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ARTICLE INFO ABSTRACT

Keywords: Oxidative coupling of methane (OCM), which transforms CHy4 into Cy products (CoHg and CaHy) with molecular
Membrane reactor O, as the oxidant, is one of the most studied direct methane conversions (DMCs). However, a major technical
Flue gas hurdle to the OCM process is to achieve high CH,4 conversion at high C, (CoHg and CoHg) selectivity. One
Ig{;?:;e rudimentary cause for this “tradeoff” behavior is the high chemical reactivity of the products (CoHg or CoHy),
Ethylene which can be re-oxidized by O,. To overcome this thermodynamic challenge, minimizing the oxidizing power of

the oxidant and lowering the local oxygen partial pressure are keys. In this work, we demonstrate a new
membrane reactor that capture CO2/05 from a flue gas and uses it for OCM conversion. The results show that the
co-captured CO2/0O2 mixture converts CHy into CaHg in the presence of a 2%Mn-5%NayW0,4/SiO; catalyst,
followed by thermal cracking of CoHg into CaH4 and Ha. The presence of CO; decreases the local partial pressure
of O, thus reducing the propensity of Ca-products re-oxidation and leading to a higher C selectivity. We show
that a small button-type membrane reactor can achieve 12% C, yield with ~57% Cp-selectivity using a diluted
CH4-Ar mixture as the feedstock. We expect higher C; yield with tubular plug-flow membrane reactors in the
future. We also highlight the unique advantage of the membrane reactor in intensifying CO, capture from both
flue gas and OCM purification process into one single step.

1. Introduction

In recent decades, climate change has been increasingly observed to
disrupt our daily lives and harm our economy. Scientific evidence has
linked it to human activities such as burning of fossil fuels, a process
which emits large quantities of CO2 (a greenhouse gas), into the atmo-
sphere. The virtually unlimited release of CO- in the past has led to a
>40% increase in atmospheric CO5 concentration and a net ~1 °Crise in
the Earth surface temperature since the Industrial Revolution [1].
Therefore, to fundamentally address global warming and climate change
problems, mitigating the release of CO, into the atmosphere is impera-
tive. The current best and realistic practice to curb CO5 emissions is to
capture it at major point-sources, such as coal-fired power plants, and
geologically store it underground for enhanced oil recovery (EOR) [2].
However, today’s carbon capture technologies (carbon capture and
storage or collectively CCS) are still too expensive and energy intensive
to implement [3,4]. Such CCS implementation into existing or new
fossil-fuel power plants would drastically lower the plant efficiency and
increase the cost of electricity. Developing more efficient and
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cost-effective CO3 capture technologies is, therefore, highly desirable.

Using membranes to separate CO, from a flue gas stream presents
advantages in cost, energy consumption and operation [5]. Many types
of membranes have so far been demonstrated for CO5 capture, examples
of which include porous inorganics and polymers operated on the
principles of size-exclusion and dissolution-diffusion. However, the
instability in humid and hot environments has prevented them from
scaling up [6,7]. An ongoing effort to tackle these problems is to develop
high-temperature CO, transport membrane (CTMs) [8], which has a
potential to achieve lower cost and higher efficiency since the heat in hot
flue gas can be directly utilized.

A leading class of high temperature multiphase CTMs is operated on
ion/electron-transport electrochemistry. Based on the types of charge
carriers, they can be principally grouped into two categories: (1) mixed
electronic and carbonate-ionic conductor (MECC) membrane and (2)
mixed oxide-ionic and carbonate-ionic conductor (MOCC) membrane.
MECC membranes typically use metal as the matrix into which molten
carbonate (MC) is retained. In comparison, MOCC membranes use
oxide-ion conducting ceramics as the matrix [9,10]. Fig. 1 shows the
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Fig. 1. Schematic of CTM transport mechanisms: (a) MECC; (b) MOCC.

configuration and ion/electron-transport enabling surface reactions of
the two membranes.

