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Abstract: Methane and carbon dioxide are the main contributors to global warming, with the methane
effect being 25 times more powerful than carbon dioxide. Although the sources of methane are diverse,
it is a very volatile and explosive gas. One way to store the energy content of methane is through
its conversion to methanol. Methanol is a liquid under ambient conditions, easy to transport, and,
apart from its use as an energy source, it is a chemical platform that can serve as a starting material
for the production of various higher-value products. Accordingly, the transformation of methane
to methanol has been extensively studied in the literature, using traditional catalysts as different
types of zeolites. However, in the last few years, a new generation of catalysts has emerged to
carry out this transformation with higher conversion and selectivity, and more importantly, under
mild temperature and pressure conditions. These new catalysts typically involve the use of a highly
porous supporting material such as zeolite, or more recently, metal-organic frameworks (MOFs) and
graphene, and metallic nanoparticles or a combination of different types of nanoparticles that are the
core of the catalytic process. In this review, recent advances in the porous supports for nanoparticles
used for methane oxidation to methanol under mild conditions are discussed.

Keywords: methane oxidation; catalysis; global warming; nanoparticles; metal-organic frameworks;
renewable energy; zeolite; methanol synthesis

1. Introduction

Global warming has raised many concerns during the last few decades. Undoubtedly,
the major cause is the release of greenhouse gases into the air [1,2]. Among such gases,
methane and carbon dioxide make the biggest contribution to the global problem. Fur-
thermore, when compared by mass, methane has around 25 times more effect on global
warming than carbon dioxide. Hence, scientists have given a sharper focus on the con-
version of methane to more beneficial chemicals, that is, higher hydrocarbons or liquid
fuels [3].

The production of methanol, formaldehyde, propanol, and other compounds through
various methods has been gaining more interest to unlink its production from non-renewable
sources. So far, diverse studies have been carried out for the catalytic conversion of methane
to syngas and methanol on different transition metals, including Ir, Pt, Rh, and Ru [4–6],
perovskites [7,8] and single metal atoms incorporated in supports such as graphene [8],
metal-organic frameworks [9,10] and metal oxides [11,12]. The conversion of methane into
methanol is normally carried out through direct and indirect pathways. While through
an indirect route, via a two-step procedure, methanol is formed by a catalytic reaction
from syngas (CO + H2), which is produced via oxidation or steam reforming of methane,
methane can also be directly converted to methanol through a direct route. Since steam
reforming is a thermodynamically unfavorable reaction due to its intrinsic endothermic
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nature and therefore is immensely energy intensive, the indirect route may not be the best
option, especially when it comes to industrial applications.

Thus, direct conversion of methane under mild conditions has recently become the
main objective of researchers’ studies. Common direct pathways so far have been partial
oxidation of methane (POM) to methanol and acetic acid, conversion of methane to olefins
and aromatics through a non-oxidative route (NOCM), and oxidative coupling of methane
(OCM). Whereas through OCM and NOCM routes other products rather than methanol
are generated, the path that leads to a high methanol yield is stated to be partial oxidation
of methane (POM), which is a thermodynamically favorable process since the change in
Gibbs free energy for such reactions is negative using oxygen as the oxidant [13–16].

In general, there are several challenges to the direct conversion of methane to methanol.
One is the strong C-H bond in methane, which requires severe conditions such as high tem-
peratures to be cleaved. Due to high costs, this issue questions the industrial applicability
of the process. Moreover, it causes the overoxidation of the produced methanol to produce
more thermodynamically favorable products such as carbon monoxide and dioxide. The
reason for this phenomenon is that the dissociation energy of the C-H bond in methanol is
lower than that of methane. In other words, as the temperature increases, methanol is more
susceptible to oxidation than methane. Consequently, the selectivity for the formation of
methanol will decrease due to the generation of other products. In this respect, a catalyst
that may activate the C-H bond of methane and simultaneously impede methanol oxidation
would be of significant value [17,18]. In fact, methane monooxygenase enzymes existing in
aerobic methanotrophic bacteria are naturally capable of converting methane to methanol
under ambient conditions thanks to their intrinsic catalytic system [19]. Hence, emulating
such a natural catalytic system for the conversion of methane to methanol has attracted
researchers’ interest.

