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Abstract: A scale-flexible process for the direct and selective oxidation of methane to primary oxygenates is of
great interest, however, a commercially feasible approach has yet to be realized due to a number of challenges.
Low product yields imposed by a well-established selectivity-conversion limit are particularly burdensome for
direct methane-to-methanol chemistry. One strategy that has emerged to break out of this limit is the in situ
esterification of produced methanol to the more oxidation-resistant methyl ester. However, these methane-
to-methyl-ester approaches still elude commercialization despite their unprecedented high yields. Herein, we
outline some of the key barriers that hinder the commercial prospects of this otherwise promising route for high-
yield direct catalytic methane conversion, including extremely corrosive reagents, homogeneous catalysts, and
inviable oxidants. We then highlight directions to address these challenges while maintaining the characteristic
high performance of these systems. These discussions support the efficacy of product protection strategies for
the direct, selective oxidation of methane and encourage future work in developing creative solutions to merge

this promising chemistry with more practical industrial requirements.
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1. Direct Catalytic Methane Valorization — Challenges
and Opportunities

Methane, the primary component of natural gas, is an impor-
tant and versatile feedstock for commodity chemicals and liquid
energy carriers, including methanol, ammonia, and olefins.[!] On

large industrial scales, the valorization of methane occurs typi-
cally through ‘indirect’ pathways that first convert methane to
syngas, and this syngas is subsequently used in additional steps
to produce the desired product. However, the large capital- and
energy-intensities associated with this syngas production are cost-
prohibitive for smaller scale operations (< 2.5 kt/d).[12¢2] The
drive to address this gap in methane valorization technology has
been further fueled in recent decades by the concomitant discov-
ery and development of unconventional shale reserves for oil and
natural gas.l'el The opportunities for more sustainably produced
fuels and high-value chemicals from these substantial methane
sources are currently underexploited due to the lack of practi-
cal conversion and transportation technologies for these small,
remote, and decentralized sites, constituting a technology gap that
ultimately leads to large volumes of flared ‘waste’ methane.[22.3]
‘Direct’ methane conversion processes, referring to non-syngas-
based routes such as the partial oxidation to primary oxygenates,
have been heavily invested in by both the academic and industrial
communities as a scale-flexible solution.[*! These efforts have
revealed an array of chemistry and engineering challenges that
have precluded the emergence of a viable commercial solution, a
reason why direct, selective methane conversion is often referred
to as a ‘Holy Grail’ of catalysis.[45]

Out of a great diversity of potential approaches for such a
challenge, one frequently explored route is the partial oxidation
of methane directly to methanol or methanol derivatives using
homogeneous, heterogeneous, or biological enzyme catalytic
systems.!l'd4al An overview of their performance based on prod-
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uct yield is shown in Fig. 1. Notably, systems that catalyze the
conversion of methane to methanol, whether homogeneously or
heterogeneously, display low product yields that are essentially
independent of the specific catalyst employed. This is largely in
part due to the issue that direct methane to methanol conversion
hinges upon the recovery of a product that is severely susceptible
to over-oxidation, establishing a selectivity-conversion paradigm
that does not allow for practical yields and conditions for a realis-
tic commercial process.[26] This limit underscores the necessity
of some form of ‘product protection’ in order to achieve high
product yields. Product protection can be accomplished through
physical or chemical means, whereby methanol is sequestered
from oxidizing reagents/sites or chemically functionalized to a
more stable derivative, respectively.
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Fig. 1. Summarizing the selectivity-conversion performance of different
methane oxidation systems. Figure reproduced from ref. [25] with per-
mission of the Publisher.