In common, the CO, transports through these two types of mem-
branes are achieved in the form of CO%~, of which ionic transport is
realized by MC phase. The difference between these two CTMs mainly
lies in the charge-balancing counter ions. For MECC membranes (see
Fig. 1a), the CO5™ is formed by the reaction between CO3, Oz and
electrons (e”) (from the metal phase) on the feed side (the top) of the
membrane, after which CO3™ is transported under the chemical poten-
tial of CO; to the sweep side (the bottom) of the membrane, where pure
CO4 and O, are released to a sweeping gas with an exact flux ratio of 2:1.
As a balancing charge carrier, e~ flows in the opposite direction of CO3~
in the metal phase. Similarly, CO%~ transport in MOCC membranes can
be charge-compensated by 0%~ in the oxide-ion conducting phase, see
Fig. 1b. The CO%™ is formed via the reaction between CO, and O~ on the
feed side, transported through the MC phase and dissociated into CO, at
the sweep side of membrane. According to the CO, transport chemistry
of these two types of membranes, MECC membranes are more suited for
CO;, capture from an oxidizing stream, such as post combustion flue gas,
while MOCC membranes are more adequate for CO5 separation from a
COyrich gas, for example, a mixture of CO, and Hy in the pre-
combustion process [11].

Another recent notable development in the energy field is the
significantly increased production of natural gas (NG) from shale and
tight oil [12,13]. If such newly available, low-cost NG is used primarily
for producing heat and power as in the past, CO; will continue to be
pumped into the atmosphere and further burden current efforts to
capture CO5 [14]. Over the last several decades, extensive studies have
focused on direct methane conversion (DMC) into value-added products
such as ethane (CyHg) and ethylene (CyHg), two of the largest com-
modities and the vital building block for a wide range of chemicals

mmm) Flue gas (CO,, O,, N,...)

[15-17]. Moreover, the DMC approach is economically attractive due to
the large price differential between NG and the final products (e.g.
CoHy). However, the ethane and ethylene formed by oxidative coupling
of methane (OCM) tend to be re-oxidized by O, which significantly
decrease the Cy-selectivity [18-20]. For example, Ortiz-Bravo et al. [19]
assembled CH4 and O co-fed reactor with different catalysts to study the
performance of OCM. The results show the best C; selectivity <50% at
800 °C. To improve Cy-selectivity, oxygen transport membranes (OTMs)
have been considered over conventional co-fed reactor as a means of
mixing Oy with CH4 in a controlled way (e.g. along the length of
membrane surface) to minimize re-oxidation of Cy-products [21-23].
For example, Czuprat et al. [21] demonstrated OCM performance with
maximum 17% C yield and 50% C, selectivity at 800 °C using a
BaCoyFe,Zr,-based OTM. With a membrane microreactor using
Lag 6Srg.4Cog 2Fep 8035 (LSCF) hollow fiber as an OTM and in-situ
deposition of Bij 5Y¢.3Smp 2035 (BYS) as catalyst, Othman et al. [22]
showed a high 39% C, yield and 79% C, selectivity at 900 °C. However,
many good OTM materials are based on Ba/Sr-containing perovskites
that are chemically unstable in high CO,-containing atmospheres at high
temperatures, forming OCM-blocking carbonates and thus limiting their
potential applications [24-26].

We herein report on a high-temperature, chemically stable CTM for
OCM conversion to Cy products. It is based on MECC membrane chem-
istry, by which the CO; and O3 are co-captured from a flue gas, a major
source of CO, emissions on the earth. Upon arriving at the CHy-side
across the membrane, the transported O, (diluted by CO2) reacts with
CH4 to form CoHg and CoHy via OCM reactions in the presence of suitable
catalysts. The configurations of such a CTM-based OCM reactor are
schematically shown in Fig. 2.

