Downloaded via LEHIGH UNIV on August 30, 2019 at 15:39:14 (UTC).
See https://pubs.acs.org/sharingguidelines for options on how to legitimately share published articles.

)
<

& Cite This: ACS Catal. 2019, 9, 59125928

pubs.acs.org/acscatalysis

Oxidative Coupling of Methane (OCM) by SiO,-Supported Tungsten
Oxide Catalysts Promoted with Mn and Na

Daniyal Kiani,* Sagar Sourav,” Jonas Baltrusaitis,** and Israel E. Wachs™

Department of Chemical & Biomolecular Engineering, Lehigh University, Bethlehem, Pennsylvania 18015, United States

ABSTRACT: The literature for the oxidative coupling of methane
(OCM) on supported Mn/Na,WO,/SiO, catalysts is systematically
and critically reviewed. The influence of the precursors, starting SiO,
support crystallinity, synthesis method, calcination temperature, and
OCM reaction conditions on the catalyst structure is examined. The
supported Mn/Na,WO,/SiO, catalyst system is found to be dynamic
with the catalyst structure quite dependent on the set of variables.
Although almost all of the reported studies have determined the
catalyst crystalline structures under ambient conditions (room
temperature and air exposed), recent in situ/operando character-
ization study under OCM reaction conditions revealed that all
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previously detected crystalline phases of the active Mn—Na—W-—O components are not present because the reaction
temperature is above the melting points of their oxides. The presence of Na also induces the crystallization of the silica support
to SiO, (cristobalite) at elevated temperatures. The nature of the surface active sites under OCM reaction conditions is still not
known because of the absence of in situ/operando surface spectroscopy characterization studies under relevant reaction
conditions. Consequently, the proposed structure—activity models in the literature are highly speculative since they are lacking
supporting data. The rate-determining-step involves activation of the methane C—H bond by atomic surface O* as
demonstrated by a kinetic isotope effect (KIE) between CH, and CD,. Although the reaction kinetics follow a Langmuir—
Hinshelwood type mechanism, r = [CH,]'[0,]"/?, isotopic '*0,—~'°0, studies have shown that the catalyst lattice also provides
O* for the OCM reaction suggesting involvement of a Mars—van Krevelen mechanism. Recommendations are given regarding
the experimental investigations that could establish the fundamental reaction aspects of OCM by supported Mn/Na,WO,/SiO,
catalysts that would allow for the rational design of improved catalysts.
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1. INTRODUCTION

Despite increasingly strict regulations, a significant number of
countries, such as USA, Russia, Nigeria, Iran, Iraq, and Saudi
Arabia, still flare natural gas (mostly consisting of CH,), which
is estimated to be ~30% of the total natural gas utilized in the
world." Moreover, shale gas, the natural gas accumulated in
shale formations, has gained attention as a new source of
energy and petrochemicals, especially in the USA. According to
the recent statistics, shale gas production increased ~500%
from 2007 to 2013.” Unfortunately, most of these newfound
reserves are stranded in difficult to access terrain that makes
transportation of natural gas over long distances economically
challenging.” Despite the vast availability of natural gas, CH, is
underutilized as a chemical feedstock because of the dearth of
direct methods to convert natural gas to value-added products.
This recent abundance of natural gas (primarily from shale)
has renewed interest in catalytic methods to convert natural
gas to value-added chemicals. Natural gas can be converted to
chemicals and fuels via indirect capital intensive routes by
conversion to syngas (CO/H,), which can be converted to
fuels via the well-established catalytic Fischer—Tropsch
synthesis (FTS) technology.” Alternatively, syngas can be
initially catalytically converted to methanol that can be
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catalytically processed to small olefins (MTO = methanol to
olefins), aromatics (MTA = methanol to aromatics), or
gasoline (MTG = methanol to gasoline).4

The CH, can also be converted directly to value-added
chemicals and fuels via oxidative and nonoxidative catalytic
reaction routes. The nonoxidative processes involve coupling
of CH, (NOCM) to olefins, aromatics, and hydrogen
(MTOAH)® or CH, dehydroaromatization to benzene and
H, (MDHA).*” The nonoxidative routes, however, suffer from
intrinsic thermodynamic limitations and require extremely high
energy inputs rendering them challenging technologies for
large scale application.””*? In contrast, the oxidative coupling
of CH, (OCM) is not constrained by thermodynamic
limitations and directly converts CH, to high-value chemicals,
such as C,Hy and C,H,, with C,H, representing ~50% of the
hydrocarbon feedstock for the chemical industry.'” The OCM
catalytic reaction was first reported by Keller and Bhasin in
1982"" and has attracted significant attention over the years in
order to gain a deeper understanding of its fundamentals with
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Table 1. Synthesis Methods and the Corresponding Crystalline Bulk Phases Identified with XRD for the Supported Mn,O,/

Na,WO0,/SiO, Catalysts

method typical precursor and solvent

Mn(NO;), and Na,WO, in H,0

sometimes Mn(CH,COO),-4H,0 is used too
Mn(NO;), and Na,WO, in H,0
(C,H;),Si0, in C,H;OH and HNO;

incipient-wetness
impregnation (IWI)

mixed slurry (MS)
sol—gel (SG)

physical mixing/ball Mn(NO,), and Na,WO,

milling (PM/BM)

polyhedral oligomeric

silsesquioxanes (POSS) (C4H,),Si;09(OH),0ONa) in hexane—toluene

ﬂuidiz)ed bed processing Mn(NO,),-4H,0 and of Na,W0O,-2H,0 in H,0
(FP

solution combustion (SC) Mn(NO;), and Na,WO, in CgH,,0,Si was the
precursor for Si, as well as fuel

flame spray pyrolysis (FS) W-ethoxide, Mn-2-ethylhexanoate, Na-2-ethylhexanoate

and hexamethyldisiloxane in xylene

(C4H,),Si,09(OH)O,Mn and (C,Hy),Si,O;,W and

major bulk phases identified refs
Mn,0;, Na,WO,, WO;, MnWO,, SiO, (a-cristobalite) 13, 26, 31, 49,
$4, 55, 60
Mn,0;, Na,WO,, WO;, MnWO,, SiO, (a-cristobalite) 31, 49
Mn,0;, Na,WO,, MnMnSiO,,, SiO, (a-cristobalite), 31, 60
Si0, (tridymite), SiO, (quartz)
Na,WO,, Mn,0;, SiO, (a-cristobalite) 13, 61, 62

Mn,0;, Na,WO,, SiO, (a-cristobalite and tridymite). 49

Mn,0,;, Na,WO,, SiO, (a-cristobalite), MnWO, (only 63, 64
in spent catalyst)
Na,WO,, Mn,0;, SiO, (a-cristobalite) 65

Na,WO,, SiO, (a-cristobalite), MnWO, (only in Na- 66
free catalyst) Mn,0; (only in spent catalyst)

the aim of making the OCM catalytic process commercially
viable. Although OCM is not thermodynamically limited
because the overall reaction is exothermic and exergonic, it is
kinetically hindered and still needs better performing catalysts
to make OCM industrially viable.”'> The OCM catalytic
reaction faces selectivity issues since the free energy change of
the OCM reaction is ~—154 kJ/mol at 800 °C’ while that of
complete oxidation of CH, into CO, is ~—801 kJ/mol.” In
addition, the OCM catalytic process involves both heteroge-
neous and homogeneous reaction steps that further complicate
its understanding."’ Fundamentally, the process involves the
activation of a C—H bond of CH, to form gaseous methyl
radicals (CHj*) via a heterogeneous catalytic step followed by
a gas phase homogeneous recombination step of the CHj
radicals to yield C,Hg."""*™"® The C,Hy can further undergo
oxidative dehydrogenation over the same catalyst to form the
highly desired C,H, product.'” It has been reported that OCM
holds the greatest potential as the most cost-effective and
environmentally friendly method of converting CH, to
chemicals compared to the energy and capital intensive
indirect routes.’

