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1 | INTRODUCTION

Precombustion carbon capture is an effective strategy to reduce large-scale CO,
emissions, which is mainly used in the area of integrated gasification combined cycle
(IGCC) power plants. Oxygen transport membranes (OTMs) were suggested as the air
separation unit to produce high purity oxygen for the gasifier. However, the improve-
ment in efficiency was limited. Here, a new IGCC process is reported based on a
robust OTM reactor, where the OTM reactor is used behind the coal gasifier. This
IGCC-OTM process fulfills syngas oxidation, H, production, and carbon capture in
one unit, thus a significant decrease of the energy penalty is expectable. The
membrane reactor does not use noble metal components, and exhibits high hydrogen
production rates, high hydrogen separation factor (10%-10%, and stable performance
in a gas mixture mimicking real syngas compositions from a coal gasifier with H,S

concentrations up to 1,000 ppm.
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temperature CO, separation (25-400°C) make heat integration ineffi-

cient, and lead to excessive exergy loss. H,/CO, separation and CC based

Greenhouse gas emission and accumulation in the atmosphere and
global climate change are linked. More than 30% of the global CO,
emission comes from fossil fuels power plants.)® Three promising
routes for CO, capture in these plants: pre- and postcombustion cap-
ture and oxy-fuel combustion, are under development. Among them,
the integrated gasification combined cycle (IGCC) with carbon capture
(CC) shows great potential as a precombustion capture technology.*¢
However, an efficiency reduction of 8-12% points has been predicted;
when using a water gas shift (WGS) reactor with absorption-based CO,
capture technologies (IGCC-WGS), compared with the cycles without
CC.”? The high-temperature gasification (1,200-1,400°C) and low-

Lili Cai and Xiao-Yu Wu contributed equally to this work.

on the state-of-the-art absorption (e.g., amine and ammonia)*° or adsorp-

1112 activated carbon®®) consume much

tion processes (e.g., zeolites,
energy and significantly decreases the net output of the power plants.
Several membrane technologies were proposed to integrate with
IGCC to decrease the energy penalty associated with CC. There are
generally two approaches. First, membranes, usually oxygen transport
membranes (OTMs), are used in the air separation unit to produce
high purity oxygen for the gasifier.’* However, the efficiency
improvement is limited, around 1% point.*>® The second approach is
to use membranes for hydrogen separation/production, replacing the
CO, separation unit, which accounts for more than 50% of the CC-
related auxiliary load of the IGCC.Y” Many types of membranes have

been proposed to fulfill hydrogen separation from the products of
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water gas shifting (WGS) reaction in IGCC process, such as Pd-based

composite membranes,'® polymer membranes,?2°

and dense proton-
conducting membranes.?*"2° However, challenges in the cost and sta-
bility issues still hinder their applications in the IGCC process. There-
fore, more efforts should be focused on developing an ideal hydrogen
production membrane reactor for IGCC, which was operated at a tem-
perature close to that of the gasifier, has fast separation kinetics, uses
earth-abundant elements, and has long-term stability in a gas mixture
containing Hy, H,O(g), CO, CO,, and H,S.

OTM reactors have been studied for different applications, such

26,27

as partial oxidation of methane and other light alkanes, oxida-

28-30 methane aromatization,®* and

tive dehydrogenation of alkanes,
hydrogen separation/production.®23? Praxair Inc. has made great
progress on the commercialization of the OTM reactor for the con-
version of natural gas to syngas. They started a project to produce
9,940 N m® hr~?! syngas for a methanol plant using an OTM reactor
in 2019.4%4% |n the hydrogen separation/production application,
two sides of the OTM are both under strong reducing atmospheres.
The stability of OTM is more crucial than that in air separation appli-
cations. In previous studies, many stable OTM materials were devel-
oped in these harsh conditions. Among them, OTMs, including
BaCOxFeyZH—x—yos—a,aZ'ss Lao'9CaollFeO3_5,34 Cep.855Mp.1501.925-
smo.ésro.ztAloAaFeoA703-5735 Ce0A855m0.15014925_SrZFel.SMOOASOé-S-G}é
and Cepg55Mo.1501.925-SMo.6S5r0.4Cro.sFe0703.5°C exhibited out-
standing stabilities. These materials may be appropriate for H, pro-
duction in the IGCC process.

