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In this study, Lag ¢Sro4Co9sGap203.5 (LSCG) hollow fiber membrane reactor was integrated with Ni/LaAlO3-Al,O3 cat-
alyst for the catalytic partial oxidation of methane (POM) reaction. The process was successfully carried out in the
medium temperature range (600-800°C) for reaction of blank POM with bare membrane, catalytic POM reaction and
swept with Hy:CO gas mixture. For the catalytic POM reaction, enhancement in selectivity to H, and CO is obtained
between 650-750°C when O,:CH, <I. High CH, conversion of 97% is achieved at 750°C with corresponding H, and
CO selectivity of about 74 and 91%. The oxygen flux of the membranes also increased with the increase in oxygen par-
tial pressure gradient across the membrane. The postreacted membranes were tested via XRD and FESEM-EDX for
their crystallinity and surface morphology. XPS analysis was further used to investigate the Ols, Co 2p and Sr 3d bind-
ing energies of the segregated elements from the reducing reaction environment. © 2013 American Institute of Chemical
Engineers AIChE J, 59: 3874-3885, 2013
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Introduction

Synthesis gas (syngas) production (a mixture of H, and
CO) is important in chemical industries as it can be easily
converted to chemicals and fuels (via Fischer-Tropsch syn-
thesis) and used for hydrogen production."? Production of
syngas via catalytic hydrocarbon conversion reactions such
as partial oxidation of methane (POM), and steam reforming
of methane (SRM), have been widely investigated since
CH,, the main component of natural gas, is readily accessi-
ble.> The POM reaction appears to be an attractive alterna-
tive to SRM for hydrogen production due to its mild
exothermicity, as compared to the highly endothermic nature
of the SRM reaction which renders it a capital and energy
intensive process.4 The main difficulty for POM reaction,
however, stems from the requirement of the costly cryogenic
air separation process for oxygen supply.

Several research developments focusing on integrated cat-
alytic membrane reactor systems with mixed ionic and elec-
tronic conducting (MIEC) membranes capable of selective
oxygen production from air have been carried out.*"" The
synergic effects of coupling separation and reaction in a sin-
gle unit are expected to play a decisive role in the area of
sustainable energy technologies by allowing a process design
without the cost intensive (cryogenic) oxygen separation
unit.">"® Hence, the optimal process design can minimize
energy consumption.'*
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According to Balachandran et al.® direct contact of the
membrane with the reducing gases of H, and CO from the
reaction may cause the oxide phase to lose the lattice oxy-
gen, resulting in decomposition of the perovskite structure.
Hence, immediate replenishment of the lattice oxygen
through thinner wall structure is crucial. In this regard, hol-
low fiber membrane configuration has distinct advantages
over disc or tubular membranes as it can provide larger area
per unit volume and enables facile high-temperature
sealing.15

Despite structural optimization, phase decomposition of
membranes under syngas producing conditions is a prevalent
issue due to the large oxygen partial pressure gradient from
the air and permeate (reaction) side. Since Teraoka et al.'®
first reported on perovskite oxides such as La,Sr;.(Coy.
FewO_g,(; with high-oxygen permeability, cobalt-based perov-
skite materials have been widely investigated.”’18 However,
Co-based materials are also known for their limited chemical
stability.' Pei et al.?® reported the failure mechanism on
SrCoq gFep,O, (SCFO) membranes which fractured under
POM conditions due to crystal lattice mismatch caused by
high-oxygen chemical potential gradient across the mem-
brane. In order to improve the stability of membrane materi-
als, cations with constant valence (Zr**, Ga’>" and AP’™)
were used as a partial substitution for the B-site cations
(Co*"/Co>" and/or Fe*t /Re?+).1921:22

We have recently tested the Ga-doped LagSrg4Cogg.
Gay 1035 (LSCG) hollow fiber membranes for CO, stability
with intermittent exposure to CH, and He as sweep gas.”’
Therefore, in this contribution, we explore the feasibility of
incorporating a Ni based catalyst and assembling a LSCG
catalytic hollow fiber membrane reactor for POM reaction.
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Figure 1. Schematic for catalytic LSCG membrane reactor setup.

Valuable insights on the morphological changes which took
place on the membrane surface upon POM reaction, as well
as upon exposure to H, and CO gases are discussed based
on data from elemental analysis techniques such as energy
dispersive spectroscopy (EDX) and X-ray photoelectron
spectroscopy (XPS). The medium temperature range of 600
to 800°C was chosen for study since a suitable operation
temperature is an important criterion for POM reaction. The
reason being, too low a temperature leads to insufficient oxy-
gen permeation, thereby limiting the methane conversion,
whereas too high a temperature leads to deep oxidation thus
compromising on product selectivity.24 Furthermore, too
high a temperature also results in catalyst sintering and deac-
tivation which is not practical for the system.’ Based on the
results of POM reaction, the possible reaction pathways were
postulated and compared with previous studies which were
mainly conducted at 800°C and above.

