Asian Journal of Chemistry, Vol. 36, No. 9 (2024), 1977-1987

ASIAN JOURNAL OF CHEMISTRY

5121 Journa) of Chems

€, MSIAN JOURNAL
 OF CHEMISTRY

https://doi.org/10.14233/ajchem.2024.32083

REVIEW

Metal Incorporated Zeolites as Heterogeneous Catalysts in the
Selective Partial Oxidation of Methane to Methanol: A Review

BupbHADEB DuTTA

Department of Chemistry, Ramakrishna Mission Vivekananda Centenary College, Rahara, Kolkata-700118, India

Corresponding author: E-mail: buddhadutta@ gmail.com

Received: 3 June 2024; Accepted: 12 July 2024;

INTRODUCTION

Methane (CH,), the simplest hydrocarbon, occurs in our
planet as one of the principal components of the natural gas.
The concentration of methane in natural gas is estimated to be
within 70% to 90% by volume [1-6]. Although the global natural
gas reservoirs offer considerable supply till date, it becomes
important to rethink about the innovative methods for conv-
erting methane into more valuable chemicals and fuels amidst
the imperative of addressing change in global climate and striving
for attaining net-zero carbon emissions [1]. The global warming
potential (GWP) of CH, is estimated as 28-36 over 100 years
(CO,has GWP 1). Here, it should be mentioned that the human
activity is found to be the second most important contributor
towards the emission of methane after CO, [4]. The fact which
needs immediate attention is that about 24% of all anthropo-
genic methane emission comes from oil and natural gas related
facilities [1,6]. At this moment, the major fraction CH, produced
undergoes combustion for generation of heat or electricity. How-
ever, in many instances, particularly at oil fields, recovered
methane is frequently directly flared, thereby leading to signifi-
cant CO, emissions.There is an increasing urgency, along with
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emerging commitments, to drastically reduce this practice by
2030 [6]. Hence, the need to convert methane into a beneficial
and environmentally sustainable chemical alternative, rather
than simply flaring it and generating CO,, is becoming increa-
singly evident. Methanol (and its derivatives) will continuously
be gaining importance in the world. Currently, they are almost
completely produced from natural gas (~65%) and coal (~35%,
in China) [5]. In 2021, global CH;0H demand was 106 million
tonnes [6], which is almost double than its previous decade. It
is expected that the demand will be growing strongly [5]. Pres-
ently, even greater than 60% of current CH;OH demand is for
its use as chemical feedstock, majorly for the olefins (32%)
production, formaldehyde (23%) manufacturing and also acetic
acid (8%) production. Methanol is further used via methyl tert.-
butyl ether (MTBE) in transport fuel (11%), in biodiesel (3%)
and by direct blending or substitution in gasoline (11%), which
is growing very fast [6]. So to meet the stringent environmental
restrictions, the chemistry involved in these processes should
be extremely efficient for arresting majority of carbon and they
have to be cost effective also. In effect even a low-cost but
inefficient conversion of associated gas will be observed as
only partially lowering the flaring and emission. The major diffi-
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culty to the exploitation of natural gas appears form the difficu-
Ities in approachability of reserves of crude oil. Long-distance
transportation through pipelines for a long distance in gaseous
form is not at all practical solution for natural gas. The boiling
point of methane is 109 K at 1 atmosphere pressure, and so
liquefaction is also not a feasible option. To liquefy the gas by
cooling to some acceptable temperature is also not sustainable
for the duration of transport. On-site conversion of methane is
also very tedious and difficult because of chemical inertness of
methane. It is quite clear that these difficulties in methane pro-
cessing make its valorization financially unviable, leaving us
with the only option of flaring. The scientific community and
industries have been interested in extracting valuable chemicals
from natural gas for over a century, due to its potential as an
underutilized resource [7].

Now, because of its inertness (AHc_y = 438.8 kJ mol™),
and also due to low reactivity, methane activation looks very
challenging, and so the present industrial utilization of methane
depends on some indirect and energy intensive pathways. For
instance, a pivotal step towards transforming to a methanol
economy involves converting methane into methanol. This pro-
cess typically begins with either steam reforming of methane
or partial oxidation of methane to produce synthesis gas i.e.
syngas (CO/H,), a step which necessitates large-scale operations,
so that the process becomes economically viable. Syngas can
then be further converted into methanol through catalytic proce-
sses. In another route, there may be catalytic transformation of
syngas into various other significant hydrocarbon products.
Therefore, the production of methanol directly from methane
has emerged as an attractive prospect, because it presents one
of the most promising pathways for utilizing remote natural
gas sources directly (Scheme-I).

Fischer-Tropsch

Synthesis gas > synthesis
CO +H,
Methane —» Methanol
Low temperature T

Direct conversion
Scheme-I

Both partial oxidation of methane to methanol (eqn. 1)
and over-oxidation of methane to CO (eqn. 2) are exothermic
reactions, but at above 600 K, thermodynamically favoured path-
way is CO formation [8].

CH, + 0.50,—— CH;OH (1)
CH, + 0.50,— CO + 3H, 2)

So, if methanol has to be main product, it will be obvious
to maintain the reaction temperature at less than 500 K [8,9]
(Table-1). From the last century, many research groups have
attempted to study and tried to understand the oxidation of CH,
to CH;OH by using many different catalyst-free and homo-
geneous processes [10-15], but till now, these methodologies
could only be successfully used in a small-scale in distant sites
areas with plentiful methane resource [1,16,17]. In recent times,
some researchers reported high conversion of methane and
selectivity towards methanol with homogeneous catalysts in

TABLE-1
GIBBS FREE ENERGIES OF METHANE OXIDATIONS
AT DIFFERENT TEMPERATURES [22]

Reactions AGy (KJ mol™)
298 K 650 K
CH, + 1/20, —» CH;OH -111 -93
CH, + O, - HCHO + H,0 -288 -294
CH, + 3/20, — CO + 2H,0 -544 -573
CH, + 20, — CO, + 2H,0 -801 -800

liquid phase, especially in H,SO4/oleum liquid system [7]. There
are many detailed reviews on these partial oxidation in liquid
phase with homogeneous catalysts by some research groups
[18-21].

However, as is evident in homogeneous catalysis, it beco-
mes tedious to isolate, recycle and reuse these catalysts. Also
the enzymatic catalytic processes [23-25] inspired and drove
the attention towards the development of new functional hetero-
geneous catalytic materials for the selective production of
methanol by oxidation of methane in recent times, both in gas
and liquid phases [1]. In this review, the main emphasis will
be on the synthesis and application of heterogeneous catalysts
in the selective oxidation of methane to methanol, the ‘holy
grail’ of chemistry. There has been tremendous progress of the
heterogeneously catalysed methane oxidation to methanol based
on porous materials like zeolites. It is well known that hetero-
geneous catalysts have advantages in these types of reactions
due to their easy separation and the ability to be recycled and
reused in further reactions, thereby making the process more
sustainable [26,27]. Also, as the biomimetic heterogeneous
catalysts use the principle of enzymatic reactions in many
cases, methane oxidation by enzymes is also considered for
discussion.

Methane oxidation using enzymes: At the primary stage
of metabolism of methane, methanotrophic bacteria employ a
type of enzyme methane monooxygenases (MMOs) for oxid-
ation of methane to methanol. Methane is utilized as their solo
energy source. Two types of MMO are (i) soluble form (sMMO)
having a di-iron active centre and (ii) a particulate form (pMMO)
containing a copper active site. Major studies have been found
on sMMOs because obtaining pure form of pMMOs is very
difficult, in spite of the fact that pMMOs are the predominant
form of MMOs [23,28-30].

SMMO is a multi-constituent enzyme and constituted of
three major components, for example a hydroxylase (MMOH)
that transforms methane to methanol, a reductase (MMOR) is
there which transfers the oxygen to the active centre of hydro-
xylase after activating it, and the methane’s entrance to hydro-
xylase active site is regulated by a regulatory protein (MMOB).
This active site lies deeply embedded within the organization.
Methane and oxygen reach this active site via the hydrophobic
cavity running through the center. Once methanol is produced,
its hydrophilic nature facilitates its expulsion from the enzyme,
preventing excessive oxidation. This mechanism is cyclic in
nature and most of the chemo-catalysts try to mimic the di-iron
active site of the MMO [23,28,31,32]. However, replicating
the unusual oxidation state of iron, specifically Fe(IV), in a
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laboratory setting is challenging. This state is stabilized by
the amino acids located near the active site, making it difficult
to duplicate.

There are different other monooxygenases [23] that activate
a large number of hydrocarbons and application of these enz-
ymes will be intriguing. Recently, the potential of using sSMMO
to produce methanol as part of a gas-to-liquids process has
been reviewed [33]. Numerous challenges have been identified,
including limitations in gas-liquid mass transfer and the risk
of enzyme poisoning by impurities in the natural gas.

There are three subunits in pMMO, (PmoA, PmoB and
PmoC) [34]. The active site here is copper based and is consi-
dered to be located in PmoC [34]. This copper site, referred to
as CuC, is linked with two other copper centers in PmoB, though
not all pMMOs contain these centers [35]. The activity of this
methane monooxygenase relies on the preservation of active
center’s structure, which is significantly affected when removed
from its original membrane environment. This explains the
prominence of SMMO in the literature.