In this study, we report on a novel precombustion CC concept by
integrating IGCC with a high-temperature OTM reactor, IGCC-OTM.
The traditional IGCC with CC process includes coal gasifier, WGS
reactor, acid gas removal unit, CO, capture unit, and combustion and
power generation unit. In the new IGCC-OTM process, the OTM reac-
tor is placed downstream of the coal gasifier. The syngas from the
gasifier and steam are supplied to the two sides of OTM, separately.
High concentration CO, produced from syngas full oxidation is ready
for capture and storage. On the other side, the produced hydrogen
from water dissociation and the unconverted steam flow to the com-
bustion and power generation unit. This IGCC-OTM process fulfills
syngas oxidation, H, production, and CC in one unit, simplifies the
overall process and improves the heat integration. Thus, a significant
decrease of the energy penalty due to CC is expected. Different from
other H, separation membranes, the OTM only allows the oxygen
ions produced by water dissociation reaction to be transported to the
syngas side by potential gradient across the membrane. Thus, the the-
oretical hydrogen selectivity is 100%. If the unreacted steam is
removed, high-purity hydrogen can be obtained. Meanwhile, previous
studies have verified that the OTM reactor has good stability for
hydrogen production under various atmospheres.>*38 In this article,
our experimental results show that this novel OTM reactor with non-
precious metal catalysts shows promising results in converting syngas
to water and CO,, with hydrogen production rates comparable to
state-of-the-art Pd-based composite membranes, high hydrogen sepa-
ration selectivity (separation factor 10°-10%), and stable performance

in an environment containing Hy,, H,O(g), CO, CO,, and 1,000 ppm

H,S. These results indicate that the developed OTM reactor is possi-
ble to be used in the IGCC-OTM process.

2 | EXPERIMENTAL

21 | Materials

The methods wused for the preparation of 10 wt%
Ni/Smg.15Cen.8502-5 (SDC) catalysts and 75 wt% Smg 15Cep g502-5-
25 wt% Smg¢Sro4CrosFep 7035 (SDC-SSCF) membranes and

26,36

bars were described in previous studies and provided in the

Supporting Information.

2.2 | Treatment of membrane material and catalyst
under different atmospheres

SDC-SSCF or Ni/SDC particles (0.5 g, 20-60 mesh) were packed in
fixed-bed reactors and calcined under atmospheres of 10% CO, (vol-
ume ratio) or 100 ppm H,S (10% H,0(g), 50% H, and He balance) at
900°C for 10 hr. The reactors were cooled to room temperature at
the same atmospheres. The total flow rates of the mixtures were kept
at 100 ml min~L. The particles after treatment were ground to pow-
ders and characterized by X-ray diffraction (XRD).

2.3 | Conductivities of materials

Conductivities of the samples were measured by the four-probe
method on the sintered bars under different conditions. During the
tests, a constant current was applied to the samples with an electro-
chemical workstation (Princeton Applied Research 263A). The voltages
were measured by a Keithley 2000 multimeter. The total conductivities
were measured at 950-600°C under atmospheres of 80% H,-20 H,O
(g) and 20% H,-80 H,O(g), respectively. The cooling rates were set at

1°C min~L. The total flow rates of the gas mixtures were 200 ml min~?.

24 | Test of membrane reactors

The homemade apparatus for hydrogen production membrane reactor
is similar to that in previous publications.>>3¢ Gas-tight membranes
were sealed with silver rings onto alumina tubes. All the effective
membrane areas were in the range of 0.7~0.9 cm? On the H,O
(g) side (Figure 1, Side ll), the concentration of steam was slowly
increased to 90% (volume ratio) with He balanced (fie, in)- Then, differ-
ent amounts of H, and N, mixed gas were supplied to the H, side
(Side 1). The effluent (fe, out) on the H,O(g) side was cooled and dried
before tested in a gas chromatograph (Agilent 6890A), which
equipped with Porapak Q and 13X columns. The effect of hydrogen
concentration (total flow rates were kept at 100 ml min~%) and the
flow rates of Hy-N, (Ho/N5y = 1/1) mixtures on Side I, and the flow
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FIGURE 1 The scheme of the novel IGCC-OTM process. (a) lllustration of the IGCC-OTM process. (b) Coupling H, production, syngas
oxidation, and carbon capture in an OTM reactor. IGCC, integrated gasification combined cycle; OTM, oxygen transport membranes [Color figure

can be viewed at wileyonlinelibrary.com]

rates of H,O(g)-He (90% H,0) mixtures on Side Il (50 ml min~* H,-
50 ml min~* N, on Side 1) were tested.