Experimental
LSCG hollow fiber membrane fabrication

The LagSr94C005Gag,03.5 (LSCG) composite perovskite
was synthesized via an ethylene glycol- citric acid complexa-
tion method as decribed in our previous study.23 Citric acid
(CA) (99.5+%, Merck) was dissolved in ethylene glycol and
water. Lanthanum(IIl) nitrate hydrate (99.9%), strontium
nitrate, cobalt(Il) nitrate hexahydrate and gallium(IIl) nitrate
hydrate (99.9%) were purchased from Sigma Aldrich. The com-
posite material was further calcined at 950°C for 5 h to obtain
the perovskite phase. Thereupon, the dense LSCG perovskite
hollow fiber membranes were fabricated by phase-inversion
spinning process as prescribed in our previous work.”> A mix-
ture consisted of LSCG powders, poly (ether sulfone) (PESf,
Radel A-300, Ameco Performance) and N-methyl-2-
pyrrolidone (NMP, Merck) were mixed in a ratio of 1:4:9 (mass
ratio). Upon stirring for 72 h, the solution was degassed prior to
spinning. A spinneret with the orifice diameter/inner diameter
of 2.4/1.1 mm was applied to form the hollow fiber precursors.
75% DI water-25% NMP and tap water were used as the inter-
nal and external coagulants, respectively. The green membranes
were sintered at 1750°C for 5 h to obtain gas-tight hollow fiber
membranes. Upon sintering, hollow fibers with inner diameter
about 800 um, and wall thickness about 170 um (with a dense
layer about 80 um), were obtained. The length of hollow fiber
membrane before sintering is about 33 cm, and after sintering is
about 23 cm. Hence, the membrane shrinkage is about 30%.
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Catalyst preparation

1.48 g of La(NO3)3.6H,0O (Sigma Aldrich) were added to
1.5 g of y-AlL,O; (Merck). The reactants were dissolved in
the appropriate molar ratios in DI water and stirred and
heated to 55°C. Upon drying, the catalyst support was placed
in an oven and left to dry overnight at 100°C. A calcination
temperature of 900°C for 6 h was then employed to facilitate
the solid-state diffusion for perovskite phase to form
LaAlO3-Al,O5 structure. 5 wt % Ni was then impregnated
on the LaAlO5-Al,O3 supports and upon drying overnight,
the catalyst was calcined at 400°C for 1 h (for nitrate
decomposition) and further to 600°C for 5 h.

POM reaction and sweep with H,:CO gas mixture

Figure 1 shows the schematic of the catalytic membrane
reactor setup. Two ends of the sintered fiber were adhered
by silicone glue (Dow Corning) to quartz tube. 0.2 g of a Ni
based catalyst developed by our research group (% Ni/
LaAlO3-Al,03) was spread on the quartz wool packed
around the hollow fiber in the midsection corresponding to
the optimal heated length in the furnace, which has a total
length of 15 cm (Carbolite MTF 10/15/130/3216P1). For the
blank POM reaction with only the bare membrane, the same
configuration was used except that no catalyst was packed.

The 5% Ni/LaAlO3-Al,O3 catalyst was first prereduced
under H, flow at 600°C for 30 min. Silver paste was coated
on all parts of the membrane surface except 4.5 cm of the
midsection which is the approximated length of the optimal
heating zone of the furnace. The purpose of coating the Ag
paste on the external surface of the membrane (apart from
the central heated area) was to create a barrier to minimize
permeation from other parts which are not within the central
heating zone. Hence, in this way, a more accurate estimation
of the O, flux from POM reaction can be determined. Air
flow rate of 100 mL min~' was introduced to the lumen
side, whereas the reactant was introduced on the shell side
(25% CHgy/He, 10 mL minfl). The furnace was heated up
from room temperature to 600°C at a rate of 2.5°C min~ .
POM reaction testing was conducted at the interval of 25°C
and held for 3 h for each interval. Reaction testing was car-
ried out in the medium temperature regime of 600 to 800°C.
In order to calculate the reactant conversion and products in
the effluent stream, the shell-side gas outlet was connected
to a gas chromatography (GC6890N, Agilent), and analyzed
by a thermal conductivity detector (TCD) using a Hayesep D
100/120 column. For the exposure to 50% H,:CO gas
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mixture (in helium), the sweep gas in the shell side consists
of 2.5 mL min~' H,, 2.5 mL min~! CO and 5 mL min
He™'. Air was introduced at a rate of 100 mL min~ ' in the
lumen side and the experiment was conducted in the same
way as the POM reaction.

The conversion of CHy (Xcg,), selectivity of CO (Sco),
and H, (Spy,), and the O, permeation flux (Jy,) are defined,
respectively as follows>

FCH4.in_FCH4,0ut

XCHA(%): X 100% (1)
Fcry.in
Sco(%)= Feoou X 100% 2)
FCO,ouI+FC02,ou[
FH out
S, (%)= 2 X 100% 3)
’ 2(Feryin=Feny ou)
F,
Jo,(mL - min "' em 2)="2 @)
A
1 1
Fo,= EFco.out+Fc02,out+ EFHZO,om‘*‘FOZ,om Q)
FHZO,oulzz(FCHUn_FCH“)u[) _FHz,oul (6)

where F; is the flow rate of species 7, in mL min~ !, S 4 is the
membrane surface area in cm?. Using the same formula for
conversion of CHy, the H, and CO conversions were simi-
larly calculated for the LSCG membrane swept with 50%
H,:CO (in helium) gas mixture.