One compelling strategy is the chemical protection of metha-
nol within an ester that is less prone to further oxidation. Initial
studies demonstrated the selectively catalyzed partial oxidation of
methane with homogeneous transition-metal catalysts in concen-
trated sulfuric acid to produce methyl bisulfate (see Eqn. (1) ) with
favorable yields (surpassing 70%) and high turnover frequencies
using this approach.l”l Kinetic studies suggest that the oxidation
rate for methyl bisulfate can be up to 100 times less than that of
methane under the reaction conditions. "]

cat.
CH, + 2 H,S0, — CH;0S0;H + 2 H,0 + SO, (1)
CH,0S0,H + H,0 — CH,0H + H,SO, )

In addition, catalytic systems employing this same approach
with trifluoroacetic acid to esterify methanol to methyl trifluo-
roacetate with high selectivities and yields were published.[8!
Different oxidants can be used for this system (see Table 1), and
the reaction stoichiometry with molecular oxygen as the oxidant
is shown in Eqn. (3):

1 cat.
CH, + O + CF3COOH — CF3COOCH; + H,0 3)

CF,COOCH, + H,0 - CH,0H + CF,COOH @

For both chemistries, the product ester can be hydrolyzed to
obtain methanol as the final product (see Eqn. (2) and Eqn. (4)).
These routes that produce a stable methyl derivative benefit from
high selectivities independent of the methane conversion, even
surpassing the methane-based yields of efficient bioenyzmatic
systems that are regarded as the benchmarks of direct methane
conversion (Fig. 1). Based on these findings, product protection
via esterification emerges as a promising strategy to break out of
the selectivity-conversion limit defining direct methane-to-meth-
anol conversion in order to attain high product yields.

2. Methanol Protection via Esterification — Key
Challenges

While the concept underlying product protection via metha-
nol esterification has been proven successful at obtaining unprec-
edented product yields (Fig. 1), none of the reported processes
employing this chemistry have been commercially viable to date.
This highlights the fact that although high yields per pass are a
key parameter for commercial prospect, it is important to think
beyond this single criterion and assess the process more holisti-
cally, considering the relative cost of materials, compositions and
sizes of separation and recycle streams, and required heat duties.*]
Herein, we summarize a selection of common shortcomings of
methane-to-methyl-ester (MTME) systems. It should be noted
that rigorous process analyses are ultimately required to fully as-
sess a proposed process scheme. The following points, however,
serve as guidelines for maximizing the potential success of a pro-
cess using this chemistry. The following list is not exhaustive of
all potential issues in MTME processes, but rather an attempt to
target a few relevant shared barriers. More detailed estimates of
specific performance targets for methane conversion processes
are described elsewhere.[b10]

2.1 Corrosive and Concentrated Acid Solvents

A crux of the MTME protection approach is the use of strong
acid that is capable of esterifying methanol under the reaction
conditions. It is not by chance that MTME conversion literature
centers around the use of sulfuric acid/oleum and trifluoroacetic
acid, as both acids are stable under the elevated temperatures and
are effective at esterifying methanol to the corresponding stable
ester in order to maintain high selectivities. The stability of the
acid solvent is essential, as the substantial degradation of the acid
medium would have negative consequences on material costs and
potentially impact the reaction. This can be illustrated in the case
of replacing trifluoroacetic acid with acetic acid, a substitution
that leads to the ester formation primarily from the degradation
of acetic acid rather than the conversion of methane.[8dl Acids
such as trifluoroacetic acid and sulfuric acid are not as readily
degraded and are therefore good candidates for the acid solvent.
Furthermore, the strongly acidic and poorly coordinating nature
of concentrated acids is essential for curbing the inhibition of the
CH activation for some catalytically-active complexes by prevent-
ing the coordination of water and methanol to the complex.["]
For the well-studied Catalytica Pt-complex in methyl bisulfate
systems, a decrease in the sulfuric acid concentration from 100%
to 99% results in an order of magnitude decrease in the obtain-
able yield at the same selectivity.l°l Consequently, sufficiently
high concentrations of the selected acid are required to both drive
forward the esterification reaction and ensure the high activity of
the homogeneous complexes.

