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Oxidative coupling of methane with COy (CO2-OCM) is beneficial because it avoids complete oxidation, an
undesired reaction that occurs during Os-oxidative coupling of methane. Previous literature has sparsely
considered the respective roles of CO2 and O as reactants at CO,-OCM reaction conditions. This work explores
the roles of CO, and O, in OCM over Sr/La;0O3 with different reactant oxidant mixtures. While CO- alone did not

significantly activate methane at 875 °C, a tenfold increase in C; yield resulted from adding 2 % O,. The role of
CO; in heterogeneous reactions was supported by XPS and XRD, which showed presence of carbonate species on
the catalyst surface while the bulk phase remained La;O3. The work shows that a small amount of gaseous
oxygen in the reactants can greatly improve methane conversion, and while oxygen is crucial in converting
methane, CO3 plays an important role during ethane dehydrogenation.

1. Introduction

Although the price of natural gas (NG) varies widely on the world
market, global reserves remain high for the foreseeable future. NG has
the lowest molecular carbon to hydrogen ratio of any fossil fuel,
resulting in lower CO3 emissions when consumed in industrial processes
like syngas production or ammonia synthesis. A promising alternative to
cracking liquid hydrocarbons for ethane and ethylene production is to
use NG as a feedstock for catalytic oxidative coupling of methane
(OCM). Since its discovery in the 1980’s, OCM has been considered an
important process for producing value-added chemicals like ethylene
[1]. The most suitable catalysts for OCM are basic metal oxides [2,3].
Commonly used materials include Mg/O, LazO3, and Mn/Nay;WO4/SiO2
based catalysts. In particular, LagO3 based catalysts have shown mod-
erate methane conversion and C; selectivity even at lower temperature,
and more so when doped with metals such as Ba and Sr [3,4]. Under
such operating conditions with LapO3 based catalysts, C; yield achieved
ranged from as low as 5 % at 500 °C with Sr/LapOs coated monolith
catalyst and as high as 18 % using binary Lap03-CeO5 nanofiber catalyst
[5,6]. Many proposed mechanisms for OCM suggest that the global re-
action begins with H-abstraction by an active oxygen species on the
catalyst surface. Methyl radicals then combine in the gas phase to form
ethane and then ethylene through dehydrogenation. However,
non-selective pathways for the oxidization of methyl radicals and
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hydrocarbons also exist, producing carbon oxides. The tradeoff rela-
tionship between methane conversion and Cj selectivity, i.e. increasing
methane conversion leading to decreased Cj selectivity, is a barrier to
achieving the 25-30 % C; yield required for OCM commercialization
[7]. Some attribute this crucial tradeoff to the use of Oy, a strong oxidant
that causes secondary oxidation of produced C; hydrocarbons [8].

To mitigate secondary oxidation of Cy hydrocarbons, the use of soft
oxidants has been examined. Among soft oxidant candidates, CO» has
gained attention for several reasons. Its mild nature prevents secondary
oxidation of the Cy hydrocarbon products. Further, with COy as a
reactant, the OCM reaction becomes endothermic, which eliminates
large temperature fluctuations in larger catalyst beds. One key disad-
vantage is that, due to the inertness of COy, CO2-OCM over known
catalyst materials, high temperature and added heat from an external
source are required.

OCM with CO5 as oxidant, CO2-OCM, can be expressed by the
chemical equations shown in reactions R1 and R2.

2CH,4 4 2C0,—-C,H, 4+ 2CO + 2H,0 (@D)]

2CH,4 4+ CO,—-C,H + CO + H,O0 (2)

The changes in Gibbs free energy (AG°) at 298 K of R1 and R2 are
226.88 kJ/mol and 97.31 kJ/mol, respectively. Their corresponding
enthalpy changes are (AH®) are 284.36 kJ/mol and 106.2 kJ/mol. This
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indicates that the reaction is thermodynamically unfavorable at stan-
dard conditions and that the reactions are endothermic. However, many
studies have proven that the reactions are viable at elevated tempera-
tures. Nishiyama and Aika were one of the first to demonstrate that CO2
could be used as oxidant for OCM over PbO-MgO catalyst and that,
through isotope experiments, the source of CO was CO, not CHy [9].
Asami et al. studied a series of metal oxides for CO,-OCM at 950 °C and
concluded that rare earth catalysts show high Cy selectivity with yttrium
resulting in the best C; yield [10]. Xu et al. clarified the role of CO5 and
suggested that the oxygen deficient sites on the catalyst surface were
replenished by CO3 to form O(syrface) Which then abstracts H from CH4 to
form methyl radicals [11]. Xu et al. also observed that over 90 % of CH4
was converted to Cy hydrocarbons which corroborates the findings of
Nishiyama and Aika that the source of carbon in C, products is methane.
Cai et al. used Mn-SrCOj3 to show that lattice oxygen does not play a role
during CO»-OCM and that oxygen from COxz is the active oxygen species
that produces C; hydrocarbons. The same trend was observed as reac-
tion temperature was increased, achieving the highest Cy yield of 5.1 %
at 900 °C [12]. Early studies on CO-OCM demonstrated the potential of
CO4, as the oxidant for OCM and elucidated its role at high temperatures
exceeding 850 °C.

