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Oxidative coupling of methane over mixed oxide catalysts
designed for solid oxide membrane reactors

Brittany L. Farrell and Suljo Linic*

Oxidative coupling of methane is a process that converts methane directly to C, products (ethane and ethylene). One of
the problems with the technology is that the selectivity and yield to the desired C, products is prohibitively low when
conventional plug flow reactors are employed. The main reasons for the low C, selectivity are the thermodynamic and
kinetic preference for undesired products (CO and CO,), which are formed through direct methane combustion and
sequential ethane and ethylene oxidation. These unselective processes are particularly problematic at high O, partial
pressures (low CH,/O, ratios). In order to achieve higher C, selectivity, plug flow membrane reactors, utilizing 0”
conducting oxide membranes, can be utilized. The optimal design of a membrane reactor for OCM would, in addition to
the membrane, include a catalyst that is active and selective under the relevant operating conditions, and that can be
seamlessly integrated with the membrane. In this contribution we have identified and tested several mixed oxide catalysts
which could be integrated into a solid oxide membrane reactor. The tested catalysts included lanthanum gallate doped
with LSGM),
(LaogSro,Mn03;, LSM) and lanthanum strontium cobalt ferrite (LaogSro.,Fe0sC002035 LSCF).

strontium and magnesium (LaosSro.,GaosMgo.2035, lanthanum manganite doped with strontium
We show that LSGM and
LSGM doped with lithium reached over 90 % selectivity to the Cy. products at high CH./O, operating ratios which are
applicable to membrane reactor designs. We have characterized these materials and discussed the strategies for their
integration into a membrane reactor system.

dehydrogenated to form ethylene.5 Water is formed as a

Introduction

Over the past few decades, methane production has increased
due to the availability of shale gas and tight oil.¥*  Most
methane produced is combusted to generate heat and power.
A smaller fraction is reformed to produce synthesis gas, a
mixture of CO and H,, which is used to make chemicals and
fuels including methanol, alkanes, and olefins.? In these
indirect methane conversion processes, the methane
reforming and synthesis gas compression account for a large
fraction of the overall capital cost (60% or more).z'3 Therefore,
there is significant interest in processes that could convert
methane directly into higher value chemicals or fuels without
expensive reforming steps.

Methane can be directly converted to ethane and ethylene
(C,) at low pressure (~ 1 atm) using oxidative coupling. The
proposed dominant mechanism of this process on most
studied heterogeneous catalysts involves an extraction of a
hydrogen atom from methane on a catalyst surface to form a
methyl radical (*CH3).4 The methyl radical is then released
from the surface, coupling with another methyl radical in the
gas phase to form ethane which can be subsequently

Department of Chemical Engineering, University of Michigan, Ann Arbor, MI, USA.
E-mail: linic@umich.edu

This journal is © The Royal Society of Chemistry 20xx

byproduct from the extracted hydrogen and oxygen on the
catalyst surface. This process was reported in the early
1980's by Keller and Bahsin and Hinsen and Baerns.®” Since
then, there have been a large number of catalysts tested;8
however, few have shown product yield and conversion that
meet broadly accepted techno-economic targets of ~ 35 %
yield of C, products (ethane and ethylene) per pass with the C,
selectivity around 90%, at reasonably high rates using
undiluted air and methane feeds.®® We note that these
techno-economic targets were reported in 1989 for processes
converting methane to olefins, and it is possible that slightly
different targets would apply today.

The reported C, yields in oxidative coupling of methane
(OCM) are relatively low because at high operating
temperatures (>873 K for most catalysts) required for the
activation of strong C-H bonds in methane, CO, is the most
thermodynamically favorable product.10 It has been suggested
that the undesired CO, and CO products (the C; products) are
formed in two ways: 1) in a parallel reaction path directly from
methane and oxygen via combustion and reforming reactions
and 2) in sequential reactions, indirectly by further oxidation
of ethane and ethylene.11 The suggested network of reactions
involved in oxidative methane coupling is shown in Scheme 1.
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Even a cursory analysis of the network in Scheme 1 sheds light
on the difficulties associated with the design of efficient OCM
chemical processes.
hydrogen atom from methane and release the methyl radical.