Presently, the promising heterogeneous catalytic methodo-
logies mimic the idea from homogeneous or biocatalysis. There
are metal complexes, which may cleave methane and other
hydrocarbons C-H bonds under homogeneous catalytic condi-
tions with high selectivity at lower temperatures. These are
discussed in the reviews by Shilov & Shul’pi [36], Periana et al.
[37] and Horn & Schlogl [38]. Under the conditions of 180 °C
and a 20 mM concentration of Hg(HSO.), in sulfuric acid,
methanol yields exceeded 40% with a selectivity of over 90%.
Later, Periana [39] described a catalyst based on platinum,
dichloro-(1-2-[2,2"-bipyrimidyl])platinum(II) i.e. [(bpym)PtCL].
This catalyst showed remarkable performance by giving 90%
methane conversion with 81% selectivity to methyl bisulfate.
This methyl bisufate can be hydrolyzed to methanol and sulphuric
acid. Palkovits et al. [40] developed a covalent triazine-based
framework (CTF) using Periana’s molecular template, achieved
by trimerizing 2,6-dicyanopyridine in molten ZnCl,. This solid
ligand coordinates with PtCl,, creating a solid analog to
Periana’s system. The Pt-CTF demonstrates activity in methane
oxidation in oleum, producing methyl bisulfate, which can be
converted to methanol after workup. Despite an initial activation
period, the catalyst achieves turnover numbers (TONs) excee-
ding 250. This study demonstrates a mechanism for methane
oxidation using a low-temperature heterogeneously catalyzed
process. It also emphasizes whether concepts from homogene-
ous catalysis might improve the efficiency of heterogeneous
catalysis.

The methane selective oxidation in the gas phase to produce
oxygenates like methanol and formaldehyde underwent exten-
sive research, particularly during the 1980s and 1990s. Charac-
teristically, this method involved elevated temperatures and
often utilized metal oxide catalysts. Numerous historical investi-
gations on this topic have been previously reviewed [41-44].
Methane oxidation at high temperature has been explored for
many years [45]. Many co-workers [46-48] successfully exten-
ded the heterogeneous catalytic routes from previous researches.
Under around 180 bar pressure, utilizing natural gas and oxygen
concentrations ranging from 4.1% to 12.0%, copper exhibited

aremarkable effectiveness as a catalyst in enhancing methanol
production. Under these operational settings, it was observed
that on the copper catalysts surface, Cu,O was formed, sugges-
ting that the oxygen from Cu,O acted as the primary oxidizing
agent for methane. However, it is pertinent to mention that
any sulphur traces in the reaction mixture enormously impaired
the activity of the catalyst.

Various catalysts have been investigated for the high temp-
erature gas phase partial oxidation of methane, with the goal
of producing oxygenates. For instance, in a seminal study Dowden
et al. [49] introduced a theoretical framework proposing a
virtual mechanism. According to this model, the preliminary
interaction of methane with the catalyst surface led to its disso-
ciation, forming methylene and methyl species. Importantly,
it was crucial to inhibit further dehydrogenation of methyl and
methylene species, as it would result in carbon oxides form-
ation. Hence, catalysts favouring the production of methyl
species were preferred, directing attention towards metal oxides
rather than metals.

Catalysts with weak dehydrogenation properties, typically
associated with &°, d', &, d'° or d" electron configurations, were
found suitable. Moreover, the oxygen insertion characteristics
of typical n-type metal oxides were deemed essential. Recom-
mended constituents included TiO,, V,0s, Fe,O3;, MoO; and
ZnO [1,50]. Results were reported for MoOs/ZnO, MoOs/Fe,0s,
MoO;/VO, and MoO3/UQO, supported on 1/3A1,05/Si0, with
aca. 0.1 m* g”' surface area of and a packing of 5% oxide. The
most effective catalyst was MoOs/Fe,Os, which achieved a com-
bined selectivity of 80% for CH;OH and HCHO at a methane
conversion rate of 3.5%, producing 869 g kgcat™ h™" of methanol
and 100 g kgcat™ h™' of formaldehyde. To sustain high yields,
experimental conditions necessitated around 30 bar pressure
and 430 to 500 °C temperature range. Additionally, a rapid liquid
water injection was employed to swiftly lower the reactor effluent
temperature within 0.3 seconds after exiting the catalyst surface.

In some other studies single metal oxides have been expl-
oited for the activation of the reactants (methane and oxygen)
and production of methanol. A good potential catalyst was MoO;
due to the fact that in spite of being effective for selective oxi-
dation of methanol to formaldehyde, at higher temperatures,
only minimal further oxidation to carbon oxides was observed
[51]. Isotopic exchange experiments between CH, and deut-
erium have been regarded as the initial indicator of catalytic
activation of CH, [52]. A catalyst synthesized by physical mixing
of 1:1 Ga,0s/MoO; demonstrated a significant performance
in methane oxidation and selectivity was towards formaldehyde
[53]. By mimicking the cytochrome P450 enzymes, Lyons et al.
[54] developed a high temperature catalyst for gas phase reac-
tion. The catalyst was a microporous framework (sodalite) where
framework AI** was substituted by >10 wt.% Fe at exchange-
able sites. The material had to be calcined at 550 °C to produce
the best catalyst. The XRD and EPR results suggested that Fe
was driven from framework sites into the exchangeable positions
due to the partial collapse of framework, these were associated
with remaining framework Fe to produce active centre. About
5.7% methane conversion with 70% methanol selectivity was
obtained under reaction conditions 3:1 CHy: air at 416 °C, under
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53 bar pressure and a gas hourly space velocity (GHSV) of
530 h™". Betteridge et al. [55] used Fe-sodalite catalyst in same
reaction conditions, achieved at 3.1% conversion along with
33% methanol selectivity. Similarly, Stroud [56] reported one
of the most active dual component catalysts with MoO; as
one of the component.

The mechanism of the selective oxidation of methane over
the metal oxide catalysts is quite complex. A number of different
mechanisms over different catalysts have been postulated. There
may be involvements of both gas phase homogeneous and
heterogeneous reactions. The observation of requirement of high
reaction temperature, and the beneficial role of increasing the
pressure makes this proposal more probable. Enhancing the
selectivity of methane oxidation catalysts becomes more chall-
enging with the inclusion of gas phase reactions. Therefore,
strategies that enable the activation of methane at lower temp-
eratures and promote reactions on the surface while reducing
reactions in gas phase would present more efficient approach
for crafting superior methane selective oxidation catalysts [1].

For oxidation of methane over polyoxotungstates [57] or
silica supported catalysts, and majorly over iron incorporated
zeolites, the application of nitrous oxide (N,O) as an oxidant
has recently received great attention [58]. The desirable prop-
erties like thermal stability, capability to incorporate mono-
or bi-nuclear active sites and also confinement effects make
zeolites a unique host matrix [59-61]. Iron and copper containing
zeolites are best examples of catalysts of this kind. They have
been used both in liquid phase oxidation as well as in gas phase
[60,62,63]. The decomposition of N,O [64] (eqn 3) have been
reported over different catalysts including iron containing zeo-
lites like Fe containing H-ZSM-5 [63,65-68]. In this process,
the active metal centre undergoes an oxidation which facilitates
the oxidation of methane through the generation of an active
o-oxygen species (eqn. 4).

2N,0 — 2N, + 0, (AH(298) = -163 kJ mol ™) 3)
N>O + (Fe*"), — (Fe*-0")o + N, 4)

Several researchers [68,69] studied the different reaction
conditions required for decomposition of N,O over zeolite
based catalysts. In an important study, Melian-Cabrera et al.
[70] reported the comparison of the different iron containing
zeolite structures in N>O decomposition. They reported that
Fe-ZSM-5 (Si:Alratio of 11.4) showed impressive 95% decom-
position of N,O at 500 °C. However, Fe-BEA zeolites only
achieved a 20% conversion, even at a higher temperature of
575 °C. However, N>O breakdown at high temperatures differs
from previous studies on methanol or phenol formation [71].
Instead, these systems are better understood as stoichiometric
transfer reagents but as it is known that ai-oxygen can be formed
at even below 200 °C, so, at least in theory, catalytic partial
oxidation of methane at low temperature should be achievable.
The ratio of Si/Al is another crucial feature for N,O decom-
position over catalyst for producing active oxygen in oxidation
of methane. The Si/Al ratio may also govern the loading of
metal. It has been observed that low Si:Alratio should provide
accommodations greater concentration of active sites in Fe
containing zeolite catalysts [72].

Iron incorporated zeolites: The generation of active
a-oxygen site for the oxidation of methane is related to that
postulated for N,O decomposition, where the active oxygen
species produced upon the decomposition of N>O should remain
on an active iron site and not recombine. Therefore, to enhance
the decomposition of N,O at lower temperature, addition of a
reductant in feed stream is essential, because it can promote
the abstraction of the oxygen from the oxidized active site
[73-76]. Initially, the active site was suggested to be mono- or
di-nuclear iron sites for disintegration of N,O and generation
of active oxygen [77-79]. In both cases, the extra-framework
iron is proposed as active site for the formation of o-oxygen
species [80-85], which is produced by decomposition of N,O
over a reversible redox o-Fe*" site [86,87]. After addition of
oxygen it has been proposed that either mononuclear Fe*= O*
(or Fe*~0") or dinuclear Fe as an oxo-bridged Fe*O* Fe**
species were the most suitable candidates for the o-oxygen
active site [87].

