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ABSTRACT: Using abundant soft oxidants, a high methane-
to-ethylene conversion might be achievable due to the low
thermodynamic driving force for over-oxidation. Here we
report on the oxidative coupling of methane by gaseous S,
(SOCM). The catalytic properties of Pd/Fe;O, are compared
with those of Fe;O,, and it is found that high ethylene
selectivities can be achieved without noble metals; conversion
and selectivity on Fe;O, are stable for at least 48 h at SOCM
conditions. SOCM data for 10 oxides are compared, and
ethylene selectivities as high as 33% are found; the C,H,/C,Hy
ratios of 9—12 observed at the highest S, conversions are
significantly higher than the C,H,/C,Hg ratios usually found in
the CH, coupling with O,. Complementary in-detail analytical
studies show that, on Mg, Zr, Sm, W, and La catalysts, which
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strongly coke during the reaction, lower ethylene selectivities are observed than on Fe, Ti, and Cr catalysts, which only coke to a
minor extent. Further catalyst-dependent changes during SOCM in surface area, surface composition, and partial conversion to
oxysulfides and sulfides are discussed. Evidence concerning the reaction mechanism is obtained taking into account the selectivity
for the different reaction products versus the contact time. CH, coupling proceeds non-oxidatively with the evolution of H, on
some catalysts, and evidence is presented that C,H, and C,H, formation occur via C,H4 and C,H, dehydrogenation,

respectively.

B INTRODUCTION

Increasing demands for ethylene as a chemical feedstock along
with declining petroleum reserves and the emergence of shale
gas have stimulated renewed interest in direct and eflicient
catalytic processes for the oxidative coupling of methane
(OCM) to ethylene." Numerous studies of OCM with O, as
the oxidant have focused on optimizing C, yields” and
elucidating the reaction mechanism.” On alkaline earth oxides
and lanthanide oxides, C, selectivities and C, yields of 50—70%
and 8—11%, respectively, have been reported.*” The C, yields
are nearly doubled by adding dopants such as alkali and alkaline
earth metals.”

Regardless of the significant advances in this field, industrial
applications of OCM remain in their infancy.* To a large extent,
this can be attributed to the strong thermodynamic driving
force for over-oxidation: conversion of the C, products to CO,,
and other byproducts compromises the C, yield. Furthermore,
the strong exothermicity of the reaction introduces heat
management and reactor design challenges.

The intrinsic instability of many OCM catalysts poses a
further complexity.”™ A prominent example is one of the most
frequently studied OCM catalysts, Li/MgO. In many early
studies, stability tests were not reported, or this catalyst was
found to be stable. Recently it has been shown that Li/MgO
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suffers from an intrinsic instability, which prohibits practical
applications.’ Other approaches for converting CH, to valuable
hydrocarbon feedstocks, such as the conversion to methanol’
or formaldehyde® or non-oxidative CH, coupling,’ have
attractions but also significant limitations and have not seen
large-scale use.

A recent approach for CH,-to-C,H, coupling seeks to
moderate the driving force for methane over-oxidation with the
“soft” oxidant S, (“SOCM”)."” Note that AG for CH, over-
oxidation by S, is only —236 kJ/mol, versus —1294 kJ/mol for
O, (Figure 1), suggesting that higher ethylene selectivities/
yields might be possible using less aggressive oxidants in the
presence of an appropriate catalyst. The lower SOCM
exothermicity versus OCM with O, might also offer advantages
in reactor design, and the H,S co-product could be efficiently
recycled to Sg via the efficient Claus process.''

The conversion of S, with methane was studied extensively
between 1927 and the mid 1950s for the commercial
production of CS,,'* and CS, yields are highest at temperatures
of 500—700 °C and CH,/S, ratios of ~1. Early studies on the
CH, — C,H, reaction showed that the CH, conversions are
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Figure 1. Comparison of the free energies of the principal species
involved in the oxidative coupling of CH, by S, (blue) and O, (red) at
800 °C.