This Perspective will focus only on the catalytic OCM
reaction and the details of other CH, catalytic conversion
processes can be found elsewhere in the literature.”'”~>* The
current review specifically focuses on the heterogeneous
catalytic step of the OCM reaction involving activation of
the CH, molecule to generate CHj* radicals. Hundreds of
catalysts (consisting of Group I, II, and transition metal
oxides) have been examined for the OCM reaction to find
catalysts with high C,H, selectivity and suppression of
overoxidation to carbon oxides (CO,).'>'**** Although
lithium (Li) in Li/MgO catalyst acts as a structural promoter
for enhancing OCM performance through Li migration to the
surface,”*”" it suffers from intrinsic instability because of its
excessive loss, over time, at the high reaction temperatures.Z("27
Lanthanum (La)-based catalysts, however, exhibit better
thermal stability but suffer from selectivity issues.””** The
supported Mn/Na,WO,/SiO, catalyst is currently the only
catalyst system that shows promising stability over long periods
of operation under OCM conditions and exhibits CH, yields of
~30% (conversion of ~35% and C, selectivity of ~80%)."
Although many reviews have summarized the extensive OCM
literature from the almost past four decades, most of them are
either outdated or lack critical fundamental analysis of the
literature data and just summarize the literature find-
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. 2028-31 . .
ings. One of the most comprehensive reviews on the

supported Mn/Na,WO,/SiO, catalyst system appeared in
2011 by Arndt et al,”> but this review lacked detailed
discussion of OCM reaction kinetics studies and did not cover
catalytic fundamentals (e.g., catalytic active sites, etc.). The aim
of the current Perspective is to critically analyze the major
literature studies regarding characterization of the catalyst
structure, OCM kinetics, reaction mechanism, and proposed
structure—activity models for OCM by the supported Mn/
Na,WO,/SiO, catalyst with an emphasis on the catalyst
structure. The influence of precursors, type of SiO, support,
synthesis method, calcination temperature, and reaction
conditions upon the catalyst structure is extensively examined,
but mostly from ex situ techniques, since in situ and operando
characterization studies are almost completely missing from
the literature.”'>*°~*>3>73% Through a systematic analysis of
the catalytic OCM literature, a clearer picture of the current
basic understanding of OCM by supported Mn/Na,WO,/SiO,
catalysts is obtained and recommendations are made for future
fundamental studies to advance this catalytic system that will
be of great value for researchers in this field.

2. SYNTHESIS AND CHARACTERIZATION

The numerous synthesis methods reported for preparing
supported Mn/Na,WO,/SiO, catalysts are summarized in
Table 1. As precursors of the active components, aqueous
soluble inorganic salts such as Na,WO,2H,0, Mn(NO;),-
4H,0, NaNO;, (NH,);o(H,W,0,,)-4H,0, C,H;NaO,, etc,
have typically been employed. In some cases, special organic—
inorganic precursors such as (C4H,),Si;O9(OH)O,Mn and
(C4H,),Si,01,W and (C,H,),Si;O5(OH),0ONa) in hexane—
toluene solvent mixtures were also employed. Significant
variations can be seen in the nature and dispersion of the
supported active phases with different precursors, solvents,
type of SiO, support’’ and preparation methods that lead to
diverse catalyst activity and stability properties.**™>*

Prior to discussing the effect of using different synthesis
methods in further detail, it is important to initially highlight
the effect of the precursor on the final catalyst, irrespective of
the synthesis techniques used. Typically, the incipient-wetness
impregnation (IWI) method has been used for synthesizing the
OCM catalysts under discussion, as it is simpler than some of
the more technologically and economically demanding syn-
thesis methods discussed in the later sections of this review. A
scrutiny of the precursors used with the IWI synthesis method,
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however, shows that almost all major investigations of this
catalyst system used the Na,WO,2H,O precursor as the
source of both Na and W. In every report using this precursor,
formation of only crystalline phases were readily detected with
XRD and Raman spectroscopy. When individual oxide
precursors of Na, Mn, and W were used (e.g., ammonium
para-tungstate (APT), manganese nitrate, and sodium nitrate),
broader and weaker bands not corresponding to any crystalline
phases (e.g., MnWO,, Na,WO,, WO;, Na,W,0,) at 910—-950
cm™! were also observed in the Raman spectra.”* Given that
Raman spectroscopy is sensitive to poorly ordered, dispersed
metal oxide phases, it can be assumed that dispersed species
were present along with crystalline phases on the SiO, support
when individual precursors were employed in the synthesis
procedure, even if the authors did not appreciate the fact.

For all the investigations that employed Na,WO,-2H,0 as
the Na and W metal oxide source,'>'#?*7#3%757 1oth
Raman and XRD detected the presence of crystalline Na,WO,,
nanoparticles. In only one study'’ that employed Na,WO,-
2H,0, the crystalline Na,WO, phase was not detected because
the in situ Raman spectra were collected at temperatures above
the melting point (~698 °C) of crystalline Na,WO,. Although
not clearly mentioned, the broad Raman band ~930 c¢cm™
identified in this study could be due to the molten Na,WO,
phase. Other investigations, that used individual precursors for
Na and W metal oxides>>**°**>° the Raman bands of
crystalline Na,WO, were observed along with broader bands in
the 910—950 cm™" region, which might be from dispersed
WO, phase, but were not identified by the authors.
Surprisingly, none of the literature studies addressed the
presence and importance of the dispersed WO, phase on SiO,
and only focused on the presence and role of the crystalline
Na,WO, phases.

In the pioneering work that first attempted to elucidate the
structure—property relationship of the supported Mn/
Na,WO0,/SiO, catalyst, both TWI and PM methods (summar-
ized in Table 1) were used with the IWI synthesis resulting in a
more stable catalyst.”®” In a subsequent study by the same
group, IWI, MS, and SG synthesis methods were investigated.
The SG catalyst exhibited uniform surface and bulk
distribution of the active components, compared to the IWI
catalyst. In the IWI catalyst, the active components were
mainly surface enriched. However, as in the SG catalysts, MS
catalysts also showed uniform distribution of the active
components throughout bulk and the surface.

In another study, a comparison of the IWI, MS, and POSS
synthesized catalysts was conducted.”” The small crystal size of
Mn,0; (<20 nm) was observed in the case of the POSS
catalyst, in contrast to the IWI and MS catalyst with 40 nm size
of the corresponding crystals. The SG synthesis approach was
examined in a different study and compared with the IWI
catalysts.’” Catalysts synthesized using the SG method resulted
in a more homogeneous distribution of the active structures
than IWI catalysts, determined by SEM-EDX, ICP, and BET
comparison.

To enable large batch synthesis of the catalyst, the fluidized
bed processing (FP) method has also been utilized to prepare
this catalyst.@’é4 In this process, amorphous SiO, was coated
with aqueous solutions of Na,WO, and Mn(NO;), in a
fluidized bed, followed by high temperature calcination that
enabled the transformation of SiO, from an amorphous to a
crystalline phase. The active phases were mostly found on the
surface of the catalyst (SEM-EDX) and were reported to be
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stable under reaction conditions. A small amount of Na was
found to have migrated into the SiO, support.