Carbon balance is in the range of (100 = 10)% and calcu-
lated using the following formula

F + F + F
Carbon balance = —on COum CO2m @)

Fen 4.in

Leakage from GC and valve system was found to be
~0.5% of the O, flux and was constant throughout the
experiments. The corrected O, fluxes were subtracted using
the following formula®

V()Coz - (21/78))(1\/2)

J02 = Am

®)

where V is the permeate gas flow rate (mL-min~Y); x0p
and xy, are the % concentrations of O, and N, in the perme-
ate; A, (sz) is the effective membrane area,
A= n(D,—D;)L/In () where

D,, D;, and L are the outer and inner diameter as well as
the effective length for oxygen permeation of the hollow
fiber membrane, respectively.

Characterization

Characterizations were performed on the LSCG hollow
fiber membranes after POM reactions (bare membrane and
with catalyst) and after swept with 50% H,:CO (in helium).
The crystalline phase structures of the LSCG hollow fibers
were examined using an X-ray powder diffractometer (XRD,
Bruker DS8), with a Cu target K-o radiation (4= 0.15406
nm). The scattering intensities were over an angular range of
20° < 20 < 80° with scanning speed of 1°min~'. Morphology
and structural changes in the hollow fiber membranes were
visually observed via a field emission scanning electron
microscope coupled to an energy dispersive spectroscopy
(FESEM-EDX, Jeol JSM-6700F). The samples were
degassed in vacuo in order to remove impurities. Platinum
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Figure 2. Oxygen permeation flux of LSCG hollow fiber

membrane under blank POM with bare mem-
brane, POM with catalyst and with 50%H,:CO
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coatigGg (ca. 10 nm thickness) was carried out at 20 mA for
40 s.

X-ray photoelectron spectroscopy (XPS) was used to
obtain information on the binding energies of the Ols, Sr
3d, Co 2p, and Cls elements in the fresh LSCG membrane
for comparison with the membranes after POM reaction as
well as exposure to H,/CO gas. The spectra was obtained
via a Kratos AXIS spectrometer with a spatial resolution of
30 pum equipped with a Al K o (hvo=1486.6eV; 1
eV=1.6302 X 107" ] X-ray source. The samples were
referenced to the standard calibrated value of the adventi-
tious carbon, C1 s hydrocarbon peak at 284.5 eV prior to fit-
ting the spectrum of samples.

Results and Discussion
Blank POM reaction with bare membrane

The inherent catalytic property of the LSCG hollow fiber
membrane was measured first without catalyst in order to
elucidate the effect of catalyst in the membrane reactor for
the POM reaction. In this blank experiment conducted at the
medium temperature of 600 to 800°C, 25% CH,/He (10 mL
min~!) was introduced on the shell side with air flow rate of
100 mL min~' in the lumen side of the membrane reactor.
Analysis of the product gas from the GC shows that the
main composition of the effluent stream consists of CO, and
CO as well as unreacted CH,. Since the steam from the
effluent of the membrane reactor is condensed prior to intro-
duction in the GC, therefore, H,O peak is not detected. On
the other hand, H, could barely be detected throughout the
duration of the reaction.

Figure 2 shows the oxygen permeation fluxes for the blank
POM experiment on the bare membrane, catalytic POM
reaction and the exposure 50% H,:CO (in helium) sweep
gas. The blank POM experiment on the bare membrane has
the lowest O, permeation flux at about 0.2 mL min~'.cm™?
at 600°C and barely reaching about 0.3 mL min~ '.cm ? at
800°C. Based on the POM reaction results shown in Figure
3, it is apparent that the LSCG hollow fiber membrane has
inherently poor catalytic activity with a rather low CH4 con-
version of about 2-25% from 600 to 800°C. Furthermore,
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Figure 3. %CH, conversion and % CO selectivity for
blank POM with bare membrane (F,; =100
mL-min~!, Fcus=2.5 mL-min~', Fy.=7.5

mL-min~', S, = 1.28 cm?).

without presence of catalyst, deep oxidation is favored based
on the stealthy decrease in CO selectivity from about 17 to
8% at 700°C and after which a rapid decline to about 2% at
800°C. This rapid decline above 700°C is consistent with the
obvious increase in O, permeation flux from 700°C onward,
as shown in Figure 2. O, was not detected in the product
stream even though there is low conversion of CH, In this
regard, without the presence of catalyst, oxidation of meth-
ane proceeded rather slowly throughout the experiment. This
clearly indicates the crucial presence of a suitable catalyst in
order to catalyze the reaction.

Hence, in the next section, we provide the results of the
catalytic membrane reaction. Generally for POM reactions,
Ni based catalysts is the preferable choice, owing to its com-
parable methane reforming activity with noble metals, wide
availability and low cost which is more appealing and practi-
cal from an industrial standpoint.27 As such, we used a meth-
ane reforming catalyst developed by our research group (5%
Ni/LaAlO3-Al,05) to be packed in the catalytic membrane
reactor.

