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Abstract

A novel membrane reactor consisting of CepoGdo1025 — GdoSrooFepoTip 1055
(CGO—GSFT) is used to combine air separation with biogas reforming in a single unit. The
composite material CGO—GSFT was synthesized via a combined EDTA—citrate complexing
sol-gel method. Characterization with XRD, SEM and EDXS revealed that the composite
material was a two-phase fluorite-perovskite system with good compatibility and a
homogeneous percolative network. XRD demonstrated that the CGO-GSFT membrane shows
a good phase stability not only in CO, but also in simulated biogas atmosphere. Under the
gradient of air/simulated biogas, the oxygen permeability and methane conversion was
increased by either raising the operating temperature or increasing the CO, concentration. At
890 °C and a CH4/CO, molar ratio of 1.5, an oxygen permeation flux of 1.1 cm® min” cm™
through the CGO—GSFT membrane was achieved while methane conversion reached 83%,

and remained stable for nearly 150 h before the measurement was intentionally stopped.

Keywords: biogas reforming, syngas, dual-phase oxygen transporting membrane, oxygen

permeation, stability
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Introduction

Rapid depletion of fossil fuels and increasingly stringent environmental
regulations for greenhouse gases' ™ are leading to an increased interest in the search of
renewable resources as alternatives for syngas (a mixture of H, and CO) production
and its further catalytic transformation into a great variety of products such as
Fischer-Tropsch fuels, methanol and ammonia. Biogas, a mixture primarily composed
of methane (60—70%), carbon dioxide (30—40%) and a small amount of H,S, H,O and
siloxanes typically produced by anaerobic digestion of biogenic materials, is
considered a promising alternative to fossil fuels and has attracted considerable
attention from both energy and environmental viewpoints.® In addition to the direct use
of biogas as a fuel for cooking and internal combustion engines,’ biogas can be
converted catalytically through the dry reforming of methane (R1) into syngas for
producing high value chemicals. Thus, biogas reforming is considered to be a
meaningful complementary route for syngas production without the involvement of

fossil resources.

DRM: CH, +CO, — 2CO +2H, AH,, =+ 206.2 kJ/mol R1
POM: CH, +0.50, — CO+2H, AH,,, =—35.6kl/mol R2

Dry reforming of methane (DRM) is a strongly endothermic reaction and needs a
theoretical ratio of CH4 to CO; of 1:1, as indicated in equation R1. However, the CO,
concentration in biogas is less than 50% (usually 30—40%). To fully convert methane

into syngas, additional air can be fed in together with the biogas, resulting in a
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combination of DRM with partial oxidation of methane (POM, R2).7® In this case, a
portion of methane from the biogas will be converted to syngas via POM, in situ thus
providing heat for the concurrent endothermic reaction between CO; and the rest of
the methane from the biogas.” However, this co-feed process of biogas and air to
syngas may be still subject to an additional oxygen-nitrogen separation plant because
the downstream Fischer-Tropsch process usually needs nitrogen-free syngas. A
significant part of the investment cost in the pure oxygen plant has so far limited
biogas to fuel conversion technologies.

In our previous works, coupling oxygen transporting membranes (OTMs) with
methane conversion to syngas or other chemicals used air directly as an oxidant, which
enable the oxygen separation and catalytic oxidation in one unit.** Such a coupling
strategy could simplify the operating process and reduce the cost. Consequently, it is
reasonable to expect that the air separation plant in the conventional biogas reforming
process could be eliminated by an OTM reactor. For practical applications, OTM
materials must exhibit high oxygen permeability while maintaining structural and
chemical stability under harsh working conditions (such as CO,, CH4, syngas etc.).
Accordingly, the conversion of biogas to syngas means that most of OTMs doped by

3% in the B-site of the perovskite structure

large amounts of Ba®" in the A-site or Co
10-11 12-13
such as Bag.5Srg 5Co0g gFe0.203-s, BaCojxyFeNb,O3-5 and

BaCo1_,(_yFeXZry03_5,14 cannot be taken in consideration owing to their poor phase

stability and chemical stability under a large oxygen partial pressure gradient, with one
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side of the membrane exposed to air and the other side to CO; containing atmospheres
or reducing atmosphere.'>"”