For this purpose, scientists have tried to take advantage of zeolite-based catalysts,
metal-organic frameworks (MOFs), and graphene, which inherently have a large number
of active sites as well as being perfect hosts for the incorporation of active sites, specifi-
cally those existing in nano-catalysts, resembling those found in the monooxygenase en-
zymes [20–22]. Such materials have gained interest for the catalytic conversion of methane
to methanol in the last few years. One of the underlying reasons for the incorporation
of nano-catalysts into porous media is to overcome a significant obstacle regarding these
nano-catalysts high surface energy, which causes their aggregation and instability during
the catalytic reaction and consequently their poor catalytic performance at short-medium
times.

In this review, a quick revision of the significant factors in the catalytic conversion
of methane to methanol (activation of the C-H bond in methane and its connection to
methanol selectivity, reaction conditions such as temperature, pressure, and residence time)
is presented. Afterward, a deep review of the recent studies that have taken advantage
of three emerging supports—graphene; zeolite; and specifically MOFs—is developed;
especially when they are doped with the proper nanomaterials. These emerging materials
have been demonstrated to be the most competent candidates due to their properties, and
they will be extensively presented and compared in terms of methanol yield and selectivity,
as well as the conditions of these emerging catalytic systems such as temperature, pressure,
and reaction time. Finally, a brief review of catalytic reactors is presented.

2. Conversion of Methane to Methanol Routes
2.1. Direct and Indirect Routes

As previously commented, the conversion of methane into value-added chemicals such
as methanol, olefins, aromatics, and oxygenated compounds can be achieved through two
different routes, as summarized in Figure 1. On one hand, the indirect route for methane
to methanol conversion is a two-step process: (1) Partial oxidation or steam reforming of
methane to syngas (CO + H2), and (2) catalytic conversion of syngas to methanol. It is known
that the steam reforming step is an endothermic reaction (∆H0

298K = +206.2 kJ mol−1) with
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an operating temperature between 800 and 1000 ◦C. Therefore, the process is extremely
energy-demanding. Hence, scientists have attempted to circumvent the intermediate syngas
production step and directly convert methane at low temperatures. Partial oxidation of
methane (POM) to methanol and acetic acid, conversion of methane to olefins and aromatics
through a non-oxidative route (NOCM), and oxidative coupling of methane (OCM) are
among the well-known direct routes for methane conversion reactions.

Partial oxidation of methane is an interesting energy-saving process that converts
methane to profitable oxygenates such as methanol, formic acid, formaldehyde, and
methanol precursors. This route, using oxygen as an oxidant, is thermodynamically more
convenient to carry out (Equation (1)). NO and H2O2 can also be exploited as oxidants in
POM [13–16]. However, thermal catalytic conversion of methane to methanol encounters
major challenges, such as the activation of C-H in methane, which occurs at extremely high
temperatures.

2CH4 + O2 → 2CH3OH ∆G0
298K = −223 kJ mol−1 (1)

In addition to this, different works have been published regarding the use of zeolite-
based catalysts that can contribute to the formation of methanol and acetic acid at low
temperatures by activating methane and oxygen [23], although the reaction needs to be
carried out at low methane conversion to preserve the target products from overoxidation.

Moreover, other studies have been aimed at addressing the challenges of the partial
oxidation of methane to methanol. Some examples to overcome this phenomenon use
different approaches such as the activation of methane in a liquid phase using H2O2 as an
oxidant for the conversion of methane to methanol over copper-promoted Fe-ZSM-5 [24],
a stepwise process for the conversion of CH4 over Cu-containing zeolite using H2O as
oxidant [25], a new modified Au-Pd/zeolite catalyst for enhanced methanol productivity
by in-situ generated hydrogen peroxide at low temperature (70 ◦C) [26], a hybrid system
combining metal oxide (MOx)-coated glass beads as an alternative to thermal catalysis for
the production of liquid oxygenates at atmospheric pressure and room temperature [27],
a selective formation of methanol as unique oxygenate in a CO-assisted direct catalytic
reaction over Cu-CHA zeolite catalyst [28], and the use of water for the mild oxidation of
methane to methanol with high methanol selectivity over a gold single atom on phospho-
rous nanosheets under light irradiation [29].