POM reaction in catalytic membrane reactor

The 5% Ni/LaAlO3-Al,Oj5 catalyst was initially reduced at
600°C for 30 min, in order to activate the metallic Ni’
responsible for providing active sites for the catalytic trans-
formation of methane to syngas in the presence of oxygen.
0.2 g of the prereduced catalyst was then packed in the con-
figuration shown in Figure 1. From the results shown in Fig-
ures 2 and 4, presence of the active Ni based catalyst greatly
improves the O, permeation flux as well as the catalytic
activity for POM reaction.

The O, permeation flux greatly improved especially from
675°C onward and reached a maximum of about 2.5 mL
min~'.cm~? at 800°C. The temperature-accelerated O, per-
meation flux played a major role in improving the CH, con-
version for the POM reaction. From Figure 4, a slight drop
in CHy conversion can initially be observed with gradual
improvement from 650°C onward. This result correlates with
the O, permeation flux which shows an increase in flux from
650°C onward. Generally, oxygen surface exchange reaction
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Figure 4. Catalytic performance for POM in membrane
reactor (F,;=100 mL-min~"', Fcus=2.5
mL-min~', Fye=7.5 mL-min~", 0.2 g 5%Ni/
LaAlO;-Al,03, S, = 1.28 cm?).

mechanism becomes activated with increasing temperature.
More than 97% of CH,4 conversion is achieved from 750°C
onward. This immense improvement in CH,4 conversion is
due to the fact that in the presence of catalyst, the selectivity
toward H, and CO production increases. Hence, at the inter-
face of the catalyst layer on the membrane surface, the pres-
ence of highly reducing syngas creates a low-oxygen partial
pressure atmosphere. This leads to a large differential pres-
sure gradient across the membrane. According to Zhu et al.?’
oxygen exchange reaction becomes complicated in the pres-
ence of catalyst. This is because the reductive unreacted
CH,, as well as product H, and CO gases formed from POM
reaction on the Ni catalyst, can, through mass-transfer diffu-
sion from catalyst to membrane surface, react with perme-
ated lattice oxygen and adsorbed oxygen species (0%, O,
0,%, 05, etc.). Likewise, this reaction can also happen with
the desorbed gaseous oxygen from the membrane surface.
By further removal of the oxygen from the membrane sur-
face (which on its own is rate limiting without the presence
of sweep/reactive gases) with the gases from the catalyst
bed-interface, this results in increased O, permeation for fur-
ther catalytic conversion to syngas. Therefore, the increase
in O, permeation flux correlates with the rate of catalytic
POM reaction.

However, H, selectivity is relatively much lower than CO
selectivity especially at temperatures < 675°C. With the
increase in temperature, H, selectivity increases and reaches
a maximum of about 75% at the temperature range of 700 to
750°C. This result correlates with the findings of Yin et al.”®
where significant differences in both H, and CO selectivities
were observed at the lower temperatures. The continual oxi-
dizing of accumulated carbon at the lower temperature could
be a contributing factor in maintaining the markedly higher
CO selectivity compared to H, selectivity at the lower tem-
peratures.”® As aforementioned, as the reaction temperature
increases, the O, flux increases and therefore more CHy is
consumed. CO product selectivity is above 90% and mark-
edly decreases at temperatures above 750°C onward when
the O, flow rate (O, flux (mL minfl.cmfz) x membrane sur-
face area, (S4, cm?)) begins to approach the CH, feed flow
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Figure 5. H, and CO, conversions in membrane
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rate, leading to excess O, (0,:CH,4 >1). Likewise at the tem-
peratures above 750°C, the H, selectivity also begins to
decline in a similar pace with the decline in CO selectivity
in favor of H,O and CO, production from total combustion.

Sweep with 50% H, :CO (in helium) gas mixture

Upon exposure to 50% H,:CO (in helium) as sweep gas, as
shown in Figure 2, a noticeable increase in O, permeation flux
is evident compared to the blank POM reaction with bare
membrane. This is due to the presence of strong H, and CO
reducing gases resulting in enhanced surface reactions, due to
immediate conversion of the permeated O,, resulting in lower
O, partial pressure, thereby leading to greater driving
force.?>® The O, flux under exposure to 50% H,:CO (in
helium) is comparable to the O, flux from the catalytic POM
reaction at temperatures lower than 675°C. Above this temper-
ature, the flux begins to increase steadily but at a lower magni-
tude than the increase in O, flux experienced by the catalytic
POM reaction. This is because as shown in Figure 4, with
increase in temperature, greater catalytic activity in the POM
reaction results in greater amount of H, production. Stoichio-
metrically, 1 mol of CHy is capable of producing 2 mol of H,
and 1 mol of CO from subsequent oxidation and reforming
reactions. Hence, a greater volumetric flow of the reducing
gases are a consequence of the catalytic POM reaction, com-
pared to the equivolume H, and CO sweep gas mixture.