Using CO, for OCM has significant limitations in yield and conver-
sion. Many catalysts have been explored to increase conversion effi-
ciency and enable higher selectivity to Cy hydrocarbons during CO»-
OCM. Wang et al. were able to achieve about 4 % Cj yield using CaO/
CrOs, higher than C; yield achieved using pure CaO and CryO3 [13].
Mn-based binary oxide catalysts were found to be suitable, especially a
Sr-Mn catalyst that exhibited the highest C; yield at 6.3 % at 900 °C
[14]. With nano-CeO2/ZnO catalyst, which gave higher methane con-
version than conventional catalyst formulations, maximum Cj; yield was
4.79 % although carbon deposition was more severe [15]. Istadi et al.
used CaO-MnO/CeO5, catalysts to achieve 3.9 % C, yield while showing
that both catalyst basicity and reducibility correlate with methane
conversion and Cj yield for CO,-OCM [16]. One of the highest C yields
of 6.6 % was reached with sodium and chloride added CaO-based
catalyst at 950 °C [17]. While many catalysts have shown to be effec-
tive for COo-OCM, C, yield is low, ranging from 3-6 %. Conversely,
0,-OCM typically has C; yield close to 20 %.

The effect of small quantities of CO on 02-OCM catalysis has been
studied under operating conditions relevant for O2-OCM; methane-to-
oxygen (C/O) ratios of 3-5 and operating temperatures from
600-800 °C. The effect has been studied over many catalysts, including
Lay0O3-based materials because CO3 is the major carbon oxide byproduct
of OCM and is known to affect performance in several ways. Some have
shown a positive effect of CO; including stabilization and increased Cy
selectivity [18,19] while many have found that CO, has a negative ef-
fect, including decreased methane conversion, decreased Cy selectivity,
and inhibition of methane activation, largely attributed to the creation
of surface carbonates [11,20-24]. Although many have studied the
impact of CO, under O,-OCM reaction conditions, few previous re-
searchers have investigated OCM with both O, and CO, under condi-
tions relevant to CO-OCM, marked by CO,/CHj, ratios between 1.0 and
2.0 and high temperatures in the range of 850-950 °C.

In this work, OCM over a range of O, and CO» concentration in the
reactants is studied to investigate their individual performance and yield
insights into their roles when used together at temperatures commonly
employed for the CO,-OCM reaction. Experiments were conducted
under typical CO,-OCM temperature and CO5/CH4 ratios with the
addition of oxygen in the feed over Sr/LayO3 catalyst. The roles of Oy
and COx in such conditions are elucidated using the performance of the
catalyst in each condition. Additionally, characterization of the catalyst
under different mixtures of Oz and CO, were performed using XPS and
XRD to characterize the catalyst and its surface.
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2. Experimental methodology
2.1. Benchtop experiments

A quartz tube reactor (7 mm I.D.) was packed with 500 mg of 1 wt %
Sr/Lay0s catalyst (BET: 4.9 m?/g, 250-350 yum), provided by Johnson
Matthey (UK). The provided catalyst was synthesized using the incipient
wetness impregnation method [25]. An electric tube furnace (Lindberg
Blue M) set to 875 °C was used to heat the reactor under N5 (99.9999 %)
at 50 ml/min (6000 ml/hr/g.,). It should be noted that the measured
temperature was stable at slightly higher than the setpoint temperature
at around 885 + 3 °C. The reactant mixture containing CO3 (99.999 %),
CH4 (99.0 %), O3 (99.996 %), and Ny (99.9999 %) were fed to the
reactor once the temperature reached the desired setpoint. CH4 con-
centration in the feed was always kept the same throughout the exper-
iments and the flow rate of 10 ml/min was held constant for all
conditions. The flow rates of CO3, O, and N, were adjusted using mass
flow controllers according to the conditions shown in Table 1 while
maintaining the total flow rate at 50 ml/min to maintain constant gas
hourly space velocity. For example, at CO2/CH4/05 of 1/1/0.1, the flow
rates of COy, CHy, and Oy were 10 ml/min, 10 ml/min, and 1 ml/min,
respectively. The flow rate of Ny was set to 29 ml/min to achieve
50 ml/min overall. A cold trap was placed downstream of the reactor to
remove any moisture before the effluent gas entered micro-GC (Inficon
Micro GC Fusion® Gas Analyzer) for sample analysis. The Micro-GC was
equipped with two columns, a Molsieve column for Hy, Oy, N3, CHy4, and
CO and a Rt U-Bond column for CO,, CoHg, CoHy, and CoH,. Carbon
species balance was evaluated using Eqs. (3)-(5), where x denotes the
molar flow rate of a species. %Carbon loss was ensured to be within 5 %.

