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ABSTRACT: Methane conversion strategies that protect meth-
anol via in situ esterification achieve higher yields compared to
direct methane conversion without product protection; however,
most of these high-yield systems operate under unfavorable
conditions. To date, there is very limited work in developing
heterogeneous catalysts for methane-to-methyl-ester conversion,
and studies demonstrating the activity of manganese for methane
conversion are limited. We have prepared a series of silica-, titania-,
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and zirconia-supported manganese catalysts and measured the activity of these catalysts for the aerobic conversion of methane to
methyl trifluoroacetate in diluted trifluoroacetate acid. The silica-supported catalyst exhibits high overall activity, but significant
amounts of homogeneously active manganese are observed. Titania- and zirconia-supported manganese catalysts catalyze the

reaction heterogeneously with activities up to 613 umol g, ~' h™

and show nondetectable leaching. Manganese oxide is poorly

dispersed on titania and zirconia, whereas high dispersion is realized on silica. This work demonstrates a facilely synthesized
supported manganese catalyst that converts methane heterogeneously in satisfactory yields under improved conditions in a diluted
acid, compared to those of conventional methane-to-methyl-ester systems.

KEYWORDS: heterogeneous catalysis, methane partial oxidation, product protection, methyl trifluoroacetate,

supported manganese catalysts

M ethane, the major constituent of natural gas, is a highly
abundant and versatile resource to produce commodity
chemicals and liquid energy carriers, especially methanol.' The
current methane utilization route proceeds through the
generation of syngas with subsequent conversion to desired
chemicals, which is a highly energy- and capital-intensive
process and thus only economically viable for large-scale
applications.” In this context, it is imperative to develop scale-
flexible and syngas-free methane conversion routes. The
selective oxidation of methane to liquid oxygenates has been
previously demonstrated with a variety of solid catalysts in
both stoichiometric and catalytic modes.”> The conversion of
methane over copper-exchanged zeolites is one of the largest
focuses within the field of methane conversion, with one
notable advantage of these systems being the ability to use O,
as the oxidant source.”™* Nevertheless, high methanol
selectivity is only realized at very low conversion, because of
the high susceptibility of methanol and other oxygenates to
overoxidation under catalytic conditions.” To overcome this
conversion-selectivity constraint, one promising strategy
introduced in homogeneous catalytic systems is to function-
alize the primary product in the form of methyl esters, notably
methyl bisulfate’ and methyl trifluoroacetate,” which can be
subsequently hydrolyzed to methanol. As a consequence of the
high stability of the methyl ester in the reaction environment,
these methane-to-methyl-ester (MTME) systems successfully
break through the selectivity—conversion barrier that is
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ubiquitous for direct-methane-to-methanol (DMTM) sys-
tems.” Despite unprecedented yields, there remain several
challenges for this chemistry, particularly the use of corrosive
and concentrated acids, economically inviable oxidants (e.g.,
K,S,05 SO;),” and homogeneous catalysts. " According to
techno-economical evaluation, only the use of oxygen as the
oxidant is viable.” The transition to solid catalysts has been
limited, although there are a few successful examples: Metals
coordinated to porous organic polymers exhibit similar or even
higher activity than their homogeneous analogues with SO,
(oleum) or K,S,04 as oxidant.'!