A reactive intermediate known as high spin Fe**=0 species
has been identified, with the methane being confined in the
zeolite pores, thereby enhancing the perceived reactivity. Addi-
tionally, to gain insight about the active site structure of Fe-
ZSM-5, Mossbauer spectroscopy was very helpful, which
revealed that during the N,O decomposition in Fe-ZSM-5, the
active oxygen and the adjacent Fe* ions both were present as
mononuclear species. Furthermore, Bols ef al. [88] reported
about a Fe-containing zeolite synthesis, where over 70% of
the Fe was in o-Fe?* form. Panov and co-workers [87,89,90]
investigated extensively the proposal by Ovanesyan et al. [91]
that an o-oxygen species was accountable for the production
of methanol. They found that Fe-ZSM-5 activated methane
by a-oxygen species which is formed on the active Fe centre
upon using N>O as an oxidant. The effect of surface acidity on
this catalytic processes was examined by Chow et al. [92] over
MEFI zeolites. The presence of aluminium was very important
to produce the active cationic form of the Fe species. Never-
theless, methanol was not stable over Brgnsted acid sites, low-
ering the methanol selectivity and yield. Co-feeding water with
CH, and N,O thereby facilitated the detachment of methanol
from these catalyst, enhancing the stability. A secondary bene-
ficial role of water in the feed lies in the decrease of C2 comp-
ounds in the post-reactor stream [93].

The effect of framework structure, remoteness of Fe-Fe/O/
Si, pore dimensions and Si: Al ratio on the extraction of methanol
processes have been studied extensively over different zeolitic
materials like MFI, beta (BEA), chabazite (CHA), both experi-
mentally and computationally. It was found that addition of iron
post synthesis produced more effective catalysts. The Fe-ZSM-5
(%) showed greater methanol yield [94-96]. Fe-ZSM-5 (Fig.
la), Fe-BEA and Fe-FER zeolite catalysts were compared for
the activity as well as product distribution by Zhao et al. [97].
Different parameters like composition, framework acidity,
characteristics of the pores were judged on the basis of methanol
yield as well as N,O decomposition. The outcomes of these
experiments advocated that greater aluminium content of Fe-
FER was playing a pivotal role to stabilize the active iron centre,
as a result, higher yield of methanol (with 200 mg catalyst, the
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Fig. 1. Crystalline structure of (a) ZSM-5, (b) zeolite Y, (c) mordenite

TOF CH, was 125 h™" at 350 °C) was obtained. For Fe-ZSM-5
catalyst, the smaller pore sizes and lower Lewis acidity prod-
uced higher amount of coking and therefore subsequent deacti-
vation (with 200 mg catalyst, TOF CH, was 88.1 h™ at 350 °C)
was obtained. Two catalyst preparation methods were compared
to demonstrate the variations in the catalysts which were formed
via solid state ion exchange (SSIE) and liquid ion exchange
(LIE). The N,O conversion was higher for the Fe-FER-LIE
catalyst at 360 °C. Although the conversion of methane was low
(<2%), the major products were CO and dimethyl ether (DME),
whereas the Fe-FER-SSIE catalyst demonstrated greater selec-
tivity to dimethyl ether (DME) [98].

Two types of iron-fauzasite (Y) (Fig. 1b) were synthesized,
one by solid state ion exchange (Fe-Y-O) and another by inci-
pient wetness impregnation (Fe-Y-I) methods by Zhu et al. [99]
to examine the effect of the procedure of catalyst preparation
on selective methane oxidation. It was proposed that incipient
wetness impregnation created a greater number of Fe,Os particles
and that was confirmed by TEM. However, the Fe-Y-I samples
did not have these entities. The results explain about the pres-
ence of 63% higher concentration of o-Fe sites for the Fe-Y-O
sample with respect to the Fe-Y-I catalyst and also the fact that
the yield of methanol was significantly greater over Fe-Y-O.
However, further insights suggested that extra-framework di-
nuclear Fe** complexes are the active sites in this catalyst.

Li et al. [100] in another study on mordenite (MOR)
zeolites reported that there is an increase in the o.-Fe sites den-
sity upon the addition of extra-framework Al. In this synthetic
strategy, aluminium nitrate and ferrocene were added to zeolite
before the activation. *’ Al MAS-NMR was utilized to charac-
terize three such samples after different stages of treatment and
it was found out that the zeolite structure could actually support
more aluminium in the extra-framework positions. Comparison
of quantities of extra-framework Al (i.e. octa-hedrally
coordinated) and framework Al (i.e. tetrahedral) showed that
there is an increase in concentration of extra framework sites,
but the framework aluminium concentration did not increase.
Subsequently, Fe-MOR catalyst having the highest aluminium
content showed highest selectivity to methanol and DME.

Conclusively, many factors like the framework structure,
surface acidity (both Brgnsted and Lewis), Fe/Al ratio and

pore characteristics have great contributions towards efficient
methanol production. The catalyst’s efficiency can be corre-
lated with the six-membered rings density in the zeolite struc-
ture [88], because this configuration is assumed to produce the
best stabilization of the active site. Progressing this tools requires
preparation of zeolite having the highest o-Fe loading possible,
alongside optimizing reaction conditions to enhance methanol
yields while minimizing CO or carbon deposits.

Microporous materials in aqueous media: The effect-
iveness of methane monooxygenase in liquid-phase methane
oxidation (using water as solvent at 50 °C) is well-documented
and comparable to that of chemo-catalyst-mediated processes
under similar conditions. Thus, drawing inspiration from these
biological pathways, numerous research endeavors have delved
into exploring low-temperature methane oxidation. Analogies
have been drawn between the restricted space of active site of
the enzyme and the precisely structured pore sizes of zeolites
which are inorganic microporous materials [60,101].

A greater number of oxidants can be used in the aqueous
media at low temperatures. H,O, has been a popular reagent
in these systems because the oxidation side product is water
(CH, + H,;0O, = CH;0H + H,0O). Indeed, Sorokin et al. [102,
103] employed p-nitridoironphthalocyanine complex immo-
bilized on silica for activation of methane with H,O, in mild
acidic condition and reported that this condition promoted
catalytic activity. However, Forde et al. [104] found the catalyst
to have quite low activity (TOF ~ 2 h™) and reported that it is not
stable under this type of reaction conditions of oxidation of methane.

Iron incorporated ZSM-5 with H,O,: Hutchings e? al.
[60] established that methane can be converted to the oxygenates
extremely effectively by commercial ZSM-5 in aqueous systems
with H,O, as oxidant. A crucial step for the production of effec-
tive catalyst was the calcination at 550 °C for 3h. Formic acid
was the major product with approximately 54% selectivity,
detailed time-online analyses showed methyl hydroperoxide
(CH300H) to be the initial primary product. The selectivity
towards formic acid (HCOOH) increased with a longer reaction
time, proving that HCOOH is partly produced by the successive
oxidation of CH;OOH and CH;O0H. Iron impurities in ZSM-5
(140 ppm) [60,101,105-107] were found to be active species
in these reactions.
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An additional amount of iron can be incorporated on ZSM-5
either in the synthetic procedures or afterwards to produce more
active catalyst than bare ZSM-5 or silicalite-1 supports. But
for zeolites like B, Y or ferrierite, this process did not work,
which shows that the zeolitic framework bears a serious role
in the catalytic reaction. It was also proposed that AI** or other
trivalent cations (e.g. Ga*) induced Brgnsted acidic sites in
the zeolite. This factors are important for the active iron species
dispersion. However, when the Si/Al ratio in ZSM-5 is too
low (like 12.4) [108] or when there is a high iron loading,
both scenarios were found to be counterproductive. This could
be attributed to the unproductive decomposition of H,O, by
the zeolite acidic sites or the agglomeration of iron oxide units.
Interestingly, it has been discovered that upon incorporation
of Cu* into the reaction alongside the Fe/ZSM-5 catalyst as
both homogeneous or heterogeneous components [Cu-Fe-ZSM-
5 or Cu-silicate-1 or even Cu(NOs),] distinctly improves the
selectivity to CH;OH (> 80%), while the activities of the catalyst
does not alter significantly. A comparative study has been made
to compare the catalytic performances of iron and copper incor-
porated zeolites in oxidation of methane using H,O, as oxidant
(Table-2). Itis pertinent to mention that Cu** alone in the zeolite
have not been found to activate methane, *OH radicals (prod-
uced due to decomposition of H,O,) were not observed in the
EPR spectra. So it was proposed that “OH radicals may have
been eliminated by copper ions in the system. In an optimized
reaction, Cu/silicalite-1 and Fe/silicalite-1 catalysts were physi-
cally blended and used with 1 M H,O,, 3 bar CH4 at 70 °C. The
amount of catalyst utilized was double than that of the standard
condition. This setup resulted in a significant methane conver-
sion rate of 10% and an impressive selectivity of 93%. Notably,
in presence of H,O, and the zeolite, methanol will be further
oxidized under these reaction conditions. So, to stabilize the
product, the presence of excess amount of CHy, is needed. This
stability arises probably through competing for catalytic active
sites. Although many research groups successfully reproduced
the excellent catalytic activity of Cu/Fe/ZSM-5 system, the
real characteristics of the catalytic active sites and the actual
role of Cu have still not been fully recognized and as a result
it has created a lot of controversy in the scientific community.
However, recently Yu ez al. [109,110] used Méssbauer spectro-
scopy and quantified different types of active iron species in
the catalyst. They observed that there is a positive relationship
of the turnover rates of methanol with only the mononuclear
Fe species in catalysts with diverse Fe loadings. Hence they
proposed that isolated mononuclear iron species are the actual
active sites. In a time-online analysis comparing two catalysts
0.1 wt.% Fe/ZSM-5 and 2 wt.% Cu-0.1 wt.% Fe/ZSM-5, it
was shown that different intermediates were produced and pro-
ducts in the oxidation of methane.