Ciy = Xcu, +Xco, 3)
Cow = Xcn, +Xco, +2 % (kcyn, +Xc,m, +Xcom, ) +%co @

(Cin - Cr)ut)

in

%Carbon loss = x 100 5)

The performance of the catalyst was evaluated by calculating
methane conversion, CO;, conversion, Cy selectivity, and C, yield (Egs.
(1)—(4)). In these equations, x denotes the molar flow rate of a species.

(XCH4 Jin T XCH4 .our)

Xew, =—""+— "+ (6)
XCHy,in

Xco, = (J'Ccaz.i;? - Xcaz.am) %)
XC0,,in

2e (XCZH(, + Xcn, + XCZHZ)

Xcryin ® Xen,

Se, = )

Ye, = Xcu, oS, (C)]

2.2. Catalyst characterization

To better understand the bulk structure and the surface under
different mixtures of O, and CO,, catalyst samples were treated under
three types of oxidant flows: A) 2 % O3 + 20 % CO2, B) 2 % Oo, and C) 20
% CO4 at 875 °C. To prepare the samples, the catalyst was placed in a
4 mm LD. tube, and the temperature was ramped to 875 °C under Ny
flow. Once the setpoint temperature was reached, N, was replaced by
the oxidant flow and then remained under the condition for 30 min.
Then, the furnace was turned off and the temperature was decreased
rapidly under No.

X-ray diffraction (XRD) was used to determine the bulk structure of
the catalyst and x-ray photoelectron spectroscopy (XPS) was used to
identify the surface composition. XRD patterns were obtained using
Bruker D8 Discover with Co Ka radiation (40 kV, 35 mA, A = 1.789 nm).
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Table 1
Feed flow rates for the benchtop experiments and their corresponding CO»/CH,4 and CH4/O5.
0O,-lean CO»,-OCM O-rich CO,-OCM 0,-0CM
CO2/CHy4/04 CO,/CHy4 CH4/04 COy/CH4/02 CO,/CHy4 CHy4/02 CO2/CH4/02 CH4/04
[ml/min] [dimensionless] [dimensionless] [ml/min] [dimensionless] [dimensionless] [ml/min] [dimensionless]
5/10/1 0.5 10 5/10/3 0.5 3.33 0/1/0.1 10
10/10/1 1 10 10/10/3 1 3.33 0/1/0.3 3.33
15/10/1 1.5 10 15/10/3 1.5 3.33
20/10/1 2 10

XPS spectra were obtained using PHI 5000 VersaProbe III Photoelectron
Spectrometer. For XPS analysis, to prevent surface contamination, the
quartz tube was transferred to a glovebox with Nj still in the reactor. In
the glovebox, the samples were transferred to an air-free vessel for XPS
analysis.

3. Results and discussion
3.1. CO»-OCM over Sr/Las03

The activity of Sr/ LayOs catalyst for pure CO2-OCM was first
determined to provide a baseline for later experiments with added O.
The highest C, yield achieved was 0.6 % at CO2/CH4 = 0.5 % and 0.2 %
C, yield at CO5/CH4 = 2. The C; yields found were on a similar order of
magnitude to that of the experiment conducted with LazO3 by Asami
et al. [10]. They obtained approximately 0.23 % C, yield while oper-
ating at COy/CH4 = 2 over 2 g of catalyst. Experimental results showed
that methane conversion ranged between 1.9 % and 3.9 % depending on
the COy/CHy. Sr/Lay0s is not sufficiently active towards Cy hydrocarbon
formation during pure CO2-OCM. Inactivity could be due to the forma-
tion of carbonate species on the catalyst surface or the lack of gaseous
oxygen in the feed. It should be noted that CO3 dissociation could have
occurred as CO was the highest concentration species in the products.