On the other hand, NOCM (non-oxidative coupling of methane) is a promising route
for the direct transformation of methane to hydrogen and ethane, despite the thermody-
namically unfavorable nature of the reaction (Equation (2)):

2CH4 → C2H6 + H2 ∆G0
298K = 68.6 kJ mol−1 (2)

As mentioned, OCM (oxidative coupling of methane) is another direct route for
methane conversion. During this route through Equations (3) and (4), the methane is
primarily converted to C2H4 and C2H6 in the presence of an oxidant (Equation (3)):

4CH4 + O2→ 2C2H6 + 2H2O DG0
298K = −320.8 kJ mol−1 (3)

2C2H6 + O2→ 2C2H4 + 2H2O DG0
298K = −254.9 kJ mol−1 (4)

As observed, the change in Gibbs free energy is negative, and this route is thermody-
namically favorable. Regarding OCM and NOCM, many studies have been presented in
the literature [30]. Hence, this review will be focused on the partial oxidation of Methane
to methanol and will not further discuss the other routes.



Nanomaterials 2023, 13, 2754 4 of 24Nanomaterials 2023, 13, x FOR PEER REVIEW 4 of 23 
 

 

 
Figure 1. Routes for methane conversion. 

2.2. Challenging Parameters in Methane to Methanol Catalysis 
As previously commented, many catalysts have been developed and used for the di-

rect partial oxidation of methane to methanol. However, there are several challenges re-
garding this catalytic process, such as the activation of the C-H bonds of methane, the 
need for catalyst activation, and the conditions of temperature and pressure necessary for 
acceptable methanol productivity and selectivity. In other words, developing a selective 
and efficient catalyst encounters a major challenge in the simultaneous control of the ki-
netics of methane transport, activation, hydroxylation, and the desorption and removal of 
methanol. All these issues will be discussed in this section. Such challenges are summa-
rized in Figure 2 and will be discussed in this section. 

 
Figure 2. Challenges facing the methane activation and its conversion to methanol. 

2.2.1. Activation of C-H Bonds and Its Connection to Selectivity 
The activation of C-H bonds in methane requires high temperatures in traditional 

catalytic systems. However, under these conditions, the produced methanol can be over-
oxidized to produce thermodynamically more favorable products. In addition, the polar 
structure of methanol compared to the non-polar methane molecule contributes to the 
easier oxidation of methanol than methane since methanol molecules are more readily 
absorbed on the surface of the catalysts and activated for oxidation. Therefore, an ideal 
catalyst would be one that can facilitate methane activation and, at the same time, hamper 
methanol oxidation [17,18]. In this regard, a large number of strategies have been pro-
posed in biological, homogenous, and heterogeneous catalytic systems. In nature, me-
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2.2. Challenging Parameters in Methane to Methanol Catalysis

As previously commented, many catalysts have been developed and used for the direct
partial oxidation of methane to methanol. However, there are several challenges regarding
this catalytic process, such as the activation of the C-H bonds of methane, the need for
catalyst activation, and the conditions of temperature and pressure necessary for acceptable
methanol productivity and selectivity. In other words, developing a selective and efficient
catalyst encounters a major challenge in the simultaneous control of the kinetics of methane
transport, activation, hydroxylation, and the desorption and removal of methanol. All
these issues will be discussed in this section. Such challenges are summarized in Figure 2
and will be discussed in this section.

Nanomaterials 2023, 13, x FOR PEER REVIEW 4 of 23 
 

 

 
Figure 1. Routes for methane conversion. 

2.2. Challenging Parameters in Methane to Methanol Catalysis 
As previously commented, many catalysts have been developed and used for the di-

rect partial oxidation of methane to methanol. However, there are several challenges re-
garding this catalytic process, such as the activation of the C-H bonds of methane, the 
need for catalyst activation, and the conditions of temperature and pressure necessary for 
acceptable methanol productivity and selectivity. In other words, developing a selective 
and efficient catalyst encounters a major challenge in the simultaneous control of the ki-
netics of methane transport, activation, hydroxylation, and the desorption and removal of 
methanol. All these issues will be discussed in this section. Such challenges are summa-
rized in Figure 2 and will be discussed in this section. 

 
Figure 2. Challenges facing the methane activation and its conversion to methanol. 

2.2.1. Activation of C-H Bonds and Its Connection to Selectivity 
The activation of C-H bonds in methane requires high temperatures in traditional 

catalytic systems. However, under these conditions, the produced methanol can be over-
oxidized to produce thermodynamically more favorable products. In addition, the polar 
structure of methanol compared to the non-polar methane molecule contributes to the 
easier oxidation of methanol than methane since methanol molecules are more readily 
absorbed on the surface of the catalysts and activated for oxidation. Therefore, an ideal 
catalyst would be one that can facilitate methane activation and, at the same time, hamper 
methanol oxidation [17,18]. In this regard, a large number of strategies have been pro-
posed in biological, homogenous, and heterogeneous catalytic systems. In nature, me-

Figure 2. Challenges facing the methane activation and its conversion to methanol.