Hydrogen peroxide has been explored as oxidant for sele-
ctive oxidation of methane over many other types of catalysts
apart from zeolites containing extra-framework iron species
(Table-2). Kwon et al. [111] described a 0.3 wt.% Rh/ZrO,
catalyst and achieved a 0.3 mol CH;OH kg cat™ h™', using H,O,
as oxidant at 70 °C. There was no formation of HCOOH and
the catalyst showed positive results even at 300 °C with oxygen
as oxidant. In another study, Cui et al. [112] reported a single
iron atom catalyst confined in graphene to show 0.47 mol mol
Fe' h™' of oxygenates at room temperature. Catalysts contain-
ing other 3d transition metals like Co, Ni, Cu and Mn were not
found to be active. Zhou et al. [113] activated methane by single
atom nickel catalyst on N-doped amorphous carbon. Under
optimized conditions, conversion of methane was >1 mol
kgcat™ h™" and selectivity to methanol was >90%. Single atom
catalysts like isolated Fe sites on MOF [114,115], Cr catalysts
on TiO, [116] have been employed for producing methanol
from methane, but none of them are comparable to so far the
best reported catalyst Cu-Fe/ZSM-5 [110].

Copper modified zeolite for methane oxidation to
methanol: Cu-zeolites are among most widely used catalysts
for selective oxidation of CH, to CH;OH now, in gas phase. In
general, two types of oxidants are majorly applied for the
methane selective oxidation on Cu zeolites, for example NO/
N,O and O,. Like the iron modified zeolites, the productivity
of methanol on Cu-zeolites hinge on upon factors like catalyst
synthetic procedures and catalytic paths, which are intricately
related to the zeolitic support and their properties [117,118]
such as the morphological constraints, and the Si:Al ratio.

Groothaert et al. [117] oxidized CH, with a high selectivity
to CH30H by ZSM-5 and MOR zeolites modified with copper.
The catalysts were activated in O, or N,O. In this process, in
the first step, Cu-zeolite was activated by O, at a more than
300 °C, which produced a highly activated bis(-oxo)di-copper
active species. Then CH,4 was allowed to mix onto the activated
catalyst at minimum 125 °C. A highly selective methanol (98%)
product was obtained upon extracting the catalyst with water
and acetonitrile. When the desorption temperature was incre-
ased to 300 °C, there was over oxidation to CO,. This showed
that desorption of methanol from the catalyst is a concern in
this type of process. It was also reported previously that prep-
aration procedures of Cu-zeolites also affects their catalytic
activities. The Cu/Al ratio in the range of 0.1-0.32 depicted a
linear relation in methanol production. A Cu/Al ratio range of
0.32-0.58 produced a maximum value of ca. 9 umol g™ on
the oxygen activated (450 °C) Cu-ZSM-5 catalysts in oxidation
of methane (175 °C). So, all the Cu species did not perform as
active sites for activation of methane. Less than 5% of copper
atoms in Cu-ZSM-5, where Cu:CH;OH stoichiometric ratio
was 2:1,was active in methanol production. In this catalyst,

TABLE-2
COMPARISON OF METHANE OXIDATION BY H,O, OVER Fe- AND Cu-BASED ZEOLITE IN BATCH REACTOR MODEL [60]

Other product (formic acid and

Catalyst Methane conversion (%) Methanol selectivity (%) CO,) selectivity (%)
2
ZSM-5 0.3 19 59
2.5%Fe-ZSM-5 0.7 12 89
2.5% Fe-2.5% Cu-ZSM-5 0.7 85 15
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Cu:Al ratio was 0.32117 and observed that Cu-mordenite
(MOR) catalyst (where Si/Al = 8.8, Cu/Al =0.43) showed better
performance (methanol yield 11.34 wmol g™') than Cu-ZSM-5.
In same reaction, zeolite Y (with Si/Al = 2.7, Cu/Al = 0.05 and
0.29) and amorphous silica (Si/Al = 141, 2 wt.% Cu) demons-
trated very low yield of methanol (below 1 umol g™). The Si/Al
ratio also governs the catalytic performances of Cu-zeolites.
The productivity of methanol progressively reduced with
growing Si/Al ratios on Cu-ZSM-5 [118]. For catalysts with a
Si/Al ratio in the range within 12 to 120, methanol yield was
found to have a linear correlation. But, on Cu-MOR zeolites
there is an increase in methanol productivity with Si/Al ratio
of 5.3 and 8.8, just contrary to Cu-ZSM-5 catalytic systems.

Extensive investigations have been done on the reaction
conditions for transformation of methane to methanol. When
the reaction temperature was decreased from 175 to 150 °C, there
was no noticeable effect on the productivity of methanol on
Cu-ZSM-5, but for Cu-MOR, there has been a sharp drop in
methanol yield. Both Cu-ZSM-5 [119] and Cu-MOR zeolites
[118] showed a higher yield when the temperature was incre-
ased to 200 °C. When the pressure of methane was increased
to 8 bar, there was a considerable increase in catalytic perfor-
mance for copper modified MOR, ZSM-5 and BEA zeolites.
Methanol yield was highest (119 umol g™) with Cu-MOR, while
with Cu-BEA the highest methanol selectivity was observed
(98%). For Cu-ZSM-5 catalyst, the methanol productivity was
16 umol g™ and selectivity of 52% were observed [120]. Further,
Increase the reaction temperature resulted in sharp decline in
methanol productions on these catalysts.

Cu-Y zeolites were traditionally regarded as ineffective
for converting methane to methanol under standard conditions.
However, van Bokhoven et al. [120] employed Cu-Y zeolite
in the oxidation of methane at 360 °C after activating the catalyst
at 400 °C in oxygen at ambient methane pressure. The yield
of methanol was remarkably high (90 pmol g™) with selectivity
of 92%. An extraordinary high methanol yield of 303 and 360
umol ¢! were observed when the methane pressure was incre-
ased to 8 bars and 15 bars respectively, and the selectivity was
90%. The Cu-zeolites which were synthesized by traditional
liquid-phase ion exchange procedure showed low methanol
productivity even under strong O, activation conditions [121,
122]. A Cu-MOR catalyst prepared by a solid-state ion-exchange
(SSIE) approach showed greater productivity of methanol by
raising the temperature up to 650 °C [123]. It is pertinent to
mention here that Cu-MOR catalysts which are synthesized
by SSIE, showed a higher activity in methane oxidation than
conventional liquid-phase ion exchange prepared Cu-MOR
even upon activation in O, at 450 °C. While zeolites like ZSM-5,
MOR and Y have been traditionally used, other zeolites with
varying properties and pore sizes have been explored. The Cu-

modified EMT, FER, BEA and omega zeolites displayed poor
productivity of methanol under specific conditions, unlike the
aforementioned zeolites. However, small-pore zeolites such
as Cu-SSZ-13, Cu-SSZ-16, Cu-SSZ-39 and Cu-SAPO-34 showed
better performance for methane to methanol conversion, with
usually higher methanol productivity compared to medium
pore ZSM-5 and large-pore MOR under similar reaction condi-
tions [118,120,124]. A comparative study of methane partial
oxidation to methanol by iron and copper containing zeolites
under flow reactor has been presented in Table-3. Research
by Groothaert et al. [118] revealed that even after extraction of
methanol, the residual methanol is converted to CO, at 300 °C
over Cu-ZSM-5 zeolite. This is due to existence of methanol
in zeolite samples due to incomplete extraction and oxidation
of this methanol to CO, upon increasing the temperature. Online
methanol desorption with wet inert gas stream at higher temper-
ature was more effective methanol desorption route. van Bokhoven
et al. [120] conducted a comparative study of two methanol
desorption methodologies on Cu-Y catalyst. Their findings
demonstrated that the yield of methanol achieved by double
extraction with 2-4 mL of pure water is comparable to that
obtained by desorption with a wet stream of helium (2.6 vol%
H.0, 40 mL min’, 1 bar).

The use of sodium form of zeolites has been a subject of
interest. A series of Cu-zeolites were prepared using Na-form
zeolites as the supports [ 124]. The amount of methanol produced
on Cu-Na-ZSM-5 and copper exchanged H-ZSM-5 were equi-
valent. Different cases were reported on Na—-MOR zeolites with
different Si:Al ratios, Na—Y, Na-FER and Na-SSZ-13. It has
been proved that Na* ions have a negligible influence on the
active Cu sites in zeolites.