3.2. Og-lean CO,-OCM
It has been established by this study and others that pure CO,-OCM

over Sr/LayOs yields less than 1 % Cy hydrocarbons in the products;
therefore, CO, alone cannot be used as oxidant at practical reactor

12

temperatures. To investigate whether oxygen in the reactants improves
performance of CO2-OCM, a small amount of oxygen, corresponding to 2
% oxygen in the feed, replaced Ny, maintaining the same total flow rate.
Fig. 1 shows the performance of Oz-lean CO2-OCM over CO5/CH4 ratios
from 0.5 to 2 at 875 °C. Based on the amount of oxygen in the feed, a
methane-to-oxygen (C/O ratio) of 10 was maintained through this set of
experiments. A methane-to-oxygen (C/O) ratio of 10 is well above the
ratio (3—6) that is typically used for O2-OCM.

Fig. 1 shows that for all CO,/CHy ratios, methane conversion ranged
from 9.4 % to 10.5 % and C; selectivity ranged from 68 % to 73 %. Both
results combined led to a C; yield of 6.7 - 7.9 %. Both CO2/CH4 = 0.5
and 1 cases resulted in almost the same methane conversion and C,
selectivity, and thus C; yield. With added O, methane conversion and
C, yield were found to be significantly higher when compared to the
results reported in Section 3.1. The experimental condition with 2 %
oxygen in the reactants resulted in a more than two-fold increase in both
parameters. The C; selectivity of 68 — 73 % is also close to the target Cy
selectivity for OCM commercial viability [7,26,27]. The best perfor-
mance was achieved at CO,/CH4 = 1, while decreasing performance
was shown in terms of decreased methane conversion and C; selectivity
at CO2/CH4 higher than 1. Decreasing methane conversion with
increasing CO; concentration was also observed over NayWO4/Mn/SiO4
catalyst and was attributed to the structural change of the catalyst in
which active species decreased and inactive species increased [28]. A
similar reason can describe the decreasing performance parameters with
increasing CO,. Chu et al. proposed that a La>*- 02 cluster in the LayO5
material transforms into La>*- CO%‘ when LasO3 reacts with CO5. The
new cluster is less basic than La®"- 0% clusters, inhibiting the methane
activation reaction on the surface [29]. The creation of active

4 T T T T

0.0 0.5 1.0

1.5 2.0 25

CO,/CH,

Fig. 1. Methane conversion, C, selectivity, and C, yield for CO»-OCM with 2 % oxygen over CO,/CH4 = 0.5-2 at 875 °C using 500 mg Sr/LayOs3,
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site-blocking carbonate species has been discussed many times in liter-
ature [24,29]. The experiments completed here indicate that gaseous
oxygen in the feed is critical for converting methane into methyl radicals
and achieving significant methane conversion Sr/LayOg catalysts. Also,
when CO; exceeds certain amount, i.e. at COo/CHy4 ratio higher than 1,
the poisonous effect of CO; is evident.

Fig. 2 shows selectivity for C; hydrocarbons and ethylene-to-ethane
ratio plotted over the CO5/CH4 range to illustrate the effect of increasing
CO3 on each Cy hydrocarbon. Ethane is the first Cy hydrocarbon product
to be formed in OCM, which then is converted to ethylene via dehy-
drogenation and then to acetylene. In the experiments, acetylene
selectivity remained low, while ethylene selectivity decreased with
increasing CO,/CH4 ratio. Ethane selectivity continued to increase with
increasing CO,/CHy. In all cases, selectivity towards ethylene remained
higher than the selectivity to ethane. With increasing amount of CO, at a
fixed amount of O, the increase in ethane and decrease in ethylene
suggest that CO, prevents dehydrogenation of ethane to ethylene when
present in excess, as shown in cases CO3/CH4 = 1.5 and 2. Many
mechanisms propose that dehydrogenation of ethane occurs via surface
reaction [30,31] while others suggest that it occurs through a gas phase
reaction mechanism [32]. Regardless, Fig. 2 serves as the evidence that

60

J ’i CgHg W% C2H4- C2H6‘

7

50

40

30

C, selectivity (%)

0.5 1 1.5 2

1.8
1.6+
1.4 1
1.2
- ]
T 1.0+
N
O B
% 0.8
I ]
N
O 0.6
0.4
0.2

0.0
0.0

o
(&l

2.5

CO,/CH,

Fig. 2. Selectivity of C, hydrocarbons (top) and ethylene-to-ethane ratio
(bottom) at CO,/CH4 = 0.5 — 2 at 875 °C during Os-lean CO,-OCM.
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excess CO; prevents ethane dehydrogenation to ethylene.