Mixed conducting dual-phase OTMs'*>* have attracted considerable attention in
the past few decades since the two phases can be tailored separately as requested for a
particular application. In particular, dual-phase membranes consisting of oxygen ionic
conducting oxides and mixed ionic-electronic conducting oxides exhibit higher oxygen
permeability than those of traditional dual-phase membranes (i.e. a mixture of ionic
conducting oxides and pure electronic conducting oxides), together with high chemical
stability in the presence of CO, in a wide temperature range® or under the condition of
the POM reaction.’® Based on this design concept of dual-phase membranes and the

27-28 - .
in this work a new

fact of the less flexible redox behavior of iron than cobalt,
oxygen transporting membrane for simulated biogas reforming to produce syngas has
been developed. The membrane comprises an oxygen ionic conducting oxide
Cep9Gdo. 1025 (CGO) with a fluorite structure and a mixed conducting oxide
Gdo.1Sro9oFep9Ti0.103-5 (GSFT) with a perovskite structure. This CGO—GSFT dual
phase membrane demonstrates good oxygen permeability and considerable stability

under simulated biogas reforming to syngas condition for about 150 h.

Experimental

Synthesis of the composite powders and membranes
The dual-phase oxides with composition of 60 mol% Ce9Gdj 1025 —40 mol%
Gdo.1Srp9Fep9Tip103-5 (60CGO—40GSFT) were synthesized via a one-pot method?’

with Ce, Gd, Sr and Fe metal nitrates and titanium butoxide (first dissolved in ethanol
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and lactic acid). All the powders were calcined at 950 °C for 10 h in air and then
pressed into disks under a pressure of 230 MPa. The disks were sintered at 1450 °C for
10 h in air to obtain gas-tight membranes with 15.4 mm in diameter and 0.7 mm in

thickness.

Characterization of membrane materials

The crystal structures of the fresh and spent membranes were characterized by
X-ray diffraction (XRD, D8-advance, Bruker, Germany) using Cu Ka radiation. The
experimental diffraction patterns were collected by scanning in a 20 range of 20—80°
with an interval of 0.02°. The morphology and EDXS analysis of the membranes were

determined by a Hitachi S-4800 field emission scanning electron microscope.

Biogas reforming performance of the dual-phase membranes reactor

Biogas reforming using a dual-phase CGO—GSFT oxygen permeable membrane
was performed in a home-made membrane reactor.”® A disk-shaped membrane was
sealed onto an alumina tube using a glass ring (Schott 8252) at 1030 °C for 1 h. 0.3 g
of commercial Ni,O3/Al,O3 catalyst (Stid Chemie AG) with a grain size of 0.3 — 0.5
mm diluted with SiO, powder was loaded on the biogas side of the membrane. After
leakage testing under air/He gradient, oxygen permeation performances were
examined based on two membrane disks, respectively. The oxygen permeation fluxes
were well duplicated in two experiments. Simulated biogas diluted with helium (total
20 cm® min™") was fed to one side with packed catalyst (biogas side) and synthetic air
with a flow rate of 100 cm® min™' was fed to the other side (air side). The helium and

carbon dioxide flow rates were controlled by gas mass flow controllers (Bronkhorst,

6



Published in: Ind. Eng. Chem. Res. 2017, 56, 10134-10141

Germany). The methane and synthetic air flow rates were controlled by mass flow
controllers (Seven Star, China). All flow rates were calibrated regularly by using a
bubble flow meter. The gas composition of the outlet stream on the biogas side was
analyzed using an on-line gas chromatography (GC, Aglient 7820B) equipped with
HayeSep Q and Molsieve 5A modules. Appropriate sealing was confirmed by
detecting the nitrogen tracer content of the outlet stream on the biogas side, which was
only considered when the gas leakage was lower than 1 % of the permeate.
Furthermore, performance stability study of the CGO—GSFT membrane exposed to
simulated biogas/air gradient was carried out at 890 °C.