Syngas with H,/CO molar ratio of 1 was fed to the Side | to test
the performance of the membrane reactor for hydrogen production
and syngas conversion. The influence of flow rate of syngas on the per-
formance of hydrogen production was measured; when the atmo-
spheres of Side Il of the membrane were fixed at 180 ml min~* H,O(g)
— 20 ml min~? He. The influence of temperature on the performance
of hydrogen production rates was measured; when the atmospheres of
two sides of the membrane were fixed at 180 mlmin~! H,O(g)
— 20 ml min~* He and 50 ml min™! H, — 50 ml min™* CO, respectively.
The stability of the membrane was tested at 900°C under atmospheres
containing different concentrations of H,, CO, CO,, and H,S.

The H, production rates (Fy,) and separation factors (a) were cal-
culated according to the following equations, where S is the effective
membrane areas; yy, and yy, represent the concentrations of N, and
H, on Side I, respectively; xn, and xy, represent the concentrations

of N, and H, on Side |, respectively.

Fu, = % 1)

2.5 | Membranes and catalysts characterization

XRD measurements were operated on an Empyrean-100 instrument
(Cu Ka radiation, 40 kV and 40 mA) with a step width of 0.02°. Scan-
ning electron microscopy images and energy dispersive X-ray (EDX)
mapping spectroscopies were obtained on a Quanta 200 FEG instru-
ment (FEI Company). High resolution transmission electron micros-
copy images were observed on TECNAI G2 F30 (FEI Company) and
JEM-ARM200F (Japan). Brumauer-Emmett-Teller (BET) surface areas

of the catalysts were calculated from the N, adsorption isotherms
(Micromeritics ASAP 2020 PLUS HD88).

3 | RESULTS AND DISCUSSION

3.1 | IGCC-OTM concept

As discussed earlier, the novel IGCC-OTM process can integrate syn-
gas oxidation, H, production, and CC in one unit, as shown in
Figure 1. The syngas from the coal gasifier is fed to one side (Side 1) of
the OTM reactor, and steam is fed to the other (Side II). At elevated
temperatures (700-1,000°C), steam combines with electrons and
splits into hydrogen and oxygen ions. Oxygen ions diffuse across the
membrane to Side | and oxidize the syngas into water and CO,, and
generate electrons that return to Side Il. Hydrogen from water split-
ting on Side Il is used in the combined cycle to generate electricity,
while the unconverted steam acts as the diluent to control the com-
bustion temperature. On Side |, H,S in the raw gas from the gasifier is
oxidized to SO,, and is converted to sulfur via the Claus reaction in
the membrane reactor.*>** The effluent from that side consists only
of H,0(g), CO,, and solid sulfur. After condensation, solid separation,

and compression, a stream with high purity CO, is ready for storage.

3.2 | Properties of membrane and catalyst

A critical element in the IGCC-OTM technology is a stable and low-
cost membrane reactor with high permeability and catalytic activity.
For this purpose, we constructed a dual-phase OTM of SDC-SSCF
and non-noble metal catalysts (10 wt% Ni/SDC). The Ni/SDC catalyst
was prepared by an ethylenediamine tetraacetic-citric method with a
specific area of 8.5 m?/g, and contained the NiO and SDC phases
(Figure 2a-c). The particle sizes of NiO and SDC are 50-100 nm. The
dual-phase membrane material was prepared via a one-pot method at
elevated temperature with the two phases formed spontaneously.