As many co-fed OCM reactor systems, if commercially implemented,
will require downstream ethylene purification process from a mixture of

Cleaned flue gas (N,) mm)
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Fig. 2. Working principle of the CTM-based OCM reactor.
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Table 1
The porosity (g) and tortuosity (t) and average radius of pores (r) of porous SDC-
NiO matrix sintered at 1150 °C.

Sample € T r (nm)

SDC-NiO 0.35 1.63 99

CO9, CoHg, C2Hy, H20, H and CO, one distinct advantage of CTM-based
OCM reactors is that it combines CO5 captured from flue gas with that
produced in the OCM process into one stream for capture, thus signifi-
cantly reducing cost and saving energy. We have previously shown
computationally the advantages of using CO5/O2 co-transport mem-
brane reactor for the OCM conversion [27], but no experimental studies
have been performed so far.

Here in this work, we use an MECC-based CTM comprising of SDC
(Smg.2Cep.801.9), NiO, and MC phases for demonstration of the OCM
performance with a mockup flue gas as a feedstock and a 2%wt. Mn-5%
wt.NapgWO,/SiO; catalyst in a temperature range of 775-850 °C. We
also assess the co-CO2/0 transport mechanisms, main/side reactions
occurring in the OCM process and long-term stability of the OCM
conversion.

2. Experimental procedures
2.1. Preparation of membrane and catalyst

The SDC and NiO composite powers were prepared via co-
precipitation method. Stoichiometric amounts of starting materials, Ni
(NO3)2-6H,0 (Alfa Aesar, 99%), Sm(NO3),-6H20 (Alfa Aesar, 99%) and
Ce(NOs3) -6H50, were first dissolved into deionized (DI) water. Then the
obtained solution was slowly added into a (NH4)2COj3 (Fisher Scientific,
Atlanta, 95%) solution. The volumetric ratio of these two solutions is
controlled to have a carbonate anions/total metallic cations ratio of 2.5
(on a molar basis). After co-precipitation, the precipitate was first
filtered, and then dried at 80 °C overnight, followed by firing at 650 °C
for 4 h to obtain the final SDC-NiO powders. The volume ratio of NiO
and SDC in the precipitate is controlled to be 50:50. The obtained SDC-
NiO powders were then blended with 20 wt% carbon as pore former,
ball-milled for 3 h. After mixing and drying, the powder mixture was
pelletized under ~100 MPa and subsequently sintered at 1150 °C in air
for 4 h. The high-temperature firing the sample in oxidizing atmosphere
burns out carbon, leaving behind a porous SDC-NiO pellet. The final
dimension and porosity of the resultant SDC-NiO pellets are ~14 mm in
diameter and 0.7 mm in thickness and 35%, respectively.

A binary eutectic MC phase (LioCO3:Na;CO3 = 52:48 mol%) was
infiltrated in situ into the porous SDC-NiO pellets to form the final dense
SDC-NiO-MC membrane. To investigate the chemical stability between
SDC-NiO and MC, we blended SDC-NiO with MC powders (SDC:NiO:MC
= 1:1:3 in volume) and fired at 850 °C for 2 h.

The catalyst 2 wt%Mn-5wt.%Na;WO0,4/SiO, was prepared via
incipient-wetness impregnation method, and the details can be found in
previous work [28]. The XRD pattern, particle size and BET surface area
of the catalyst are given in Fig. S1 and Table 1, respectively.

2.2. Characterization of porous SDC-NiO matrix and SDC-NiO-MC
membrane

The as-synthesized SDC-NiO, SDC-NiO-MC and 2%Mn-5%NasWO4/
SiO, powders were examined with X-ray diffraction (XRD, Rigaku D/
MAX-2100) for phase identification and with Micromeritics ASAP2020
adsorption analyzer for BET surface area. The microstructure of SDC-
NiO pellets and SDC-NiO-MC membrane were analyzed by a scanning
electron microscope (SEM, Zessis Ultra plus) coupled with an energy
dispersive spectroscopy (EDS). Relative densities of the sintered porous
SDC-NiO pellets were determined by the Archimedes’ method. Room
temperature helium permeation test was also used to measure the
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tortuosity and average pore size of the porous SDC-NiO support. The
details on the procedure can be found in our previous work [10].