In the conventional methane to methanol two-step reaction,
Cu-zeolites were activated with oxygen at around 450 °C and
subsequently, the reaction with methane was carried out at a
lower temperature (e.g. 200 °C). Finally methanol was recovered
by extraction with water at ambient temperature or by desor-
ption by steaming at an elevated temperature. An effective way
to improve methanol production is the cyclic operation of the
two-step stoichiometric reaction. A representative study of two
step catalytic methane oxidation over copper containing zeolites
has been presented in Table-4. van Bokhoven et al. [122] acti-
vated Cu-MOR at 200 °C and also Cu-eronite (ERI) system at
300 °C and showed that low temperature activation of O, was
sufficient for Cu-zeolites to convert methane into methanol
[122]. These findings prompted the development of an isothermal
process for converting methane to methanol over Cu-zeolites,
where both oxygen activation and methane reaction occur at
the same temperature. The effect of oxygen and methane pres-
sures on methanol yield was analyzed on Cu-MOR catalyst.
The results obtained in the two processes namely, isothermal

TABLE-3
COMPARISON OF METHANE OXIDATION BY H,0, OVER Fe- AND Cu-BASED ZEOLITE IN FLOW REACTOR MODEL

Other product (formic acid and

Catalyst Methane conversion (%) Methanol selectivity (%) CO,) selectivity (%)
2.
ZSM-5 0.5 9 90
1.5% Fe-ZSM-5 0.2 15 85
1.5% Fe-1.5% Cu-ZSM-5 0.5 92 8
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TABLE-4
TWO STEP CATALYTIC METHANE TO METHANOL REACTIONS AND
PERFORMANCES OF SOME REPRESENTATIVE Cu INCORPORATED ZEOLITES
Zeolite Si/Al Cu/Al O, activation ~ Methane reaction Methane Methanol productivity Melth.anol Ref
ratio ratio T (K) T (K) pressure (bar) (umol g) selectivity (%) :
ZSM-5* 12 0.58 723 448 1 8.2 98 [117]
ZSM-5* 11.6 0.53 673 473 8 31 52 [120]
MOR? 10.5 0.39 673 473 8 119 91 [120]
Y® 2.6 0.41 673 633 15 360 93 [120]
BEA* 124 0.4 673 473 8 55 98 [120]
SSZ-13° 12 0.35 723 473 1 31 — [119]

“Method of preparation: Ion-exchange. Ambient temperature methanol extraction with water.
"Method of preparation: Ion-exchange. Methanol desorption at > 200 °C with wet inert gas stream.

and two-step stoichiometric conditions were comparable [120].
Kim et al. [125] were able to obtain 4% enhancement in the
productivity of methanol on Cu-MOR by optimizing the prepa-
ration, pre-treatment and reaction conditions for methane conv-
ersion. Ailvarez et al. [126] developed a three-step cyclic proce-
dure on Cu-MOR catalyst. In this system, in the adsorption
step, methane was fed at 200 °C. Secondly, methanol was deso-
rbed by a flow of water in nitrogen gas at 150 °C and finally,
the catalyst was activated by oxygen or air at 450 °C. Ambient
pressure of 1 bar was maintained for all three steps. They found
that the activation and desorption conditions have great influence
on the yield of methanol. To avoid the over oxidation of methane
to CO,, water was used as soft oxidant for methane oxidation
on Cu-MOR zeolite [127]. The stepwise cyclic reaction of
methane-to-methanol with oxidants (e.g. O, or H,O) on Cu-
zeolites creates the commercial difficulties because of its stoi-
chiometric property and the requirement of frequent temper-
ature variations.

Upon using O, as oxidant, Roman-Leshkov et al. [128]
reported that active Cu sites in zeolite matrices can directly
convert methane to methanol. These values were higher than
that reported with Cu-Na-ZSM-5 using the extraction gas with-
out use of methane or those found by Lobo et al. [129] and
Grouthaert ef al. [117] using an off-line solution extraction.
This signifies that there may be oxidation of methane in the
extraction gas to methanol as well. Therefore there may be an
increase in the productivity of methanol. Lobo et al. [129] exe-
cuted methane to methanol oxidation reaction over SSZ-13
with N,O as oxidant instead of O,. The results suggested that
N,O produced higher methanol yield than O, at 200 and 300
°C. Upon studying in details, it could be observed that crystal-
line, microporous structure of zeolites with small pores are
better for catalytic conversion of methane to methanol. The
structure of active Cu sites in zeolites is one of the key para-
meters which influences the activity in the methane to methanol
reaction. That is why, extensive research has been pursued to
study the copper sites in Cu-zeolites [117,118,130,131]. EPR,
XAFS and FTIR studies experimentally proved the existence
of monocopper species like Cu*, Cu®* and [CuOH]J* [130,132].
However, Kulkarni et al. [133] predicted the Cu species to be
comprised of 53% of 8-membered ring (§MR) Cu-H,0, 33%
of 6-membered ring (6MR), MR—Cu and 11% of §-membered
ring 8MR—-Cu-OH by using equilibrium analysis and Gibbs
formation energies at 450 °C with 5% water partial pressure.

Based on Wulfers’s data [119], only 3-9% of total Cu species
was involved in the oxidation of methane in Cu-CHA zeolites
which suggested that SMR—Cu-OH species are the actual active
species in this type of reaction.

At first, it was assumed that a bis(U-oxo)di-copper site
having a specific UV-vis signal at 22,700 cm™ is the active site.
However, more recent combined Raman DFT study showed
that the site actually is a mono(u-oxo)di-copper site [134].
After studying the linear correlation of the intensity of the
band and the amount of methanol extracted, it was suggested
that the di-copper core is the only active site in the conversion
over Cu-ZSM-5 [121], Cu-MOR also has same UV-vis nature,
featuring H-oxo di-copper site, but there may be other active
sites responsible for the formation of methanol. Beznis et al.
[121] suggested that particles on the outer surface of Cu-ZSM-5
particles are inactive. The catalytic systems of Cu-ZSM-5 and
Cu-MOR have been studied most thoroughly compared to other
catalysts.

Conclusively, there may be many types of active sites over
which methane is converted to methanol. However, only a part
has been identified experimentally so far. More extensive rese-
arch is required in selectively stabilizing and identifying active
sites. Despite considerable spectroscopic effort and the growing
evidence that there may not be one universal active site, further
detailed in situ studies are needed to investigate about the
existence of copper oligomers and whether other active species
exist as the reaction proceeds.

Conclusion

Research in the field of selective partial oxidation of methane
to methanol has been a challenge for the chemists for almost
over a century now. It is also significant that in present context
of climate change and global warming, conversion of a potent
greenhouse gas into some valuable chemicals will be a double
benefit for all. Although methane monooxygenase (MMOs)
perform this dream reaction at ambient condition, it not appli-
cable for a large scale because of its low specific activity. Hetero-
geneous catalysts prepared by metal exchanged zeolites or
porous matrices has been employed as mimic to this biological
systems. Iron and copper exchanged zeolites have been found
to activate methane at relatively low temperature to produce
methanol but still, selectivity has been one of the major chall-
enges. Because of the high zeolite acidity, desorption of methanol
become more tedious and there is probability of over oxidation
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of methanol to some over oxidized product like formaldehyde,
thereby lowering methanol yield. Many types of the reaction
conditions, different types of oxidants and different metal exch-
anged zeolites have been applied. Copper-exchanged zeolites
have performed as best catalyst for this reaction, both in terms
of methanol productivity and methanol selectivity. But there
remains many questions yet to be answered, like the exact
nature of the active sites, the zeolitic parameters are also to be
understood in more detail. The demand for methanol is incre-
asing and so there is necessity of developing new strategies to
convert methane to methanol. Heterogeneous catalysts have
played a crucial role in this research. So, there is every reason
to be optimistic for generation of new functional heterogeneous
catalytic materials in near future where this grand challenge
can be solved through innovative catalyst design and engine-
ering techniques.

ACKNOWLEDGEMENTS

The author is thankful to Swami Kamalasthananda, The
Principal, Ramakrishna Mission Vivekananda Centenary College,
Rahara, Kolkata, India for providing the required resources to
write this review article.

CONFLICT OF INTEREST

The authors declare that there is no conflict of interests
regarding the publication of this article.

REFERENCES

1. N.E Dummer, D.J. Willock, Q. He, M.J. Howard, R.J. Lewis, G. Qi,
S.H. Taylor, J. Xu, D. Bethell, C.J. Kiely and G.J. Hutchings, Chem.
Rev., 123, 6359 (2023);
https://doi.org/10.1021/acs.chemrev.2¢00439

2. https://www.epa.gov/ghgemissions/understanding-global-warming-
potentials.

3. https://www.iea.org/reports/global-methane-tracker-2022.

4. https://www.iea.org/reports/methane-emissions-from-oil-and-gas.

5. https://www.irena.org/publications/2021/Jan/Innovation-Outlook-
Renewable-Methanol.

6.  https://www.methanol.org/methanol-price-supply-demand.

7. M. Ravi, M. Ranocchiari and J.A. van Bokhoven, Angew. Chem. Int.
Ed., 56, 16464 (2017);
https://doi.org/10.1002/anie.201702550

8. P. Khirsariya and R.K. Mewada, Procedia Eng., 51, 409 (2013);
https://doi.org/10.1016/j.proeng.2013.01.057

9.  Z.Zuo, PJ. Ramirez, S.D. Senanayake, P. Liu and J.A. Rodriguez, J.
Am. Chem. Soc., 138, 13180 (2016);
https://doi.org/10.1021/jacs.6b08668

10. E.H. Boomer and J.W. Broughton, Can. J. Res., 15b, 375 (1937);
https://doi.org/10.1139/cjr37b-043

11. E.H. Boomer and V. Thomas, Can. J. Res., 15b, 414 (1937);
https://doi.org/10.1139/cjr37b-046

12. E.H. Boomer and V. Thomas, Can. J. Res., 15b, 401 (1937);
https://doi.org/10.1139/cjr37b-045

13.  R. Burch, G.D. Squire and S.C. Tsang, J. Chem. Soc., Faraday Trans. 1,
85, 3561 (1989);
https://doi.org/10.1039/f19898503561

14. Y.Yi, S.Li, Z. Cui, Y. Hao, Y. Zhang, L. Wang, P. Liu, X. Tu, X. Xu, H.
Guo and A. Bogaerts, Appl. Catal. B: Environ., 296, 120384 (2021);
https://doi.org/10.1016/j.apcatb.2021.120384