An optimal catalyst needs to extract a

The catalyst needs to accomplish this task without oxidizing
ethane and ethylene in sequential reactions. The ease of
activation of C-H bonds in ethane and ethylene compared to
the C-H bonds in methane represents a significant constraint
since the activation of C-H bonds in ethane and ethylene leads
to the complete oxidation of these desired product
compounds.12 It can be easily demonstrated that reaction
networks where sequential lead to unselective
products achieve higher yields to selective products when

reactions

operated in reactors with low degree of mixing between
reactants and products. Therefore, a large fraction of studies
performed to date have employed plug flow reactors (PFR)
with low mixing. These studies have demonstrated that alkali-
promoted oxides and mixed oxides, mainly Li-MgO and
NaMnWOj3;, yielded some of the highest measured vyields to C,
products. For example, Li-MgO operated at 973-1073 K
reached the C, yield of 18-22% with the selectivity to C,
products of 55-65%,13 while NaMnWO; operated at
temperatures higher than 1073 K reached the C, yields of 20-
30% and the selectivity of 70-80%."* Furthermore, a kinetic
analysis of the reactions in the network in Scheme 1,
performed on an oxide catalyst (La,03;/CaO was used),
illustrated that the reactions leading to C; products (CO and
CO,) exhibited approximately 1* order dependence on the
partial pressure of O,, while the reactions leading to the
desired C, products showed % order dependence on 02.11 This
kinetic information suggests that to increase the C, selectivity,
it is important to operate at relatively low partial pressures of
oxygen.

One way to achieve the above discussed optimal operating
conditions of low reactant and product mixing and low partial
pressure of oxygen is to employ membrane plug flow reactors,
which allow for a controlled flux of oxygen along the length of
the reactor. The main difference between conventional plug
flow reactors (PFR) and a membrane plug flow reactor is that
in the conventional PFR the local partial pressure of O, at the
entrance of the reactor is high. This results in high rates of the
reactions leading to the combustion products and therefore

2| J. Name., 2012, 00, 1-3

low C, selectivity. On the other hand, the flux of oxygen
species into the membrane PFR is steady along any point in the
reactor and the deep oxidation reactions can in principle be
better controlled. It is important to note that at high
temperatures required for activation of methane C-H bonds,
membrane materials that can selectively transport oxygen are
mainly limited to solid oxide materials. In this design, oxygen
diffuses in the reactor through the solid membrane in the form
of an 0% ion."”

There have been relatively few studies where solid oxide
membrane reactors were employed for oxidative coupling of
methane.””™ While these studies have demonstrated that
the selectivity of C, products can be increased by using
membrane reactors, no system has achieved the above-
described techno-economic targets.”'ls'zo_22 There are two
major factors that have hindered the performance of
membrane reactors for OCM. First, in general these systems
suffer from low reactant conversion due to the relatively low
flux of oxygen through the solid oxide membrane. To increase
the oxygen flux, the operating temperature can be increased;
however, this has a negative effect on the selectivity to the
desired products. Recent advances in solid oxide fuel cell
(SOFC) and oxygen separation technologies, including the
development of methods to manufacture very thin oxide
membranes as well as the discovery of new membrane
materials that transport oxygen anions at lower temperatures
and that conduct both oxygen ions and electrons, may provide
new opportunities for the development of improved oxidative
coupling processes.zg'24 Another issue with membrane reactors
is that many membranes have been tested without a selective
OCM catalyst on the methane side of the membrane, i.e., the
membrane served not only to conduct the 0% ions but also to
catalyze the chemical reactions. Adding a selective catalyst,
tailored for OCM, to the membrane surface should increase
the C, selectivity.m’25 We note that optimal systems will
require catalysts that are not only active and selective for OCM
but also that can be seamlessly integrated with the membrane
material in a functioning device.