The majority of studies have utilized the aqueous IWI
synthesis method that results in enrichment of the active
component near the surface of the catalyst and prevents active
metal components from transporting deep into the bulk silica.
Different preparation methods, such as SC and FS, which
circumvent surface enrichment of the active components, were
utilized by different research groups. This synthesis approach
involves a reaction mixture of the preheated precursors and
fuels that self-ignites to yield metal oxide powders. The active
metal oxides were claimed to be distributed homogeneously
throughout the bulk silica support, instead of enriching the
surface layer. No characterization study, however, was
undertaken to understand the structure—performance relation-
ship of the catalytic active phases formed using this preparation
method. Similarly, the catalyst prepared using the FS method
had uniformly distributed active metal oxides both throughout
the bulk and the surface and exhibited higher surface area
compared to the IWI catalysts. The FS synthesis method is a
single step process in which the precursor solutions are
exposed to a burning flame and the combustion products are
then collected using a vacuum pump and the catalysts were
used for OCM without further heat treatment (calcination).

In addition, the long-term stability studies of the SG, POSS,
SC, and FS catalysts are missing in literature making IWT the
most studied preparation method leading to a thermally stable
catalyst. It should be noted that the catalysts prepared using
different methods were characterized ex situ, ambient
conditions, that are far from OCM reaction conditions.
Moreover, in some cases, only the initial catalyst structures
were investigated with the spent catalysts not being
characterized. The reported data about the crystalline metal
oxide phases and surface area may be not representative of the
phases present under OCM reaction conditions.

The characterization techniques applied to investigate the
supported Mn/Na,WO,/SiO, catalyst system and their
findings are given in Table 2. A major limitation of the
reported characterization studies of supported Mn/Na,WO,/
SiO, catalysts is that they predominantly have been performed
under ambient conditions, exposed to air at room temperature,
before or after the OCM reaction at ~800-—900
0. FH2027,30,31,67,68 Surprisingly, only one in situ XRD and
Raman characterization of the supported Mn/Na,WO,/SiO,
catalyst has been reported to date and focused on the role of
Ti-doping to trigger the low-temperature MnTiO; redox
cycle.”” Given the dramatic structural changes that can take
place between ambient and the very high temperature OCM
reaction conditions, such as transformation of the SiO, support
(a- to p-cristoballite),>*”~7* tungsten oxide phase changes
(erystalline WO5, monoclinic — triclinic — orthorhombic —
tetragonal)”® and Mn,O, (crystalline MnO,— Mn,0;—>
Mn;0,— MnO),” the reported findings may not be relevant
to OCM and more operando and in situ studies are needed to
be conducted to determine the nature of the catalyst
components under OCM reaction conditions. Typically, the
OCM studies have characterized the catalyst structures/phases
with X-ray diffraction (XRD), Raman spectroscopy, XPS,
XANES, EXAFS, and chemically probed the catalyst with H,—
TPR, CH,—TPR, NH;/CO,—TPD-IR, TGA, and DSC.
Besides Raman and XPS spectroscopic techniques, almost all
other characterization studies typically employ practices that
detect bulk crystalline phases and not surface dispersed phases.
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Thus, no information is currently available in the literature
about the nature of the surface sites, especially under OCM
reaction conditions, and the crystalline catalyst phases
determined from ex situ XRD and Raman spectroscopic
characterization studies provide little information about the
actual catalyst structures present during OCM.

In spite of this severe limitation in the current state of
understanding the supported OCM Mn/Na,WO,/SiO,
catalyst system, the literature reports from ex situ studies will
be distilled for analysis and contrasted with information based
on modern in situ and operando characterization studies to
highlight the need to study the OCM catalysts under relevant
reaction conditions. A summary of major literature reports and
the employed characterization techniques is provided in Table
2.

The in situ and operando characterization studies clearly
demonstrate that the supported Mn/NaWO,/SiO, catalyst
system is highly dynamic and must be investigated under
relevant OCM reaction conditions to fully understand the
nature of each catalyst component. Furthermore, it is critical
that information about surface WO,, MnO,, and NaO, phases
and sites be obtained under OCM reaction conditions since
they must play an important role in the OCM catalytic
reaction.

Some of the highlights about OCM catalysts from Table 2
are as follows:

e With rare exceptions, the characterization studies were
performed under ambient conditions (air exposed at
room temperature) that are very far from the extreme
OCM reaction conditions (>750 °C).

Only crystalline phases were monitored with XRD and
Raman spectroscopy.

In the presence of Na, the initial amorphous SiO, phase
crystallizes to SiO, (cristobalite).

The operando and in situ characterization studies under
OCM reaction conditions (>750 °C), however,
demonstrates that most of the crystalline phases
detected at room temperature are not present under
OCM reaction conditions: SiO, (a-cristobalite — /-
cristobalite), Na,WO, — amorphous, Na,W,0; — not
detected, Mn,0; — negligible signal intensity, and
MnWO, — might form under reaction conditions.
Another in situ characterization study under oxidizing
(O,) and reducing (CH,) environments at 900 °C
revealed that Mn was present as Mn,0; and MnWO,,
respectively, further revealing the dynamics of the
crystalline phases with environmental conditions.

The presence of W was detected with XPS under
UHV, but these are reducing conditions. EPR also
detected W°* under ambient conditions.

Several Raman studies also detected broad, weak bands
at ~910—950 cm™', which may arise from dispersed
WO, surface phase, but these band were either ignored
or not assigned incorrectly to crystalline Na,WO,.

3. ACTIVITY OF OCM CATALYSTS

The catalytic OCM activity and selectivity of SiO,-supported
Na, Mn, and W catalysts indicates the presence of synergistic
interactions between the catalyst components as shown in
Figure 1.

Catalysts containing only Mn-oxide are active toward OCM
but lack selectivity. Catalysts containing only W-oxide are both
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Figure 1. Synergistic influence of SiO, supported metal oxides toward
CH, conversion and C, selectivity (left) and C, yield (right) for
catalytic OCM reaction. Data adapted from refs 23, 27, and S8.
Nominal weight loadings were chosen to mimic ~2% Mn,O;, 4—5%
Na,WO, catalyst. Na: (1123 K; GHSV = 2000 h™!, CH,:0, = 4.5; 0.4
g catalyst).27 Na—Mn: (1073 K; CH,:0, = 3:1; GHSV = 36 000 h™};
0.1 g catalyst).”® W, Mn, Na—W, Mn—W, Mn—Na—W: (1123 K;
CH,4:0, = 4.5:1; total flow rate = 18 cc/min; 04 g catalyst).>

inactive and unselective. The addition of Na to W-oxide
catalysts increases their activity (most active toward OCM)
and also leads to a dramatic increase in C, selectivity. The
synergy of the Na—W-oxide system may be related to
structural effects and introduction of basic surface sites. The
addition of Na also makes tungsten oxide component easier to
reduce that may have a positive implication for OCM.®®”” The
catalysts containing both Mn-oxide and W-oxide exhibited
better selectivity but were slightly less active than the catalysts
comprising of Mn-oxide alone. Interestingly, the Na—Mn-oxide
system was 100% selective, but lacked any significant activity.
The three component SiO, supported Mn—Na—W-oxide
catalyst is slightly less activity than the most active Na—W-
oxide catalyst but exhibits significantly higher selectivity. The
role of each oxide for catalytic OCM is hard to ascertain since
their structures under reaction conditions are still not known.**

The Na component has been shown to transform the SiO,
support from its initial amorphous phase to the crystalline SiO,
(a-cristobalite) phase.*>*”~"* It was initially proposed that the
crystalline SiO, (a-cristobalite) phase plays a key role in the
OCM reaction, but subsequent in situ characterization studies
revealed that the SiO, (a-cristobalite) phase is actually not
present under OCM reaction conditions as shown in Table 1.
It was also argued that the phase transformation changes the
amorphous SiO, support that is an efficient CH, combustion
catalyst into the crystalline SiO, (a-cristobalite) phase that is
an inert support.