<5% at low temperatures, whereas excessive coking takes place
at high temperatures.”” Didenko et al. found a high selectivity
to mercaptans, which is in contrast to the other two studies."”
In our earlier SOCM work on neat metal chalcogenide catalysts
(e.g., TiS,, RuS,, MoS,, and PdS), we obtained CH,
conversions and C,H, selectivities at 950 °C of 6—9% and
4—9%, respectively.'’ Note that no coke was observed under
any of the reaction conditions. DFT computation finds that the
M-S bond strength has a major influence on SOCM
conversion and selectivity, which are inversely related.”"’
Enhanced catalytic performance was also observed when PdS,
was supported on oxides such as ZrO,."’

These initial findings raise the question as to whether PdS,
shows enhanced activity/selectivity due to the interaction with
the support or whether the oxide support by itself may be active
in SOCM processes. Furthermore, information on the
evolution of catalyst structure/composition under reaction
conditions may be pivotal for understanding the catalytic
properties. Finally, no experimental data on the SOCM reaction
mechanism are available. In particular, since several OCM
studies showed that non-oxidative coupling takes place at
elevated temperatures, evidence for the relevance of this
reaction route during SOCM would be revealing.

To address these questions in the present full account, we
first examine the catalytic properties of Pd over iron oxide and
over bare iron oxide. Next, in a systematic study of neat oxide-
derived catalysts for SOCM, the differences in the catalytic
properties of 10 different materials are compared, and
information on the SOCM reaction mechanism is provided.
Significantly higher C,H, yields and selectivities are achieved
than previously found with PdS, and supported PdS,.
Combining the catalytic measurements with catalyst struc-
tural/compositional analysis allows a correlation to be made
between catalytic properties and catalyst evolution under
reaction conditions.

B EXPERIMENTAL SECTION

The 10 oxide nanopowders used in the current experiments were
purchased from Sigma-Aldrich, Strem Chemicals, or Alfa Aesar and
have stated purities of >99.95%. Pd/Fe;O, was prepared by incipient
wetness impregnation of Fe;O, with Pd(NO;),-2H,0 and subsequent
calcination under O, at 550 °C for 6 h. Reactor measurements were
carried out in the custom packed bed reactor described previously,'
loaded with 200 mg of precatalyst with a particle size of 180—300 ym
in a quartz tube. The packed-bed automated reactor was designed to
use S, vapor as the hydrocarbon oxidant.'® Experiments were

performed using 2.7% CH, in Ar and a CH,/S ratio of 7.5, with
0.07% H,S added to diminish coking. After reaching the reaction
temperature of 950 °C, the catalysts were exposed for 4 h to 0.28% S,
and 0.33% H,S before exposure to the reaction mixture. After 6 h at a
weight hourly space velocity (WHSV = CH, mass flow/catalyst mass,
scaling as inverse contact time) of 0.785 h™!, the WHSV was decreased
to 0.628 h™! for 5 h, and then after 5 h to 0.471 h™' for 5 h. The
effluent distribution was continuously monitored by gas chromatog-
raphy (Agilent 78904, equipped with FID, TCD, and FPD detector).
The activity data reported here are the average of at least three
independent measurement sets.

X-ray diffraction (XRD) data on the catalysts after reaction at 950
°C were collected using a powder X-ray diffractometer (Rigaku Ultima
IV) with Cu Ka radiation and a Ni filter. The XRD instrument was
operated at 40 kV and 20 mA. The step size was set to 0.05° with a
count time of 2—3 s per step. A Thermo Scientific ESCALAB 250Xi
was employed for the X-ray photoelectron spectroscopy (XPS)
experiments. Measurements were conducted with an Al Ka radiation
(1486.6 eV) excitation source, an electron flood gun, and a scanning
ion gun. On selected catalysts, Raman spectroscopy was performed
after reaction at 950 °C under the conditions described above (Acton
TriVista CRS, 514.5 nm radiation, 0.2 mW laser power, 5 min
collection time). External lab services were employed for the BET
surface area measurements and combustion analysis.