The oxygen permeation fluxes through the CGO—GSFT membranes were
calculated from the amount of oxygen-containing species in the inlet and outlet
streams on the biogas side. The oxygen permeation flux J(O;), methane conversion
X(CH4) and CO selectivity S(CO) for biogas reforming were calculated using the

following equations:

30, = F(co,out)+2F(coz,out)2+AF(Hzo,out)—2F(coz,in) (eq.1)

o= (1 (CHs0ut o 2
X(CH4#)=( I:(C|_|4,in))x100/ (eq.2)
S(CO) =( F(CO) )x100% (eq.3)

F(CH4,in)+ F(CO,in)— F(CH 4,0ut) — F(CO>,0ut)
Where F;j is the flow rate of species i, and A is the effective area of the membrane.

Results and discussion

Structure and morphologies
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Figure 1 shows the XRD patterns of the CGO—GSFT powder after calcining the
precursor ash at 950 °C in air for 10 h and of dense membrane after sintering at 1450
°C in air for 10 h. For comparison, reference cubic fluorite (CGO) and perovskite
(SrFeOs-5) structure diffraction patterns are also indicated (ICDD 00-075-0161 and
00-034-0638, respectively). The composite material comprised only a CGO phase
(space group 225: Fm-3m) and a GSFT phase (space group 221: Pm-3m), indicating
that the two phases have good structural compatibility with each other. The good
phase compatibility is also based on that the two phases have the same rare-earth
element gadolinium.

Figure 2 shows the scanning electron microscopy (SEM) and energy-dispersive
X-ray spectroscopy (EDXS) images of the sintered dual phase CGO—-GSFT
membrane. In Figure 2a, a homogeneous distribution of grains is observed. Further
magnification (Figure 2b and Figure 2c) indicates that the dual-phase membrane is
dense and no defects (cracks, pores) are visible. It is known that a high sintering
temperature of about 1600 °C is necessary to obtain a dense CGO membrane.’' Since
the addition of iron-based perovskite oxides acting as a sintering agent can lower the
sintering temperature of CGO,**** dense CGO—GSFT membranes were obtained after
sintering at only 1450 °C. The phase distribution of the membrane is shown by EDXS
(Figure 2d-f). Figure 2d shows the color version EDXS where the green color is due to
overlapping of the Gd, Sr, Fe and Ti signals, whereas the blue color derive from an

average of the Ce and Gd signals. The Sr distributions in the GSFT grains (Figure 2e)
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and Ce in the CGO grains (Figure 2f) indicate that the grains of the two phases are

well separated with clear grain boundaries.

Thus, from the XRD patterns and SEM—EDXS images, the dual phase membrane
with a GSFT perovskite phase and a CGO fluorite phase was successfully synthesized
via a one-pot single-step procedure. The two phases were chemically compatible with
each other and no reactions or impurities were discovered between them. A good
network for oxygen ionic and electronic diffusion was formed in the CGO-GSFT

composite membrane.

Phase stability of CGO—GSFT dual phase material

Considering the use of the CGO—GSFT membrane for biogas reforming to syngas
at high temperatures, the membrane material must well tolerate CH4 reduction and
CO; corrosion. To evaluate its biogas tolerance, sintered CGO—GSFT membranes
were exposed to various atmospheres at 850 °C for 24 h, including pure He, pure CO,
and simulated biogas (30% CHy4 + 20% CO,) balanced with He, as shown in Figure 3.
Basically, the well-known problem of Fe-based OTM materials is poor stability
because of the phase transformation from cubic structure to orthorhombic distorted
perovskite or hexagonal structure at low temperatures.>*>> On the other hand, CO, is
known to be a corrosive gas to most of OTMs that usually contain high basicity
elements such as Ba.’® However, all the treated membrane samples in this work
retained their dual phases CGO (cubic fluorite) and GSFT (cubic perovskite). In
particular, no carbonate phase was observed in the sample after exposure to pure CO,

at 850 °C for 24 h (Figure 3), indicating that CGO — GSFT membrane had a good CO,
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tolerance. This can be further supported by SEM-EDXS results. As shown in Figure
S1 (see Supporting Information), the CGO-GSFT grains were visible and no obvious
enrichment of carbonate at the grain boundaries was observed. This contrasts with the
Ce3Gdo201.9 — Gdp2Srp sFeOs35s membrane, and SrCO; phase was detected in this dual

. . .. 29
phase membrane under methane oxidation condition.