The focus of this contribution is to test the performance of
a number of potential OCM catalysts that based on their
physical properties can be seamlessly integrated with state of
the art solid oxide membranes. This is a necessary starting
point for the development of optimal solid oxide membrane-
based OCM catalytic systems. The catalysts were selected
based on three criteria that make them potentially suitable for
the membrane OCM systems. The first criterion was to focus
on catalysts that contain elements which have shown high C,
selectivity in previous OCM studies. In this, we were guided by
the work performed by Zavyalova et al. who performed
statistical analysis of published data (from over 400
references) reporting the C, OCM selectivites and yields of
various complex multi-component catalysts. The statistical
analysis suggested that in general, catalysts containing La and
Mg host oxides exhibit the best performance. It also showed
that the addition of a number of dopants including Ba, Sr, Mn,
W, Na, Li, or Cs had a positive effect on the C, yield for a large
fraction of catalysts.8 Second, catalysts were chosen for their

This journal is © The Royal Society of Chemistry 20xx
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stability and compatibility with solid oxide membrane
materials at fabrication and reaction conditions. Solid oxide
membranes are typically fabricated at temperatures above
1273 K to sinter the catalyst layer to the membrane surface,
which is required to provide the 0% ions with a direct pathway
At these

processing temperatures, solid state reactions resulting in

between the membrane and catalyst phases.

changes in the composition and properties of the membrane
and catalyst materials can occur. Furthermore, it is important
to have membrane and catalyst materials with similar
coefficients of thermal expansion to avoid stresses on the
membrane that can lead to rupture and leakage of reactants.
Finally, in addition to the above mentioned requirements of
high C,, selectivity and stability, catalysts that exhibit high o*
ionic affinity and conductivity at high temperatures were the
focus of our attention. This requirement ensures that the
transport of 0% from membrane to the catalyst is facile.
Considering these three criteria, we narrowed our focus to
lanthanum gallate doped with strontium and
magnesium (Lag gSrp,GagsMgp,035 or LSGM),
manganite doped with strontium (Lag gSrg,Mnggg055 or LSM)
and lanthanum ferrite doped with strontium and cobalt
(Lag.6Srop.sCog,Feqg035 or LSCF). All three materials contain
compositions that the above-mentioned statistical analysis

oxides
lanthanum

suggested are promising for OCM, they are stable at elevated
processing temperatures, and they are able to efficiently
shuttle 0% ions. Our objective was to measure the conversion-
selectivity curves of the catalytic materials in OCM under
different operating conditions. The measurements were
performed in a plug flow packed bed reactor. We found that
lanthanum gallate doped with strontium and magnesium
(Lag.gSrp..Gag gMgy ,05.5, or LSGM) has the highest selectivity to
C, products at low partial pressures of oxygen. We also found
that adding a small amount of lithium in the form of Li,CO; to
LSGM slightly improves its overall yield at higher oxygen partial
pressures. These results suggest that LSGM is a promising as
catalyst for the potential use in a solid oxide membrane
reactor.

Experimental Methods, Results and Discussion

The mixed metal oxide powders used in this study were
lanthanum gallate doped with strontium and magnesium
(Lag.gSrp..Gag gMgy 055 or LSGM, Sigma Aldrich), lanthanum
strontium manganite (LaggSrg>Mnges03.5 or LSM, Praxair) and
lanthanum strontium cobalt ferrite (LaggSry4Cog.FeggOs5 Or
LSCF, Sigma Aldrich). Each powder was combined with
graphite (300 mesh, Alfa Aesar) in a weight ratio of 1:0.56. The
resulting powder was ground by hand using a mortar and
pestle then pelletized into cylinders that were 6 mm in
diameter and 3.5 mm in length. The carbon was then burned
out of the catalyst pellets at 1273 K for 4 hr (ramp rate of 2
K/min) to create porous catalyst pellets weighing 0.11 g each.
Lithium was added in the form of Li,CO; (99+%, Acros
Organics) to some of the LSGM catalysts in an aqueous
solution and dried at 348 K, resulting in catalysts that are 1% Li
by weight. Table 1 shows the BET surface area and the median

This journal is © The Royal Society of Chemistry 20xx

Table 1 BET surface area and particle size for the catalysts used in this study

Catalyst BET Surface Area (m2/g) Particle Size d50 (um)
LSGM 4 0.8
LSCF 5.5 0.4
LSM 4.77 1.1

particle diameter for the powders used in this study. Due to
the fact that these catalysts are designed to be sintered at high
temperatures into self-supporting porous structures that can
be integrated in membrane reactors, the particle sizes are
large and the surface areas are relatively low.