4. PROPOSED ACTIVE SITES

The IWI synthesized catalysts have been most extensively
investigated in the literature and, thus, only the proposed
active sites for IWI prepared catalysts will be reviewed since
other synthesis techniques lack characterization data or are
rare. It is not straightforward to establish the nature of the
active sites during OCM by the supported Mn/Na,WO,/SiO,
catalysts because the reported characterization studies have
almost completely been performed under ambient conditions
that are quite far from OCM reaction conditions (see Table 1
and 2). Only a few in situ/operando studies have been
reported for the supported Mn/Na,WO,/SiO, catalyst system
and have focused on the bulk crystalline phases present during
OCM."***7® Primarily SiO, (cristobalite) is detected since the
other phases (Na,WO,, Mn,0;, etc.) are present in either
molten or reduced states because of the high OCM reaction
temperatures. The nature of the catalytic active sites on the
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catalyst surface during OCM is still unknown (e.g., possible
presence of dispersed surface metal oxide sites on the SiO,
support and the surface composition of the 3D oxide phases
(molten and crystalline)). It should be emphasized that
heterogeneous catalysis is a surface phenomenon and bulk
structural information does not provide information about the
surface active sites. Even though the actual structures of the
surface catalytic active sites under OCM reaction conditions
are still not known, this has not stopped researchers from
proposing structure—activity relationships in the literature.
Interestingly, most of such speculations were not supported by
the experimental data provided by the authors in the original
papers, and in fact some of the data contradicts the authors’
speculations. For example, the active site was proposed to
contain W*, but in cited publications and in the data provided
in the report, W** can be observed.*>®® Nonetheless, the
speculative models proposed for the active sites and the roles
of each catalyst component is summarized in Table 3.

The information in Table 3 shows that almost all possible
types of active sites for OCM have been proposed in the
literature without solid experimental proofs, reflecting the
creative imagination of the OCM researchers. These studies
have also assigned a large set of roles to the active metal oxides
toward catalyst structure, active site and catalytic OCM
reaction performance. A summary of the roles is presented
next. Although Na is known to accelerate the crystallization of
the amorphous SiO, support, Na has also been proposed to (i)
disperse WO, on SiO,, (ii) distort WO, making it selective
toward C, products, (iv) transform WO, to WO, that are more
selective, (v) form Na—O—Mn bond that is the active site, (vi)
surface segregate Mn, and (vii) prevent complete oxidation of
CH, by isolating Mn ions. The most common role proposed
for Mn is its association with the catalyst redox properties, such
as (i) surface Mn activates gas phase molecular O,, (ii) Mn
increases mobility of surface and bulk lattice oxygen, (iii) Mn**
< Mn** redox cycle involved in OCM, (iv) combination of
MnO, and MnOQy in different oxidation states are active sites
for OCM, and (v) surface MnO, sites responsible for OCM
activity and C, hydrocarbon selectivity. Similarly, W has been
proposed to (i) impart thermal stability to the catalyst, (ii)
surface WO, is the active site for OCM involving its W=0O
and W—O-Si bonds, (iii) WO, responsible for C, hydro-
carbon selectivity, (iv) undergo W < W* redox cycle, and
(iv) undergo W®" < W** redox cycle. The OCM literature has
been adamant throughout the years about the presence of
surface tungsten oxide sites on SiO, as being present as WO,
sites even though their characterization studies only detect the
presence of crystalline Na,WO,, MnWO,, and WO; phases.
Unfortunately, all of these proposals do not have supporting
information in the absence of detailed surface information,
especially under OCM reaction conditions, and are, thus,
highly speculative.

The nature of the dispersed tungsten oxide phase on SiO,
has been extensively investigated, but the OCM literature
seems to ignore these relevant studies.”®' ™% The SiO,-
supported tungsten oxide phase contains both a dispersed
surface phase (986 cm™) and crystalline WO, nanoparticles
(810, 707, and 215 cm™') with the distribution between the
two phases deepening on tungsten oxide loading and synthesis
method. The dispersed surface tungsten oxide phase consists
of isolated surface dioxo WO, (0=),W(—0-Si),, sites
under dehydrated conditions.””*'~* $iO,-supported tungsten
oxide clusters (polyoxometallates (POMS) of Keggins
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(IW,04]*7) and Dawson ([W;304,]%)) were also inves-
tigated and shown not to be presented because of their thermal
decomposition to the isolated surface dioxo WO, sites at
elevated temperatures.”' In light of this information, the weak
and broad Raman bands detected in the 910—950 cm™" region
for the supported Mn/Na,WO,/SiO, catalysts under ambient
conditions may very well be associated with surface tungsten
oxide phases, but the nature of this surface tungsten oxide
phase was not addressed and completely ignored. Future
studies must address the nature of such a surface tungsten
oxide phase and determine if it represents the catalytic active
site for the OCM reaction.

5. REACTION KINETICS, REACTION PATHWAYS, AND
RATE-DETERMINING-STEP

One distinctive feature of OCM is that it follows a
heterogeneous—homogeneous (heterohomo) reaction pathway
where CH, activation takes place on the catalyst active sites to
produce gaseous methyl radicals, CHy*, (heterogeneous step)
that subsequently couple in the gas phase to form C,Hg
(homogeneous step). This heterohomo reaction pathway
complicates the analysis of experimental catalytic OCM data
since separation of the gas-phase reactions from the surface
reactions is not straightforward. In addition to the selective
C,H4/C,H, reaction pathways, the hydrocarbon molecules
(CH,4, C,H,, and C,Hy) also undergo overoxidation to carbon
oxides (CO and CO,) that may take place both in gas-phase
and on the surface of the catalyst. These multiple heterohomo
reaction pathways have limited the current understanding of
the catalytic OCM kinetics. Several reviews discussing the
general kinetic behavior of a large set of OCM catalysts are
available in the literature.”” However, the catalytic OCM
reaction pathways are dependent on the type of the catalyst
under investigation. In contrast, a concise, yet thorough review
of catalytic OCM reaction kinetics on the supported Mn/
Na,WO,/SiO, catalyst is presented here by critically analyzing
the rationality of kinetic parameters, individual reaction
pathways, rate-determining-step, most abundant reaction
intermediate and overall reaction kinetics.

To obtain kinetic data and reaction mechanism information,
experiments with cofeeding and in pulse mode have been
extensively conducted.”® Differential reaction conditions were
implemented to minimize the effect of hot spots from the
exothermic OCM reaction in the reactor. The overall catalytic
OCM reaction was found to be first-order in the partial
pressure of CH, and 1/2-order in the partial pressure of
oxygen.”>*® These kinetic reaction orders reflect the
adsorption of CH, on the catalyst surface and the dissociative
adsorption of gas phase molecular O, to surface O* species on
the catalyst. The overall activation energy for the catalytic
OCM reaction was found to be ~268 kJ/mol for the supported
Mn/Na,WO,/SiO, catalysts.** Isotope-labeling experiments
were employed to examine the kinetics of activation of the
methane C—H bond and the O—0 bond of molecular O,.*> A
kinetic isotope effect (KIE) of ~1.24—1.29 was found for
CH,—0, versus CD,-O, for a range of O, partial pressure
(0.9—3.5 kPa) showing that breaking the C—H/C—D bond of
methane is involved in the rate-determining-step. Experiments
with the CH,—CD,—O, isotope reactant mixture produced
negligible amounts of the mixed isotope CH,_ D, product
reflecting the irreversibility of the C—H bond-breaking
activation step and the efficient conversion of H/D to water.
Further investigation with the CH,~'%0,—'%0, oxygen isotope
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reactants found evidence for formation of mixed '°0'O
isotope product that decreased with increasing CH, con-
version. These observations suggest that the gas phase
molecular O, dissociatively adsorbs on the catalyst surface in
a reversible manner. Temporal analysis of products (TAP)
reactor studies, which operates in the Knudsen diffusion
regime with negligible gas phase collisions, demonstrated that
coupling of CHj radicals takes place in the gas-phase since
small pulses of CH, (10" molecules) do not form C,
products.”” Gas-phase coupling of methyl radicals was also
concluded from matrix isolation electron spin resonance (MI-
ESR) and resonance enhanced multiphoton ionization
(REMPI) measurements with transition metal oxides
(LiNiO, and NaMnO,/MgO, experimental temperature =
650—900 °C) showed that CH, and surface O* react to form
surface CH; radicals that desorb and dimerize to form C,Hg in
the gas phase.”*™