3.3. Og-lean CO2-OCM comparison to O2-OCM and non-catalytic Oy-
OCM

The results discussed so far show that the presence of oxygen in the
feed is crucial in producing ethylene via oxidative coupling of methane
with CO; over Sr/LayO3 However, at high temperatures like 875 °C, it is
of interest to demonstrate that the production of Cy hydrocarbons is
from heterogeneous reactions and not homogeneous reactions in the gas
phase. Thus, the results from Os-lean CO,- OCM were compared to those
of non-catalytic O,-OCM and O,-OCM. Non-catalytic O,-OCM at C/
O= 10 was performed in a blank quartz tube and its result are only
included to show the activity of Sr/La,O3 at high temperature. It is noted
that the typical temperature range of O2-OCM of 600 °C — 800 °C and
C/0 ratio of 3-5; the conditions given here are not ideal for O,-OCM.
Based on the results from Fig. 2, CO2/CH4 =1 ratio was chosen for
comparison as it had the highest C, yield. The operating conditions for
subsequent experiments are listed in Table 2.

As shown in Fig. 3, non-catalytic OCM in the gas phase led to 5 %
methane conversion and 32 % Cj selectivity, which indicates that the
dominant reaction was the complete/partial oxidation of hydrocarbons.
Also, oxygen conversion was only 20 % without a catalyst, which is
much lower than 100 % oxygen conversion observed during catalytic
0,-OCM and Oj-lean CO2-OCM. Methane conversion during catalytic
0,-OCM was the highest at 13.1 %, while C; selectivity was close to 60
%, resulting in a Cy yield of 7.5 %. This adds further evidence that the
catalyst retained its activity at 875 °C, though Sr/LayO3 is known to be
an active catalyst at a lower temperature range. For comparison,
Choudhary et al. looked at various La;O3 containing catalyst at 850 °C
and C/O= 16 and reported C, yields of 1.6-10.1 % [33]. Although
performance differs depending on many parameters, ethylene-to-ethane
ratio and methane conversion are expected to be high at high temper-
ature which is what was observed in this study. In particular, the
ethylene-to-ethane ratios says that more ethane is present when COs is
present in the feed. Fig. 4 further clarifies what was observed in terms of
C; hydrocarbons.

Fig. 4 shows that both ethane and ethylene selectivity greatly
improved during Oy-lean CO,-OCM. The main contribution to improved
selectivity of Oz-lean CO2-OCM came from the increased in ethane
selectivity, which more than doubled during CO,-OCM. A few possibil-
ities can describe the increased C, selectivity. One possibility is the
creation of active oxygen species from CO, dissociation reaction. As
mentioned previously, COy dissociates into CO and a surface oxygen
species on the catalyst surface. The results showed that CO selectivity is
much higher when CO; is present in the feed in all cases. With CO2
concentration in the feed, the concentration of the surface species would
be created in addition to the ones from O, adsorption. It is unlikely that
the surface oxygen species from CO; contributes to methane activation
to create methyl radicals as seen in Fig. 3. However, it is possible that the
surface oxygen species played a role in abstracting hydrogen from
ethane to create ethylene in a process called COq-assisted oxidative
dehydrogenation of ethane (CO,-ODH) [34]. The role of CO; in this
reaction would be in site regeneration through dissociation into CO and
surface bound oxygen. CO2-ODH of propane to propylene was investi-
gated over MoOs/LazOs-yAl;03 in which increase in LayOs content
correlated with decreasing activity but increasing alkene selectivity

Table 2
Feed compositions for non-catalytic O5-OCM, O,-OCM and Oj-lean CO,-OCM.
CO,/CH4/04 CH4/04 CO,/CH4
[ml/min] [dimensionless] [dimensionless]
Non-catalytic O,-OCM 0/10/1 10 -
0,-0CM 0/10/1 10 -
Oy-lean CO,-OCM 10/10/1 10 1
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Fig. 3. Comparison of C, yield, methane conversion, and C, selectivity (left) and ethylene-to-ethane ratio (right) in non-catalytic O,-OCM (green), O,-OCM (orange)

and O,-lean CO,-OCM (blue) at CO,/CH4 = 1 at 875 °C.
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Fig. 4. Comparison individual C, hydrocarbon selectivity for non-catalytic O,-OCM (green), O»-OCM (orange) and Oa-lean COo- OCM (blue).