2.2.1. Activation of C-H Bonds and Its Connection to Selectivity

The activation of C-H bonds in methane requires high temperatures in traditional
catalytic systems. However, under these conditions, the produced methanol can be overox-
idized to produce thermodynamically more favorable products. In addition, the polar
structure of methanol compared to the non-polar methane molecule contributes to the easier
oxidation of methanol than methane since methanol molecules are more readily absorbed
on the surface of the catalysts and activated for oxidation. Therefore, an ideal catalyst
would be one that can facilitate methane activation and, at the same time, hamper methanol
oxidation [17,18]. In this regard, a large number of strategies have been proposed in biologi-
cal, homogenous, and heterogeneous catalytic systems. In nature, methane monooxygenase
enzymes are present in aerobic methanotrophic bacteria that directly convert methane to
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methanol under ambient conditions due to their ability to control the transport of oxygen,
methane, and protons to the active centers. Hydrophobic cavities linked together in the
methane monooxygenase open the access gate to the oxygen and methane into the active
center via the hydrophobic passage. Then, the activation of the oxygen in the metal center
of the monooxygenase proteins leads to the formation of an oxidative intermediate that is
able to perform the cleavage of the strong C-H bonds of methane [19]. When the enzymes
rearrange their conformation, cavities dissociate from each other, resulting in the blockage
of the hydrophobic passage and consequently restricting back diffusion and overoxidation
of methanol while simultaneously opening separated hydrophilic pores for methanol to be
removed. This biological system leads to an exceptionally high selectivity for methanol and
can be an example of the control of mass transfer to and from the active sites. Therefore, it
can be concluded that the presence of a hydrophobic cavity in the proximity of catalytic sites
might lead to a higher affinity for methane than methanol [31]. However, such interesting
ideas cannot be simply translated into simple homogenous catalysts [32]. In a homogenous
catalytic system, the approach adopted is to functionalize methane in the form of a methyl
ester that is more stable in this reaction environment. Afterward, this methyl ester is easily
hydrolyzed for the recovery of methanol [33]. Regarding heterogeneous catalysis, the
published studies have been focused on the investigation of materials that have a reactivity
and a morphology resembling those found in methane monooxygenases. The exploitation
of zeolite-based catalysts and the incorporation of different types of MOFs and graphene
supports are among these attempts, and they will be discussed later.

2.2.2. Activation of Catalyst

One of the principal challenges in methane conversion to methanol is that the reaction
has a stoichiometry of 1:1 [34]. This has originated the so-called “stepped conversion”
process. In this procedure, the catalysts are first activated with an oxidant at a high
temperature and then exposed to methane to form methanol at a lower temperature. Finally,
methanol is extracted using steam flow. In this way, methanol selectivity is higher since the
catalyst is exposed to the oxidant and methane separately. However, there are inevitably
considerable obstacles, such as the fact that industrial technologies need a high reaction
energy barrier for methane conversion; therefore, there are energy-intensive processes
when it comes to practical and industrial terms [35].

