary phase at 31°. After this experiment, the removed black powder (Figure 6 (b4)) from
the module was analyzed by XRD. This powder was identified as a mixture of graphite (C, COD

# 96-901-2231) and magnetite with a cubic system and cell parameter of 8.39 A (FesO4, COD #
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96-900-39770). The secondary phase on the SDC-carbonate membrane at 31° corresponds to
magnetite deposited on the membrane surface. The diffraction peaks of the graphite are not
observed in the XRD pattern because the intensity of these peaks is indistinguishable due to their
low weight percent on the surface of the membrane. The Boudouard reaction produced carbon,
and the Fe3O4 was formed due to the interface reactions on the Fe-rich steel module surface with
the feed gas, which is also promoted at high pressures [32]. These results confirm the chemical
stability of the membrane after the WGS reaction without a catalyst because the SDC crystalline
structure remains stable, and no secondary phases made of cerium or samarium were detected.
Concerning the surface of the SDC-carbonate membrane after the test with catalyst, the
XRD pattern shows the crystalline structure of the SDC phase, the lithium carbonate phase
(COD #96-900-9642), at 22.33°, and the magnetite, at 31°, with a cubic system and cell
parameter of 8.12 A (COD #96-900-2331). The diffraction peaks of this magnetite are slightly
shifted to larger angles with respect to the magnetite observed in the catalyst-free test. The
catalyst before the test exhibits a typical XRD profile of a nanometric microstructure with large
peak broadening. After the test, the XRD peaks of the catalyst are narrower than before the test,
which means that the particle size of the catalyst slightly increased after the high-temperature
test. However, the catalyst was chemically stable as confirmed by no change in the crystalline
structure after the test. Also, analysis of the diffraction peaks of the magnetite gives a cell
parameter of 8.12 A, but XRD peaks of carbon are not presented in the catalyst. The XRD
analysis of the SDC-carbonate membrane after the WGS reaction test with and without catalyst
shows that the crystalline structure of the SDC-carbonate membrane was not affected by the
presence of other crystalline phases formed by side reactions. In both cases, the membranes are

stable under WGS reaction conditions, at least during the 8 hr of the test at 850 °C and 7 bar.
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Conclusions

CO.-permeable samarium-doped ceria and molten-carbonate membrane reactors effectively
enhance water-gas shift reaction with simultaneous CO. capture, even under catalyst-free
conditions at high temperatures and pressures. The catalyst-free membrane reactor can achieve
CO conversion higher than 90%, 20% over the equilibrium conversion, with 29% CO; recovery
at 850 °C, 7 bar, S/C=4, and low SV of 150 h?, accompanied by a significant amount of
unwanted side reaction of carbon formation. The membrane reactor with a high-temperature
water-gas shift catalyst shows enhanced performance for water-gas shift reaction and CO;
recovery with complete elimination of carbon deposition at the same operating pressure and
temperature but higher space velocity (>500 ht).  The ceramic-carbonate membranes are
chemically stable under the water-gas shift experiment conditions and remain gas-tight and dense

after high pressures and temperatures.
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