15. T.XK. Kapuge, E. Moharreri, I. Perera, N. Eddy, D. Kriz, N. Nisly, S.
Shuster, P. Nandi and S.L. Suib, Sci. Rep., 12, 8577 (2022);
https://doi.org/10.1038/s41598-022-12639-x

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

217.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

J.H. Carter, R.J. Lewis, N. Demetriou, C. Williams, T.E. Davies, T. Qin,
N.F. Dummer, D.J. Morgan, D.J. Willock, X. Liu, S.H. Taylor and G.J.
Hutchings, Catal. Sci. Technol., 13, 5848 (2013);
https://doi.org/10.1039/D3CY00116D

M.J. DaSilva, Fuel Process. Technol., 145, 42 (2016);
https://doi.org/10.1016/j.fuproc.2016.01.023

N.J. Gunsalus, A. Koppaka, S.H. Park, S.M. Bischof, B.G. Hashiguchi
and R.A. Periana, Chem. Rev., 117, 8521 (2017);
https://doi.org/10.1021/acs.chemrev.6b00739

A.A. Shteinman, J. Mol. Catal. Chem., 426, 305 (2017);
https://doi.org/10.1016/j.molcata.2016.08.020

E.G. Chepaikin, J. Mol. Catal. Chem., 385, 160 (2014);
https://doi.org/10.1016/j.molcata.2013.11.028

C.I. Herrerias, X. Yao, Z. Li and C.-J. Li, Chem. Rev., 107, 2546 (2007);
https://doi.org/10.1021/cr050980b

Q. Zhang, D. He and Q. Zhu, J. Nat. Gas Chem., 12, 81 (2003).

V.C. Wang, S. Maji, P.P. Chen, H.K. Lee, S.S. Yu and S.I. Chan, Chem.
Rev., 117, 8574 (2017);
https://doi.org/10.1021/acs.chemrev.6b00624

T.J. Lawton and A.C. Rosenzweig, J. Am. Chem. Soc., 138, 9327 (2016);
https://doi.org/10.1021/jacs.6b04568

S. Sirajuddin and A.C. Rosenzweig, Biochemistry, 54, 2283 (2015);
https://doi.org/10.1021/acs.biochem.5b00198

B. Dutta, Asian J. Chem., 34, 3125 (2022);
https://doi.org/10.14233/ajchem.2022.23960

B. Dutta, S. Jana, R. Bera, P.K. Saha and S. Koner, Appl. Catal. A
Gen., 318, 89 (2007);

https://doi.org/10.1016/j.apcata.2006.10.041

M.O. Ross and A.C. Rosenzweig, J. Biol. Inorg. Chem., 22,307 (2017);
https://doi.org/10.1007/s00775-016-1419-y

C.W. Koo, FJ. Tucci, Y. He and A.C. Rosenzweig, Science, 375, 1287
(2022);

https://doi.org/10.1126/science.abm3282

D.D. Smith and H. Dalton, Eur. J. Biochem., 182, 667 (1989);
https://doi.org/10.1111/j.1432-1033.1989.tb14877.x

R. Banerjee, Y. Proshlyakov, J.D. Lipscomb and D.A. Proshlyakov,
Nature, 518, 431 (2015);

https://doi.org/10.1038/nature 14160

W. Wang, A.D. Liang and S.J. Lippard, Acc. Chem. Res., 48,2632 (2015);
https://doi.org/10.1021/acs.accounts.5b00312

C. E. Bjorck, P. D. Dobson and J. Pandhal, AIMS Bioeng., 5, 1 (2018);
https://doi.org/10.3934/bioeng.2018.1.1

S.Y. Ro, L.F. Schachner, C.W. Koo, R. Purohit, J.P. Remis, G.E. Kenney,
B.W. Liauw, P.M. Thomas, S.M. Patrie, N.L. Kelleher and A.C.
Rosenzweig, Nat. Commun., 10, 2675 (2019);
https://doi.org/10.1038/s41467-019-10590-6

C.W. Koo and A.C. Rosenzweig, In Encyclopedia of Inorganic and
Bioinorganic Chemistry, Wiley (2020).

A.E. Shilov and G.B. Shul’pin, Chem. Rev., 97, 2879 (1997);
https://doi.org/10.1021/cr9411886

R.A. Periana, G. Bhalla, W.J. Tenn III, K.J.H. Young, X.J. Liu, O. Mironov,
C.J. Jones and V.R. Ziatdinov, J. Mol. Catal. Chem., 220, 7 (2004);
https://doi.org/10.1016/j.molcata.2004.05.036

R. Horn and R. Schlogl, Catal. Lett., 145, 23 (2015);
https://doi.org/10.1007/s10562-014-1417-z

R.A. Periana, D.J. Taube, S. Gamble, H. Taube, T. Satoh and H. Fujii,
Science, 280, 560 (1998);
https://doi.org/10.1126/science.280.5363.560

R. Palkovits, M. Antonietti, P. Kuhn, A. Thomas and F. Schiith, Angew.
Chem. Int. Ed., 48, 6909 (2009);
https://doi.org/10.1002/anie.200902009

N.R. Foster, Appl. Catal., 19, 1 (1985);
https://doi.org/10.1016/S0166-9834(00)82665-2

R. Pitchai and K. Klier, Catal. Rev., Sci. Eng., 28, 13 (1986);
https://doi.org/10.1080/03602458608068085

T.J. Hall, J.S.J. Hargreaves, G.J. Hutchings, R.W. Joyner and S.H.
Taylor, Fuel Process. Technol., 42, 151 (1995);
https://doi.org/10.1016/0378-3820(94)00125-D

M.J. Brown and N.D. Parkyns, Catal. Today, 8, 305 (1991);
https://doi.org/10.1016/0920-5861(91)80056-F



https://doi.org/10.1016/S0166-9834(00)82665-2
https://doi.org/10.1016/0378-3820(94)00125-D
https://doi.org/10.1016/0920-5861(91)80056-F

1986 Dutta

Asian J. Chem.

45.

46.

47.

48.

49.

50.
S1.

52.

53.

54.

55.

56.
57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

PJ. Wiezevich and P.K. Frolich, Ind. Eng. Chem., 26, 268 (1934);
https://doi.org/10.1021/ie50291a010

P. Xiao, Y. Wang, Y. Lu, K. Nakamura, N. Ozawa, M. Kubo, H. Gies
and T. Yokoi, J. Am. Chem. Soc., 146, 10014 (2024);
https://doi.org/10.1021/jacs.4c00646

H.D. Gesser, N.R. Hunter and C.B. Prakash, Chem. Rev., 85,235 (1985);
https://doi.org/10.1021/cr00068a001

V. Arutyunov, Catal. Today, 215, 243 (2013);
https://doi.org/10.1016/j.cattod.2012.12.021

D.A.S.C.R. Dowden and G.T. Walker, in the Fourth International
Congress on Catalysis, Moscow, Akadémiai Kiado, vol. 2, pp. 201-
215 (1971).

D.A. Dowden and G.T. Walker, UK Patent GB1244001A (1971).
S.H. Taylor, J.S.J. Hargreaves, G.J. Hutchings and R.W. Joyner, Appl.
Catal. A Gen., 126, 287 (1995);
https://doi.org/10.1016/0926-860X(95)00011-9

J.S.J. Hargreaves, G.J. Hutchings, R.W. Joyner and S.H. Taylor, Appl.
Catal. A Gen., 227, 191 (2002);
https://doi.org/10.1016/S0926-860X(01)00935-8

J.S.J. Hargreaves, G.J. Hutchings, R.W. Joyner and S.H. Taylor, Chem.
Commun., 523 (1996);

https://doi.org/10.1039/CC9960000523

J.E. Lyons, P.E. Ellis Jr. and V.A. Durante, Stud. Surf. Sci. Catal., 67,
99 (1991);

https://doi.org/10.1016/S0167-2991(08)61930-8

S. Betteridge, C.R.A. Catlow, D.H. Gay, R.W. Grimes, J.S.J. Hargreaves,
G.J. Hutchings, R.W. Joyner, Q.A. Pankhurst and S.H. Taylor, Top.
Catal., 1, 103 (1994);

https://doi.org/10.1007/BF01379580

H.J.E. Stroud, UK Patent GB1398385A (1975).