For each experiment, a catalyst pellet was loaded into a %4”
inner diameter alumina tube resulting in a total catalyst weight
of 0.11 g. Silica wool was added to both sides of the tube to
prevent movement of the catalyst pellet. The alumina tube
was placed in a horizontal tube furnace and heated under Ar
flow to 1023-1123 K at 2 K/min. After reaching the reaction
temperature, the catalysts were held under Ar flow for ~8
hours before air and a certified mixture of 95% CH, and 5% He
(Cryogenic Gases) were fed using mass flow controllers. The
outlet gas was analyzed using a Varian CP 3800 gas
chromatography system (GC) equipped with two thermal
conductivity detectors and a flame ionization detector. All
measured peak areas were compared to gas calibration
standards (SCOTTY, Cryogenic Gases) to determine the outlet
gas concentrations. Prior to catalyst testing, the system was
operated without catalyst to determine the role of gas phase
reactions and reactions due to the tube walls and silica wool.
At a O,:CHy:lnert molar ratios of 1:3:4 (where the inert gas is a
mixture of N, from air and He from the methane mixture) and
a total flow rate of 100 sccm, the methane conversion without
catalyst was 1.3% and 4.1% at 1023 K and 1073 K, respectively.
This conversion is approximately 5 % of the conversion
obtained using the catalysts at 1023 K, and it does not impact
the results reported below.

X-ray diffraction (XRD) was performed using a Rigaku
MiniFlex spectrometer. This instrument uses a Cu Ka X-ray
source with a graphite monochromator. Data was acquired at
a tube voltage and current of 40 kV and 15 mA. XRD patterns
were collected with a continuous sweep from 26 of 20-80 at a
rate of 2 26/min. Phases were identified using the assistance
of Jade software.

The data in Figure 1 show the C,, (ethane, ethylene,
propane, and propylene) selectivity and yield as a function of
methane conversion and CH,/O, ratio for the tested catalysts.
Methane conversion, C,, selectivity, and C,, yield were based
on molar fractions in the outlet gas and calculated using the
following equations:

CO, + CO + 2C,Hg + 2C,H, + 3C4Hg + 3C3Hs
CH, + CO, + CO + 2C,Hg + 2C,H, + 3C;Hs + 3C4H,

Xema =

(1)

- 2C,Hg + 2C,H, + 3C4Hg + 3C4Hs

Sear =
* " CO,+ CO + 2C,H, + 2C,H, + 3C;H, + 3C,H,

(2)
(3)

= *
YCZ* - >(CH4 SCZ+
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Solid carbon formed on the catalyst was not included in the
carbon balance because there was no visual indication of
carbon in the catalyst or in the reactor tubing after the 48 hour
tests. XRD measurements supported these visual observations.

The temperature at the inlet of the reactor was 1023 K,
and the total inlet flow rate of the air and methane mixture
The conditions vyielded
approximately equivalent space and weight hourly space
velocities for all the tested materials. The CH,/O, molar ratios
at the inlet of the reactor were between 0.8 and 160. The inlet
CH,/0, ratios are included at the top of each graph for each
data point. We note that for the sake of completeness we
probed the behavior of the system under some extreme inlet
CH,/O, molar ratios (i.e., as high as 160). Although the
conversions and yields at these conditions are quite low in a
packed bed reactor, these ratios were included in our tests
since the local partial pressure of oxygen in solid oxide
membrane reactors can be very low. We note that in packed
bed reactors the C, yield typically reaches a maximum at an
inlet CH,/0, ratio of ~ 3. The tested range of molar flow rate
ratios allowed for the manipulation of methane conversion up
to ~ 65 % for the given set of operating conditions. We found
that over this range of inlet CH,/O, molar ratios, oxygen was
always the limiting reactant. Oxygen consumption was above
82% in all experiments, and above 90% in most experiments.
The catalysts were tested at each reaction condition multiple
times over the course of 48 hours. The error bars represent
the standard error (the standard deviation of the
measurements divided by the square root of the number of
measurements) of the measurements at each reaction
condition.

The data in Figure 1 show that the LSGM and 1% Li-LSGM
catalysts had selectivity to the C,, products of ~ 90%, achieved
at the lowest CH, conversions, which corresponded to the
highest inlet CH,/O, molar ratios. As the conversion increased
(corresponding to a decrease in the inlet CH,/O, molar ratio),

was held constant at 100 sccm.

CH,/0, Ratio
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LSGM!