B RESULTS

Catalytic SOCM studies were carried out under the
aforementioned conditions. Figure 2 compares the CH,
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Figure 2. SOCM CH, conversion (black) and C,H, selectivity (red)
compared on 10 wt% Pd/Fe;0, (triangles) and on Fe;0, (squares) at
950 °C with WHSV = 0.785 h™! and CH,/S = 7.5.

conversion and C,H, selectivity of 10 wt% Pd/Fe;O, and
Fe;0, at WHSV = 0.785 h™". The obtained C,H, selectivities of
>30% are higher by >33% versus previous results on Pd/
7r0,.'"° The CH, conversion is somewhat lower under the
present conditions but note that significantly lower temper-
atures are used here, which were previously shown to afford
both lower conversions and C,H, selectivities. The C,H,
selectivity of 30—35% is quite similar over Fe;O, and Pd/
Fe;0,, whereas the CH, conversion is slightly lower over Pd/
Fe;0,. Noble metals are thus clearly unnecessary for high
SOCM selectivity to ethylene.

These findings inspired us to study a number of different
oxides as catalysts for SOCM. The reaction products invariably
consist of C,H,, C,H,, C,H,, and CS,, with formation of
mercaptans, propane, propylene, and propyne <1%. Depending
on the catalyst, the C,H,/C,Hg ratio is in the range 8.9—12.4,
with the C,H,/C,H, ratio in the range 7.3—16.6 for the lowest
WHSV = 0.471 h™". Importantly, ethylene is by far the most
abundant C, product, in contrast to typical OCM reactions
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with O,.°“*'* Figure 3 compares the CH, conversions and the
C,H, selectivities of 10 oxides after 0, 2, and 6 h on stream with
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Figure 3. SOCM (a) CH, conversion and (b) C,H, selectivity at time
= 0 (black), after 2 h (red), and after 6 h (blue) at 950 °C with WHSV
= 0.785 h™' and CH,/S = 7.5.

WHSYV = 0.785 at 950 °C. After 6 h, the CH,, conversions are in
the range 4.4—9.3%, whereas the C,H, selectivities are 11.4—
30.5%. It can be seen that the variations in CH, conversion are
relatively small. SOCM at enhanced contact times leads to an
even smaller discrepancy between the total CH, conversions on
the different catalysts; at WHSV = 0.471 h™', the CH,
conversions are in the range 7.73—12.05%, whereas the C,H,
selectivities are in the range 9.58—25.93%. This observation can
be associated with the large S, conversion, which is 45—60% for
WHSV = 0.785 h™' and >80% for WHSV = 0471 h™". It is
reasonable to propose that as the reaction mixture passes
through the catalyst bed, the reaction rate is initially high and
decays as the S, concentration decreases. Due to the high total
S, conversion over all catalysts, only this second stage of lower
reaction rate occurs to a different extent over the different
catalysts. Accordingly, small variations in the total CH,
conversions are expected and more so for the lower WHSV
due to the corresponding higher S, conversion, in agreement
with experimental observations.

In contrast to CH, conversion, the C,H, selectivities are
strongly catalyst dependent, showing that the reaction is highly
sensitive to the nature of the catalyst. As evident from Figure 3,
both CH, conversion and C,H, selectivity change during an
initial induction period of ~2 h after which they remain
relatively constant. Stronger variations in the catalytic proper-
ties are observed on WOj;, La,05, and Cr,0O;5. On the Zn, Fe,
Ce, and Fe catalysts, the C,H, selectivities are greater than 30%,
with Fe;O, providing the highest C,H, selectivity of 33%.
Conversion and selectivity vs time on stream are summarized in
the Supporting Information (SI), page S2. To validate that the
catalysts do not deactivate with time, which has been previously
found for many OCM catalysts,”™* the reaction was carried out
over Fe,0, for 48 h on stream at WHSV = 0.628 h™" (SI, page
S4): CH, conversion and C,H, selectivity are stable at 4—5%
and ~30%, respectively.

Note that the C,H, yield increases with decreasing WHSV: it
is on average higher by 5% and 6% if the WHSV is decreased
from 0.785 h™' to 0.628 h™' and further to 0471 h7}

respectively. In contrast to these results, SOCM over the noble
metal catalysts reported earlier'® achieved similar conversions
but far lower C,H, selectivities at 950 °C. Note, however, that
lower CH,/S ratios and lower WHSVs were used in those
experiments. 10

It has been observed previously that CH, coupling to C,
products may occur non-oxidatively at high temperatures,
resulting in H, evolution.””'® For analyzing whether this non-
oxidative reaction pathway is relevant under SOCM conditions,
the extent of the conversion to H,S was investigated. Table 1