To understand the origin of C,H, (directly from CH, or
indirectly from C,Hy), a series of experiments using CH, + O,
and C,Hy + O, were conducted under differential and integral
reaction conditions.”* At very low conversion of CH,
(differential reaction conditions), only a small amount of
C,H, is formed via a direct route from CH,. On the other
hand, at high conversion of CH, (integral reaction conditions),
the majority of the ethylene is produced from C,H.
Furthermore, C,H, selectivity was found to sharply decrease
(with a drastic change in slope) at very low conversion of CH,
(<1%) (for a range of oxygen partial pressures) while the C,Hg
formation rate decreased in a linear manner.*> These studies
reveal that C,H is a primary reaction product from CH,—O,
and C,H, is a secondary reaction product formed from
dehydrogenation of C,H (via both oxidative-surface catalyzed
and thermal gas-phase reactions).

The formation of CO and CO, follow both primary and
secondary reaction pathways as they are also formed by over
oxidation of hydrocarbons (CH,, C,Hg, and C,H,).***® The
CHj* radicals, which couple to form C,Hg, may also undergo
over oxidation to form CO and CO,.*® At very low conversion
of CH, the formation rate of CO showed a stronger
dependence on molecular O, partial pressure than that of
the CO, formation rate over a range of O, partial pressure (1—
15 kPa).** This trend assumes that reaction of CHj* radical
with gas phase O, (~P) results in formation of CO and that

CO, formation takes places via reaction of CH,* radical with
surface O* (~Pg’). The sticking coefficient of CH;* radicals on

oxide catalysts (ZnO, CeO,, La,0;, Sr/La,0;, and Li/MgO at
650 °C) has been determined by the ratio of number of CH;*
reacted on a metal oxide to the number of collisions between
the CH;* and the metal oxides and was found to be very low
(highest value is ~107° for ZnO catalyst’"). From this finding,
it can be inferred that the sticking coefficient of methyl radical
on Mn,0;—Na,WO,/SiO, catalyst at high temperature (>800
°C) will be very low and the reaction of CH; radical with
surface O* after desorption will be extremely difficult.** Such a
low sticking probability for adsorption of methyl radicals on
the catalyst proves the experimental finding that at low O,
partial pressure, the C, product selectivity is increased, even if
the catalyst surface remains in the oxidized state. For low C,Hj
conversion, the oxidation of C,H; was found to correlate with
partial pressure of C,Hg and showed almost no dependence on
partial pressure of oxygen.”” This suggests that C,H, oxidation
to C,H,, CO and CO, mostly proceeds via surface reactions.
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Isotopic-labeling experiments with '>CH, and "*C,H, found
that the formation of carbon oxides from ethylene is ~6—8
times faster than from complete oxidation of CH,,** which is
in qualitative agreement with other investigations that found
that combustion of C,H, to be ~4.3 times faster than CH,
combustion.” To understand the overoxidation of C,H,,
experiments with and without supported Mn/Na,WO,/SiO,
catalyst were conducted. It was claimed that the undesired
overoxidation of C,H, to CO, proceeds via both surface and
gas-phase reactions with the rate constant of the surface
reaction about 4 times faster than the gaseous reaction at 800
°C.*" Interestingly, the presence of gas-phase CH, was found
to reduce C,H, overoxidation.”* This behavior was also
observed in another investigation, which suggests that under
normal catalytic OCM reaction conditions, reactant CH,
competes with the C, products for surface phase reaction.*
Oxidation of C,H, on the catalyst surface, for low C,H,
conversion, was investigated in a different study.”” For deep
oxidation of C,H,, the activation energy for formation of CO
(~75 kJ/mol) was found to be significantly higher than the
activation for formation of CO, (~40 kJ/mol), which is
consistent with the greater CO generation with increasing
temperature of the catalytic OCM reaction.

The relative ratio of gas-phase vs catalytic surface reactions
has been examined by independently flowing the reaction
mixture into an empty reactor and a reactor filled with the
supported Mn/Na,WO,/SiO, catalyst.** The heterogeneous
surface catalytic reaction contribution was determined by
subtracting the homogeneous gas-phase reaction data for the
empty reactor from the data for the reactor filled with catalyst.
Information from these experiments are reliable as long as the
residence time of the reactant gases for empty versus catalyst
filled reactor and effects of gas-phase reactions on surface
reaction network are neglected. For low partial pressure of
molecular O, (<10 kPa), the oxygen conversion predominantly
proceeds through surface phase reaction, that is oxygen is
dissociatively activated on the catalyst surface resulting in
reoxidation of metal oxides. Above 10 kPa O, partial pressure,
the gas phase O, conversion was found to significantly increase
with O, partial pressure. This is expected because reoxidation
of the catalyst surface is a very fast process (~100 times faster)
than its reduction by CH,.”* The individual contribution of
gas-phase vs. catalytic surface phase CH, conversion and
formation of C,Hy and H,O was found in accordance with the
O, conversion data (predominantly surface phase below 10
kPa and increasingly higher gas-phase reaction contribution
above 10 kPa of oxygen partial pressure).”® Interestingly, CO
and CO, were found to form through gas-phase and catalytic
surface phase reactions, respectively, for O, partial pressure in
the range of 1—30 kPa.* This behavior was also observed in a
previous study (discussed above).*” As expected, all the H, was
formed in the gas phase due to thermal dehydrogenation of
C,Hg since only thermal dehydrogenation process will form H,
and surface mediated reaction will form H,O because of the
high surface concentration of O*.

Kinetic modeling of catalytic OCM reaction rates has been
undertaken to interpret the observed experimental reaction
rates and to provide kinetic models with predictive capabilities
for optimization of the reaction conditions. As indicated above,
the simultaneous presence of heterohomo reactions during
catalytic OCM complicates determining the contributions
from surface and gas-phase reactions, respectively. An extended
model for the gas phase reactions has been proposed that
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Table 4. Rate Expressions and Kinetic Parameters for the Catalytic OCM Reaction by the Supported Mn/Na,WO,/SiO,

Catalyst
activation energy
reaction order (kJ/mol)
reference CH, (m) 0, (n) CH, C,Hg rate expression (CH, activation reaction) reaction mechanism of catalytic CH,, activation

85 1 0.5 290” *R ey, 0kPeyy Po 5 power law
16 0.75 213 153 kPCH4mP02n

Reya L ir—Hinshelwood (L—H)
99 0.5 0.5 133 230 CH 2 angmuir—Hinshelwoo

* (1 + Koy Pon, + Ko,Po,)

100 149 263 Rep, akOoPe, Eley—Rideal (E-R)
101 148 134
92 1 1 192 180 keeaPort orPo,

Rega———t 2 Mars—van Krevelen (MvK)

7 27 CH ars—van Kreve

? S * kredPCH4 + koxPO;_

“For low surface O* coverage and banhydrous condition.

consists of 1582 reaction steps, but the practical implementa-
tion of this network is limited due to the large set of data that
can overwhelm the data handling and manipulation.” The gas-
phase reaction network, however, has been considered to be
very well described by this model.”* A smaller model for the
gas-phase reactions containing only 39 elementary reaction
steps has also been developed.””® Both of these models only
account for the gas-phase homogeneous reactions, making
them valid for any catalyst system, but they do not address the
surface catalyzed reactions. Kinetic models for heterogeneously
catalyzed surface reactions have also been developed.*”*” In
these models a dissociative adsorption of the gas phase O, on
the catalyst surface was reported, which is responsible for the
activation of CH, molecule.