This work is based on our newly developed aerobic,
heterogeneous catalytic process that protects methanol via
esterification to methyl trifluoroacetate under substantially
milder reaction conditions in comparison to conventional
homogeneously catalyzed systems.” Methane is partially
oxidized by air over a solid catalyst and subsequently esterified
to methyl trifluoroacetate in a reaction medium of trifluoro-
acetic acid (TFA) diluted with an inert perfluorohexane
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cosolvent. After reaction, the produced methyl ester can be
easily recovered through a facile liquid—liquid extraction with
the polar aprotic solvent at ambient temperature, and the
product concentration can be directly determined using 'H
NMR. Diluting TFA to more manageable concentrations of 10
wt % in the noncorrosive and oxidation-resistant perfluorohex-
ane greatly reduces the corrosivity of the reaction medium and
allows for operation in less-aggressive conditions that may
improve the stability of a heterogeneous catalyst, and also
facilitates the product recovery via extraction with a non-
fluorous polar solvent. Moreover, the highly effective product
separation method provides the possibility of recycling the
fluorous cosolvent, representing a unique advantage of this
system. We recently showed that cobalt-containing silica
catalysts synthesized via incipient wetness impregnation
(IWI) exhibit promising activity in this reaction system.” In
more conventional systems for the conversion of methane to
methyl trifluoroacetate, many homogeneous transition-metal-
based catalysts have been studied, especially those based on
copper'” and cobalt’"? salts. Still, the use of manganese-based
catalysts for this reaction is more limited, even despite the
advantage that manganese is one of the most cost-effective and
abundant 3d transition metals, especially compared to cobalt.'*
More than a decade prior, a manganese oxide precatalyst was
first shown to have high activity (36% methane-based yield,
>95% selectivity) for homogeneous conversion of methane to
methyl trifluoroacetate using air as the oxidant, and, recently, a
manganese trifluoroacetate salt was reported to be highly active
in mixtures of TFA and trifluoroacetate anhydride.'*® The
notable turnovers of up to 8.5 of these studies on
homogeneous manganese catalysts for the production of
methyl esters motivates further research into exploring
manganese-based catalysts for methane partial oxidation
applications. In this Letter, we aim to translate the high
activity of molecular manganese catalysts to a heterogeneous
mode using simple fabrication methods. We developed active
solid manganese-containing catalysts for the MTME reaction
that use air as the oxidant source under the improved reaction
conditions, thereby demonstrating the potential of manganese
as an active catalyst for methane conversion that has not been
studied as extensively as other transition metals to date, despite
its practical benefits. In addition to reporting the considerable
activity of solid manganese-containing catalysts, the primary
aim of this communication is to further the concept and
development of suitable heterogeneous catalysts for the
MTME reaction.

Herein, we synthesized manganese-based catalysts supported
on silica gel, mesoporous silica, titania, and zirconia with
varying manganese loadings via wet impregnation methods and
evaluated their performance in methane partial oxidation in the
batch system. After a screening of activity, the heterogeneity of
the reaction for selected catalysts was assessed via ICP-OES
and a hot filtration test of the reaction medium. EDXS of
selected samples shows that the actual manganese loadings are
generally comparable to the target values (Table S3 in the
Supporting Information); therefore, productivities are calcu-
lated using the expected manganese loading based on the
precursor amount as the basis. As can be seen in Table 1, as
well as Figure S8a in the Supporting Information, silica-
supported manganese catalysts substantially outperform
titania- or zirconia-supported materials, in terms of overall
ester productivity. While maximum ester productivity of 1068
umol g~ h™' is achieved with the 1.5 wt % Mn/SiO, catalyst,
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Table 1. Screening of Catalytic Activity, Mn Leaching, and
Hot-Filtration Test of Selected Manganese-Based Catalysts”

methyl ester hot
productivity leached Mn” filtration
entry catalyst [pmol g~ h™'] [mg] test® [%]
1 0.5 wt% Mn/ 790 0.033 (6.5%) 9.7
Sio,
2 1.5wt% Mn/ 1068 0.101 (6.7%) 8.7
Sio,
3 5wt% Mn/ 990 1.418 (28.4%) 19.7
Sio,
4 1.5 wt % Mn/ 1012 0.505 (33.7%) -
SBA-15
S 1.5wt% Mn/ 773 0.345 (23.0%) -
MCM-41
6 5 wt% Mn/ 409 0.001 (0.02%) -
TiO,-
anatase
7 10 wt% Mn/ 613 n.d. n.d.
TiO,-
anatase
8 S wt% Mn/ 380 n.d. —
TiO,-rutile
9 10 wt% Mn/ 510 n.d. n.d.
TiO,-rutile
10 10 wt% Mn/ 606 0.015 (0.1%) -
ZrO,
11 5 wt% Mn/ 1009 0.368 (7.4%) -
CeO,
12 1.5 wt % Mn/ 311 0.059 (4.0%) -
ALO;,
13 5 wt% Mn/ 806 0.401 (8.0%) -
AL,