Table 1. H,S Selectivity for Contact Times of 0.785, 0.628,
and 0.471 h™! and Fraction of Unreacted H,S after Reaction
at 950 °C with WHSV = 0.628 h™*

Sh,s (%)
at at at unreacted H,S at 0.628 h™
0.785h™" 0628 h™' 0471 h™* (%)
ZnO 57.5 57.8 58.6 62.3
WO, —6.0 —4.4 32 39.3
La,0, 242 382 68.3 24
Cr,0, 30.0 17.5 18.3 38.0
Fe;0, 283 262 26 58.9

gives the ratio between the measured H,S concentration and
the H,S concentration that would be obtained if only oxidation
to C, CS, and H,S occurred. This ratio is termed H,S
selectivity in the following discussion. Table 1 shows that the
H,S selectivity is far lower than 100% for all catalysts. On ZnO
and Fe;O,, no strong dependence of the H,S selectivity on the
WHSV is observed, while for La,O; the H,S selectivity
increases and for Cr,0Oj it decreases with falling WHSV. On
WO;, a negative H,S selectivity is observed at the two lower
WHSVs. Accordingly, no H,S products are formed on WO,
catalysts, and the trace of H,S added to the reaction mixture is
consumed to some extent.

The observed low H,S selectivities could in principle result
from either the conversion of product H,S to H, and S, or the
reaction of CH, via a non-oxidative pathway (resulting in H,
evolution). The former reaction pathway was probed by
directing H,S at 950 °C over the catalysts for several hours until
the H,S conversions were stable. Since the highest possible H,S
concentrations during SOCM are in the range 0.25-0.33%, a
feed mixture of 0.33% H,S in argon was used in these
experiments. Column 5 of Table 1 shows that H,S conversion
to H, and S, occurs to a large extent over all catalysts, but only
over ZnO and La,0; is the fraction of unreacted H,S in
quantitative agreement with the H,S selectivities at SOCM
conditions for WHSV = 0.628 h™'. According to the
significantly lower H,S selectivities on WO; Cr,O; and
Fe;0, under SOCM conditions, non-oxidative coupling occurs
over these catalysts to a significant extent.

A further question regarding the SOCM reaction pathway is
whether C,H, and C,H, are formed via CH, and CH coupling,
respectively, or via dehydrogenation of C,Hs and C,H,,
respectively. Evidence is found from a comparison of the
C,Hy/C,H, and C,H,/C,H, ratios at different contact times,
which is given in Figure 4 for selected catalysts (see SI for data
on all oxides). For the oxides shown, the C,Hs/C,H, ratio
decreases by 13% and 21% upon decreasing the WHSV from
0.785 to 0.628 h™" and further to 0.471 h™', whereas the C,H,/
C,H, ratio increases by 16% and 10%. The relative decrease in
the C,Hy selectivity with increasing contact time provides
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Figure 4. WHSV dependence of average C,H,/C,H, ratios (black),
and average C,H,/C,H, ratios (red) for SOCM over selected catalysts.

strong evidence that C,Hg is the major source of C,H,. The
decreasing C,H,/C,H, ratio with decreasing WHSV further
suggests that C,H, is formed via C,H, dehydrogenation. As on
WO;, La,0;, Cr,03, and Fe;0,, a small increase in C,H,/C,H,
with contact time is detected, acetylene may be formed via
another reaction pathway on these oxides. For all 10 of the
present oxides, the relative CS, vs the C, content is highest at
the lowest WHSV, which is expected since CS, is the final
oxidation product.