S. Mansouri, O. Benlounes, C. Rabia, R. Thouvenot, M.M. Bettahar
and S. Hocine, J. Mol. Catal. Chem., 379, 255 (2013);
https://doi.org/10.1016/j.molcata.2013.08.006

H.F. Liu, R.S. Liu, K.Y. Liew, R.E. Johnson and J.H. Lunsford, J. Am.
Chem. Soc., 106, 4117 (1984);

https://doi.org/10.1021/ja00327a009

R. Gounder and E. Iglesia, Chem. Commun., 49, 3491 (2013);
https://doi.org/10.1039/c3cc40731d

C. Hammond, M.M. Forde, M.H. Ab Rahim, A. Thetford, Q. He, R.L.
Jenkins, N. Dimitratos, J.A. Lopez-Sanchez, N.F. Dummer, D.M.
Murphy, A.F. Carley, S.H. Taylor, D.J. Willock, E.E. Stangland, J. Kang,
H. Hagen, C.J. Kiely and G.J. Hutchings, Angew. Chem. Int. Ed., 51,
5129 (2012);

https://doi.org/10.1002/anie.201108706

B.E.R. Snyder, P. Vanelderen, M.L. Bols, S.D. Hallaert, L.H. Bottger,
L. Ungur, K. Pierloot, R.A. Schoonheydt, B.F. Sels and E.I. Solomon,
Nature, 536, 317 (2016);

https://doi.org/10.1038/nature 19059

B.E.R. Snyder, M.L. Bols, R.A. Schoonheydt, B.F. Sels and E.I. Solomon,
Chem. Rev., 118, 2718 (20138);
https://doi.org/10.1021/acs.chemrev.7b00344

N. Richards, E. Nowicka, J.H. Carter, D.J. Morgan, N.F. Dummer, S.
Golunski and G.J. Hutchings, Top. Catal., 61, 1983 (2018);
https://doi.org/10.1007/s11244-018-1024-0

F. Kapteijn, J. Rodriguez-Mirasol and J.A. Moulijn, Appl. Catal. B, 9,
25 (1996);

https://doi.org/10.1016/0926-3373(96)90072-7

C.M. Fu, V.N. Korchak and W.K. Hall, J. Catal., 68, 166 (1981);
https://doi.org/10.1016/0021-9517(81)90049-X

M. Konsolakis, ACS Catal., 5, 6397 (2015);
https://doi.org/10.1021/acscatal.5b01605

S. Sklenak, P.C. Andrikopoulos, B. Boekfa, B. Jansang, J. Novdkova,
L. Benco, T. Bucko, J. Hafner, J. Dideeek and Z. Sobalik, J. Catal.,
272, 262 (2010);

https://doi.org/10.1016/j.jcat.2010.04.008

P. Xie, Y. Luo, Z. Ma, C. Huang, C. Miao, Y. Yue, W. Hua and Z. Gao,
J. Catal., 330, 311 (2015);
https://doi.org/10.1016/j.jcat.2015.07.010

M. Rauscher, K. Kesore, R. Monnig, W. Schwieger, A. Tiller and T.
Turek, Appl. Catal. A Gen., 184, 249 (1999);
https://doi.org/10.1016/S0926-860X(99)00088-5

70.

71.

72.

73.

74.

75.

76.

71.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

I. Melidn-Cabrera, E.R.H. van Eck, S. Espinosa, S. Siles-Quesada, L. Falco,
A.PM. Kentgens, F. Kapteijn and J.A. Moulijn, Appl. Catal. B, 203,
218 (2017);

https://doi.org/10.1016/j.apcatb.2016.10.019

G.I. Panov, G.A. Sheveleva, A.S. Kharitonov, V.N. Romannikov and L.A.
Vostrikova, Appl. Catal. A Gen., 82, 31 (1992);
https://doi.org/10.1016/0926-860X(92)80003-U

H. Abdulhamid, E. Fridell and M. Skoglundh, Top. Catal., 30/31, 161
(2004);
https://doi.org/10.1023/B:TOCA.0000029745.87107.b8

C. Sang, B.H. Kim and C.R.F. Lund, J. Phys. Chem. B, 109, 2295 (2005);
https://doi.org/10.1021/jp048884m

K. Sun, H. Xia, E. Hensen, R. van Santen and C. Li, J. Catal., 238, 186
(2006);
https://doi.org/10.1016/j.jcat.2005.12.013

N. Hansen, A. Heyden, A.T. Bell and EJ. Keil, J. Phys. Chem. C, 111,
2092 (2007);
https://doi.org/10.1021/jp065574q

H. Guesmi, D. Berthomieu and L. Kiwi-Minsker, J. Phys. Chem. C,
112, 20319 (2008);

https://doi.org/10.1021/jp808044r

G. Berlier, G. Spoto, S. Bordiga, G. Ricchiardi, P. Fisicaro, A. Zecchina,
I. Rossetti, E. Selli, L. Forni, E. Giamello and C. Lamberti, J. Catal.,
208, 64 (2002);

https://doi.org/10.1006/jcat.2002.3535

A. Ates, C. Hardacre and A. Goguet, Appl. Catal. A Gen., 441-442, 30
(2012);

https://doi.org/10.1016/j.apcata.2012.06.038

V. Peneau, R.D. Armstrong, G. Shaw, J. Xu, R.L. Jenkins, D.J. Morgan,
N. Dimitratos, S.H. Taylor, H.W. Zanthoff, S. Peitz, G. Stochniol, Q.
He, C.J. Kiely and G.J. Hutchings, ChemCatChem, 9, 642 (2017);
https://doi.org/10.1002/cctc.201601241

G.D. Pirngruber, J. Catal., 219, 456 (2003);
https://doi.org/10.1016/S0021-9517(03)00220-3

K. Sun, H. Zhang, H. Xia, Y. Lian, Y. Li, Z. Feng, P. Ying and C. Li,
Chem. Commun., 2480 (2004);

https://doi.org/10.1039/B408854A

E.J.M. Hensen, Q. Zhu, M.M.R.M. Hendrix, A.R. Overweg, P.J.
Kooyman, M.V. Sychev and R.A. van Santen, J. Catal., 221, 560 (2004);
https://doi.org/10.1016/j.jcat.2003.09.024

J. Pérez-Ramirez, F. Kapteijn and A. Briickner, J. Catal., 218,234 (2003);
https://doi.org/10.1016/S0021-9517(03)00087-3

V.I. Sobolev, G.I. Panov, A.S. Kharitonov, V.N. Romannikov, A.M.
Volodin and K.G. Ione, J. Catal., 139, 435 (1993);
https://doi.org/10.1006/jcat.1993.1038

G.I. Panov, A.S. Kharitonov and V.I. Sobolev, Appl. Catal. A Gen., 98,
1 (1993);

https://doi.org/10.1016/0926-860X(93)85021-G

G.I. Panov, E.V. Starokon, L.V. Pirutko, E.A. Paukshtis and V.N. Parmon,
J. Catal., 254, 110 (2008);
https://doi.org/10.1016/j.jcat.2007.12.001

M.V. Parfenov, E.V. Starokon, L.V. Pirutko and G.I. Panov, J. Catal.,
318, 14 (2014);

https://doi.org/10.1016/j.jcat.2014.07.009

M.L. Bols, J. Devos, H.M. Rhoda, D. Plessers, E.I. Solomon, R.A.
Schoonheydt, B.F. Sels and M. Dusselier, J. Am. Chem. Soc., 143, 16243
(2021);

https://doi.org/10.1021/jacs.1c07590

V.I. Soboleyv, A.S. Kharitonov, O.V. Panna, G.I. Panov, H.G. Karge and
J. Weitkamp, Stud. Surf. Sci. Catal., 98, 159 (1995);
https://doi.org/10.1016/S0167-2991(06)81133-X

E.V. Starokon, M.V. Parfenov, S.S. Arzumanov, L.V. Pirutko, A.G.
Stepanov and G.I. Panov, J. Catal., 300, 47 (2013);
https://doi.org/10.1016/j.jcat.2012.12.030

N. Ovanesyan, A.A. Shteinman, K.A. Dubkov, V. Sobolev and G.I.
Panov, Kinet. Catal., 39, 792 (1998).

Y.K. Chow, N.F. Dummer, J.H. Carter, C. Williams, G. Shaw, D.J.
Willock, S.H. Taylor, S. Yacob, R.J. Meyer, M.M. Bhasin and G.J.
Hutchings, Catal. Sci. Technol., 8, 154 (2018);
https://doi.org/10.1039/C7CY01769C



https://doi.org/10.1016/0926-860X(95)00011-9
https://doi.org/10.1016/S0926-860X(01)00935-8
https://doi.org/10.1016/S0167-2991(08)61930-8
https://doi.org/10.1016/0926-3373(96)90072-7
https://doi.org/10.1016/0021-9517(81)90049-X
https://doi.org/10.1016/S0926-860X(99)00088-5
https://doi.org/10.1016/0926-860X(92)80003-U
https://doi.org/10.1016/S0021-9517(03)00220-3
https://doi.org/10.1016/S0021-9517(03)00087-3
https://doi.org/10.1016/0926-860X(93)85021-G
https://doi.org/10.1016/S0167-2991(06)81133-X

Vol.

36, No. 9 (2024)

Metal Incorporated Zeolites as Heterogeneous Catalysts Selective Oxidation of Methane 1987

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

112.

K. Chen, J. Damron, C. Pearson, D. Resasco, L. Zhang and J.L. White,
ACS Catal., 4, 3039 (2014);

https://doi.org/10.1021/cs500858d

M.L. Bols, S.D. Hallaert, B.E.R. Snyder, J. Devos, D. Plessers, H.M.
Rhoda, M. Dusselier, R.A. Schoonheydt, K. Pierloot, E.I. Solomon
and B.FE. Sels, J. Am. Chem. Soc., 140, 12021 (20138);
https://doi.org/10.1021/jacs.8b05877

M.L. Bols, B.E.R. Snyder, HM. Rhoda, P. Cnudde, G. Fayad, R.A.
Schoonheydt, V. Van Speybroeck, E.I. Solomon and B.F. Sels, Nat.
Catal., 4, 332 (2021);

https://doi.org/10.1038/s41929-021-00602-4

P.P. Knops-Gerrits and W.A. Goddard III, J. Mol. Catal. Chem., 166,
135 (2001);

https://doi.org/10.1016/S1381-1169(00)00460-X

G. Zhao, E. Benhelal, A. Adesina, E. Kennedy and M.J. Stockenhuber,
J. Phys. Chem. C, 123, 27436 (2019);
https://doi.org/10.1021/acs.jpcc.9b04388

G. Zhao, K. Chodyko, E. Benhelal, A. Adesina, E. Kennedy and M.
Stockenhuber, J. Catal., 400, 10 (2021);
https://doi.org/10.1016/j.jcat.2021.04.019