Nonetheless, working with these strong acids in an extremely
concentrated form can present a number of additional operational
and material challenges. The highly corrosive nature of the reac-
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tion medium may pose greater health and environmental hazards
and necessitates upgraded materials for the construction of vessels
to reduce equipment wear, which can add significantly to the as-
sociated capital investment costs.[?2 Also, the sensitivity of some
methyl bisulfate systems to even small amounts of water in the
concentrated sulfuric acid or oleum medium raises additional con-
cerns for the heat duties required to dry the acid, especially after
the recovery of the product via hydrolysis that generally results in
alarge fraction of water in the recycled acid stream.®! Hydrolyzing
the ester in the concentrated acid stream poses its own challenges,
as the high exothermicity can cause the unintended evaporation of
methanol and must be performed with caution to ensure safe han-
dling.l'! In short, although the strong acid mediums are beneficial
for achieving high yields in this chemistry, there are a number of
process-oriented consequences that deserve further consideration
and motivate better management of the acid solvent.

2.2 Homogeneous Catalysts

Another general shortcoming of a majority of MTME systems
is their reliance on homogeneous catalysts. Table 1 lists some
prominent examples of homogeneous systems for this chemistry,
which greatly outnumber the very limited published solid cata-
lyzed systems discussed further in Section 3.2. For systems that
convert methane to methyl bisulfate in a liquid medium of oleum
or concentrated sulfuric acid, molecular noble metal catalysts
have been the most extensively explored and optimized (Table 1,
Entries 1-4). To prevent the decomposition of the platinum and
palladium catalysts to reduced bulk states or insoluble salts un-
der the aggressive reaction conditions, various ligands are used
to form active and stable metal complexes.["! Simpler Pt- and Pd

salts have also subsequently been successfully demonstrated for
this chemistry, maintaining high stability and selectivity at high
turnovers.[7¢-1021 Tn the methyl trifluoroacetate systems, a variety of
diverse homogeneous catalysts have been proposed, ranging from
noble metal complexes to heteropolyacids to simpler transition
metal salts (Table 1).

Although gas-liquid processes with a molecular catalyst are
conceivable for alkane to alcohol conversion,['2] they generally
pose greater catalyst recovery and regeneration difficulties than
those catalyzing the conversion heterogeneously. The homogene-
ity of the catalyst necessitates additional downstream processing
steps for the separation and regeneration of the catalyst, which is
generally notencouraged given the economics of lower alkane con-
version.[%al The fast and irreversible deactivation of catalysts en-
countered in some systems is also concerning. In methyl trifluoro-
acetate systems, the formation of inactive metal fluorides from
transition-metal salts can lead to the deactivation of the catalyst
in under 2-3 hours of reaction.[3¢dl Some catalysts may also re-
quire regeneration of the higher-valent transition-metal species
through an acid-base swing process, which is acknowledged to
be impractical for a viable MTME process.[8¢¢l Each of these is-
sues highlights notable shortcomings in homogeneous catalysts
for MTME approaches and the necessity to explore solid catalysts
with improved stability, performance, and recoverability.

2.3 Uneconomical Oxidants

A feature of many current MTME systems that hinders their
commercial applicability is their reliance on relatively expensive
oxidants. High product yields are often coupled with the use of
strong oxidants, including hydrogen peroxide or potassium per-

Table 1. Overview of a selection of published homogeneous methane-to-methyl-ester systems.