Thus, the improved CO;
tolerance of CGO-GSFT membrane material should result from Ti doping which can
reduce surface basicity of membrane surface and influence CO, adsorption at the
membrane surface.’’ After exposure to simulated biogas atmosphere, both the cubic
structure and phase composition remained unchanged, and no secondary phases
resulting from the reduction of the transition metal ions in perovskite oxides™® were
detected by XRD, revealing the better reduction tolerance of CGO—GSFT dual-phase
materials than that of cobalt based materials.”**° Considering that raw biogas also
always contains a significant amount of impurities such as H,S and H,O, the phase
stability of CGO — GSFT membranes exposed to 500 ppm H,S and 3 vol.% H,O
atmospheres at 850 ‘C was investigated respectively (see Figure S2 in Supporting
Information). According to the XRD patterns, the CGO-GSFT membrane exhibited a
good chemical stability under a H,O containing atmosphere. However, additional
diffraction peaks assigned to the strontium sulfate phase®' were observed from the
H,S-treated sample, indicating low sulfur tolerance of the CGO — GSFT membrane.
Therefore, in practice biogas desulfurization is needed prior to converting biogas to

syngas in membrane reactors, which is also a common method in other biogas

utilization processes.” The above results suggest that the dual-phase CGO—GSFT

10
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membrane is chemically stable in CO,, simulated biogas and H,O containing
atmospheres, which is acceptable for the syngas production via the coupling of biogas

reforming and air separation processes.

Conversion of biogas to syngas in a membrane reactor

The dual phase CGO—GSFT membrane with good CO, and reduction tolerance
was successfully used as a reactor for the coupling of air separation and biogas
reforming to syngas. As shown in Figure 4, the two sides of the CGO—GSFT
membrane are applied by synthetic air and simulated biogas with varying carbon
dioxide concentrations, respectively. Under this environment, oxygen molecules on
the air side adsorb on the membrane surface and dissociate into oxygen ion species.
These oxygen ions then diffuse through the bulk of the membrane via oxygen
vacancies to the biogas side where they are consumed. Because oxygen ions are
transported via lattice oxygen vacancies in the membrane, nitrogen is completely
isolated on the air side and the syngas produced on the other side is nitrogen free. The
enlarged image in Figure 4 schematically shows the expected series of catalytic
reforming processes of simulated biogas for syngas production on the permeate side.
Before reaching the membrane surface, dry reforming of methane with carbon dioxide
(R1) first takes place in the top zone of the catalyst, i.e. Ni/Al,O3;. The generated
syngas will further move to the membrane surface and be oxidized by the permeated
oxygen on the membrane surface (R3). At the same time, part of the permeated

oxygen may also be consumed by methane combustion according to R4. The formed

11
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H,0O and CO; will leave from the membrane surface and react with the excess methane

to produce syngas (R1 and R5) before leaving the catalyst bed.

CO+H, +20" — H,0+CO, R3
CH, +40" — 2H,0 + CO, R4
CH, +H,0 — CO+3H, R5

Figure 5 presents the oxygen permeation flux (Figure 5a) and biogas reforming
performance (Figure 5b) in the membrane reactor at 850 °C as a function of CO;
concentration in simulated biogas with synthetic air as the feed gas. Also, the exit gas
composition, CO, conversion and the mole balance of carbon and hydrogen are given
in Table S1. Carbon and hydrogen balances were within 5% in all experiments,
suggesting that carbon deposition was not obvious and no water presented in the
products. In all cases, excepting without CO, introduction, the products from biogas
reforming contain CH4, CO, H,, CO; and carrier gas (He). High conversion indicates
that most of CO; in the simulated biogas was consumed. If only sending methane and
helium, without any CO, were sent to the permeate side, the oxygen permeation flux
through the membrane was 0.18 cm® min' cm? (Figure 5a), meanwhile CHy
conversion was 10.6%, and syngas with a H,/CO ratio of around 2 was obtained on the
permeate side (Figure 5b), implying that methane was mainly converted to syngas on
the other side. Compared to CepgsSmg 501925 - SmygeSrosFeOss dual-phase
membrane,*” the relatively lower oxygen flux of the CGO-GSFT membrane under
air/methane gradient should be related mainly to the lower oxygen vacancy