2.3. CO2/03 flux measurement of SDC-NiO-MC membrane

The testing procedure of the membrane performance was followed
the same as that previously described [10,29]. The feed gas was the
mockup flue gas of 75 mL min~! Ny, 15 mL min~! CO5 and 10 mL min !
0,, while a high-purity Ar at a flow of 50 mL min~" was fed to the other
side as the sweep gas. The presence of N; in feed gas was also used for
leakage correction. The compositions of sweep gas were analyzed by an
on-line GC (Agilent Micro 490-GC). The membrane was first heated to
850 °C at a rate of 2 C/min and held for 1 h to ensure equilibrium
between MC and SDC-NiO matrix. The GC data were collected from 850
to 650 °C and roughly 60 min were given at each temperature to ensure
full equilibrium.

The flux densities of the CO, and O are calculated by:

CCO Q
Jeo, = 2 £ 1
= T Cepn—Co, —Cxy S M
Co, 0
J, = 2 = 2
%7 1~ Ceo—Co,—Cx, 8 &)

where Q is the mass flow rate of Ar sweeping gas; S is the effective area
of the membrane, 0.921 cm? for this work; Cgo,, Co, and Cy, are the
measured concentration of CO3, Oy, and Ny respectively. The concen-
tration of No was found very low (<0.1%) for all measurements, sug-
gesting a well-sealed permeation cell and accuracy of the collected data.

2.4. Performance measurements of CTM-based OCM reactor

For CTM-based OCM reactor performance evaluation, the feed gas
was kept the same: 75 mL min~! Ny, 15 mL min~! CO5 and 10 mL min !
O, while the sweep gas was switched from a pure Ar to mixture of CHy
and Ar with a CH,4 concentration varying from 2.5 to 10%. Roughly 0.05
g of catalysts was spread over an alumina wool and loaded into the
sweep-gas chamber right beneath the membrane. The distance between
catalyst bed and membrane surface was kept approximately 1 mm. The
operating temperature of OCM experiment was varied from 775 to
850 °C. The concentrations of CO,, CH4, CoHg, CoHy, H, and N5 in the
effluent were analyzed by an on-line GC (Agilent Micro 490-GC). The
data collection procedures are same as described above. The conversion
of CHy4 ( Xcn,) are calculated by:

Fep, (in) — Fep, (out)

Xen, (%) = Fey, (in)

x 100% 3
where Fey, (in) and Fey, (out) are the mass flow rates (mL-min 1) of CHy
into and out of the reactor, respectively.

The flux density (mL-min'-cm™2) of COs, CHy, CoHg, CoHg, Hy, and
Ny in the effluent are calculated by:

Jco, = Ceo, X Far (€)
* 1-Ceco, — Ccn, — Ce,ny — Ceoy — Cu, —Cn, S
Jen, = Con, x Ear ®)
* 1-Cco, — Ccn, — Cong — Coty — Ciy —Cn, S
c Fa
Jeuns = - X — (6)
1 —Cco, — Ccn, — Ceoig — Coy — Cuy —Cn, S
Ce,n, Far
7 — 274 X @
M 1= Ceo, — Con, — Cony — Cony — Ciy — Gy, S
c Far
I, = o X — ®

1—Cco, — Ccn, — Ceog — Cony — Cuy —Cn, S



K. Zhang et al.

% SDC + NiO v LNO
SDC-NiO-MC 850 °C 2h
-
-
S SDC-NiO 1150 °C 4h
g & N T *
2 | T J e o s
0
qc, LiysNig 4Nig 0 PDF#75-0543
A
= L | I
NiO PDF#78-0643
| | | ] 1
Sm,,Ce, 50, PDF#75-0158
1| | 1 1 ] |
T 1 ] ] T T
10 20 30 40 50 60 70 80
2 Theta (°)

Fig. 3. XRD patterns of SDC-NiO matrix after sintering at 1150 °C and SDC-
NiO-MC mixture (volume ratio of SDC:NiO:MC = 1:1:3) after firing at 850 °C.
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where Cco,, Cch,, CcyHy» CcyHys Ch,, and Cy,, are the measured con-
centrations of COy, CH4, CoHg, CoHy, Hy, and Ny, respectively, in the
effluent; Fy, is the flow rate of Ar in the sweep gas.