Formal models composed of both gas-phase and surface
catalyzed reactions are common in the literature and effectively
account for the overall OCM kinetics.'>”>”*~'°" Comparison
of the kinetic parameters (activation energy for CH, and C,Hg
activation, reaction orders, rate expressions and proposed
mechanisms) and the elementary steps of the catalytic OCM
reaction networks proposed by the above models are presented
in Tables 4 and S, respectively. Many discrepancies exist in the
literature regarding the measurements of kinetic parameters, as
well as defining and validating elementary reaction steps for the
catalytic OCM reaction.

The critical kinetic observations, differences and conclusions
from these models are discussed next. The power law
dependence of the rate of CH, oxidation on the partial
pressure of CH, and molecular O, were measured and a formal
power-law model was suggested by different groups.**™* In a
different study, the CH, conversion (at 850 °C, CH,/O, = 5)
was found to level off at a space time of 30 kg-s/m®.'® The
authors further commented that gas phase O, is required for
CH, oxidation and a nonoxidative route is not present for this
reaction. However, it must be noted that this observation is not
unique in the sense that the CH, conversion will always reach a
steady-state value due to the complete conversion of oxygen at
high CH, to oxygen ratio (CH,/O, = 5). Another investigation
found CH, conversion to increase slightly with increasing
partial pressure of O,”” that could be due to the increased
contribution of the gas-phase reaction at high O, partial
pressure.”® On the basis of these analyses, the Langmuir—
Hinshelwood type mechanism (see Table 4)—as proposed by
these researchers—could only be an artifact of experimental
conditions imposed in the corresponding studies. Moreover,
both of these studies did not consider the dissociative
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adsorption of gas-phase molecular O, on the catalyst surface®
that introduces an intrinsic fundamental error in to the defined
models.

New models with dissociative O, adsorption were developed
to address the absence of dissociative adsorption of gas-phase
molecular 02.98’100’101 Some of these models, however, are not
reliable because they failed in explaining the rate-determining-
step”® and contain a relatively large error (>20%) between the
model parameters and experimentally determined values.'*’
An alternative microkinetic model was derived with 39 gas-
phase and 11 surface catalyzed elementary reaction steps.
Model optimization through sensitivity analysis and determi-
nation of the sticking coefficient, predicted that surface vacant
sites and surface O* species significantly cover the catalyst
surface during OCM. On the basis of this observation, surface
O* sites were considered as the most abundant reaction
intermediate (MARI) and an Eley—Rideal (E—R) type
mechanism was proposed for CH, oxidation.'"”" Both
Langmuir—Hinshelwood and Eley—Rideal type mechanism
consider the occurrence of adsorption—desorption equilibrium
with respect to all reactants (or at least one for E—R), which is
practically impossible at typical catalytic OCM reaction
temperatures (750—900 °C) because of their low heat of
adsorption.” Alternatively, a few studies found experimental
evidence (production of C,H;, CO, and CO,) for oxidative
CH, reaction in the absence of gas-phase O,, which suggests a
Mars—van Krevelen (MvK)-type mechanism where the
oxidation reactions proceed through the involvement of lattice
oxygen from the catalysts.”””” The evidence for the MvK-type
mechanism can be found in other studies as well.*””” In pulse
experiments, no quantitative change in C,Hy formation was
observed with increase in delay time for with O, pulses after
the initial CH, pulse.”” This reveals that the quantitative CH,
oxidation to C,Hs does not depend on gas-phase O,
concentration as long as sufficient reactive lattice oxygen is
available in the catalyst. This is supported by TAP reactor
studies in the absence of gas- phase reactions, where an isotope
switch from CH,—'°0, — CH,—"%0, demonstrated that *O-
containing products were only observed after a large
volumetric input of CH,-'®O, suggesting involvement of
large amounts of catalyst lattice oxygen during the OCM
reaction. On the basis of the above experimental arguments,
the MvK mechanism seems most relevant for the OCM
reaction by the supported Mn/Na,WO,/SiO, catalysts.

No consensus regarding the catalytic OCM reaction
pathways is found in the catalysis literature (see Table S). A
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Table 5. Reaction Network As Suggested/Modeled by Different Groups

S1
S2
s3
S4
Ss
S6
7
S8
S9
s10
S11
S12
S13
S14
S15
S16
S17
s18
s19
$20
s21
S22
$23

S24

G1
G2
G3
G4
GS
G6
G7
G8
G9
G10

“The 39 gas phase reactions are not included in the table and can be found in the corresponding references.

reaction network/reference

0, + 5 < 0,(s)

0,(s) « yO,(s)

0,(5) © Oyecls) + Opue(s)

0, + 2s « 20(s)

20H(s) & H,0 + O(s) + s
4OH(s) + O, < 2H,0 + 40(s)
H,0(s) & H,0 +s

CH, + O(s) — CH; e + OH(s)

CH, + Q. (s) — CHy » + OH(s)
CH, + O,,.(s) = CO,

C,H, + O(s) — C,H, ® + OH(s)
C,H, e + O(s) — C,H, + OH(s)
CH," + O(s) — CH;0(s)

CH,0(s) + O(s) — CH,O(s) + OH(s)
CH,0(s) + O(s) — HCO(s) + OH(s)
CH,* + 30(s) - CHO(s) + 20H(s)
CHO(s) + O(s) = CO(s) + OH(s)
CHO(s) + O(s) » CO + OH(s) + s
CO(s) + O(s) = CO,(s) + s

CO(s) + O(s) = CO, + 2s

CO + s = CO(s)

CO, + s = CO,(s)

CO + O(s) = CO, + s

C,H, + O(s) = C,H,0(s)

C,H,(s) + O(s) — C,Hs(s) + OH(s)

C,H, + O(s) - C,H," + OH(s)

100 101¢
adsorption/desorption
L] L]
L] L]

catalytic surface reactions

C,H,(s) + OH(s) —» CH,O(s) + HCO(s)

4HO," - 30, + 2H,0
x0,(s) + CH, < CO, + zH,0(s)
x0,(s) + C,Hg < 2CO, + zH,0(s)

x0,(s) + C,H, < 2CO, + zH,0(s)

2CH,;* - C,Hq

CH,* + O, » CHO® + H,0

CH," + O, < CH;0,

CH,* + CH,;0, — CO,

CH,0, + CH;0, — CO,

C,H,* + O, + OH®* - 2CHO" + H,0
CHO® + 0, — CO + HO,*

CO + HO,* - CO, + OH"

C,Hy - C,H" + H®

C,H;* - C,H, + H,

gas-phase reactions
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major difference observed for adsorption—desorption of the
elementary steps as proposed by different models is the
activation of gas-phase molecular O, on the catalyst surface
(see Table 4). The majority of the models proposed
dissociative adsorption of O, via (i) activation of gas phase
0, at two vacant adjacent surface sites,'*>'*" (ii) adsorption of
gas phase O, on an active surface site with a fraction
dissociating to form surface atomic oxygen,’’ and (iii)
adsorption of gas-phase O, on an active site that subsequently
dissociates to two different types of surface atomic oxygen
(electrophilic and nucleophilic).”” In the last two cases, the
adsorbed molecular O, and the nucleophilic atomic oxygen,
respectively, are nonselective (cause overoxidation to carbon
oxides), whereas the dissociated and electrophilic oxygen
atoms are responsible for C,H production.