concentration due to Ti substitution for Fe in the GSFT oxide.*™**

However, at the
expense of oxygen permeability, Ti substitution in GSFT oxide could significantly

improve the thermal and chemical stability of CGO — GSFT membranes under

12
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reducing and CO, atmospheres. Upon feeding CO, into the methane stream, carbon
dioxide and methane were first converted into hydrogen and carbon monoxide which
can faster consume the permeated oxygen on the membrane surface compared to
methane. As a result, the oxygen permeability of the membrane was significantly
improved due to the larger driving force. For example, when the CO; concentration in
the stream was 5 vol% (CH4/CO, feed ratio of 6), a higher oxygen permeation flux of
about 0.33 cm® min™ cm™ was obtained, which is nearly twice as high as the flux of
diluted methane alone as the sweep gas and more than three times higher than the flux
of helium as the sweep gas (see Supporting Information Figure S3). At the same time,
CH4 conversion increased to above 25% which was higher than the equilibrium
conversion for the DRM reaction, indicating that other methane conversion reactions
such as POM took place on the methane side. Furthermore, no steam was detected in
the exit gases (Supporting information Table S1), suggesting that the H,O formed on
the membrane surface was converted fully by steam reforming (R5). In an earlier
study, Evan et al. also found that steam reforming of methane to syngas can serve as
an adjunct during biogas reforming,* Such a supplementary role of steam reforming
could limit the presence of water in the final products. Accordingly, if CH4+/CO, feed
ratio exceeds 1.0 by increasing the methane flow rate or concentration of CHy, the
intermediate water can be consumed by the excess methane, and the possibility of
water presence in the product stream will be significantly reduced. However, it should
be pointed out that too much increase of methane flow rate will significantly decrease
the residence time in the catalyst bed, the formed water might leave the catalyst bed
very quickly before being consumed by steam reforming of methane and present in the

final product stream.

13
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With further increasing CO, concentration in the gas stream, the oxygen
permeation flux and the amount of syngas obtained are expected to increase. As shown

in Figure 5a, the oxygen permeation flux increased gradually from 0.33 to 1.0 cm’

' ¢m™? when the CO, concentration was increased from 5 vol.% to 20 vol.%.

min’
Accordingly, the CH4 conversion in the simulated biogas stream was enhanced to
approximately 82% (Figure 5b). At the same time, the H,/CO ratio decreased
gradually and then stabilized at around 1.2, indicating that the DRM and POM
reactions took place simultaneously on the biogas side of the membrane reactor.

Figure 6 shows the temperature dependence of CH4 conversion, CO selectivity and
oxygen permeation flux with simulated biogas consisting of 30 vol.% CH4 and 20
vol.% CO, (CH4/CO; feed ratio of 1.5). Each temperature was held for about 1 h and
the corresponding data points were recorded at least three times to ensure the accuracy
of the results. It can be seen that CH4 conversion increased from 79 to 83%, CO
selectivity increased from 96 to 99% and oxygen permeation flux increased from 0.6
to 1.1 cm’ min"' ¢cm™ when the temperatures were increased from 830 to 890 °C. For
simulated biogas with a specific CH4/CO, ratio of 1.5, the increase in oxygen
permeation flux with temperature spontaneously led to an increase in methane
conversion. Furthermore, the increase of CO selectivity with raising temperatures and
the fact that no water was detected in the products suggested that the permeated

oxygen was less than the needed for the stoichiometric methane conversion reactions

in the present study.
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With good chemical stability and high oxygen permeability, the performance of
the CGO—GSFT dual phase membrane reactor for biogas reforming was investigated
as a function of time. Figure 7 presents the behavior of the CGO—GSFT dual phase
membrane reactor as a function of time in which one side was exposed to simulated
biogas (CH4+/CO; = 1.5) and synthetic air was fed to the other side. During a period of
nearly 150 h, approximately 1.03 cm® min"' cm™ of oxygen permeation flux and more
than 80% of methane conversion as well as nearly 100% of carbon monoxide
selectivity were obtained at 890 °C. In this period, the CGO—GSFT membrane
operated steadily and no fracture occurred. Furthermore, there was no ignition step in
this membrane reactor, which is different from the induction process observed at the
initial stage of POM.* It should be noted that the first data point was collected after a
2-hour activation stage of methane feeding into the reactor (Supporting Information,
Figure S4). During that time Ni species in the catalyst were activated to metallic Ni’.*’
Following the activation period, a steady-state conversion of simulated biogas to
syngas was achieved via catalytic dry reforming and partial oxidation of methane in
the membrane reactor. The activated oxygen species (e.g. 0>, O, 0,7, 0,°)*" at the
membrane surface on the permeate side could increase CH4 conversion and improve
biogas utilization.