[35]. This finding is similar to what is observed here, where CO; led to
decrease in methane activation and increase in ethylene selectivity.
Simultaneously, CO produced during CO5-OCM can suppresses CO
production from CH4. CO produced from O-OCM results from the
oxidation of hydrocarbons. CO during CO,-OCM is produced mainly
from CO4 dissociation into CO and O. The desorbed CO in the atmo-
sphere would then drive the equilibrium of CO production reaction to
suppress CO production from methane, thus increasing C; selectivity.
Another possibility is that CO5 efficiently prevents oxidation of the
methyl radicals. Several OCM mechanisms propose that the pathway to
carbon oxides begins by oxidation of methyl radicals both in the gas
phase and on the surface. Martin and Mirodatos proposed a COy for-
mation mechanism in which methyl radical is oxidized by surface oxy-
gen species consecutively to surface carbonates [36]. In CO5-OCM, cases
in which the abundance of CO; already forms carbonates, less sites are
left for methyl oxidation, thus suppressing surface methyl oxidation.
This can explain increased ethane selectivity. Yoon et al. reported oxy-
gen from O adsorption was responsible for methane activation and
lattice oxygen was required not only for ethane dehydrogenation but

also for methyl oxidation to carbon oxides over NagWO4/Mn/SiO; [37].
CO3 present during Os-lean CO,-OCM, through carbonate production
could have occupied active sites and left selective sites for dehydroge-
nation reactions. The same reasoning can be applied to the role of CO, in
preventing oxidation of the hydrocarbons. Judging from the
ethylene-to-ethane ratios in Fig. 3, it is probable that ODH of ethane
more prevalent in O»-OCM than in CO,-OCM which had less available
oxygen species.

To summarize the two possible scenarios that can be deduced from
the reactor experiments, the common roles of CO; are: 1) suppressing
the production of carbon monoxides while facilitating CO5-assisted
oxidative dehydrogenation; and 2) suppressing oxidative dehydroge-
nation of ethane, which leads to the production of carbon oxides that
decrease Cj selectivity. In other words, the role of O, lies in oxidizing
methane while CO is responsible for oxidizing ethane.

3.4. Orich CO2-OCM

To determine whether the increase in Cy selectivity and methane
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conversion is observed under oxygen-rich condition, the oxygen con-
centration was increased to 6 % while keeping the methane and CO,
concentrations the same as the Os-lean CO5-OCM condition. The C/O
ratio in this case was 3.33, which is typical for O,-OCM. Fig. 5 shows the
catalyst activity when the oxygen content in the feed is increased from 2
% to 6 % over CO5 concentration range from 10 % to 30 %.

Both Og-lean and Oj-rich conditions showed similar trends in
methane conversion and Cs selectivity with increasing CO», although it
is more apparent during Op-rich conditions. Methane conversion
increased by more than twofold from approximately 10 % to near 25 %.
However, due to the decrease in Cy selectivity, Cy yield was only
marginally higher than Cy yield obtained during Oj-lean conditions.
Ethylene-to-ethane ratios shown in Fig. 5 ranges from 3-3.4, which is
higher than the range obtained during O,-lean CO,-OCM of 1.2-1.4.
This could be due to oxidative dehydrogenation of ethane facilitated by
the higher oxygen concentration.

Fig. 6 shows CO, conversion achieved during Oy-lean and O,-rich
conditions are shown over COy/CH,4 range of 0.5-1.5. Positive CO5
conversion indicates reduction of CO, while negative CO5 conversion
indicates production of CO,. With more oxygen available in the feed,
there was a net increase in CO; despite its abundance in the feed to the

T
% 241« o, converin :

22 T T T

Sc, (%)
5

1.0
CO,/CH,

2.0

Fig. 5. Performance parameters during O,-rich OCM (top) and ethylene-to-
ethane ratios (bottom). Red lines indicate conversion, selectivity, and yield
during O2-OCM.
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There are many sources of CO, during OCM when oxygen is present.
Methyl radicals, as mentioned previously, can be oxidized in both gas
phase and surface phase. The products of OCM, both ethane and
ethylene, can be oxidized through secondary oxidation [38,39]. The
decrease in Cy selectivity found from Oj-lean CO3-OCM to O-rich
CO2-OCM with increasing oxygen indicates that Cy hydrocarbons were
completely oxidized to carbon oxides. Also, ethylene-to-ethane ratio
increased from 1.63 to 3.46. These indicate that ethane dehydrogena-
tion reaction occurred more readily during Og-rich CO2-OCM, pro-
ceeding until they were fully oxidized. Parishan et al. proposed that the
ethane undergoes gas phase thermal dehydrogenation reaction with
gaseous oxygen to ethylene up until 800 °C [39]. Thermal dehydroge-
nation proceeds by CoHg—CoH4 +H,. Because both Og-lean CO2-OCM
and Og-rich CO,-OCM were at 875 °C, the only difference was the ox-
ygen concentration and that was what resulted in higher ethylene
amount. From this, it is implied that at high temperature, oxidative
dehydrogenation is the major contributor in converting ethane to
ethylene. With sufficient oxygen addition in the O-rich condition, the
reaction becomes closer to 0-OCM, in which oxidation of Cy hydro-
carbons becomes a disadvantage that lowers Cy selectivity. While
O»-lean conditions is successful in utilizing CO2 and increasing C yield,
Oo-rich condition shows net increase in COs.