Another model considered that the lattice oxygen atoms are
strongly bound to the catalyst lattice.”” The authors proposed
that reoxidation of the catalyst takes place via an oxidative
dehydrogenation mechanism, without intermediate dehydrox-
ylation (see RS and R6 in Table S). At the high temperature of
the catalytic OCM reaction, however, the lattice oxygen atoms
are not very strongly bound as desorption of oxygen (starting
at 725 °C) into the gas phase was observed during
temperature-programmed desorption (O,-TPD).”” Currently,
most of the researchers on OCM agree that the selective
oxygen species involved in the rate-determining-step of the
OCM reaction are the lattice oxygen from the catalyst (MvK
mechanism) and not the reactant gas-phase molecular O,
reactant (L—H or E—R mechanisms).'”

For the surface reactions, the major difference was the
exclusion of the oxidation step of ethyl radical on the catalyst
surface to form ethylene (see S5 in Table 5).*”'°" This
conclusion was made on the basis of sensitivity analysis that
excludes the importance of this reaction.'”" The determination
of sticking coefficient (in the microkinetic model with first
approximation value of 0.2) of ethyl radical (~1077; ~100
times smaller than sticking coefficient of methyl radical) on the
catalyst surface suggests that there is limited possibility of
occurrence of this reaction. Additionally, depending on O,
activation on the catalyst surface, gas-phase CH, can directly
react with nonselective (nucleophilic) oxygen to form deep
oxidation products (carbon oxides).”” This is substantiated by
another model, which experimentally found that at constant
CH, partial pressure, the heterogeneous deep oxidation of CH,,
to carbon oxides is first-order in the partial pressure of O, (in
contrast to 1/2-order for C,Hy formation).”” Looking at the
gas-phase elementary reactions in Table 2, only one model
considered the oxidation of methyl radical with molecular O,
to form the CH;0,* molecule (reactions G3, G4, and GS in
Table 5).”* In contrast, in a catalytic reactor at very high
temperatures, the thermodynamic equilibrium strongly favors
formation of CH;* and O, compounds rather than the CH;0,*
radical.'”

5.1. Effect of Pressure. Industrial application of any
process requires high operating pressure conditions to make
the processes economically viable (smaller reactor size,
effective product separation, reduced energy input), but detail
studies of the catalytic OCM reaction at high pressures are very
limited in the literature. With an increase in pressure, the
production of C,Hs and C,H, increases, up to a maximum
pressure, after which the gas phase reaction becomes dominant
(which can be sugfressed by operating the reactor at high
space velocity).87’1 This suggests that an optimum operating
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pressure value exists for maximum C,H¢/C,H, production;
however, such a pressure limit is yet to be determined for the
supported Mn,0;—Na,WO,/SiO, catalyst.”” A few other
studies examined the supported Mn,0;—Na,WO,/SiO,
catalyst performance (at high pressure and low gas space
velocities) and found it to be sufficiently active even at a
notably lower temperature (~25% C, yield at 735 °C in
contrast to same C, yield at 800 °C for atmospheric operating
pressure.) %%

5.2. Effect of H,0. Addition of H,O was found to result in
higher OCM rates and C,Hg/C,H, yields."'"” It was
proposed that C—H bond activation can be mediated by
either surface atomic oxygen species or by surface OH radicals,
and that the greater reactivity was related to the presence of
the more reactive surface OH radicals.

6. PROPOSED CATALYTIC OCM REACTION
MECHANISMS

The C—H bond dissociation energy of CH, is 439.3 kJ/mol
reflecting the strong C—H bonds of methane.” The high
stability of the C—H bonds in the CH, molecule stems from its
tetrahedral (T;) geometry where the central carbon is sp’
hybridized with four hydrogen atoms. The resulting HOMO—
LUMO gap makes it extremely hard to donate an electron into
the LUMO or abstract one from the HOMO to activate the
molecule.'” If the catalyst surface interacts with a CH,
molecule, however, its Ty geometry can be lowered.'”® The
decrease in the C—H bond order of CH, would physically be
interpreted as elongation (weakening) of the C—H bonds
leading to the distortion of the T4 geometry, with the
weakened C—H bond ultimately breaking, yielding a methyl
radical (CH,°).'*®

In the presence of a catalyst, methyl radical generation can
take place via heterolytic cleavage that requires transfer of an
electron between the activated oxygen species at the catalyst
surface and the adsorbing methane molecule.® Therefore, an
electron-acceptor catalyst (reducible, Lewis acid) would be
required to activate adsorption of CH, to form CHjy*, and an
electron donor (oxidizable, Lewis base) would be needed to
activate gas phase molecular O, on the catalyst surface, which
is crucial for conducting the OCM reaction. It has been
repeatedly demonstrated that the OCM mechanism involves
gaseous CHj* radicals that recombine to form C,H, 10110

Two proposed catalytic OCM reaction mechanisms have
received the most attention in the catalysis literature. One of
the very first and the most widely known OCM mechanism
was proposed by Lunsford et al. in 1995.*’ The Lunsford
mechanism for OCM by supported Na/Mn,0,/SiO, (de-
picted below in Figure 2) initially involves activation of gas
phase molecular O, by dissociative adsorption at the Na sites
followed by activation of the methane C—H bond by the
formed surface oxygen atoms on the catalytic active Na sites,
which leads to the initial formation of gas phase CHj* radicals.
This was confirmed for supported Mn/Na,WO,/SiO, and
Mn/Na,WO,/MgO catalysts with matrix isolation electron
spin resonance (MI-ESR) measurements at both low (Peota) =
1 Torr) and high pressures (P ;o) = 760 Torr) with the CH,e
radicals subsequently recombining to form C,Hg. """
Lunsford et al. also concluded that the OCM reaction
proceeded via the same mechanism on both supported Mn/
Na,WO0,/SiO, and Mn/Na,WO,/MgO catalysts. The similar
conversion and selectivity properties of the two catalysts
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Figure 2. Catalytic OCM reaction mechanism proposed by Lunsford
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WO, is only suggested as a stabilizer to prevent sintering/
deactivation.**
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suggested that WO, centers were not active in the OCM
reaction.”*

The second widely cited OCM reaction mechanism for the
supported Mn,0;/Na,WO,/SiO, catalyst was initially pro-
posed by Li et al.”**° and later by Wang et al.*>'"" According
to this mechanism (depicted below in Figure 3), two different
active metal oxide sites work in unison. The CH, molecule is
activated by the surface lattice oxygen associated with the
surface WO, (W®) site that generates a gaseous meth radical
and reduces the surface WO, site (Wé’ - W), sd This is

CH,
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Figure 3. Catalytic OCM mechanism proposed by Li et al. where Na-
coordinated WO, is the methyl generating active site, while a Mn,0;
in the neighborhood is responsible for gas phase activation. This
mechanism and modified versions of it are widely accepted/discussed
in the literature >#>%#%5%111
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accompanied by an electron transfer from W** to Mn**, which
regenerates the W site and reduces Mn>* to Mn>*.*° The
Mn*" is then involved in the activation of gas phase molecular
O, to form surface oxygen species via electron donation, which
again generates a Mn** site. Supporting evidence for the
molecular structures of the surface active sites and multiple
reaction steps, however, has not been provided. Thus, this
mechanism is highly speculative.

It is also important to note that, although OCM has
traditionally been modeled as a heterogeneous catalytic
process, at temperatures greater than 600 °C, homogeneous
gas-phase reactions become relevant."® At such high temper-
atures, homogeneous reactions can produce ethylene and
ethane from methane even without any catalyst, oxidize desired
products, and even lead to steam reformation of CH,. The
extent of such homogeneous reactions depends strongly on
residence times, CH,/O, ratio and reactor pressure.