After the long-term operation, the phase composition and morphology of the
membrane were characterized by XRD and SEM-EDXS. The diffraction peaks of

CGO and GSFT phases for the spent membrane still existed, indicating that the

CGO-GSFT membrane was stable under biogas reforming condition (Supporting

15
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information Figure S5). In addition, the weak peaks observed around 27° (20) were
assigned to graphite formed by coke deposition, as reported for the CepssSmg 1501 925 —
Smy ¢Sro4FeOs.s dual phase membrane exposed to POM reaction condition.* Figure 8
shows SEM images of the surface on the biogas side and cross-section exposed to air
of the spent membrane operated for over 140 h. Compared with the fresh membrane
(Figure 2), the CGO and GSFT grains in the spent membrane were less easily visible,
as shown in Figure 8a. This may be attributed to a combination of three causes
including carbon deposition,* contamination caused by Ni-Al,Oj; catalyst loading on
the top of the membrane, and sintering during biogas reforming which enables the
grains to be more closely packed.”' The SEM-EDXS images (Figure 8b and Figure S6
in Supporting Information) for the cross-section of the spent membrane shows that the
membrane remains dense after long-term operation, indicating the good stability of the
CGO—GSFT membrane. With respect to the cobalt-containing membrane in our
previous work,”® we demonstrated the coupling of water splitting and ethane
dehydrogenation in a BaCosFe,Zr;,,0O3-5 membrane reactor and observed
Co-enriched particles on the spent membrane surface. Cobalt extraction by reduction
of cobalt from the perovskite structure led to membrane performance degradation. All
this information indicates that the Co-free CGO—GSFT dual phase membrane has a
high tolerance for reducing atmosphere and exhibits high potential for integration with
biogas reforming for syngas production. However, in order to meet the practical
operation conditions and commercialization purposes, future work regarding this

membrane in biogas reforming should focus on membrane configuration, membrane
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reactor performance in raw biogas as well as the process integration of membrane

reactor with pre-treatment systems of biogas.

Conclusions

The present study experimentally demonstrated a way for producing syngas from
biogas reforming in oxygen transporting membrane reactors. The membranes were
made of a fluorite CGO phase as the oxygen ionic conductor and a perovskite GSFT
phase as the mixed ionic-electronic conductor. The characterization results revealed
that the CGO and GSFT phases formed a percolative network and had good structural
compatibility with each other. CGO—GSFT dual phase membranes exhibited high
chemical stability after a 24-hour exposure treatment by He, CO; or simulated biogas.
The experimental results show that the syngas produced in CGO—GSFT membrane
reactor was virtually free of nitrogen from the air side, and the CH4 conversion
increased with enhancing oxygen permeation flux by either feeding more CO; to the
permeate side or increasing operating temperature. When CH4/CO; ratio was 1.5, an
oxygen permeation flux of 1.1 cm® min” ¢cm™ was obtained at 890 °C while CH,4
conversion reached a maximum at 83%. Under the same condition, this CGO—GSFT
membrane reactor was operated steadily for nearly 150 h. SEM results indicated that
the spent membrane retained its dual-phase structure and integrity. These results reveal

that CGO—GSFT has a great application potential for reforming biogas to syngas.
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Figure Captions
Figure 1. XRD patterns of the dual-phase 60CGO—40GSFT powder calcined at 950 °C for

10 h and the dual-phase membrane sintered at 1450 °C for 10 h.

Figure 2. SEM (a, b, ¢) and EDXS (d, f) images of the 60CGO—40GSFT dual phase
membrane after sintering at 1450 °C in air for 10 h. For the EDXS mapping in d,
superimpositions of the Ce-La, Ce-LB, Gd-La, Gd-Lp (blue) and Gd-La, Gd-Lp, Sr-La,

Fe-Ka, Fe-Kp and Ti- Ka (green) signals were used.