Figure 5 shows the %H, and %CO conversions from 600
to 775°C. The only reactions that can take place are basi-
cally oxidation of the reactants; hence, the equations pertain-
ing to the H, and CO conversions are shown as Egs. 9 and
10 as follows'

CO+02"—= CO,+2e” )
H,+0% — H,0+42e (10)

Due to the steep increment in terms of temperature-
accelerated conversions of both H, and CO, the immense
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surface reaction activity and excess water production led to
stress and fracture of the membrane at the reactor cold zone
near the exit. This disrupted the experiment leading to dis-
continuation of study just before the last data point could be
collected at 775°C. However, the trend can still be observed,
whereby it is evident that at lower temperatures (< 700°C),
CO oxidation was rather steady with only marginal improve-
ment from 650°C. A dramatic increase in conversion begin
to be apparent at the higher temperatures, whereby from
750°C onward, CO conversion begin to surpass H, conver-
sion. Generally CO, desorption is the rate limiting step in
CO oxidation reactions. Furthermore, CO, preferentially
adsorbs on the perovskite surface to form carbonates such as
SrCO;. However, with increasing temperature, these carbo-
nates can easily undergo thermal desorption, hence, with
more vacant sites, therefore, the rate for CO oxidation
increases as well. Increase in activation of lattice oxygen
due to thermal activation of the membrane also contributes
to more oxygen vacancy. Increase in oxygen vacancy (espe-
cially at temperatures above 750°C) also contributes to
increase in selectivity for CO oxidation especially with
increasing temperature.32

It has been reported that oxidation kinetic sequence in the
presence of reducing gases is in the order of H, > CO > CH,
and this order correlates with the tendency of the reducing
gases to react with surface oxygen ions.”> > Our results cor-
relate to this sequence and are distinguished by the H, and
CO conversions especially in the lower temperatures. How-
ever, opposed to previously reported data, this study was
conducted in the presence of both H, and CO due to their
merit of being simultaneously produced during POM reac-
tions. Previous studies were conducted on individual gas
exposures and it was shown that for membranes such as
Bag 551y 5Cog sFep»05.5, the membrane material reacts more
readily with H, compared to CO.* From the results shown
in Figure 5, this trend is quite evident from the %H, and
%CO converted at the lower temperatures. As mentioned
earlier, with increasing temperature, rate of CO oxidation
increases due increase in CO, desorption (as surface carbo-
nates), hence, CO conversion increases as well. Also at
increasing temperatures, the CO polarization enhances the
affinity with perovskite surface, thus, restraining the adsorp-
tion of H, on the membrane surface.>

POM reaction pathways occurring on catalyst surface in
catalytic LSCG membrane reactor

Many studies have been devoted in contemplating over
the reaction pathways involved in the POM reaction. Two
types of main reaction pathways on the catalyst bed as
shown below have been generally proposed:36

1. direct partial oxidation (DPO) where both CH4 and O,
adsorb on the catalyst surface producing H, and CO accord-
ing to reaction (Eq. 9)%7

POM : CH4+0, < 2H,+CO AH®;9¢=—35kJ /mol  (11)

2. combustion-reforming reaction (CRR), where the reac-
tant undergoes complete combustion (Eq. 12), and the result-
ing water undergoes steam reforming of methane (SRM)
(Eq. 13) and CO, undergoes dry reforming of methane
(DRM) (Eq. 14) as follows™®
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Total Combustion : CH;+20, < CO,+2H,0
AH0298 —801 kJ/mol

12)
SRM: H20+CH4 — 3H2 +CO AHOZ()g: +206 kJ/mol

(13)
DRM: CO,+CHy < 2H,+2CO  AH93=+261 kJ /mol

(14)

It has been generally categorized that at high space velocities
>10° L.kg_l.h_l), DPO mechanism is favorable and at low
space velocities (<10° Lkg "h™"), CRR is more likely to
proceed.®® In this catalytic membrane reactor system, the cal-
culated space velocity is 750 Lkg ".h ™', and this may indi-
cate that CRR is more likely to take place. Hereby, the lower
space velocity requires longer residence times for complete O,
conversion, allowing more H,O to adsorb and provide addi-
tional adatoms for oxidation of carbon adatoms.*’

As observed from the results from the oxygen flux from
H,:CO as sweep gas, the O, flux begin to increase due to the
dramatic increase in CO conversion at temperatures above
700°C alongside with CO conversion to CO,. Therefore, if
direct POM was reaction pathway, the CO and H, selectivity
should start dropping from 700°C because at this stage, the
0,:CH, ratio was more than 0.5 and less than 1. For direct
POM reactions, O,:CH,4 ratio of 0.5 is stoichiometrically
advantageous for optimal reaction. However, the temperature
region of 700 to 750°C showed the best H, and CO selectiv-
ities from the catalytic POM reaction. Hence, the reaction
pathway at this alludes with the theory of total oxidation fol-
lowed by reforming with steam and CO, produced from the
combustion. This was also observed by several other research-
ers who studied POM in a catalytic membrane reactor.>*4142
Even though the H, selectivity improves with increasing tem-
perature up to 750°C, however, the H, selectivity is still lower
than CO selectivity. Therefore, this leads us to believe that a
possibility of reverse water gas shift (RWGS) reaction to take
place at the same time, since RWGS reaction is prevalent
between 700 to 800°C.+ Furthermore, as discussed earlier for
the effect of H,:CO mixture sweep gas, based on the oxidation
kinetic sequence, H, is more readily oxidizable to H,O. Equa-
tion 15 following shows the RWGS reaction

RWGS : C02+H2 — CO+H20 AH02932+4”(] /mol
(15)

Therefore, we summarize later the proposed reaction path-
ways which take place on the catalyst bed of the LSCG cata-
Iytic hollow fiber membrane system during POM in the
medium temperature of 600-800°C.