J. Zhu, L. Fan, L. Song, F. Chen and D. Cheng, Chin. J. Chem. Eng.,
26, 2064 (2018);

https://doi.org/10.1016/j.cjche.2018.05.021

S. Li, L. Fan, L. Song, D. Cheng and F. Chen, Chin. J. Chem. Eng., 33,
132 (2021);

https://doi.org/10.1016/j.cjche.2020.06.007

C. Hammond, R.L. Jenkins, N. Dimitratos, J.A. Lopez-Sanchez, M.H.
ab Rahim, M.M. Forde, A. Thetford, D.M. Murphy, H. Hagen, E.E.
Stangland, J.M. Moulijn, S.H. Taylor, D.J. Willock and G.J. Hutchings,
Chemistry, 18, 15735 (2012);
https://doi.org/10.1002/chem.201202802

A.B. Sorokin, E.V. Kudrik and D. Bouchu, Chem. Commun., 2562 (2008);
https://doi.org/10.1039/b804405h

A.B. Sorokin, E.V. Kudrik, L.X. Alvarez, P. Afanasiev, J. M.M. Millet
and D. Bouchu, Catal. Today, 157, 149 (2010);
https://doi.org/10.1016/j.cattod.2010.02.007

M.M. Forde, B.C. Grazia, R. Armstrong, R.L. Jenkins, M.H.A. Rahim,
A.F. Carley, N. Dimitratos, J.A. Lopez-Sanchez, S.H. Taylor, N.B.
McKeown and G.J. Hutchings, J. Catal., 290, 177 (2012);
https://doi.org/10.1016/j.jcat.2012.03.013

C. Hammond, N. Dimitratos, R.L. Jenkins, J.A. Lopez-Sanchez, S.A.
Kondrat, M. Hasbi ab Rahim, M.M. Forde, A. Thetford, S.H. Taylor,
H. Hagen, E.E. Stangland, J.H. Kang, J.M. Moulijn, D.J. Willock and
G.J. Hutchings, ACS Catal., 3, 689 (2013);
https://doi.org/10.1021/cs3007999

C. Hammond, N. Dimitratos, J.A. Lopez-Sanchez, R.L. Jenkins, G.
Whiting, S.A. Kondrat, M.H. ab Rahim, M.M. Forde, A. Thetford, H.
Hagen, E.E. Stangland, J.M. Moulijn, S.H. Taylor, D.J. Willock and
G.J. Hutchings, ACS Catal., 3, 1835 (2013);
https://doi.org/10.1021/cs400288b

C. Hammond, I. Hermans and N. Dimitratos, ChemCatChem, 7, 434
(2015);

https://doi.org/10.1002/cctc.201402642

A. Oda, K. Aono, N. Murata, K. Murata, M. Yasumoto, N. Tsunoji, K.
Sawabe and A. Satsuma, Catal. Sci. Technol., 12, 542 (2022);
https://doi.org/10.1039/D1CY01987B

T. Yu, Z. Li, W. Jones, Y. Liu, Q. He, W. Song, P. Du, B. Yang, H. An,
D.M. Farmer, C. Qiu, A. Wang, B.M. Weckhuysen, A.M. Beale and W.
Luo, Chem. Sci., 12, 3152 (2021);
https://doi.org/10.1039/DOSC06067D

T.Yu,Z.Li, L. Lin, S. Chu, Y. Su, W. Song, A. Wang, B.M. Weckhuysen
and W. Luo, ACS Catal., 11, 6684 (2021);
https://doi.org/10.1021/acscatal.1c00905

Y. Kwon, T.Y. Kim, G. Kwon, J. Yi and H. Lee, J. Am. Chem. Soc.,
139, 17694 (2017);

https://doi.org/10.1021/jacs.7b11010

X. Cui, H. Li, Y. Wang, Y. Hu, L. Hua, H. Li, X. Han, Q. Liu, F. Yang,
L. He, X. Chen, Q. Li, J. Xiao, D. Deng and X. Bao, Chem, 4, 1902
(2018);

https://doi.org/10.1016/j.chempr.2018.05.006

113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

123.

124.

125.

126.

127.

128.

129.

130.

131.

132.

133.

134.

H. Zhou, T. Liu, X. Zhao, Y. Zhao, H. Lv, S. Fang, X. Wang, F. Zhou,
Q. Xu, J. Xu, C. Xiong, Z. Xue, K. Wang, W.-C. Cheong, W. Xi, L. Gu,
T. Yao, S. Wei, X. Hong, J. Luo, Y. Li and Y. Wu, Angew. Chem. Int.
Ed., 58, 18388 (2019);

https://doi.org/10.1002/anie.201912785

D.Y. Osadchii, A.I. Olivos-Suarez, A. Szecsenyi, G. Li, M.A.
Nasalevich, J.A. Dugulan, P.S. Crespo, E.J.M. Hensen, S.L. Veber, M.V.
Fedin, G. Sankar, E.A. Pidko and J. Gascon, ACS Catal., 8, 5542 (2018);
https://doi.org/10.1021/acscatal.8b00505

W. Zhao, Y. Shi, Y. Jiang, X. Zhang, C. Long, P. An, Y. Zhu, S. Shao, Z.
Yan, G. Li and Z. Tang, Angew. Chem. Int. Ed., 60, 5811 (2021);
https://doi.org/10.1002/anie.202013807

Q. Shen, C. Cao, R. Huang, L. Zhu, X. Zhou, Q. Zhang, L. Gu and W.
Song, Angew. Chem. Int. Ed., 59, 1216 (2020);
https://doi.org/10.1002/anie.201913309

M.H. Groothaert, P.J. Smeets, B.F. Sels, P.A. Jacobs and R.A. Schoonheydt,
J. Am. Chem. Soc., 127, 1394 (2005);
https://doi.org/10.1021/ja047158u

M.H. Groothaert, P.J. Smeets and R.A. Schoonheydt, Catal. Today,
110, 303 (2005);

https://doi.org/10.1016/j.cattod.2005.09.028

M.J. Wulfers, S. Teketel, B. Ipek and R.F. Lobo, Chem. Commun., 51,
4447 (2015);

https://doi.org/10.1039/C4CC09645B

V.L. Sushkevich and J.A. van Bokhoven, ACS Catal., 9, 6293 (2019);
https://doi.org/10.1021/acscatal.9b01534

N.V. Beznis, B.M. Weckhuysen and J.H. Bitter, Catal. Lett., 138, 14
(2010);

https://doi.org/10.1007/s10562-010-0380-6

P. Tomkins, A. Mansouri, S.E. Bozbag, F. Krumeich, M.B. Park, E.M.
Alayon, M. Ranocchiari and J.A. van Bokhoven, Angew. Chem. Int.
Ed., 55, 5467 (2016);

https://doi.org/10.1002/anie.201511065

H.V.Le, S. Parishan, A. Sagaltchik, C. Gobel, C. Schlesiger, W. Malzer,
A. Trunschke, R. Schomicker and A. Thomas, ACS Catal., 7, 1403
(2017);

https://doi.org/10.1021/acscatal.6b02372

M.B. Park, S.H. Ahn, A. Mansouri, M. Ranocchiari and J.A. van
Bokhoven, ChemCatChem, 9, 3705 (2017);
https://doi.org/10.1002/cctc.201700768

R. Zeng, L. Li, T. Shimizu and H.J. Kim, J. Energy Eng., 146, 4020061
(2020);

https://doi.org/10.1061/(ASCE)EY.1943-7897.0000712

M. Alvarez, P. Marin and S. Ordéoez, Mol. Catal., 487, 110886 (2020);
https://doi.org/10.1016/j.mcat.2020.110886

V.L. Sushkevich, D. Palagin, M. Ranocchiari and J.A. van Bokhoven,
Science, 356, 523 (2017);

https://doi.org/10.1126/science.aam9035

K. Narsimhan, K. Iyoki, K. Dinh and Y. Roman-Leshkov, ACS Cent.
Sci., 2, 424 (2016);

https://doi.org/10.1021/acscentsci.6b00139

B. Ipek and R.E. Lobo, Chem. Commun., 52, 13401 (2016);
https://doi.org/10.1039/C6CCO7893A

M.H. Groothaert, K. Pierloot, A. Delabie and R.A. Schoonheydt, Phys.
Chem. Chem. Phys., 5, 2135 (2003);
https://doi.org/10.1039/b301120h

M.H. Groothaert, J.A. van Bokhoven, A.A. Battiston, B.M. Weckhuysen
and R.A. Schoonheydt, J. Am. Chem. Soc., 125, 7629 (2003);
https://doi.org/10.1021/ja029684w

E. Borfecchia, K.A. Lomachenko, F. Giordanino, H. Falsig, P. Beato,
A.V. Soldatov, S. Bordiga and C. Lamberti, Chem. Sci., 6, 548 (2015);
https://doi.org/10.1039/C4SC02907K

A.R. Kulkarni, Z.-J. Zhao, S. Siahrostami, J.K. Ngrskov and F. Studt,
ACS Catal., 6, 6531 (2016);
https://doi.org/10.1021/acscatal.6b01895

J.S. Woertink, P.J. Smeets, M.H. Groothaert, M.A. Vance, B.E. Sels,
R.A. Schoonheydt and E.I. Solomon, Proc. Natl. Acad. Sci. USA, 106,
18908 (2009);

https://doi.org/10.1073/pnas.0910461106



https://doi.org/10.1016/S1381-1169(00)00460-X
https://doi.org/10.1061/(ASCE)EY.1943-7897.0000712