] g
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Figure 1 Selectivity and yield of C,, products for each catalyst tested at 1023 K with a
total inlet flow rate of 100 sccm. Lines are included to guide the eye.
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the selectivity to C,, products decreased. The data in Figure 1
show that the yield of C,, products for the LSGM catalysts
reached a maximum of ~ 10% at the CH, conversion of 28%
and (inlet CH,/O, molar ratio of 3). This yield was slightly
increased to over 11% for the LSGM catalysts when 1 wt% Li
was added. The selectivity-conversion curves in Figure 1 for
LSM show similar trends as those observed for LSGM;
however, the C,, yields and selectivity were considerably
lower. For example, the highest C,, selectivity for LSM was ~
6.0% observed at high inlet CH,/O, ratio and low CH,
conversion. On the other hand, LSCF showed slightly different
behavior with very low C,, selectivity (approaching zero) at low
conversion (high inlet CH,/O, ratio). As the conversion
increased and the inlet CH,/O, ratio decreased, the selectivity
to C,, products increased to a maximum of ~ 4.5% and then
decreased at higher conversion.

The data in Figure 2 show the selectivity of each product as
a function of the conversion and inlet CH,/O, ratio for tested
catalysts. This data gives insights into the mechanism of the
reaction in the presence of each catalyst. On the LSGM and Li-
LSGM catalysts, ethane selectivity was high at low conversion
(high inlet CH,/O, ratio) and decreased with increasing CH,
conversion. The selectivity of ethylene, CO, and the GC;
products went through a maximum as a function of an
increasing CH, conversion. On the other hand, CO, selectivity
was low at low conversion (high inlet CH,/O, ratio), and
increased as the CH, conversion increased. These trends
indicate that on LSGM and Li-LSGM, ethane is the primary
product, and the main pathway leading to the combustion
products includes the sequential oxidation of ethane which
can occur through catalytic pathways as well as in the gas

phase. The data for the LSM catalyst show that similar to
LSGM, the ethane selectivity decreased as the conversion
increased. However, unlike LSGM there were also large
CH,/0, Ratio CH,/0, Ratio
100% 100% N
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Figure 2 Selectivity of CO (diamonds), CO, (squares), Ethylene (triangles), Ethane
(circles), and C3 products (x) as a function of methane conversion and CH4/O, ratio for
LSGM, 1% Li-LSGM, LSCF, and LSM catalysts. Lines are included to guide the eye.
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amounts of the deeper oxidation products (CO and CO,)
produced at low conversion and high inlet CH,/O, ratios. This
indicates that the deep oxidation reactions, triggered by the
activation of C-H bonds in methane, ethane, and ethylene, are
more facile on this material compared to LSGM. In contrast,
the LSCF catalyst had very high selectivity to CO and no
selectivity to ethane at low conversion (high inlet CH,/0,
ratio). This behavior of LSCF suggests that compared to the
other tested materials the direct CH, partial oxidation to CO
and H, is a more dominant unselective pathway for this
material. In general, we postulate that the low selectivity
exhibited by LSCF and LSM is likely due to the presence of
transition metals (particularly Co and Fe) in the catalysts.
These transition metals are effective catalysts for the deeper
oxidation of hydrocarbons.

The catalyst testing demonstrated that the LSGM and Li-
LSGM catalysts produced the highest C,, yields. To further
understand the effect of the reaction conditions on the
catalysts, we varied the reactor temperature. The data in
Figure 3 a and b show the yield of the combined C,, products
(ethane, ethylene, propane and propylene) at operating
temperatures between 1023 K and 1123 K for the inlet
0,:CH,:Inert (He+N,) molar ratio of 1:3:4 with a total flow rate
of 100 sccm for the LSGM and Li-promoted LSGM catalysts.
These are the conditions that resulted in the highest C,, yields.
The reported temperatures were measured by a thermocouple
in the furnace, and we note that the temperature within the
catalyst bed could be higher due to exothermic reactions.
While the Li doped catalysts exhibit slightly improved
performance, the overall yield of C,, products for both
catalysts decreases with increased temperature. Furthermore,
the ethylene/ethane ratio increased as the operating
temperature increased. These results are consistent with the
sequential reactions occurring where ethane reacts with
oxygen to form ethylene and unselective C; products (CO, and
CO).