[Pre]catalyst Oxidant P hane [D2r] Temp. [°C] Max. Yield [%] TO * (Time [h]) Max. Ester Conc. [M] Ref.
Methyl Bisulfate

[bpym]PtCl, H,SO,/ S0, 34 220 72 > 500 (2.5 h) ~1 [7b]

Pd SO, 45 160 25 17.7 (18 h) 0.5 [7c]

L SO, 40 180 70 > 200 (2.5) >2 [7d]

K,PtCl, SO, > 53 215 <30 > 16,000 (2 h) ~1 [10a]
Methyl Trifluoroacetate

H,PV Mo, O, K.S,0, 5-20 80 78 <142 (20 h) 0.3 [13a]

Cu(OAc), K.S,0, 5 100 91 <151 (20 h) 0.8 [13b]

H,PV Mo, O, H,0, 50 80 <4.4° 224 ° (24 h) 0.05° [26]

Pd-NHC complex K.S,0, 20-30 80 <5 30 (14 h) <0.1 [8b]

[Pd(hfacac),] H,0, 30 50-175 13.7 50.1 (4 h) <0.2 [27]

Co(OAc), - 4H,0 o, 20 180 50 13.2 (24 h) 0.5 [8d]

Mn,O, o, 6.9 180 36 8.5 h) 0.01 [8c]

CuO K.S,0, 52 90 56 33 (17 h) 0.12°¢ [8e]

aTurnovers: [mol methyl ester] / [mol catalyst], fincluding methyl acetate product, cafter two consecutive runs
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sulfate (see Table 1), that are generally more expensive than the
product ester or methanol. A basic comparison of feedstock costs
reveals essentially no margin for any oxidant beyond pure O,,
even before considering the other costs of the process.[®! The cost
analysis for methyl bisulfate systems that typically feature SO, as
the oxidant is nuanced by the proposal that SO, could be regener-
ated from the formed SO,, thereby closing the cycle. Although the
recycling of SO,/SO, has been demonstrated on industrial scale,
whether this oxidant recycling scheme is practical on a scale more
relevant to the target applications of direct methane conversion
processes is still unclear. This is further complicated by the fact
that SO, could react with trace water formed in the partial oxida-
tion of methane to produce H,SO,, effectively resulting in losses
of the oxidant during reaction.l® Given also the observed depen-
dence of the catalytic productivity on the SO, concentration in
these systems,[1%l this side reaction should not be overlooked,
especially at high methane conversions. Similar sensitivity of
oxidants to trace water in methyl trifluoroacetate systems is gen-
erally not observed, and often trifluoroacetic anhydride is used as
a convenient desiccant to avoid catalyst deactivation by water or
hydrate formation.[8b-131 Regardless of the specifics, it is evident
that a greater emphasis should be placed on evaluating catalytic
systems that are capable of conversion with a more economically
reasonable final oxidant, primarily O,.

3. Designing Improved Methane-to-Methyl-Ester
Processes

With a few of the major shortcomings of MTME systems
outlined in detail, we now focus on methods to address these
key challenges. The following discussions highlight interesting
developments from the broader field of methane conversion and
consider their efficacy thus far or applicability to MTME systems.

3.1 Suitable Diluents for Acid Solvents

As stated previously, the reagents involved in MTME process-
es are largely disfavored for commercial lower alkane conversion
both from the standpoint of the expensive oxidants and the highly
corrosive and aggressive liquid acid solvents. Efforts focused on
mitigating the challenges of the acid solvent are relatively sparse,
as simply diluting the acid solvent is not a straight-forward task.
Many common solvents miscible with the acids are likely to be
unstable at elevated temperatures under protic and oxidizing con-
ditions, especially if they contain functional groups that could be
reactive in these environments. As an example, a study on cata-
Iytic alkane oxidation with hydrogen peroxide in liquid acetoni-
trile and trifluoroacetic acid reported substantial oxidation of the
acetonitrile despite the relatively mild conditions (< 80 °C).l14]
These criteria severely restrict the selection of suitable solvents,
although a few options have appeared over the years. An interest-
ing class of solvents that have been successfully demonstrated for
MTME chemistry is ionic liquids. Tang and coworkers were the
first to use ionic liquids in combination with the chemistry and
homogeneous catalysis of the Catalytica system. Various ionic
liquids were mixed with sulfuric acid and Pt salts to create a ter-
nary system that was thermally stable, dissolved Pt salts that were
insoluble in the conventional system, promoted the reactivity of
Pt, and improved the water tolerance of the system overall.[!] In
following years, Lin and coworkers incorporated an ionic liquid
into the liquid-phase oxidation of methane to methyl trifluoroac-
etate using potassium persulfate and a solid Au-based catalyst,
in which they attributed improved performance to the promoting
and stabilizing effects of the ionic liquid on the catalyst.l!6] The
large variety of ionic liquids with different physical properties is
appealing, as it allows for greater flexibility in selecting an appro-
priate and stable compound for different MTME systems. These
results also underscore the benefits a co-solvent can provide be-
yond acting purely as a diluent in the system, given that the co-