The involvement of the active oxygen species during the
OCM reaction over Mn/Na,WO,/SiO, catalyst was recently
elucidated by Gordienko et al,”” who studied this catalyst
using O,-temperature-programmed desorption (O,-TPD),
pulse reduction—oxidation, and thermal gravimetric analysis-
mass spectroscopy (TGA-MS). It was found that two different
kinds of lattice oxygen were present: strongly adsorbed oxygen
and weakly adsorbed oxygen. The weakly adsorbed and highly
reactive surface lattice oxygen was linked to selective oxidation
or the production of C, products, while strongly adsorbed
oxygen species was associated with leading to full oxidation or
CO, production. Another recent study on the role of oxygen
by Fleischer et al.”’ applied H,-TPR, O,-TPD, and temper-
ature-programmed surface reaction (TPSR). The surface
oxygen population density was found to be 17 O* atoms/
nm® that is much higher than typical monolayer coverages
(0.1-10 O* atoms/nm?)”” on supported transition metal
oxide surfaces.''”> Moreover, O,-TPD measurements showed
that two desorption peaks at 277 °C from weakly adsorbed
oxygen and at 727 °C from strongly adsorbed oxygen. Lastly,
the TPSR results in conjunction with simulation results were
used to show that in the absence of gas-phase molecular O,
two different lattice oxygen species were involved in the OCM
reaction: electrophilic lattice oxygen producing C, products
and nucleophilic lattice oxygen producing CO,. Most recent
studies are in agreement with the findings of Fleischer et al.
and Gordienko et al. that exchange of gas-phase O, with lattice
oxygen and the participation of at least two types of lattice
oxygen species in the OCM reaction.

7. CATALYST STABILITY AND DEACTIVATION

The supported Mn,0;—Na,WO,/SiO, catalysts were found to
be stable (almost constant performance) for extended time on
stream (450—1000 h) during the OCM reaction in fixed-bed
and fluid-bed reactor studies at temperatures of 800—875
°C.""*"* Other studies have also reported this catalyst to be

stable, although for a relatively shorter reaction periods (15—
100 h). 1563115116

8. SUMMARY AND RECOMMENDATIONS

The OCM literature about the nature of the catalytic active
sites for supported Mn/Na,WO,/SiO, catalysts can be
summarized as follows: (a) The supported Mn/Na,WO,/
SiO, catalysts have been synthesized with numerous types of
precursors, synthesis methods, and different types of SiO,
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supports that can strongly affect the nature and structure of the
final catalyst. Our analysis shows that using Na,WO,-2H,0 as
a precursor leads to formation of only crystalline Na, WO, in
the final catalyst, which can be avoided if individual precursors
like NaOH, ammonium meta/para-tungstate are used. (Tables
1 and 2) The IWI prepared catalysts are the most commonly
employed and have exhibited thermal stability during the
OCM reaction. The OCM literature lacks detailed character-
ization of the catalysts synthesized by methods other than IWI,
summarized in Tables 1 and 2. (b)The supported Mn/
Na,WO,/SiO, catalysts are highly dynamic and their
structures depend on environmental conditions (see Table
2). Under ambient conditions, the crystalline phases of
Na,WO,, Na,W,0,, Mn,0;, MnWO,, and SiO, (a-cristoba-
lite) phases can be present. Under OCM reaction conditions,
the only crystalline phase present is the SiO, (f-cristobalite)
support since the other crystalline phases become molten at
such high temperatures (>750 °C).>* (Table 2). (c) The
crystalline phases detected under ambient conditions are not
the catalytic active sites for OCM since they are not present
under OCM reaction conditions. (d) The transformation of
the initial amorphous SiO, support to crystalline SiO,
(cristobalite) is accelerated by the presence of Na that lowers
the transition temperature from ~1500 °C to ~750 °C.°**~7*
(e) Information about surface metal oxide sites under all
environmental conditions, especially under OCM reaction
conditions from in situ and operando spectroscopic character-
ization, is still absent from the OCM literature. This deficiency
makes any proposed structure—activity relationships highly
speculative since the contribution of surface sites to the OCM
reaction is still not known.’**®”” (f) There is a synergy
between all three active metal oxides (MnO,, WO,, and NaO, )
since the absence of any one of these components decreases
the catalytic performance (C, hydrocarbon yield) (Figure 1).
(g) The copresence of multiple active sites, molten phases, and
surface phases requires a detailed investigation of the
contribution of each component to the OCM catalytic
reaction.'”*”%* Speculated roles of each metal oxide
component (Table 3) can only be understood and validated
once model catalyst systems are thoroughly investigated with
surface sensitive techniques at OCM relevant conditions.
The OCM catalytic literature about the reaction mechanism
and kinetics can be summarized as follows: (a) The reaction
pathways and kinetics of the catalytic OCM reaction are still
not well understood because decoupling the contributions of
gas-phase reactions from surface reactions has not yet been
well established. (b) The activation of the gas phase CH,
reactant’s C—H bond upon adsorption is the rate-determining
step, which was demonstrated by the presence of a kinetic
isotope effect. (c) The resulting CH;* radicals subsequently
desorbs into the gas-phase to couple and form C,Hg. (d) The
formed C,Hy can further undergo dehydrogenation both in the
gas-phase and on the catalyst surface via ethyl intermediates to
form C,H,. (e) All hydrocarbons (CH,, C,H,, and C,H,) can
be overoxidized to CO,. Oxidation to CO dominates in the
gas-phase and oxidation to CO, dominates on the catalyst
surface. (f) Activation of CH, involves surface O* on the
catalyst that is in equilibrium with both gas-phase molecular O,
(Langmuir—Hinshelwood mechanism) and the catalyst bulk
lattice oxygen (Mars—van Krevelen mechanism). (g) The
OCM reaction kinetics is first-order in the partial pressure of
CH, and 1/2-order in the partial pressure of O,. The first-
order dependence in CH, indicates the participation of
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molecular CH, in the rate-determining-step. The 1/2-order
in O, reflects the participation of surface atomic oxygen (O*)
in the rate-determining-step. (h) The reported kinetic
parameters for activation of CH,, C,Hy and C,H, differ
widely, and no consensus has been reached on the kinetic
parameters.

Further advancement of the fundamental structure—activity
relationships of the OCM catalytic reaction that will guide the
rational design of improved catalysts will require the following:
(a) in situ and operando spectroscopy studies under OCM
reaction conditions to determine the structure and catalytic
contribution of crystalline, molten, and surface phases (e.g.,
W/Si0,, Mn/SiO,, Na/SiO,, Mn—W/SiO,, Mn—Na/SiO,,
W—Na/SiO,, and Mn—W—Na/SiO,). (b) Synthesize model
SiO,-supported catalysts containing only surface oxide sites
(MnO,, WO,, NaO,, MnO,—NaO,, MnO,—WO, sites,
MnO,—WO,—NaO,) and determine their structure—activity/
selectivity properties and contribution for OCM. (c) Isotopic
2C-BC hydrocarbons (e.g, *CH,/"*C,H,, '*CH,/"C,H,,
and "2C,H,/"C,H) and 'O—'%0 studies (e.g, '°0,—"%0,)
to determine the relative kinetics among the participating
hydrocarbons and assist in decoupling the gas-phase and
surface reactions. (d) Temporal analysis of products (TAP)
experiments within Knudsen diffusion limit will completely
eliminate gas-phase reactions and only allow the surface
catalyzed reactions to proceed. (e) Transient experiments
(SSITKA, TPSR, and pulse experiments) to determine the
number of participating active oxygen sites (surface O*), TOF
values, and intrinsic kinetic parameters from pulse experiments
with very small pulse size (oxidation of CH,, C,H,, and C,Hj)
and redox reaction steps. (f) Determine the redox kinetics of
the WO, and MnO, sites with in situ and operando Raman,
UV-—vis, and quick XANES spectroscopy.
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