The Cy products selectivity (S¢,) and yield (Y¢,) are calculated by:

2% (Jom +Jeom,) X S

5 — 100
Sex (%) =—F . Tin) = Fo (our) = 0%

)]

Ye, (%) =Se, x Xem, x 100% (10)

3. Results and discussion
3.1. Phase and microstructural properties of the membrane

Fig. 3 shows the XRD patterns of SDC-NiO matrix after sintering at
1150 °C for 4 h; only the peaks corresponding to SDC and NiO are
present, indicating that no chemical reaction between SDC and NiO
during the sintering. The XRD patterns of SDC-NiO-MC mixture (volume
ratio of SDC:NiO:MC = 1:1:3) fired at 850 °C for 2 h are also shown in
Fig. 3. It is evident that with the addition of MC into SDC-NiO, a new
electron-conducting phase Lig3Nig4Nip30 (or LiggNij 402, LNO) is
formed, accompanying with apparently decreased amount of NiO phase
(see red rectangle). The formed electron-conducting LNO phase is

Fig. 4. Cross-sectional views of microstructure of SDC-NiO porous matrix after sintering at 1150 °C (a), and SDC-NiO-MC membranes (b) with elemental mapping of

Ce (), Ni (d), Na (e), and C (f).

EN
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Fig. 5. Temperature dependence of CO5/0O- flux densities of SDC-NiO-MC membrane (a) and the corresponding Arrhenius plots (b).
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Fig. 6. Schematic of three possible parallel pathways for CO2/O» co-transport
in SDC-NiO-MC membrane (feed-side only); lines and points represent multi-
phase boundaries (MPBs).

resulted from the reaction between NiO and MC, as suggested by our
previous study [29,30]. Overall, Fig. 3 shows that the chemical
compatibility between SDC and NiO and between SDC and MC are both
excellent. The MC phase is not obvious from the XRD pattern due to its
amorphous nature.

The cross-sectional views of porous SDC-NiO matrix and SDC-NiO-
MC membrane are shown in Fig. 4. Clearly, the SDC-NiO support has
well-interconnected and evenly distributed pores (Fig. 4a). Corre-
sponding to this microstructure, Table 1 shows the measured the
porosity (g), tortuosity (t) and average radius of pores (r) of the porous
SDC-NiO matrix.

3.2. Basic CO3/02 permeation properties of the membrane

After impregnation of MC, Fig. 4b shows that all pores in the porous
SDC-NiO matrix are filled, resulting in a dense microstructure, which
ensures the permeated CO5/0y are both resulted from concomitant
transport of CO3~/e” /0%~ rather than from physical leakage. The cor-
responding elemental mapping in Fig. 4c—f also confirms that SDC-NiO
and MC phases are intimately mixed and evenly distributed in the
membrane, suggesting good wettability between the solid and liquid
phases.

The temperature-dependent CO,/0, flux densities of SDC-NiO-MC
membrane with a mockup flue gas (75% Ny + 15% CO5 + 10% O») as
feeding gas and Ar as the sweep gas are shown in Fig. 5a. The increase of

85% N, + 15% CO, | SDC-NiO-MC | Pure Ar
Thickness: 0.7 mm

o
B
1

e o @
» (3] »
1 1 1
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o
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/
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e
-
1

Qo

=
(=]
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T T
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Fig. 7. Temperature dependence of CO, flux density of SDC-NiO-MC mem-
brane through MOCC mode.