1. Low-temperature region (600-650°C), where O, perme-
ation is negligible:

e Methane decomposition on Ni based catalyst
(Eq. 16):

CH4 — C+2H, (16)

e Medium temperature (650-750°C),

where O, :CH; < 1

region

Carbon oxidation : C,qs+0,qs — COyugs — CO (17)

e CRR pathway (Eqgs. 12-15), in which total com-
bustion is followed by SRM and DRM reactions, pro-
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Figure 6. XRD profiles of fresh and postreacted LSCG
hollow fiber membranes upon reaction under
POM conditions and after 50% H,:CO (in He)
sweep.

ceeds at a higher pace with increasing temperatures due
to the endothermic nature of these reactions.

e Simultaneous occurrence of RWGS (700—
750°C) (Eq. 15) which is attributed to lower H, selec-
tivities compared to CO selectivities.

e Medium — high-temperature region (> 750°C),
where O,:CH4 >1:

e Increase in dominance of deep oxidation reac-
tions to produce more H,O and CO, as deduced from
similar declining pace of H, and CO selectivities.

The aforementioned summary can be analogous to general
POM reactions which occur in the catalyst bed in catalytic
membrane reaction systems. However, temperature shifts can
occur depending on the amount of CH, feed as well as the per-
meating ability of the membrane, whereby membranes with
better inherent properties can induce permeation at lower tem-
peratures. The catalytic configuration, type and amount also
play a role in changing the reaction pathways involved in the
catalytic POM membrane reaction systems. In general, CH,
reacts differently with different catalyst. For example, with an
oxidation catalyst, such as another type of perovskite, it is pos-
sible that different kinds of oxidation products, such as C, and
COy species could be formed. Hence, the main reaction path-
way involved in the POM reaction largely depends on the cata-
lyst property and the membrane material (which determines
the oxygen permeation capacity) as well as the temperature
regime of the reaction.

Crystalline phase structure analysis

Figure 6 shows the XRD crystalline structure analysis of
the LSCG hollow fiber membranes (fresh and postreaction).
The standard cubic perovskite phases with the corresponding
d-spacing values were identified accordingly.]g'44 The only
differences between the fresh and postreacted membranes are
the reduction in peak intensity as well as slight increase in
peak widths. This indicates that deterioration of the initial
crystal ordering has taken place to form amorphous debris.*’
Furthermore, the increase in peak widths is indicative of the
decrease in crystalline size which may be caused by the
decomposition due to the reductive environment. The mem-
brane from the blank POM reaction (without catalyst) has
the least crystalline deterioration compared to the membrane
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Figure 7. FESEM images of LSCG hollow fiber membranes (inset: EDX summary): (a) external and (b) internal sur-
face after blank POM with bare membrane; (c) external and (d) internal surface after POM with catalyst;
and (e) external and (f) internal surface after 50% H,:CO (in He) sweep.

[Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

from the catalytic POM reaction as well as the membrane
which has been exposed to the 50%H,:CO mixture (in
helium). This is evidently due to the greater concentration
gradient imposed on the membrane due to the presence of
the reducing gases of H,, CO compared to just CHy only. In
order to gain a deeper insight on the composition of these
amorphous debris, FESEM-EDX and XPS analysis were con-
ducted and reported as follows.

Surface morphology and elemental distribution via
FESEM-EDX

Figure 7 shows the FESEM images with the corresponding
EDX spectra for the external (reaction side, left) and internal
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(air side, right) surfaces of the membrane after blank POM
reaction (Figure 7a), catalytic POM reaction (Figure 7b) and
exposure to 50% H,:CO mixture (in helium) (Figure 7c).
The values denoted in the brackets after each element show
the % difference from the stoichiometric amounts.

Based on morphological observation by FESEM, it can be
seen that the changes in the structure and composition of the
membrane correlates to the surface reaction activity caused
by the presence of reducing gases. In other words, the O,
permeation flux results correspond to the extent of morpho-
logical changes observed on the membrane surface. The sur-
face of Figure 7a is rather intact with isolated lumps present
on the surface due to the presence of mainly CH, which is

October 2013 Vol. 59, No. 10 AIChE Journal
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Figure 8. Sr 3d XPS spectra for (a) fresh LSCG membrane, (b) after blank POM with bare membrane, (c) after POM
with catalyst, and (d) after 50% H,:CO (in He) sweep.

the least reducing gas when compared to H, and CO. Figure
7b shows the greatest amount of amorphous debris and sur-
face erosion due to the catalytic POM reaction, followed by
Figure 7c. The macrovoids on the permeate-interface are
opened upon exposure to reducing gases, hence, simultane-
ously promoting surface exchange kinetics and reducing the
membrane effective thickness.*’ On the other hand, no such
trend can be distinguished from observation of the internal
surfaces of all the postreacted membranes. They all look
similar and structurally intact, and the impact of the different
surface reactions cannot be differentiated by visual observa-
tion of the internal surfaces. The morphological similarity
for the internal surfaces of all the postreacted membranes

EXTERNAL

Intensity (a.u.)