solvent can be efficiently recycled in order to minimize the impact
of the additional material costs.

In addition to ionic liquids, other compounds have been used
in methane conversion to dilute the acid solvent while enhancing
performance, for example, by increasing the uptake of methane
or other reacting gases into the liquid phase. This particular effect
was shown by Yokoi and coworkers for the liquid-phase conver-
sion of methane to methanol using hydrogen peroxide dissolved
in a sulfolane/water solvent, a mixture that was both stable and
enabled higher concentrations of dissolved methane in the liquid
medium.['7] It should be noted that for MTME systems, water is
generally unsuitable as a diluent because a large concentration
would be expected to drive the hydrolysis of the methyl ester,
thereby deprotecting methanol and allowing greater rates of over-
oxidation. Specifically for methyl bisulfate systems, the introduc-
tion of excess water is especially problematic for the function of
the catalyst, in which even concentrations of sulfuric acid just
below 90% can severely impede productivity.®®l Nonetheless, the
sulfolane/water mixture illustrates the potential to use an addi-
tional co-solvent to enhance the reaction environment in order to
improve productivity.

On the other side, systems using trifluoroacetic acid may ben-
efit from the exploitation of the interesting properties of fluorine
chemistry. Although trifluoroacetic acid is not entirely ‘fluorous’
in nature, it is miscible in fluorous solvents such as perfluoroal-
kanes, materials that are inert and extremely stable even under ag-
gressive oxidizing conditions.[!81 Wang and co-workers observed
5-fold improvements in product yield for homogeneously-cata-
lyzed direct methane partial oxidation upon adding a relatively
small quantity of perfluorooctane (< 20 vol.%) to the trifluoro-
acetic acid solvent.'% The improved yields were attributed to the
improved mass transfer afforded by the enhanced solubility of
gases in the perfluorooctane. This again emphasizes the benefits
of using a co-solvent in MTME systems to not only create milder
conditions, but also promote better performance. Overall, both
MTME chemistries have at least a few options of co-solvents or
diluents that stand not only to mitigate the issues created by the
use of harsh undiluted acids, but also to improve the systems in
terms of catalyst stability and productivity.

3.2 Solid Catalysts

The transition to solid catalysts is a primary goal in this chem-
istry and has already seen some promising recent success, despite
the limited number of publications to date. Heterogeneous cata-
lysts are attractive for this chemistry because they may greatly
simplify the separation and catalyst regeneration schemes in a
continuously operating process, which would have a positive
effect on the overall process costs. The design of new catalysts
must consider structure—function relationships that determine
and relate high selectivity, high stability, and high productivity
without compromise on any of these fronts.[%! One of the first
and best demonstrations of heterogeneously-catalyzed methane-
to-methyl-ester conversion by Schiith and coworkers translated
the platinum coordination of the molecular Catalytica catalyst to
platinum coordination on a solid carbon support for the conver-
sion of methane to methyl bisulfate in oleum and achieved impres-
sive turnovers.[201 At the time of writing, a new, highly active po-
rous organic polymer-supported Pd catalyst for the conversion of
methane to methyl trifluoroacetate at lower temperatures (80 °C)
with potassium persulfate has been proposed by Yuan and Su et
al.211 In both cases, the strong catalytic performance comes as a
result of replicating active motifs from homogeneous analogues
while reaping the additional benefits of a stable solid support with
tuneable properties (e.g. porosity, hydrophobicity). Although the
development of active solid catalysts for methane-to-methyl-ester
chemistries has historically remained a challenge, in large part due
to the harsh reaction conditions, the recent progress underscores
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the possibility in overcoming these challenges with thoughtful
material design. In congruence with improvements in reagents
and reaction conditions, the development of solid catalysts de-
serves significant attention as a means to improving the commer-
cial applicability of these processes.