CO2/0; flux density with temperature suggests that CO2/0; transport
through the membrane is a thermally activated process. On the other
hand, the flux ratio of CO2/05 is found to be in the range of 2.01-2.42
from 650 to 850 °C, which apparently deviates from the theoretical 2:1
ratio of MECC membranes, implying additional CO, transport pathway
in the membranes. The close activation energy for CO, and O transport,
ie. 1.20 vs. 1.10 eV, shown in Fig. 5b supports the co-CO5/O5 transport
mechanisms.

To understand the multiple ion/electron transport pathways, we
sketch Fig. 6 to show all the available multi-phase boundaries (MPBs),
where possible parallel enabling surface reactions are illustrated to take
place within the SDC-NiO-MC membrane. Note that MC and SDC are
pure CO3~ and 0~ ionic conductors, respectively, while LNO formed in
situ between MC and NiO phase at high temperatures (see Fig. 3), is the
electronically conducting phase. There are three possible pathways
identified for CO3/0; transport across the SDC-NiO-MC membrane:
path-1, 2, 3 are based on MECC, MOCC and OTM pathways, respec-
tively. Since some Og is contained in flue gas, it will activate the MECC
mode (path-1), where both CO5 and O, permeate to the sweep side, as
evidenced by Fig. 5a.
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Fig. 8. OCM performance of SDC-NiO-MC membrane under 10% CH,4 as sweep gas. Effect of temperature on flux of C;Hg, CoHy, Hy and CO; (a), and CH4 conversion,
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To prove the MOCC pathway (path-2), the O, in mockup flue gas is
purposely shut down. The results shown in Fig. 7 indicate a significant
level of CO4 is still detected in the sweep gas. This observation suggests
the active MOCC pathway, i.e. CO,+0% =C0%". However, when CO; in
the mockup flue gas is cut off, i.e. feed gas becoming 90% N5 + 10% Oo,
neither CO3 nor O, is detectable in the sweep gas. This observation
implies that the OTM-pathway (path-3) is inactive. This is understand-
able in that the density of the path-3 is very low due to the nature of in-
situ formation of electron-conducting LNO phase, see Fig. 6. It is also not
guaranteed that path-3 forms effective percolation to sustain oxygen
permeation. In addition, the partial pressure of O, in the feed gas (10%)
is rather low, which is unfavorable to permeate sufficient Oy to be
detected by GC. Overall, the CO, transport primarily follows path-1,
yielding CO2:04 = 2:1 (see Fig. 1a) and the secondary CO5 pathway is
path-2, yielding pure CO5 (see Fig. 1b), which ultimately results in a
CO2/0; flux ratio >2:1, see Fig. 5a.

3.3. OCM performance of the membrane

After understanding the basic transport mechanisms with pure Ar as
the sweep gas, the membrane’s OCM performance was further evaluated
vs. temperature using 10%CHy4-Ar as the sweep gas; the results are
shown in Fig. 8. Clearly, CoHg, CoHs, Ha, CO3 and Hy0 are the main
products in the effluent. Note that H>O flux density is calculated using H-
mass balance due to its undetectability by GC. As the temperature in-
creases, see Fig. 8a, the flux densities of all gaseous species all increase
correspondingly.

To understand the detected species and their concentrations, we
analyze the following main and side reactions to account for OCM
conversion:

2CH, +0.50, = C,Hs + H,0 an
CyHg = C,Hy + H, 12
2CH, + O, = C,Hy + 2H,0 a3
CH,+20, = CO, + 2H,0 a4
CyHg +3.50, = 2CO, + 3H,0 (15)
C,H, + 30, = 2C0O, + 2H,0 16)