For catalysts containing Li, the stability of the catalyst is an
important factor because Li can be lost over time when it is
converted to LiOH in the presence of oxygen. For instance,
many Li-MgO catalysts lose significant activity within the first
20 hours when exposed to OCM reaction conditions.*® This
phenomena, along with the effect on Li-MgO catalyst
performance is reviewed in detail in reference 13 and will not
be discussed here. Additionally, perovskite materials can have
stability issues when exposed to CO, and water vapor,24 which

15%
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Figure 3 Effect of temperature on the overall yield of C,, products and on the yields of
ethane and ethylene for LSGM and 1% Li-LSGM catalyst operating at O,:CHg:lnert
(He+N,) ratio of 1:3:4 and total flow rate of 100 sccm: a) LSGM b) 1% Li-LSGM
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Figure 4 Stability of 1% Li-LSGM catalyst at 1073 K and O,:CH,:Inert molar ratio of
1:3:4 at a total of 100 sccm.

are both products in the OCM reaction network. Figure 4
shows data from a stability test of the 1% Li-LSGM catalyst
over 48 hours of constant reaction conditions of 1073 K with a
0,:CHg:Inert (He+N,) ratio of 1:3:4 and a total flow rate of 100
sccm. The data show that the catalyst was stable over 48
hours under these conditions with little change in conversion
of CH, or the yield and selectivity of C,, products. More
testing will need to be completed to determine the long-term
stability of the material under reaction conditions.

We have also characterized fresh and used LSGM and 1%
Li-LSGM catalysts using XRD. The data in Figure 5 show the
normalized X-ray diffraction pattern of fresh LSGM (Fig. 5a),
LSGM after heating to 1073 K and cooling back to room
temperature in Ar gas (Fig. 5b), and the LSGM catalyst after it
has been under reaction conditions at 1073 K for 48 hours (Fig.
5c). Comparison between the diffraction spectra in Figures 5a,
5b, and 5c shows that there are new features that appear in
the XRD spectra of the pretreated and used catalysts. We have
assigned the new features to SrLaGaO, and carbon deposits.
There are several peaks that we were unable to assign,
including a peak at 26 of 29.7 that appears in both of the
catalysts that have been exposed to methane as well as the

* LSGM ® SrLaGaO, @ La;Ga04 A SrLaGa;0, +C

€) 1% Li-LSGM Reacted 1073 K

. *
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Figure 5 X-ray diffraction patterns for LSGM catalysts: a) LSGM as received, b) LSGM
after heating to 1073 K in Ar c) LSGM after reaction at 1073 K for 48 hours, d) 1% Li-
LSGM after heating to 1073 K in Ar, e) 1% Li-LSGM after reaction at 1073 K for 48
hours
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LSGM when heated in Ar. SrLaGaO, can be formed when the
LSGM is held wunder reducing conditions at high
temperatures.26 The presence of this impurity phase indicates
that the LSGM was partially reduced. The appearance of the
new phases after the thermal treatment in an inert
environment in Figure 5b suggests that this new phase is not
the result of the catalyst operation at the reaction condition,
but rather it is a consequence of the thermal reduction of the
material. It is important to point out that the conversion and
selectivity were stable (at least for 48 hours, the period over
which our testing was performed). The data in Figure 5d show
X-ray diffraction patterns for the 1% Li-LSGM catalyst after it
has been heated in Ar to 1073 K and cooled down to room
temperature, while the data in Figure 5e show the diffraction
pattern of 1% Li-LSGM after its operation at the reaction
conditions at 1073 K for 48 hours. The two catalysts doped
with Li show the same SrLaGaO, phase that appeared in the
LSGM, along with two new phases that we have assigned as
La;Ga,04 and SrLaGa;0;. Comparison of Figure 5d and Figure
5e show that these phases are formed during the thermal
reduction of the material (in Argon), and that the materials is
otherwise stable at the reaction conditions over 48 hours.
Figure 5e also shows that there was no graphitic carbon
detected in the used 1% Li-LSGM catalyst. As shown in Figure
4, the selectivity and conversion are steady over this period of
time for 1% Li-LSGM.