Both phases show interplanar spacing values similar to those
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corresponding to the single-phase materials (Figure 2d), indicating that
they are chemically compatible. SDC-SSCF was fabricated into flat
membranes with a thin dense layer and a thick porous support using
tape-casting and co-sintering method (Figure S1). The grain size of
SDC-SSCF is 0.5-3 um (Figure 3a), and the thickness of the dense
layer is 36 pm (Figure 3b). The 10 wt% Ni/SDC catalysts with a thick-
ness of approximately 20 pm were added on Side | to oxidize H, and
CO to H,0(g) and CO,, respectively. The membrane support on Side
Il (@ porosity of 54% and a thickness of 760 pm) has two functions:
serving as a mechanical support (skeleton) to the thin dense separa-
tion layer, and accommodating the Ni/SDC catalysts for the water
splitting reaction (Figure 3c).

To examine the structural stability of the 10 wt% Ni/SDC catalyst
pellets and the SDC-SSCF membrane material, samples were treated
in different atmospheres, that is, 10% CO, or 100 ppm H,S (10% H,O
(g), 50% H, with He balance) at 900°C for 10 hr. No new peaks were
detected using XRD (Figure 4) compared with the ones prepared in
air, revealing their good stabilities in H,, H,O(g), CO,, and H,S mix-
tures. The membrane material should have both high electronic and
jonic conductivities under operation conditions to accelerate the
ambipolar diffusion of oxygen ions and electrons through the bulk.
The total conductivities of SDC-SSCF were tested in the temperature
range of 600-950°C under atmospheres of 80% H,-20% H,O(g) and
20% H,-80% H,O(g), as shown in Figure 5. The two atmospheres
were used to imitate the oxygen partial pressures of the membrane
for hydrogen production on both sides, respectively. As shown in

Figure 5a, the corresponding oxygen partial pressures increase from

FIGURE 2 HRTEM analysis of the
catalyst and membrane. (a, b) HRTEM
images and (c) EDX elemental mapping
of the Ni/SDC catalyst, (d) HRTEM
images of SDC-SSCF membrane. EDX,
energy dispersive X-ray; HRTEM, high
resolution transmission electron
microscopy [Color figure can be
viewed at wileyonlinelibrary.com]

8.1x 107210 2.5 x 107 atm and 2.1 x 1072 t0 7.9 x 107" atm as
the temperature increases from 650-950°C. The conductivity mea-
surement shows that SDC-SSCF is a mixed ionic and electronic con-
ductor under reducing conditions, which facilitates the charge
exchange between the catalyst and membrane. The Arrhenius plots of
the conductivities (Figure 5b) indicated that the conductive mecha-

nisms of the SDC-SSCF material in these conditions did not change.

3.3 | Performance of the membrane reactor

We compared the performances of Ni/SDC catalysts on Side Il pre-
pared using different methods. In M1 configuration, the Ni precursor
was added in the tape-casting slurry with a weight content of 1 wt%
in the porous support. Its porosity is about 44%, measured by the
Archimedes method. Its morphology is shown in Figure S2a. In the
other two configurations, a precursor solution of 10 wt% Ni/SDC was
infiltrated into the porous support, which was repeated for 10-20
times until the weight of the membranes increased by approximately
10% (M2, Figure S2b) or 20% (M3, Figure S2c). Meanwhile, the
corresponding porosities of M2 and M3 are 40% and 19%, respec-
tively. The hydrogen production performances of these membrane
configurations were evaluated in a reactor, first with model fuels and
then with fuels similar to the products of coal gasification. Fuel mix-
tures were fed to Side | and H,O(g) to Side Il. As shown in Figures 6
and S3, important parameters, such as the fuel concentration, flow

rates of fuel mixtures and H,O(g), and temperature, affect the
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FIGURE 3 SEM images of SDC-SSCF dual-phase membranes. (a) Fresh membrane (top view), and (b, c) membranes with catalysts (cross-
section of the M2). SEM, scanning electron microscopy [Color figure can be viewed at wileyonlinelibrary.com]

(a)

Ni/SDC in 100 ppm H,S, 10% H,0(g), 50% H,
L_L 1 LA A S ard

Ni/SDC in 10% CO,

LR

M_L j l Ni/SDC in air
e e

Intensity
&

Ni
| e NIO,
b e Eluonte

20 : 30 40 50 60 70 80
20 (degree)

(b)