Intensity (a.u.)

shows that the surface near the reaction side was affected by
the reducing atmosphere, while the rest of membrane was
stabilized by oxygen transport from air side.’

However, corresponding EDX spectral information on the
inset of the figures gives more detailed information on the
extent of phase segregation. All the samples (both internal
and external surfaces) show that Co is present a little in
excess. Co-enriched surface phases whose large grains were
broken to finer grains have been reported on permeate sides
of membrane surfaces due to the erosion caused by the
reducing atmosphere.7’34’46”47 Furthermore, Sr enrichment is
observed more clearly on the internal surfaces of all the post
reacted membranes. Sr-enrichment in the form of SrCO;5 has
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Figure 9. Co 2p XPS spectra for (a) fresh LSCG membrane, (b) after blank POM with bare membrane, (c) after
POM with catalyst, and (d) after 50% H,:CO (in He) sweep.
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also been observed by ten Elshof et al.** who conducted

experiments of oxidative coupling of methane in a Lag ¢St 4. g

Cog.gFep»,03 membrane reactor. " gl £oILEA
In general, slight La loss could be observed on all the & 5 <

membrane surfaces with the exception of external surface of gls -

membrane after catalytic POM reaction and exposure to Hp/ Z " ; 5 § ; b 5

CO mixture in helium, where minor La enrichment is pres- g Bl- —=© T

ent. On the other hand, Ga deficiency is observed on all the k= .

postreacted membranes, especially on the internal surfaces, 2 5 s e moo

due to both Co and Sr enrichment. Thus, the La and Ga ele- g ('i g|—y “Tvo¥

ments may have tendency to diffuse inwardly toward the = i &2 <

membrane bulk. This is due to the intense surface exchange an ID,C; Clz o o en —

reaction activity which resulted in Sr and Co-enriched phases % [% s ag

which have greater mobility to segregate out of the perov- 2 al—— ToT

skite structure. XPS analysis results are discussed in the next = .

section in order to gain a deeper insight of the segregated Sr E = g - o

and Co elements on the membrane surface. :o Zl ;;3 o hans

o [9]E]

XPS analysis % 2 3 § o ; g o:o
As a follow-up from the FESEM-EDX results discussed = —g al- —t©

previously, photoemission spectra was recorded for both the £ 2 =

external and internal surfaces of the LSCG hollow fiber | S

membranes before and after reaction. Figure 8 and 9 show f % 8 CICHIRE

the representative Sr3d and Co2p photoemission spectra, E Z &: <

respectively, for the fresh LSCG hollow fiber membranes = ::» o ~ e

and the postreacted membranes. These spectra are chosen 8 5 < fo 9o9

due to their complexities and changeable states especially % A —— ©°©F

after reaction under the reducing environment which leads to = ~

segregated phases. Table 1 gives a summary of the peaks 5 S - - oo

and the composition of the states for the respective elemental o =1 gl coads

spectra for both the external (reaction side) and internal (air E § g <

side) surface. E 1|7 |2]w o o i
In terms of Sr 3d spectra, as revealed by FESEM-EDX 2 |s o= g E gg

analysis, surface enrichment from Sr can be observed on & g M

nearly all the post reacted samples. In order to perform curve S a =

fitting for the Sr 3d spectra, a set of criterions were adhered = g % S wown

to such as using a splitting energy of 1.79 eV for the Sr dou- S [~|.|2 = 7

blets, and a Sr 3d;,:Sr 3ds;, peak area ratio of 2:3.% As = é 2 <

summarized in Table 1, the lower BE of 131.5-132.1 eV & =|° z a mnA

correspond to Sr** existing in the perovskite structure.”® At “ o “ E"E §

the slightly higher BE values ranging from 132.1-132.7 eV o -

may be due to presence of Sr in the low-oxidation state such g S

as SrO,_, suboxide on the surface.’! These are basically St £ % Q ® O Ao

ions surrounded by vacancies in the oxygen-deficient perov- Z 3 é’

skite structure.’” BE values about 133.0-133.7 eV coincides 5 é’

well with the SrCO; component.s‘%’54 The higher BE about E’ Q B Z + o ®Q

133.8-135.8 eV suggests presence of SrO species.”*> R E o= e E
Based on Figure 8 and Table 1, for the fresh LSCG hol- .%n 5 -

low fiber membrane, the external surface shows that the Sr -E E s

element exists mainly in the form of SrCO; (due to atmos- m8 Zle v eg

pheric contamination) and Sr*". The internal surface, how- L= 5 3

ever, consists mainly of SrO species with a lesser percentage >< 3

of Sr** in the perovskite phase. Upon blank POM reaction o g o S0

(bare membrane), the external surface consists only of % g o = [

SrCO; species and the internal surface is quite similar to &=

that of the fresh membrane. This is largely due to the CHy ol

oxidation activity on the membrane surface, whereby the % & Of?: Qio §¢o

produced CO, reacts with the surface Sr and adsorbs in the DINGFHLPO @ o

form of SrCO;5 on the external surface. o
On the other hand, presence of SrCO; carbonate species is 2| o 8