3.5. XRD and XPS characterization

From Section 3.3 it was determined that in non-catalytic conditions,
the reactions do not occur significantly in the gas phase. Also, while the
role of CO, is important, it is not clear whether its role is in the gas phase
or on the surface. Since O, is more reactive than COs, it can be assumed
that the role of CO; in the gas phase reaction would be less significant
than what was obtained during non-catalytic O2-OCM. This means that
the different performance in Fig. 3 is mostly due to the change in the
structure of the catalyst in the bulk structure or its surface. To determine
how the catalyst bulk structure and the surface changes under different
mixtures of oxidants the three different samples are prepared. As stated
in Section 2.2, the samples are treated under A) 2 % O3 + 20 % CO», B) 2
% O3, and C) 20 % CO., at 875 °C.

XRD on the three samples was first performed to determine the lat-
tice structure of the catalyst to determine the role of CO3 on the surface.
All three XRD patterns can be matched to hexagonal La;O3 (PDF 00-002-
0688) as shown in Fig. 5. It essentially shows that the bulk structure of
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the catalyst remains the same under A) 2 % O3 + 20 % CO2, B) 2 % O,
and C) 20 % CO flows, despite the large quantity of CO3 in A and C.
Fig. 7 also shows that (101) is the highest intensity peak in all cases,
which shows that (101) is the preferred orientation regardless of the
reactant.

The results from the XRD characterization are consistent with results
from the literature that describe how La;0,CO3 disintegrates into COy
and LayOg at high temperature between 500-800 °C [21,40,41]. Fig. 8
shows the thermodynamic equilibrium mole percentage of CO3 (Xco2) at
one atmosphere pressure over a temperature range from 600 °C to
900 °C for the reaction LagO3 + COy < Lap03COs. Since equilibrium
Xcoz at 1 atm is 62.2 %, it is safe to say that, in all experiments per-
formed here, the bulk structure of the catalyst remained La3Os.

Although CO; did not change the lattice structure of the catalyst in at
the conditions studied in this work, using oxidant mixtures of CO5 and
O3 led to different catalyst performance as shown in Figs. 2-4. Also, from
the findings discussed in Section 3.3, the role of COy appears to be
crucial during heterogeneous OCM over Sr/ LayOs. XPS spectra of the
three samples were performed to investigate the effect of different oxi-
dants on the catalyst surface.

Fig. 9 shows the Cls and Ols spectra of Sr/La;O3 samples treated
with: A) COy; B) Oy; and C) CO; +0,. The adventitious peak at 285 eV
was used as the internal standard. Two distinct peaks are 285 eV and
289.9 eV are found in all three spectra. The first peak at 285 eV is the
adventitious C-C peak. The most apparent difference between the three
Cl1s spectra is the presence of carbonate C peak at 289.9 eV in Fig. 9A
and B due to the presence of CO3 in the feed. A small carbonate peak was
also observed in Fig. 9. B, though it is mostly likely due to contamination
during sample transfer. While bulk structure remained LagO3 as shown
Fig. 7, the surface of the catalyst is evidently affected by different con-
centrations of Oy and CO». The area percentage of the carbonate peak is
the highest in Fig. 9A, at 42.5 % followed by Fig. 9B at 35.5 % and then
in Fig. 9C it decreased to 14.1 % in Fig. 9B. Comparable CO, coverage in
A and C, together with drastically different methane conversion in CO,-
OCM and Oj-lean CO2-OCM, show that the presence of CO5 and car-
bonate formation on the surface is the not sole reason for low methane
conversion. The second peak at 290 eV is asymmetric for B and C, where
oxygen is present. In both samples, an additional peak at 288.7 eV was
required for deconvolution. This peak is often attributed to carboxyl
group and/or incompletely oxidized carbon [42,43].

Fig. 10 shows O1s spectra of the three samples. All three show two
distinct peak at 528.7 eV and 531.6 eV. The peak at 528.7 eV is the
lattice oxygen of LayO3 peak [42,44,45]. The peak at 531.6 eV ranges

2% O, + 20% CO, /Bal N,
2% O, /Bal N,
—— 20% CO, /Bal N,

.
e
L

Normalized intensity (-)

PDF 00-002-0688
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T
20 30 40 50 60 70 80
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Fig. 7. (A) XRD patterns of Lap,O3 that underwent 1) 2 % O3 + 20 % CO5 2) 2%
0,, and 3) 20 % CO, at 875 °C and (B) XRD pattern reference PDF00-002-0688.
Highest peak represents (101) plane.
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Fig. 8. Percentage of CO, at equilibrium for the formation of La,0,CO3 at
1 atm. Calculated using the equation from [41].