In order to determine whether there is a relationship
between the catalytic properties and the catalyst structural/
compositional evolution, several analytical techniques were
employed on the chalcogenides after SOCM reaction. Initially,
the oxides are in the form of nanopowders with BET surface
areas of >10 m?/g, except for WO, which has a surface area of
93 m?/ g. As shown in Table 2, the surface areas are

Table 2. Structural Characteristics of Catalysts after Reaction
under SOCM Catalytic Conditions at 950 °C for 16 h

phases detected by ~ molar S/O carbon surface area
XRD ratio” (%)° (m*/g)°
MgO  MgS, MgO 5.66 >80 9.47
70,  Zr0, ZrS, 0.07 >80 629
TiO,  TiO, TisS, 0.05 ~15 042
CeO, Ce 5140, Ce,S;0 0.14 ~68 046
Sm,0;  SmyS,40, Sm,0,S 3.39 >80 0.18
Fe,0,  FeS, FeS, Fe,,S >100 ~12 0.07
ZnO ZnS, ZnO 33.11 ~36 0.22
WO, WS, 9.61 >80 1.88
La,0;  LagS,,00s 20.82 >80 1.89
Cr,0; Cr} 4053 Cr,S; 4.75 ~10 0.67

“S/0 ratio by combustion analysis. °C content by XPS. “BET surface
area in m?/g.

significantly reduced after SOCM at 950 °C, similar to previous
observations on OCM with 0,.>%""'” The surface areas of
Zr0,, MgO, WO,, and La,05 are >1.5 m?/g, while the surface
areas of the other oxides are smaller than 1 m?*/g.

X-ray diffraction analysis shows that the spent catalysts
generally consist of metal sulfides, oxides, and oxysulﬁdes.18
Note that Table 2 only shows unambiguously identified phases
in the order of the intensity of their respective Bragg peaks.
This does not exclude the presence of further crystalline phases,

present in lower concentrations. The high intensities of the
Bragg peaks for the Mg and Zn chalcogenides suggest that they
are highly crystalline. The significantly less pronounced
reflections for Ce, Sm, and La chalcogenides provides evidence
that they are amorphous to a large extent. On the oxides of Mg,
Zr, Ti, Fe, Zn, and W after reaction, crystalline sulfides and
oxides are observed, whereas mixed phases are detected on the
other chalcogenides.

The extent of oxide — sulfide conversion is strongly oxide
dependent. On the basis of the sulfur and carbon content,
obtained from combustion analysis, and the major crystalline
phases, detected by XRD, the molar S/O content of the
chalcogenides was estimated and is shown in Table 2. The high
S/O ratios for the Mg, Sm, Zn, W, La, and Cr chalcogenides
show that they contain significantly more S than O, while the
Fe;0, is almost entirely converted to a sulfide. In contrast, the
Zr, Ti, and Ce catalysts largely consist of oxides after SOCM.

XPS was also employed to study the surface properties of the
present catalysts after reaction. Table 2 shows that the major
fraction of the Mg, Zr, Sm, W, and La catalyst surfaces is
covered with a carbonaceous species. In agreement with these
results, data from combustion analysis show that >0.5 wt% of
carbon is present on these substrates. Note that this level of
coking was not observed previously for the Pd-based SOCM
catalysts.6 In contrast, only minor carbonaceous species are
observed on the Cr, Zn, Fe, and Ti catalysts with the coke
surface content of CeO, after reaction being ~68%. The nature
of the carbonaceous species was also investigated by UV Raman
spectroscopy on selected catalysts. On the Mg, Zr, and Sm
chalcogenides, Raman bands at ~1600 and ~1350 cm™ are
detected, which are the characteristic bands for graphite and
defective/amorphous carbon (“coke”).'” Both features are
significantly weaker on CeS,0, and are absent on the Ti and Fe
catalysts (spectra shown in the SI).

The spent Ti, Fe, Zn, and Cr SOCM catalysts not only have
a significantly lower surface carbon content, but also differ from
the other catalysts in the nature of the surface O species. On
these chalcogenides, XPS O 1s features at 530—S31 eV are
assignable to neat metal oxides,"> whereas negligible or only
very weak features in this region are observed on the Mg, Ce,
Sm, and Zr catalysts (SI). Although all catalysts exhibit a peak
at ~532 eV, this feature decays in intensity upon sputtering on
the catalysts that form only minor amounts of coke.
Accordingly, this peak may result from surface H,O or OH.
For the coked catalysts on which no strong decay of the 532 eV
peak is observed, the presence of a C—O—C species is
suggested."” On both types of catalysts, S 2p transitions at
161—162 €V confirm the presence of metal sulfides.””*" The
spent Sm, Ce, Zr, Mg, La, and W catalysts, which contain
considerable amounts of surface coke also exhibit a doublet at
~164 eV which is assignable to C—S—C, or S, species."’