more prominent on the LSCG membrane after catalytic 2|z &

POM reaction and exposure to H,:CO mixture. Even more ol s S

significantly, for the membrane exposed to the H,:CO
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mixture, all the SrCOj3 exists in the internal surface. Due to
the presence of CO, it is well-known that the only reaction
that can take place is reaction of CO with the adsorbed O,
to form CO,. CO, desorption is the rate limiting step from
this reaction since it reacts strongly with the Sr to form
SrCO; which adheres more strongly on the internal surface.
Even though the membrane from the catalytic POM reaction
also has presence of SrCOj;, however, due to the effect of
catalyst, the formation of CO, is suppressed with higher
selectivity for CO formation which can desorb more easily
compared to the carbonate species. The presence of carbon-
ate on the external surface can also be attributed to the sur-
face contamination. It can also be observed that with
presence of both H, and CO reducing agents (i.e., from
POM catalytic reaction and exposure to H,:CO mixture),
transformation to SrO;, is more evident. Again, this is
ascribed to the intense surface oxygen reaction activity lead-
ing to more oxygen vacancies contributed by the presence of
these highly reducing gases. However, in all cases, presence
of Sr** in perovskite form especially in the internal surface
shows that even in the presence of the Sr-enriched segregates
as confirmed by EDX and XPS analysis, the inherent perov-
skite structure is still maintained, thereby enabling the
oxgyen reduction reactions to take place.

In terms of the Co 2p photoemission spectra, XPS analysis
provides much insight on the complex Co metal reduction
and its state of existence. For the fresh LSCG membrane, as
shown in Figure 9a, the Co 2p;, main spectra can be
observed about780 eV for both the internal and external
surfaces with a weak shake up peak about 789 eV. The pres-
ence of the weak shake up peak indicate presence of low-
spin Co™ corresponding to octahedral Co’*.”® The corre-
sponding energy difference arising from the Co 2p;, — Co
2py» splitting of about 15 eV further indicates the presence
of Co®".>7 However, for the external surface of the fresh
membrane an additional satellite peak at 802 eV can be
observed. Peak deconvolution shows another set of Co 2p;),
— Co 2py), doublets at about 782 and 797 eV, respectively.
As summarized in Table 1, the contribution of the Co 2ps),
state at the higher binding energy of about 782 eV in the
fresh membrane is nearly one-third of total Co element con-
tribution. These peaks can be assigned to Co®" state.’® Gen-
erally, substitution of Sr** into La®*" results in charge
imbalances which are compensated by oxidation of Co>" to
the Co**, or by formation of oxygen holes. The Co** (d°)
ion, however, is not readily stabilized and would be expected
to be paramagnetic, giving rise to a shake-up satellite.’® In
order to achieve goodness of fit, the peak at the higher bind-
ing energy prior to the satellite region, in the range of 782.5
to 784.2 can be ascribed to Co*™".

During the POM reaction, the reducing nature of the per-
meate side can cause the membrane to undergo deleterious
changes to its surface structure.’® This leads to enhanced
electronic activity due to the hydrocarbon degradation taking
place, whereby the strongly reducible nature of Co* will
induce transformation to Co>* which has stable half-filled
orbits containing stable electron distribution of t2g5€g2.60 As
can be observed from Figure 9 and Table 1, upon exposure
to the reducing gases, the Co2ps, peak appear to shift to
lower binding energies, indicating the presence of Co”*/
Co’". The presence of shake up peaks at 785 and 802 on
the external surface of the of the membrane as shown in Fig-
ure 9c and 9d confirm the presence of CoO and Co3;0, sur-
face oxide species.61 A shift toward lower BE (ca. 779 eV)
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have also been observed by Petunchi and Lombardo during
reduction of LaCoO5; under H,.°* The XPS data correlate
with the EDX data shown in Figure 7, and gives greater
insight on the elemental existence of the Co-species on the
membrane surface.

Conclusions

In this study, medium temperature operation of LSCG cat-
alytic hollow fiber membrane reactor packed with 5%Ni/
LaAlO3;-Al,O3 catalyst has been investigated. Based on the
results of blank POM reaction (bare membrane), catalytic
POM reaction (membrane with catalyst) and sweep with
50%H,/CO (in helium), it is evident that with presence of
larger amount of H, and CO gases, higher oxygen flux can
be attained. The oxygen permeation flux from the catalytic
membrane reactor reached about 2.5 mL min~'.cm™? com-
pared to only 0.3 mL min '.cm™? for the blank POM reac-
tion (without catalyst) at 800°C. Based on the catalytic POM
reaction, at the optimal temperature of 750°C, CH, conver-
sion of 97% is achieved with high H, and CO selectivity of
about 74 and 91% were obtained. Based on the FESEM-
EDX and XPS spectral analysis, presence of SrCO;, CoO
and Co30,4 can be detected on the external surface of the
membrane after catalytic POM reaction, whereas the internal
surface of the membrane is enriched with SrO, SrO,_,, CoO
and Co30,4 phases. Nevertheless, the crystalline perovskite
structure and its inherent properties are retained, and, hence,
enabling oxygen permeability in the highly reducing
environment.
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