from about 530 eV to 534 eV and is possibly a combination of several
small peaks. From Fig. 9, it is known that carbonates are present on the
surface in varying degrees. The calculated atomic ratio of Ossjgev:
Ca85 ev,carbonate for A, B, and C were 3.9, 9.1, and 4.5. The atomic ratio of
Ocarbonate: Cearbonate iS 3. The ratio for A is the closest to 3, which means
that the peak at 531.6 eV in A consists mostly of carbonate peak, and
minor peaks of other oxygen containing species. Similar conclusion can
be drawn for C as well. For B, the ratio greatly exceeds 3, which shows
that most of the oxygen-containing species on the catalyst surface are the
ones other than lattice oxygen from LayOs and carbonates. Possible
candidates for oxygen-containing species whose position fall in the
range of 530 eV and 534 eV are adsorbed water, hydroxyl groups,
di-oxygen species, and partially oxidized carbon species found in Cls
spectra [44-46]. Partially oxidized carbon species are minor contribu-
tion as can be seen in Fig. 9. Some degree of hydroxyl groups are ex-
pected as it easily forms on the surface of LagO3 [42]. Zhou et al. also
proposed that peak correlated with catalytic activity was found at
531.5 eV [47]. Regardless, the carbonate coverage is the highest in A,
followed by C and then B. In the two samples B and C that were treated
with oxygen containing gas mixture, the sample with higher carbonate
coverage had higher C, selectivity. This corroborates the conclusion
drawn in Section 3.3 in which the role of CO5 was proposed to be in
suppression of oxidative dehydrogenation of ethane to increase Cj
selectivity. The order of lattice oxygen area is the reverse; B is the
highest at 58.6 %, followed by C at 53.1 % and then A at 48.3 %.
Considering the Os31.6 ev:Ca2s5 ev,carbonate Of A and C and the relative area
of the lattice oxygen coverage, the areas of carbonate coverage on the
two samples is not drastically different. Additionally, Wang et al. pro-
posed that lattice oxygen is responsible for methane activation and
Palmer et al. proposed the formation of active site via the reaction be-
tween lattice oxygen and gaseous oxygen [48,49]. Although the identity
of oxygen species for methane activation is still contentious, the
experimental results and the XPS results both show that carbonate for-
mation has less to do with methane activation and that gaseous oxygen,
and consequently its adsorption on the surface, is crucial in achieving
high methane conversion under operating conditions relevant to
CO,-OCM.

4. Conclusion

In this study, oxidative coupling of methane (OCM) over Sr/LasO3
was performed across a range of CO2/CH4 ratios with added oxygen at
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Fig. 9. Cls spectra of Sr/Lay0s treated at 875 °C under three different flows A) 20 % CO,, B) 2 % O, and C) 20 %CO; + 2 %0,. Balance N, for all three conditions.
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Fig. 10. Ols spectra of Sr/La,0g treated at 875 °C under three different flows A) 20 % CO, B) 2 % O, and C) 20 %CO, + 2 %O,. Balance N, for all three conditions.

O-lean and O»-rich conditions. While insignificant (0.2-0.5 %) C, yields
were achieved during pure CO2-OCM, increased Cg yield of 6.7-7.9 %
was possible with the addition of small amount of oxygen during O»-lean
CO,-OCM at 875 °C. Even at the high temperatures generally required
for CO,-OCM, CO, was not sufficient to activate methane over Sr/La0s3.
For Oy-lean CO,-OCM, 7.9 % was the highest Cy yield achieved at COy/
CH4 = 1. The measured selectivity of ethane and ethylene indicates that
the role of CO, may lie in suppressing oxidative dehydrogenation (ODH)
of ethane while facilitating CO5-assisted ODH. XRD was used to char-
acterize the state of catalyst under high concentration of CO5 in the
reactor and showed that the bulk structure of the catalyst remained
hexagonal LayOs3 regardless of the oxidant species. However, charac-
terization of the catalyst surface with XPS proved that the catalyst sur-
face changes significantly under different oxidant mixtures. CO is
adsorbed to possibly participate in surface reactions of COs-assisted
oxidative dehydrogenation and suppresses oxidative dehydrogenation
of ethane. The initial steps of H-abstraction from methane for methyl
radical production is largely managed by oxygen, and the subsequent
steps are influenced by CO; concentration that decides overall Cy
selectivity. In conclusion, this research shows that a small addition of
oxygen to CO2-OCM greatly improves methane conversion and

consequently Cy yield while taking the advantage of CO5 in achieving
high C, selectivity.
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