Figure 3. X-ray diffraction patterns of CGO—GSFT dual phase membranes before and after

exposure to various atmospheres at 850 °C for 24 h.

Figure 4. Concept of syngas production from catalytic biogas reforming in CGO—GSFT dual

phase oxygen transporting membrane reactor.

Figure 5. Oxygen permeation fluxes (a), CH4 conversion (Xcu4), CO selectivity (Sco) and
H,/CO ratio (b) through 0.7 mm thick membrane by exposing one side to air (100 cm’ min™)
and the other side to He-CH4-CO, (total 20 cm’ min'l) with a CH4 concentration of 30% and a

CO; concentration of 0%, 5%, 10%, 15% and 20%. Temperature: 850 °C.

Figure 6. Influence of temperature on the CHy4 conversion (Xcpna), CO selectivity (Sco), and
oxygen permeation flux (Jop) through the 60CGO—40GSFT dual phase membrane in the
coupling of biogas reforming and air separation. Conditions: 100 cm® min™ air as feed gas, 20
cm’ min”' simulated biogas (He-CH4-CO») as sweep gas with CH4 concentration of 30% and

CO, concentration of 20%. Membrane thickness: 0.7 mm.

Figure 7. Time-dependence of CHy4 conversion (Xcns), CO selectivity (Sco) and oxygen
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permeation flux (Jo) in the CGO—GSFT dual phase membrane reactor, Conditions: 100 ¢cm’
min™ air as feed gas, 20 cm’ min” simulated biogas (He-CH4-CO,) as sweep gas with CHy
concentration of 30% and CO, concentration of 20%. Membrane thickness: 0.7 mm,

Temperature: 890 °C.

Figure 8. The SEM micrographs of the membrane surface on the biogas side (a) and
cross-section (b) of the spent membrane exposed to air after biogas reforming for nearly 150

h.

27



Published in: Ind. Eng. Chem. Res. 2017, 56, 10134-10141

m GSFT
o CGO

. : = CGO-GSFT disk

Intensity / a.u
i
=
&

o)

[ I — | | | |srFe0sss
B l | | | | lceo

Figure 1. XRD patterns of the dual-phase 60CGO—40GSFT powder calcined at 950 °C for

10 h and the dual-phase membrane sintered at 1450 °C for 10 h.
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Figure 2. SEM (a, b, ¢) and EDXS (d, f) images of the 60CGO—40GSFT dual phase
membrane after sintering at 1450 °C in air for 10 h. For the EDXS mapping in d,
superimpositions of the Ce-La, Ce-LB, Gd-La, Gd-Lp (blue) and Gd-La, Gd-Lp, Sr-Lo,

Fe-Ka, Fe-Kf and Ti- Ka (green) signals were used.
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Figure 3. X-ray diffraction patterns of CGO—GSFT dual phase membranes before and after

exposure to various atmospheres at 850 °C for 24 h.
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Figure 4. Concept of syngas production from catalytic biogas reforming in CGO—GSFT dual

phase oxygen transporting membrane reactor.
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Figure 6. Influence of temperature on the CH,4 conversion (Xcpa), CO selectivity (Sco), and
oxygen permeation flux (Joz) through the 60CGO—40GSFT dual phase membrane in the
coupling of biogas reforming and air separation. Conditions: 100 cm® min™ air as feed gas, 20

cm’ min™' simulated biogas (He-CH4-CO5) as sweep gas with CH, concentration of 30% and

CO, concentration of 20%. Membrane thickness: 0.7 mm.
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Figure 7. Time-dependence of CH,4 conversion (Xcns), CO selectivity (Sco) and oxygen
permeation flux (Jo) in the CGO—GSFT dual phase membrane reactor, Conditions: 100 ¢cm’
min™ air as feed gas, 20 cm’ min” simulated biogas (He-CH4-CO,) as sweep gas with CHy
concentration of 30% and CO, concentration of 20%. Membrane thickness: 0.7 mm,

Temperature: 890 °C.
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Figure 8. The SEM micrographs of the membrane surface on the biogas side (a) and
cross-section (b) of the spent membrane exposed to air after biogas reforming for nearly 150

h.
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