The fact that the flux densities of CoH4 and CyHg are slightly higher
than Hj suggests that the main reactions for Ca-product (CoH4 and CoHg)

are (11) and (12); reaction (13) is very limited, with the catalyst we
used. The large amount of CO remained in the effluent also suggests the
inactive role of CO5 in forming Cy-product and likelihood of side re-
actions of (14), (15) and (16). The CH4 conversion and C; selectivity all
increase with temperature, see Fig. 8b, which is understandable because
the fluxes of permeated Oy and CO; also increase with temperature (see
Fig. 5a), thus increasing the rate of O—CH4 reaction to form CyHg as well
as subsequent thermal cracking into CoH4 and Hy. Meanwhile, the
permeate CO, could potentially suppress the direct methane oxidation
(reaction (14)) and re-oxidation of CoHg and CoH4 (reaction (15) and
(16)), thus helping Cy-selectivity. On top of the above, the decreased
local Oy partial pressure alleviates the direct oxidation of CH4 and re-
oxidation of CoHg and CoHy. These synergistically positive effects have
led to a high yield (~9.2%) of C, products with 51.9% Cy-selectivity and
17.7% CHy4 conversion at 850 °C. Note that the trend of the increased
CH4 conversion, C; selectivity and yield with temperature is consistent
with our previous modeling work, but the experimental values are much
lower than computational values [27]. One reason is that the modeling
considers tubular plug-flow membrane reactors, which allows incre-
mental addition of CO5/05 into the CH4 stream along the length of the
membrane, thus mitigating side reactions (14)-(16).

A noteworthy observation is no CO detected in the effluent. This
finding implies that there is no coking occurred in the above experi-
ments and all the formed CyHg is converted into CoHy via simple thermal
cracking (reaction 12)). Otherwise, CO5 and O, would react with C to
form CO. There is also no exothermic reverse water gas shift reaction
because it is unfavorable at a temperature as high as 850 °C. We believe
that both high operating temperature and the catalyst we used
contribute to the “no-coking” behavior. In addition, we did not observe
morphology change, see Fig. S2, or blackening of the catalyst after the
OCM test, indicating the good stability of catalyst during OCM reaction.

To demonstrate the effect of the catalyst, the OCM performance of
membrane reactor was also evaluated without catalyst under the same
testing condition. As shown in Table S2, its OCM performance is much
lower than that with catalyst. For example, at 850 °C, CH4 conversion,
Cy products selectivity and yield are only 6.8%, 15.7% and 1.1%,
respectively. This comparison demonstrates the importance of catalysts
in the OCM conversion.

3.4. Thermodynamic analysis of OCM process

We also performed a theoretical analysis on the OCM process. From
the mass balance of C, H and O, the permeated CO5 and O flux from flue
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Fig. 10. Effect of CH4 concentration on OCM performance of the SDC-NiO-MC
membrane at 850 °C.

gas under 10%CH,4 as the sweep gas are calculated by:

L oin - in _ - out - out - out
C —mass balance: ritgy, +1tly, = 2mey, + 2mey + mgp, 17)
o . -in - out - out - out - out
H — mass balance: 4nigy, =4ne,, + 6mey + 2ny) + 2my, (18)
. - in - in __ sout - out
O —mass balance: 2, + 2mify,, = gy, + 20, 19

where m represents mass flow rate or flux. The CO; and O, flux densities
calculated are specifically shown in Fig. 9a. Compared to the CO2/05
flux with pure Ar sweep gas (Fig. 5a), the fluxes of CO2/04 under 10%
CH,4 are higher at any temperature, particularly at lower temperatures;
this trending can be ascribed to the larger chemical potential gradient of
04 and CO5, across the membrane in the latter case. The theoretical Cy
products yield is also calculated out based on reactions (11) and (12),
which are much higher than experimental values, see Fig. 9b. The large
difference reflects a significant degree of side reactions (14)-(16), see
Fig. S3, undertaken in the OCM process. To reduce the involvement of
these side reactions, a tubular plug-flow membrane reactor configura-
tion, in which CO5/0; is incrementally added into the CH4 stream along
the axial length, will be beneficial, as modeling suggested [27].