SDC-SSCF in 100 ppm H_S, 10% H,0(g), 50% H,

SDC-SSCF in 10% CO,

g e

SDC-SSCF in air

e

Perovskite

Fluorite

Intensity

207 7300 460 7m0 ko0 360 ®0
20 (degree)

FIGURE 4 XRD patterns of (a) 10 wt% Ni/SDC and (b) SDC-SSCF treated under different atmospheres. The standard JCPDS files for fluorite
(CeO,, PDF#43-1002), Ni (PDF#04-0850), NiO (PDF#47-1049), and perovskite (FeSmQO3, PDF#39-1490) are also listed in this figure. XRD, X-ray

diffraction [Color figure can be viewed at wileyonlinelibrary.com]

hydrogen production rate on Side Il significantly. Hydrogen produc-
tion rates of all membranes were raised with fuel concentrations
(Figure 6a). This is ascribed to the increase in oxygen ionic flux with
larger oxygen partial pressure gradient between the two sides of the
membrane (Figure S4), which is up to four- to five-orders of magni-
tude compared to the one-order of magnitude in the hydrogen partial
pressure. The higher oxygen partial pressure gradient drives faster
oxygen permeation, and hence, much higher hydrogen production
rates than proton-conducting membranes under similar conditions, as
compared in Table S1. The conversion rates of water were also plot-
ted in Figure 6¢c. When the flow rate of H,O(g)-He was 45 ml min~%,
the conversion rates of water reached to 17.6%, 20.2%, and 19.2% in
M1, M2, and M3 reactors, respectively. The conversion rates of water
would not be very high because of the short contact time of reactants
with membranes in the disk membrane reactors and limited mem-
brane areas. Higher water conversion rates will be achieved when

using tubular membrane reactors under elevated operating pressures.

Temperature is an important factor that affects the hydrogen
production process. The critical substeps, including water splitting,
hydrogen oxidation reactions, and ambipolar transport of oxygen
ions and electrons, are all thermally activated. Below 940°C, the
rate on M1 is lower than those on M2 and M3, as the directly added
Ni catalysts in the porous support have lower activity in M1.45-47
The membrane (M3) with more catalysts but lower support porosity
(19%) shows lower hydrogen production rates than M2 (40%),
which indicates that concentration polarization partially influences
the performance. The separation factors under each condition were
10%-10" (Tables $2-54), showing that the 36 um dense layer effec-
tively produced high purity hydrogen using the fuel mixture. The
hydrogen production rates of M2 are comparable to those of Pd-
based membranes (Table S5) but without using precious metals. In
addition, the hydrogen production rates and separation factors of
M2 are much higher than those of microporous membranes
(Table Sé).
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FIGURE 5 Dependence of (a) the total conductivities of SDC-SSCF and the corresponding oxygen partial pressures on temperature under
atmospheres of 80% H,-20% H,O(g) and 20% H,-80% H,O(g). (b) Arrhenius plots of the conductivities. The total flow rate of the gas mixtures
was 200 ml min~? [Color figure can be viewed at wileyonlinelibrary.com]
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The hydrogen production was demonstrated on membrane con-
figuration M2 with syngas (H,/CO ratio of 1, close to the syngas com-
position from a general electric energy [GEE] gasifier) on Side I. The
influence of flow rate of syngas and temperature are shown in
Figure 7 and S5. The conversion rates of CO, H,, and H,O in each
operation condition are plotted in Figure 7, which all increase at
higher temperatures. The hydrogen production rates increase with
increasing flow rates of syngas (Figure 7a) and temperatures
(Figure 7b). However, due to the short contact time of the reactant
gases in the membrane reactor, the conversion rate of CO cannot
reach a high level. Nevertheless, a CO conversion rate of 41% was
reached at 900°C, as shown in Figure 7a. The corresponding H, and
H,O conversion rates were 54% and 3%, respectively. In principle, the
syngas can be completely converted into water and CO, with an oper-

ation model shown in Figure S6. Our group is working on the reaction
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in tubular membrane reactors to obtain complete conversion of CO
and achieve a high conversion rate of water.