2.2.3. Temperature and Pressure

Temperature and pressure are crucial parameters for methane oxidation to methanol
in terms of the activation of catalysts and the cleavage of the methane C-H bond. In
addition to the cost of having high temperatures, the issue of overoxidation of methanol
at high temperatures is also noteworthy. A solution to achieve methanol formation at
mild temperatures is the use of photocatalysts. As mentioned, the dissociation of the
first C-H bond in methane is the rate-limiting step for methane activation. Under pure
thermal conditions, extremely high temperatures will be required for the cleavage of the
C-H bond [36]. Photocatalysis can be a potential solution to such a barrier. In photocatalysis,
through the excitation of photons with high energies, active intermediates can be easily
produced. Such active intermediates are capable of triggering the cleavage of the C-H
bond at mild temperatures. This way, the sintering and agglomeration of active sites that
usually happen due to the harsh reaction temperatures would be alleviated as well. Hence,
by selecting the suitable photocatalyst, the high-temperature conversion of methane to
methanol via the partial oxidation route would be feasible at low temperatures using
solar energy. Photocatalytic partial oxidation of methane to methanol or formic acid can
be carried out over oxide photocatalysts such as MoO3, VOX/SiO2 [14]. The active O
species photogenerated on the surface of photocatalysts play a significant role in methane
activation via cleaving the hydrogen from methane. Corma et al. [37] demonstrated that
photoirradiation caused the dissociation of surface O-H bonds on the silica-zeolite. This
resulted in the formation of Siloxyl radicals, which were capable of generating methyl
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radicals from methane. As far as the photocatalysis of methane is concerned, the oxidant
agent is of importance. For instance, Anpo et al. [13] revealed that using nitric oxide (NO)
instead of molecular oxygen as the oxidant and upon UV light irradiation over vanadium
oxide immobolized on MCM-41 at ambient temperature, methanol can be formed with
much higher selectivity, whereas overoxidation of methanol occurs in the presence of
oxygen as the oxidant. Xie et al. [16] observed that when an appropriate amount of H2O2
was added, FeOx/TiO2 presented an outstanding performance as a photocatalyst for the
methane oxidation to methanol at room temperature. FeOx/TiO2 catalyst showed a high
methanol yield of 1056 mmol g−1 after 3 h of 300 W Xe lamp irradiation in a batch reactor
purged with 70 mmol methane, with roughly 90% selectivity for methanol and 15% methane
conversion. Yet, the challenge regarding the low selectivity of oxygenated products in
photocatalytic partial oxidation of methane needs to be addressed. This low selectivity is
largely due to the fact that the C-H dissociation energy of the oxygenates is lower than that
of methane, inevitably resulting in the overoxidation of oxygenates such as methanol to
CO2. In this review, the photocatalysts will not be elaborated on in detail. This study will
be focused on developing catalysts that may directly convert methane to methanol under
mild conditions. As reported in the literature, various catalysts, including zeolites, MOFs,
and graphene, together with nanomaterials immobilized in these supports, are the most
commonly used systems to achieve this goal. These catalysts and their working conditions
are presented in Tables 1 and 2. It can be observed that many novel catalysts use relatively
low temperatures. However, maintaining high catalytic activity and methanol selectivity
under these mild conditions is a field of present research, and new findings are regularly
published.

3. Traditional Catalysts

Inspired by the natural methane monooxygenase mechanism in methanotrophic bac-
teria, zeolites have gained popularity as catalysts for the direct conversion of methane to
methanol (Table 1 and Figure 3). In 1997, Kudo et al. investigated the catalytic activity of
ZSM-5 as the first zeolites used for the partial oxidation of methane [38]. The maximum
selectivity for methanol was not more than 10%, and the major product of the catalysis was
carbon dioxide, with a selectivity of more than 80% at 0.01 bar methane partial pressure and
600–700 ◦C after 1 h. Fe-ZSM-5 is among the pioneer zeolites that have been extensively
investigated by researchers during the last two decades for the catalytic conversion of
methane to methanol [39–47]. Michalkiewicz studied both sodium and hydrogen forms
of Fe-ZSM-5 at atmospheric pressure and 350–650 ◦C using oxygen as the oxidant and
achieved 74% selectivity for methanol using Fe-NaZSM-5 [39]. Panov et al. investigated
the catalytic activity of FeZSM-5 by increasing the concentration of α-sites at 160 ◦C and
sub-ambient pressure using N2O as an oxidant and achieved a methanol yield ranging from
34 to 160 µmol/gcat and a 76 to 95% methanol selectivity [40]. Hammond et al. investigated
Fe-containing MIF-type zeolites more deeply and showed that these zeolites can be used for
the oxidation of methane at high catalytic rates and high selectivity at mild temperatures in
the aqueous phase using hydrogen peroxide as an oxidant [44]. Xu et al. could accomplish
iron and copper-modified ZSM-5 catalysts through chemical vapor impregnation, which
demonstrated excellent selectivity (92%). In addition, they showed that the catalysts do
not deactivate during continuous reactions while maintaining high selectivity [42]. Over
the last decade, copper-exchanged zeolites have been the ones that have been more exten-
sively studied [48–59]. Lobo et al. investigated the catalytic performance of Cu-SSZ-13
for methanol production using oxygen and nitrous oxide as oxidants at temperatures
ranging from 300 to 450 ◦C and achieved the maximum methanol yield of 13 µmol/gcat
at 200 ◦C when N2O was used for peroxidation. They attributed such results to higher
concentrations of active species formed by N2O at lower temperatures [60]. Tomkins et al.
studied the effect of methane activation temperature with oxygen and methane partial
pressure on methanol yield in the isothermal cyclic conversion of methane to methanol over
Cu-exchanged zeolite at low temperatures [54]. The maximum methanol yield obtained