For all of the above catalysts, sputtering for 30 s with 30 keV
Ar" jons does not significantly attenuate the XPS S 2p peaks,
indicating the sulfur concentration only insignificantly changes
to a depth of several nm. Similarly, the C 1s signal on the coked
catalysts does not strongly change on 30 s Ar* sputtering. This
is not the case for the Fe, Ti, Zn, and Cr, catalysts which only
coke to a minor extent, suggesting that the corresponding
carbonaceous species are predominantly adventitious surface
carbon.
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B DISCUSSION

Figure 5 presents a tentative structural model for the two types
of chalcogenide catalysts discussed here. Generally, a mixture of

A B
Sul
Sulfide fide
Oxide .
Oxide

Figure S. Schematic representation of the two different types of
surfaces formed during SOCM at 950 °C.

oxides and sulfides is present after SOCM. On type A catalysts,
based on MgO, Sm,0;, ZrO,, La,0;, and WO;, after reaction,
significant amounts of coke containing O and S are found.
Beneath the coke layer, a metal sulfide forms during SOCM.
On type B catalysts, based on Ti, Fe, Zn, and Cr oxides, only
minor surface C is present in addition to an oxide and a sulfide.
Note that Figure S is somewhat ambiguous in that the sulfide/
oxide content is strongly catalyst dependent; as seen from
Table 2, the S/O ratio in the catalyst ranges from 0.0 to >100.
In principle, the extent of oxide — sulfide conversion should
depend mainly on cation and anion diffusion in the solid state,
and the reactivity of the catalyst surface with S,.**

In previous OCM studies, coking was not observed due to
the presence of the strong oxidant O,. In contrast, coke
formation has been reported, e.g., in non-oxidative CH,
coupling, hydrocarbon pyrolysis, and CH, steam refor-
ming.'****® It was observed in those studies that cokin
usually leads to a gradual deactivation of the catalyst.””*"** In
contrast, no deactivation has been observed in the present
work. Although for some of the coke-forming catalysts, CH,
conversion drops while the C,H, selectivity increases during
first few hours, the catalytic properties are subsequently stable
for a number of hours. Even after adjusting the WHSV from
0.785 to 0.628 h™!, and S h later to 0.471 h™), no consistent
decline in CH, conversion is observed. Since CH, diffusion on
the surfaces before reaction should be negligible, it is concluded
that CH, is readily activated on the coked surfaces.

As discussed above, the high S, conversions lead to a small
range of CH, conversions, which is most pronounced for the
lowest WHSYV at which the S, conversion is highest. In contrast,
the C,H, selectivity is strongly catalyst dependent as shown in
Figure 2 a (WHSV = 0.785 h™'). To determine whether
catalysts that coke have distinctly different catalytic properties
from catalysts that do not coke, CH, conversion and C,H,
selectivities on the former and latter are compared. On average,
the CH, conversion is 33% lower on the non-coking catalysts,
whereas the C,H, selectivities are 69% higher. In fact, none of
the four catalysts on which measured C,H, selectivities are
larger than 25% (Zn, Cr, Fe, Ce) contain >80% surface carbon
after reaction. It can be speculated whether these catalysts have
sites with enhanced reactivities that readily activate CH,
intermediates to form coke or whether there are simply a
larger number of reaction sites leading to coke formation. The
latter hypothesis would be supported by the enhanced surface
areas of four of the five catalysts that strongly coke (>80%
surface C).

Having established that strongly coking catalysts give low
C,H, selectivities and yields, the question next arises as to
which intrinsic metal properties favor high ethylene yields.
Since several oxidation states are accessible to Cr, Fe, and Ce, it
might be concluded that more redox-active metals are necessary
for obtaining enhanced C,H, selectivities. However, the Zn
chalcogenide is also found to be highly selective although the
only stable Zn oxidation state is +2. To reliably establish, which
intrinsic properties of the chalcogenides favor high C,H,
selectivities, in-depth studies on the adsorption properties and
catalyst electronic structure will be necessary, which are beyond
the scope of this work. It is noteworthy that for SOCM,
transition metal oxides were found to show high selectivities to
ethylene. In contrast, numerous OCM studies on single metal
oxides revealed that predominantly alkaline earth oxides and
rare earth oxides give high C, selectivities.>” This trend
highlights a fundamental difference between OCM and SOCM
catalytic characteristics.