The OCM performance was also evaluated as a function of CHy
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Fig. 11. Long-term stability of MECC-based OCM reactor under 10% CH, as
sweep gas at 825 °C.

concentration at 850 °C; the results are shown in Fig. 10. Overall, there
is no significant effect from the CH4 concentration. Decreasing CHy
concentration from 10 to 2.5% slightly increases Cy selectivity but with a
nearly constant CH4 conversion. This is because, at lower CH4 concen-
trations, there will be a higher percentage of CH4 molecules to react with
O, via reaction (11) forming CoHg over the available reactive sites on the
catalyst surface, leading to higher Cy-selectivity. In comparison, at
higher CHy4 concentrations, those CH4 molecules that do not have the
access to catalyst surfaces for OCM reaction will react with O, via re-
action (14)-(16), resulting in lowered Cy-selectivity. This trend is also in
agreement with the theoretical calculations shown in Fig. S4. Never-
theless, in either case, the nearly constant CH4 conversion reflects the
membrane’s capability to transform CH4 into other chemicals (e.g. CoHg,
CO,, Hy0) via oxidative route. What determines the desirable C,
selectivity is the catalyst. The presence of high concentrations of CO in
the reaction space helps suppress the side reactions (14)-(16). Note that
~12% C; yield (under 2.5%CH4 at 850 °C) is still relatively lower than
that reported by other larger co-fed reactors [17,18]. One of the main
reasons is that the OCM performance in our work is restricted by small
surface area (0.921 cm?) of button-type membrane reactor. Ongoing
research in the author’s group is the development of tubular membrane
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Fig. 12. Cross-sectional microstructure and elemental mapping of post long-term tested SDC-NiO-MC membrane of OCM reactor.

reactors with larger surface area, where a higher high-value product
yield may be achieved. We will report the results when the data become
available in the future.

3.5. Stability test of the membrane reactor

Stability is a very important criterion to evaluate any membrane
reactor. Considering the instability of catalyst Mn-NayWO,/SiO, after
long-time exposure to high temperature (~830 °C) [31], the reaction
temperature of long-term stability test was chosen to 825 °C. Fig. 11
shows CH4 conversion, C selectivity and Cs yield are all stable during
the ~100 h testing, suggesting a good stability of the NiO-SDC-MC
membrane in both oxidizing and reducing and high CO, environment.

The cross-sectional views of the microstructure of post-test sample
are shown in Fig. 12; the images indicate that the SDC-NiO-MC mem-
brane is still microstructurally dense and contains well-connected SDC-
NiO matrix and MC phases, demonstrating good robustness of the
membrane.

4. Conclusions

In summary, the developed SDC-NiO-MC button-type membrane
have been demonstrated with high CO5/0, permeation flux densities
using a mockup flue gas as the feed gas and Ar as the sweep gas. At
850 °C, the membrane exhibits a CO5 and O, flux density of 1.16 and
0.48 mL-min'-cm 2, respectively. The flux ratio between the perme-
ated CO2 and Oy is found to be greater than 2:1, which is resulted from
the predominant MECC and secondary MOCC transport mechanisms. By
switching the sweep gas to CH4-Ar and incorporating an OCM-specific
catalyst, the same membrane reactor produces Cy products (CoHg and
CoHy). At 2.5% CHy, the reactor achieves >20% CHy4 conversion, ~57%
C, selectivity, resulting in ~12% C, yield at 850 °C. The main side re-
actions affecting the Cj selectivity are CoHg/CoHy reoxidation and direct
CH4 oxidation. With a tubular plug-flow type of membrane, C; yield is
expected to improve due to the incremental addition of CO5/0; along
the axial length of the membrane. The long-term test of the membrane

reactor shows a stable performance for ~100 h at 825 °C. Overall, the
SDC-NiO-MC CTM-based OCM reactor is a promising technology to
upgrade CH4 into high-value Cy products with integrated CO2 capture
from flue gas and OCM process.
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