Nanomaterials 2023, 13, 2754 7 of 24

was reported to be more than 100 µmol/gcat at 36 bar and 450 ◦C. Sushkevich et al. took
advantage of water as the oxidant and proved that water molecules played two important
roles in the catalytic procedure. Water facilitates the regeneration of active sites and the
desorption of methanol while achieving 97% methanol selectivity [25]. Ohyama et al. ex-
amined the catalytic performance of several Cu zeolite catalysts using oxygen and water as
oxidants at 300 ◦C for 24 h [53]. Recently, Fang et al. overcame the main obstacle regarding
the activation of methane, demonstrating the ability of [Cu2(µ-o)]+2-ZSM-5 active sites
for the activation of methane towards high selectivity to methanol. They investigated
the significant role that water plays in enhancing methanol formation as well as the role
of chlorine in promoting the production of active sites and facilitating the production of
methanol through enhanced desorption [61]. Yu et al. achieved high methanol yields of 431
molMeOH·mol−1

Fe per hour at low temperatures with 80% methanol selectivity over Cu-
Fe(2/0.1)/ZSM-5. They realized that Cu species in these catalysts facilitate the formation
of OH radicals, which react rapidly with CH3 radicals to form CH3OH [48]. In summary,
using traditional zeolites, a maximum methanol yield of 5866 µmol/gcat has been obtained
with a high (79.7%) methanol selectivity at 50 ◦C and 30 bar [55].

Table 1. Catalytic conditions of methanol yields and selectivity for various traditional zeolites used
as catalysts for the conversion of methane to methanol.

Catalyst Reaction Time
(min)

Temp.
(◦C)

Pressure
(bar) Oxidant Methanol Yield

(µmol/gcat)
Selectivity

(%)
Side

Products Refs.

ZSM-5 60 600-700 0.01 O2 - 10
CH2O
CO2
O2

[38]

FeHZSM-5 2.5 s
(Contact time) 630 atmosphere O2 - 16.51 CO2

HCHO [39]

FeNaZSM-5 0.5 s
(Contact time) 390 atmosphere O2 - 74.37 CO2

HCHO [39]

FeZSM-5 8–165 160 0.1 N2O 160
34

76
95

C2H5OH
C2H4O [40]

Fe-ZSM-5 (84) 30 50 30.5 H2O2 74.4 10 HCOOH
CH3OOH [44]

ZSM-5 (86) 30 50 30.5 H2O2 5.55 72 HCOOH
CH3OOH [44]

Fe-silicalite-1
(86) 30 50 30.5 H2O2 65.18 19 HCOOH

CH3OOH [44]

Fe-Cu-ZSM-5
(30)

Steady state =
60 min 50 20 H2O2

81
(µmol gcat

−1

h−1)
92.2 CO2 [42]

Cu-SSZ-13 60 200 0.3 N2O 13.1 24 CO2
HCHO [60]

Cu-MOR 30 200 36 O2 56 100 - [54]

Cu-MOR 30 200 7 H2O 0.204
mol/molCu

97 H2O
H2

[25]

Cu-ZSM-5-Cl 30 50 30 H2O2
H2O 5866 79.93 CH3OOH

HOCH2OOH [61]
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Table 1. Cont.

Catalyst Reaction Time
(min)

Temp.
(◦C)

Pressure
(bar) Oxidant Methanol Yield

(µmol/gcat)
Selectivity

(%)
Side

Products Refs.