The data presented above show that LSGM and 1% Li-
LSGM are highly selective towards the C,, products at high
CH,/0, ratios and low methane conversion. In addition, this
material has several other characteristics that make it
potentially useful as a catalyst and/or membrane material in
solid oxide membrane OCM reactors. In a solid oxide
membrane reactor, the membrane and catalyst materials are
layered such that the O2- ions are transported through the
membrane layer to the methane side catalyst. In an optimal
design, the membrane is very thin and dense, and the
methane side catalyst is in close contact with the membrane
material, enabling it to accept O2- ions directly from the
membrane. When compared to other 0% ion conducting
materials, LSGM has relatively high 0% ionic conductivity of ~
0.17 S/cm at 1073 K227 Therefore, LSGM should be able to
accept oxygen anions directly from a membrane and rapidly
transfer them to the active centers where the reactions are
taking place. Therefore the diffusion of ions through the
catalyst in a solid oxide membrane device should not be an
issue. The high ionic conductivity of LSGM also suggests that
this material could serve a dual role, acting as the catalyst and
membrane. Using LSGM as both the membrane and catalyst
material has the advantage of avoiding high temperature
reactions between dissimilar materials that commonly occur at
the temperatures used to create solid oxide membrane
devices. Furthermore, in this design thermal stresses that are
the consequence of the difference in the thermal expansion
coefficients of the catalyst and membrane materials can be
minimized. To use LSGM as both a catalyst and membrane
material, it will be necessary to provide a way to balance the
charge of the system. We note that LSGM transports oxygen in
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the form 0% ion and to achieve high ion conductivity, which is
required to achieve high overall conversion, it is necessary to
provide electronic pathways between the oxygen and
methane sides of the membrane. This can be done in a few
ways: 1) An external electronic connection could be employed
to connect the two sides of the membrane, or 2) LSGM can be
doped with Mn, Ni, Co, or Fe to induce electronic conductivity
into the membrane itself.”®> Both of these methods have
advantages and disadvantages.
method, an advantage is that the electronic potential
difference across the membrane can be controlled, with the
option of increasing the oxygen flux electrochemically. A
disadvantage is that in order to make a circuit, there must be
an electronically conductive material on the methane side
which may decrease the selectivity of the overall system. In
the case where the membrane itself is electronically
conductive, an advantage would be that the system is
relatively simple, but the disadvantages are that there is no
control over the oxygen flux through the membrane.
Furthermore, adding transition metals to LSGM will likely
decrease the selectivity of the material to C,, products as
these metals are very efficient in performing complete and
partial oxidation reactions.”>*°

Another option would be to use LSGM as a catalyst
material in conjunction with a different membrane material
that exhibits electronic and ionic conductivities. While there
are many solid oxide membrane materials that offer mixed
ionic and electronic conductivities,24 the material choice will
need to be carefully considered. It is usually required to heat
the solid oxide components to temperatures in excess of 1273
K in order to achieve good electronic contact between the
membrane and catalyst materials. At these temperatures, it is
well known that LSGM can react with the components of many
mixed ion-electron conducting oxide materials that could serve
as membranes including ceria, zirconia, and LSCF.>*? The high
temperature solid state reactions result in migration of the
metals and new phases between the materials, and the new
materials that are formed may or may not have the desired
conductive and catalytic properties necessary for a membrane
reactor. For example, when lanthanum and zirconium based
materials are used in the same device, lanthanum zirconates

For the external circuit

can be formed.* This material can block the transfer of 0%

across the membrane leading to the loss of methane

conversion.

Conclusions

In conclusion, we have demonstrated that LSGM and 1% Li-
LSGM are active and selective as catalysts for oxidative
coupling of methane. In packed bed reactor tests, these
materials reached over 90 % selectivity to the C,, products at
high CH,/O, operating ratios which are applicable to
membrane reactor designs. We have shown that although
these materials undergo thermal reduction due to the
reducing operating conditions, characterized by high operating
temperatures and CH,/O, ratios, the new phases that are
formed are stable and reactive. Overall, our results indicate

This journal is © The Royal Society of Chemistry 20xx

Page 6 of 8



Page 7 of 8

Catalysis Science & Technology

that LSGM and 1% Li-LSGM are promising candidates for
catalysts to be used in conjunction with a membrane reactor
for oxidative coupling of methane.
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In this work, several mixed oxide catalysts for oxidative coupling of methane which could be integrated
into a solid oxide membrane reactor are identified and tested.

2-
Membrane O

Methane Side 4 ‘\;ﬁ
Catalyst H,C\ OS> 2°CH,