3.3 Viable Oxidants

Lastly, the feedstock cost is a clearly bounded parameter
that restricts the choice of the oxidant to O, or water. Instances
of aerobic methane conversion in homogeneous systems are
demonstrated, but these systems generally lag in turnovers
compared to others that employ strong oxidants (see Table 1),
motivating the further development of systems that can operate
using O, without compromising good performance. Alternative
approaches to this goal have been proposed that use O, indi-
rectly as the oxidant for methane partial oxidation. Hydrogen
peroxide or derivatives have been synthesized in situ through
co-feeding H,/O, mixtures.[22 An early demonstration of this
approach by Mizuno et al. used a feed composition 28% CH,/
33% H,/ 14% O,/ 14% N, for the catalytic conversion of methane
to formic acid at low temperatures with a palladium heteropoly-
complex.22a] Critically, the obtained methane conversions were
well below 1% for this system. In addition, Yang and Xiao et al.
recently revealed a hybrid material that was able to localize in
situ H,0, generation from an O,/H, mixture (H,/CH, ratio ~ 2)
and subsequently catalyze the selective oxidation of methane.[23]
This strategy aims to alleviate challenges associated with the
relatively quick degradation of H,O,, while creating high local
concentrations of H O, near oxidation sites.[?3] However, given
that the price of sustainably-produced hydrogen gas that would
either need to be supplied or produced on-site (e.g. via electroly-
sis) is in most instances more expensive than methane, these
strategies fail to address the root of the oxidant challenge in their
current form, especially when above stoichiometric H,/CH, feed
ratios are used to attain appreciable methane conversion. At best,
the considerable cost of the feedstock gas mixture necessitates
extremely efficient conversion of O,/H, to H,O, coupled with
high conversions of the oxidant to the product as a minimum re-
quirement for systems using this oxidant scheme. Although the
cost-effectiveness of this in situ generation needs to be further
considered, it nevertheless represents a creative approach to the
issue of oxidants in these systems. A second strategy is the use
of an air-recyclable oxidant as an oxygen transfer agent between
O, and methane. This scheme is commonly proposed for the
recycling of SO, in methyl bisulfate systems as mentioned pre-
viously, and more recently a catalytic system for the conversion
of methane to DME with NO, produced in the couple gas phase
reaction of NO and O,.24! In both cases, it is crucial that the re-
cycling scheme does not pose complicated gas separation with
burdensome energy duties or substantial purges of the valuable
feedstocks. Overall, these approaches that indirectly use O, as
the final oxidant are conceptually interesting, yet their practical-
ity relies on the ultimate ability to address these process-oriented
issues.

4. Conclusion

Progress over the previous decades in direct methane conver-
sion technologies, while still far from meeting industrial targets,
has resulted in the development of chemical strategies that al-
low high-yield methane functionalization with high selectivity.
Product protection via the esterification of methanol to a more
stable product is a well-demonstrated strategy to obtain high
yields, but this often comes at the cost of harsh undiluted acid
solvents, reliance on homogeneous catalysts, and cost-prohibi-
tive oxidants, all factors that contribute to a number of challeng-
es for commercialization. Only by developing a solution that
addresses these shortcomings can the goal of a highly productive

heterogeneously-catalyzed process using economical reagents
and milder reaction conditions be reached.
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