Cu-ZSM-5-N 30 50 30 H2O2
H2O 3216 73.31 CH3OOH

HOCH2OOH [61]

Cu-ZSM-5-Ac 30 50 30 H2O2
H2O 2851 74.78 CH3OOH

HOCH2OOH [61]

Cu-Fe(2/0.1)/-
ZSM-5 30 50 30 H2O2

431
mol/molFe

80
HOCH2OOH
CH3OOH

CO2

[48]
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4. Nanoparticles-Based Novel Catalysts

Metal nanoparticles have gained a strong interest for catalytic purposes during the
last few years. However, nanoparticles possess high surface energy, resulting in thermody-
namic instability and susceptibility to aggregation during catalytic reactions. To achieve
satisfactory performance, critical parameters such as size, shape, and dispersion need to
be controlled. In this regard, a variety of surface capping agents such as polyvinylpyrroli-
done (PVP), dendrimers, and oleyl amine have been exploited. However, these capping
molecules have been shown to attach to metal nanoparticles with very strong interactions
that adversely affect the catalytic process. One promising solution to have properly dis-
persed metal nanoparticles with a clean surface in comparison to traditional zeolite is their
incorporation in porous materials such as zeolites, graphene, or MOFs, as shown in Table 2
and Figure 4 [20–22].
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4.1. Nanomaterials Used with Zeolite

Metal nanoparticles have been tried to be loaded on the solid support surface to
achieve more efficient heterogeneous catalysts. The solid supports can electronically and
geometrically alter the nanoparticles through strong metal-support interactions and provide
a high surface area for metal species to disperse [62–64]. The majority of the solid supports
used so far are Al2O3, SiO2, MgO, ZrO2, TiO2, and CeO2. However, the supported metal
oxide nanoparticles have also demonstrated several negative effects, such as low activity
and selectivity. In addition to this, their deactivation can occur due to sintering, leaching,
and coke formation under harsh conditions. On the contrary, fixing metallic nanoparticles
within zeolite crystals brings the advantage of satisfactory catalytic activity with high
selectivity. This happens through several mechanisms. For instance, immobilizing metal
nanoparticles within a stable framework such as zeolite would ensure the stability of these
metal nanoparticles against sintering and leaching. Additionally, the diffusion of reactant
and product can be controlled: the reactant adsorption on the metal nanoparticles can be
adjusted, and the reactant and product can be sieved through the pores of the zeolite. When
metal nanoparticles are localized in zeolites, their micropores can function as diffusion
channels for the reactant and product. This results in shape selectivity [65,66]. So far, very
few studies have been carried out regarding nanoparticles supported by zeolite structures
for methane-to-methanol conversion. Shan et al. introduced rhodium supported on ZSM-5
zeolite for the oxidation of methane to methanol under mild conditions [67]. In a batch
water system with a CH4, CO, and O2 pressure of 30 bar at 150 ◦C, this material was tested
for catalytic performance evaluation. After an hour, an exceptional methanol yield of
1224 µmol gcat

−1 h−1 was obtained. However, the selectivity of methanol was low (8.78%),
and the reaction seemed to favor the production of acetic and formic acid. In another
similar study, Tang et al. [68] anchored single atoms of rhodium in the micropores of ZSM-5
to convert methane to methanol and acetic acid under low-temperature reaction conditions
(150 ◦C). However, the active sites of the resultant catalyst were more favorable to the
production of acetic acid, and therefore the methanol production was very low compared
to acetic acid. Lewis et al. supported nanoparticles of gold and palladium on HZSM-5 and
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used them for the oxidation of methane to methanol under 30 bar methane pressure and
at 50 ◦C of temperature in an aqueous system containing H2O2 for 30 min and achieved a
methanol yield of 51.1 µmol gcat

−1 and relatively low methanol selectivity of 33.6% [69].
Recently, Weng et al. [70] demonstrated that gold nanoparticles dispersed on Mordenite
zeolite could selectively catalyze the methane-to-methanol reaction. They achieved an
excellent methanol yield of 1300 µmol gcat

−1 h−1 with 75% selectivity for methanol. They
established that the responsible species for the activation of methane in methanol were
both hydroxyl radicals and hydroperoxide species. Therefore, metal nanoparticles loaded
on the surface of zeolite proved several advantages, such as improvement of metal sinter
resistance and enhancement of selectivity. In addition, the catalysis of metal nanoparticles
incorporated into zeolites has the capability of regeneration [71].

4.2. Graphene-Based Catalysts

Graphene, a single or a few layers of two-dimensional (2D) sp2 bonded carbon sheets,
possesses a unique structure and extraordinary properties such as high electrical and
thermal conductivity, mechanical flexibility, charge-transport mobility, an extremely high
surface area, excellent chemical stability, and optical transparency [72,73].