“Reaction conditions: 100 mg of catalyst, 5 bar CH,, 2 bar air, 10 g of
10 wt % TFA/C¢F,, solution, 215 °C, 1 h. “~” denotes not measured;
“n.d.” means not detected. "Relative leached Mn based on the
theoretical loading is calculated in parentheses. “Relative increase in
ester content based on that in the first run in the hot filtration test.

the ester productivity increases monotonically with increasing
manganese loading up to 500—600 umol g, ' h™' for the
titania- and zirconia-supported catalysts. Generally, a common
trend of decreasing manganese utilization efficiency with
increasing metal loading is observed on all catalysts (see Figure
S8b in the Supporting Information). In combination with the
XRD and STEM results (see the Supporting Information),
high dispersion of manganese oxide (MnO,) is associated with
high catalytic activity, in agreement with the general rule that
dispersion positively affects the reducibility of supported MnO,,
species.”> Accordingly, the most efficient manganese utilization
of 352 mmol gy, ' h™" (19.4 mol moly, ™ h™") is realized at
the lowest loading on the silica support. Nevertheless, ICP-
OES detected a considerable amount of leached manganese in
the reaction filtrate with silica-supported catalysts, especially
for high-loaded silica gel- and mesoporous silica-supported
catalysts, whereas negligible metal leaching was found for all
titania- and zirconia-supported catalysts (Figure S9 in the
Supporting Information). Furthermore, significant homoge-
neous activity was observed in hot filtration tests with Mn/
SiO, catalysts, which becomes more pronounced at higher
manganese loading (from 10% to 20% increase in ester
content; see Figure S10 in the Supporting Information). This
result is in accordance with the amount of Mn leached from
three catalysts (entries 1—3 in Table 1), indicating that the
homogeneous activity is probably related to leached Mn
species. In contrast, no increase in ester productivity is
observed for both 10 wt % Mn/TiO, catalysts after removing
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Figure 1. (a) Effect of manganese loading of Mn/TiO, catalyst on methyl trifluoroacetate productivity in methane oxidation. Reaction conditions:
100 mg of catalyst, S bar CH,, 2 bar air, 10 g of 10 wt % TFA/C4F,, solution, 215 °C, 1 or 3 h (only for 0.1 wt % Mn/TiO,). (b, c) Temporal
evolution of MTFA during the initial methane oxidation reaction (blue) and hot filtration tests (red) with 10 wt % Mn/TiO,. Reaction conditions:
100 mg of catalyst, S bar CH,, 2 bar air, 10 g of 10 wt % TFA/C¢F, solution, 215 °C, catalyst filtered off after 1 h.
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Figure 2. Mn/TiO, catalytic methane oxidation performance and characterization. (a) Methyl trifluoroacetate product obtained with fresh, spent,
and reactivated 10 wt % Mn/TiO,-anatase catalyst. Reaction conditions: 100 mg of catalyst, 5 bar CH,, 2 bar air, 10 g of 10 wt % TFA/C4F,,
solution, 215 °C, 1 h; (b) XRD patterns of fresh and spent 10 wt % Mn/TiO,-anatase catalysts with Mn;O, reference (blue, PDF No. 02-1062)
and MnF, reference (red, PDF No. 83-2419); (c, d) STEM images of fresh and spent S wt % Mn/TiO,-rutile catalysts (red for Mn, green for Ti)

with scale bar = 400 nm, respectively.

the solid from the reaction medium (see Figures 1b and I,
confirming the heterogeneity of the reaction. Because of their
strict heterogeneity, productivity up to 613 ymol g.,, ' h™" and
apparent TOF up to 1.23 mol moly, ™" h™"), we selected the
Mn/TiO, catalysts for further investigation.