Regarding the SOCM reaction pathway, a homolytic cleavage
of CH, to form CHj is reasonably expected to be the initial
step as in OCM and non-oxidative CH, coupling,”¥®3%/%%1642%
C,H, may then be formed via CH; coupling to C,Hg and
subsequent dehydrogenation, or CH, formation and subse-
quent coupling to C,H,. Previous OCM studies mostly agree
that C,H, is predominantly formed via C,Hg dehydrogen-
ation,” 3626 \whereas DFT studies on neat metal sulfides find
that C,H, is likely formed via CH, coupling in SOCM."’ The
present findings that the relative C,Hy selectivity with respect
to the C,H, selectivity decreases with increasing contact time
provides strong evidence that C,H, is formed via C,Hg
dehydrogenation. Likewise, C,H, may be formed via C,H,
dehydrogenation and/or CH coupling. In previous mechanistic
studies on non-oxidative CH, coupling, C,H, formation via
dehydrogenation of ethylene was found/assumed.'*® In the
present work, increasing contact times lead to a relative increase
in the C,H, selectivity with respect to the C,H, selectivity for
the catalysts shown in Figure 4. Accordingly, C,H, formation
via C,H, is anticipated in these cases. For the W, Cr, La, and Fe
catalysts, however, a relative decrease in the C,H, selectivity
with increasing contact time is observed, suggesting that other
pathways for acetylene formation may predominate. That the
relative CS, selectivity with respect to the C, selectivity is
highest for the highest contact time is expected since CS, is the
final oxidation product. CS, may be formed by dehydrogen-
ation of C,H, or surface CH,, possibly via further
intermediates.

In depth mechanistic studies on CH, pyrolysis revealed that
acetylene is a key intermediate species for coke forma-
tion."******” Upon examining the present C,H,/C,H, ratios
at the lowest WHSYV at which coke formation is expected to be
most prominent, it is found that Fe;0,, Cr,03, and TiO,, which
do not coke show the lowest C,H,/C,H, ratios (SI). That a
low C,H, selectivity correlates with suppressed coke formation
suggests that in SOCM, coke deposition occurs via C,H,,
agreeing with previous studies.

Compared to our previous SOCM study, enhanced C,H,
selectivities of up to 33% have been obtained at similar
conversions (5—12%). Of course, these values are currently
below commercial interest and significantly higher C, yields
were found previously in OCM studies. Note however that the
desired reaction product C,H, is by far the most prominent C,
product in SOCM: the C,H,/C,H ratio is 8.9—12.4 (WHSV =
0.471 h™"'), which is to our knowledge higher than in any
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previous OCM study in which the relative selectivities toward
C,H, and C,Hg were reported. Second, oxidative coupling of
CH, with S, has barely been explored, and further studies on
optimizing the catalysts and reaction conditions are likely to

provide higher ethylene yields.

B CONCLUSIONS

The goal of the present investigation was to explore OCM
processes over a series of metal oxides with S, as the oxidant.
Substantially greater C,H, selectivities are found versus
previous SOCM work, and significantly higher C,H,/C,Hg
ratios are achieved than previously reported for OCM with O,.
No deactivation on Fe;0, is found over 48 h of SOCM with
the other catalysts also exhibiting stable catalytic properties for
16 h on-stream.

While the present Mg, Zr, Sm, W, and La catalysts form
significant amounts of coke during SOCM, only minor coking
takes place over Fe, Ti, and Cr catalysts. The extent of the
sulfur conversion and presence of oxides on the surface are
strongly catalyst dependent. That C,H, selectivities of >25%
are only found on non-coking catalysts suggests that some
degree of coking resistance facilitates optimum CH, con-
versions to C, products.

The relative C,H,, C,H,, and C,H, selectivities as a function
of WHSV provide evidence for the formation of C,H, and
C,H, via dehydrogenation of C,Hy and C,H,, respectively.
Catalyst-dependent, non-oxidative CH, coupling is also
relevant. Further studies of SOCM scope and mechanism are
in progress.
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