CO, and H,S impurities are poisonous to many OTMs and Pd-
based hydrogen-permeable membranes. Here, the stability of the
SDC-SSCF membrane (M2 configuration) was evaluated under dif-
ferent atmospheres for 550 hr (Figure 8a). The hydrogen production
rate remained constant, yet at different values depending on the
atmospheres on Side I. The rate dropped to a stable value as CO,
was introduced, which is related to the weak and reversible adsorp-
tion of CO, on membrane surface.®4*8-° The production rate was
fully recovered when CO, was removed. The membrane reactor also
kept stable performance in H,S containing environments even when
its concentration was increased to 200 ppm, with the balance gas
being H». Finally, we examined the stability of the membrane reac-

tor with a gas mixture mimicking a real syngas composition from a
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FIGURE 7 Dependences of the hydrogen production rates, and conversion rates of H,O, H,, and CO on (a) the syngas flow rate and on
(b) temperature for M2 [Color figure can be viewed at wileyonlinelibrary.com]
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FIGURE 8 The hydrogen production rates during the long-term stability tests of M2 under various atmospheres at 900°C. The flow rate of
H,O(g)-He mixed gas (H,O(g)/He = 9) was kept at 200 ml min~! on Side Il, and the flow rate of fuel mixtures balanced with N, was kept at
100 ml min~* on Side | [Color figure can be viewed at wileyonlinelibrary.com]
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FIGURE 9

SEM images of the spent membranes after long-term stability tests. (a-d) After 550 hr operation (containing 200 ppm H,S); (e-h)

after 400 hr operation (containing 1,000 ppm H,S); (b, c, and g) cross-section; (a, e, and f) surface section; (a, e) Side | (H, side); (d, f, and h) Side Il
(H,O(g) side). SEM, scanning electron microscopy [Color figure can be viewed at wileyonlinelibrary.com]
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FIGURE 10 EDX results of the Side | (containing H,S) surface of the spent membranes. (a) M2 after 550 hr operation (containing 200 ppm

H,S) and (b) membrane after 400 hr operation (containing 1,000 ppm H,S). EDX, energy dispersive X-ray [Color figure can be viewed at

wileyonlinelibrary.com]

GEE coal gasifier with a HyS concentration up to 1,000 ppm
(Figure 8b). The membrane maintained stable performance for about
400 hr.

Following the long-term operation, the membrane reactor was
stopped for postmortem, as shown in Figures 9, 10, and S2. The cata-
lyst grains on the surface of Side | grew bigger (Figures 9a,c and S2),
which indicated the issue of potential catalyst sintering. Further works
should be focused on the development of anti-sintering catalysts. The
cross-section of the spent M2 (Figure 9b,c) remained intact under var-
ious atmospheres. As shown in the EDX results (Figure 10), no sulfur
depositions were detected on the surfaces of the membranes and cat-
alysts of the Side | (containing 200 or 1,000 ppm H,S). Meanwhile,

TABLE 1 Thelocal-area EDX results of the fresh membrane and
spent M2 after 550 hr long-term test
Elements (Atom%)
Membranes Sr Ce Cr Sm Fe
Fresh 9.24 56.46 2.76 17.32 14.22
Spent 10.34 56.09 2.94 16.24 14.40

Abbreviation: EDX, energy dispersive X-ray.

the composition contents of the membranes and catalysts were listed
in Tables 1 and 2. No remarkable changes in the compositions of the

dense layer and the catalyst layer were found between the fresh and
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TABLE 2  The local-area EDX results
El ts (Atom%
of the fresh and spent catalysts of M2 O )
after 550 hr long-term test Membranes Position Sr Ce Cr Sm Fe Ni
Fresh H, side Surface 1.24 64.74 0 11.29 1.23 21.49
Cross 1.41 64.35 0 11.83 1.47 20.95
H,0 side Surface 8.23 53.86 4,02 17.6 12.19 4,09
Cross 7.42 52.41 5.09 19.03 12.04 4.00
Spent H, side Surface 18.05 51.54 0 8.94 4.40 17.05
Cross 1.95 62.24 0 11.66 4.43 19.73
H,0 side Surface 17.2 48.39 4.25 16.62 11.04 249
Cross 6.20 55.71 4.40 17.8 12.62 3.27
Abbreviation: EDX, energy dispersive X-ray.
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