As illustrated in Figure la, anatase- and rutile-supported
manganese catalysts behave comparably concerning activity
and manganese utilization. Increasing the manganese content
of the anatase-supported catalysts from 1 wt % to 10 wt %
results in a gradual increase in the ester productivity from 224
to 613 pumol g~ h™" (Figure 1a, blue markers), while rutile-
supported catalysts are slightly less active at higher loadings
(510 pmol g, ™' h™" at 10 wt%). Additionally, manganese
utilization decreases rapidly with increasing manganese loading
from 1 wt % to 10 wt % (Figure la, green markers). To further
explore the manganese-based productivity in the low loading
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range, 0.1 wt % Mn/TiO,-anatase was also tested, giving an
ester productivity of 21 ymol g.,.~' h™’, corresponding to 1.18
mol moly, ™' h™'(Figure 1a). This manganese-based produc-
tivity is essentially equivalent to that achieved at a 1 wt%
loading (1.23 mol moly, ™" h™"). This suggests that a further
decrease in manganese loading below 1% on this support will
not improve metal utilization, likely as a result of the well-
dispersed manganese and lack of substantial aggregates present
at and below 1 wt %. It is promising that almost no leached
manganese was detected in the reaction filtrate for these
catalysts, even at a high manganese loading of 10 wt % (see
entries 7 and 9 in Table 1), indicative of the stability of MnO,
phases on titania during reaction, which significantly surpasses
that of silica-supported catalysts. Moreover, the hot filtration
test with 10 wt % Mn/TiO, shows that the reaction terminates
after the filtration and removal of the solid catalyst (dotted red
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curve, Figures 1b and Ic), thereby affirming the absence of
active homogeneous species. In combination with the
negligible leaching, the heterogeneous nature of the catalysis
with Mn/TiO, catalysts can be confirmed.

To further examine the stability of the Mn/TiO, catalysts,
10 wt % Mn/TiO,-anatase catalyst was recycled for a second
run with and without an intermediate thermal treatment at 250
°C for 3 h in static air. We find neither the spent nor the
reactivated catalyst can fully recover its original productivity
achieved with the fresh catalyst (Figure 2a). The former
demonstrates only one-third of the initial activity, while the
latter is regenerated to half of the original value on the fresh
catalyst. Since manganese leaching is negligible in these
catalysts, and EDX further confirms that manganese content
in the spent sample is close to the original loading (Table S3 in
the Supporting Information), the decrease in activity could be
attributed to other factors, such as structural change of the
support, aggregation of MnO,, or irreversible formation of an
inactive phase could also negatively affect the activity and
result in the deactivation of the catalyst. Herein, the XRD
patterns and STEM images of fresh and spent Mn/TiO,
catalysts are analyzed and compared in detail.

For fresh samples, all XRD spectra contain several sharp
reflections corresponding to the pure anatase phase of titania
(see Figure S14a in the Supporting Information) and the rutile
phase of titania (Figure S14b in the Supporting Information),
the relative intensity of which does not visibly change at
different manganese loadings, indicating that the crystalline
structure of the support was not observably altered after
impregnation and calcination. Additional reflections assigned
to the Mn;O, phase are differentiable in samples with a
manganese content of 5 and 10 wt %, and their intensity
increases gradually with increasing manganese loading. There-
fore, these samples mainly consist of a crystalline Mn;O, phase
of relatively large particle sizes. In addition, a few less intense
reflections across all loadings are visible, which denote the
presence of Mn,O; and/or MnO,. The STEM images of the
fresh Mn/TiO, samples (Figure 2c and the Supporting
Information) coincide with the observations in XRD,
suggesting that MnO, are poorly dispersed and form
aggregated, large-sized particles for high-loaded samples (S
and 10 wt %), whereas Mn is relatively uniformly dispersed at 1
wt % loading, except for a few small aggregated particles. When
combined with the similar manganese-based productivity
between 0.1 and 1 wt% Mn/TiO,, it appears that, below a
certain loading, the same distribution of manganese species is
maintained with an overall similar effective catalytic activity,
while above this limit loading different distributions of
manganese species with different activity play a role in
catalyzing the conversion of methane. In this context, it
could be speculated that if we further decrease the manganese
loading, a linear relationship between the ester yield and the
total catalyst/manganese mass would be expected. Overall, the
dispersion state of MnO,, together with the low BET surface
areas of support (Table S2 in the Supporting Information),
could be responsible for their distinct performance compared
to SiO,-supported catalysts. Thus, the WI method fails to
uniformly disperse manganese on TiO,, and the more so as the
loading increases.

In comparison to fresh 10 wt % Mn/TiO, catalysts, most of
the reflections specific to Mn;O, become hardly observable in
XRD patterns of spent samples (Figure 2b and Figure S14c in
the Supporting Information), except for two resolved
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reflections at 36.2° and 60.0° with very low intensity. Thus,
the original Mn;O, presumably undergoes a phase transition
during the reaction. Several new reflections appear in the
spectrum, among which the most intense reflections at 20 ~
26°, 32.8°, and 50.4° can be assigned to the (110), (101), and
(211) lattice plane of MnF,. This observation reveals that the
deactivation of catalysts probably results from the irreversible
formation of MnF, and some mixed MnO, phases containing
manganese in the +2 state, which does not contribute to
activity in methane oxidation under the reaction condition-
5.'*»¢ Purthermore, no other patterns indicative of the
formation of TiF, or mixed Mn-TiO, phases are observed,
and the original reflections of both types of titania support
remain the same, meaning that, after the reaction, the structure
of the titania support was not affected. Consequently, the
titania support is stable and resistant to the acidic and fluorous
reaction environment. A comparison between STEM images of
fresh and spent Mn/TiO, samples (Figures 2c and 2d, more
images presented in the Supporting Information) indicates that
a small number of manganese-containing particles may have
undergone a small degree of local aggregation for S and 10
wt % Mn/TiO, catalysts, which appears to intensify the uneven
manganese particle size distribution of these catalysts. Since
the manganese loading varies greatly between different areas, it
is difficult to determine the degree of particle aggregation after
reaction. In contrast, manganese particles remain well-
distributed in the spent 1 wt% Mn/TiO, sample and may
even become better dispersed after reaction. Combined with
XRD results, the manganese aggregates in spent S and 10 wt %
samples consist of a mixture of oxide and fluoride phases, and
both the formation of inactive MnF, and the possible particle
size growth due to further manganese aggregates may account
for the reduced activity of the recycled catalyst (Figure 2a). We
note that, based on the heterogeneity of manganese
distribution on these catalysts, there may be multiple
manganese species active for the methane conversion reaction.
Although Mn;0, is determined to be the main phase on high-
loading catalysts, the combination of catalytic activity and
STEM points more to a correlation between high activity and
dispersed manganese phases that cannot be as fully
distinguished using the stated ex situ methods. Given the
presence of multiple potentially active manganese species
present on this catalyst, we note that the most active of the
species has yet to be fully characterized and is the focus of
future studies.

Through screening of supported manganese-based catalysts,
we developed a titania-supported manganese catalyst that
catalyzes the methane-to-methyl-trifluoroacetate process in
diluted trifluoroacetic acid heterogeneously with high stability
(minimal leaching of manganese) at a competitive activity
(Table S4 in the Supporting Information). The presence of
Mn;O, as the major phase is confirmed on high-loading
catalysts (S and 10 wt %) by XRD, while STEM images
indicate that manganese oxide exists in a poorly dispersed state
on titania. Deactivation of the catalyst is partially attributed to
the formation of inactive MnF, under reaction conditions. In
contrast, high Mn dispersion was realized in the silica-
supported catalyst that exhibited superior catalytic activity
over Mn/TiO,, but significant amounts of homogeneously
active manganese were observed. XRD analysis pointed to a
possible structural change of silica-based supports after
reaction, which possibly accounted for the substantial leaching
of manganese. Overall, high dispersion is of paramount
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importance for achieving high activity in the catalytic system in
this study, and the most efficient utilization of manganese is
realized at lower loadings (<1%) in which manganese is highly
dispersed on the support. On this basis, efforts should be taken
to improve the manganese dispersion at higher loadings on the
titania support in future work by employing higher surface area
supports and alternative synthesis methods (e.g., coprecipita-
tion). Besides, catalyst deactivation via formation of fluorides
and other potential processes such as particle aggregation must
be addressed. Multiple active manganese species may be
present, and future studies to characterize in detail these
species along with important interactions between manganese
and the titania support are warranted. In summary, we
demonstrate, for the first time, the potential of solid-supported
manganese catalysts for this methane partial oxidation
application. This development in employing a facilely
synthesized solid manganese-containing catalyst to convert
methane heterogeneously in satisfactory yield under improved
conditions provides a promising approach for MTME systems
and the movement toward more cost-effective and realistic
catalysts for this process.
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