Over the last two decades, graphene has been exploited by scientists for various
purposes [74–77]. Among them, a single individual atom anchored on graphene-based
materials has been tested as a novel catalyst since it fulfills the expectations regarding cost-
effective catalysis and high surface activity while reducing the use of noble metals. Recently,
single metal atoms doped on monolayer graphene surfaces have been used in catalytic
reactions for different purposes because of their well-defined site, unsaturated coordination
environment, and high atom efficiency [78,79]. Traditionally, supporting noble metal atoms
such as Pt and Pd on metal oxides or metal surfaces has been the focus of researchers’
investigation [80,81]. In the case of graphene, Fe, Pd, Pt, Ni, P, and Si are typically dopants
that can substitute carbon atoms in graphene sheets to boost their properties [82–89]. In
addition, graphene sheets can be tailored by introducing defects in the form of heteroatoms
(e.g., N, B, or P) in their structure to accelerate the catalytic reactions occurring on the
surface and adjust the electronic properties of the catalysts [82,90–94].

Regarding the conversion of methane to methanol, many materials, such as metal
nanoparticles, have been immobilized in different forms of graphene. Despite these ad-
vances, the activity and productivity of the methane to methanol seemed to be still dis-
satisfactory, considering their unique properties, as graphene should be an ideal support.
This is what is reported in other applications. Although graphene has been utilized for a
great variety of applications, very few studies have been carried out using graphene-based
catalysts for methane-to-methanol oxidation. Wang et al. embedded several metal atoms of
Co, Mn, Ni, W, and V in graphene based on density functional theory (DFT) calculations
and showed that Co atoms enhanced the catalytic performance in comparison to other
metals [95]. Impeng et al. [96,97] investigated theoretically the direct oxidation of methane
to methanol on Fe-O-modified graphene using N2O as an oxidant, with results that were
comparable to those of the other previous catalysts. Sanjubala et al. studied the usage
of free and graphene-supported single transition metal Cr, Mn, Fe, Co, and Cu atoms for
the activation of methane and discovered that Co atoms supported in graphene could be
highly effective in the activation of methane [98]. Yuan et al. presented a two-step reaction
mechanism for the direct oxidation of methane to methanol on a single atom C-embedded
in graphene using N2O as an oxidant, and they could conclude that the catalysts would be
highly active and would possess good selectivity under mild conditions [99]. Chang et al.
exploited DFT to study the catalytic reaction mechanism of methane oxidation to methanol
on Bi-functional graphene-oxide-supported platinum nanoclusters. They concluded that
this catalyst would have a good performance for the methane-to-methanol reaction and
showed that graphene oxide plays an improving role in the catalysis reaction by tuning
the interactions between the surface and the adsorbed species [100]. Cui et al. discovered
that on the O-FeN4-O active sites of graphene-confined single iron atoms, methane can be
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converted to methanol at room temperature. They showed that the O-FeN4-O can activate
the C-H bond of methane to form methyl radicals with a very low reaction energy barrier
that can be further converted to CH3OH and CH3OOH [101]. Recently, He et al. studied
the direct conversion of methane to methanol on Pd-Au nanoparticles supported on carbon
materials such as carbon nanotubes (CNTs), activated carbon (AC), and reduced graphene
oxide (rGO) using a gas mixture of oxygen and hydrogen as an oxidant under moderate
water aqueous conditions and achieved a methanol productivity of 139 µmol gcat

−1 and a
methanol selectivity of 73.2% [102]. Since few studies in this regard have been conducted
for methane to methanol oxidation, and some of them are exclusively theoretical, more
investigation and experimental studies on graphene utilization as a support for various
nano-catalysts to improve the catalytic activity are necessary. Up to date, the best yield
obtained using graphene and nanoparticles is 139 µmol/gcat at 50 ◦C and 33 bar [92].

4.3. Nanomaterials Used with MOFs
4.3.1. General Characteristics

MOFs offer considerable opportunities for the incorporation of active sites for catalysis
that mimic methane monooxygenases, with high tailorability of the pore structures and
environmental conditions in the proximity of the active sites. In this regard, there is already
a considerable amount of literature in which various aspects of MOF are well reviewed:
synthesis and post-synthetic modifications [103–105], active sites and their characteriza-
tion [106], structure [107–110], the inclusion of defects [111–114], water stability [115,116],
scale-up of synthesis [117–119], multiple functionalities [120,121], application for CO2
and biomass conversion [122–125]. In this review, a deep comparison of the MOF-based
catalysts for the conversion of methane to methanol is performed in terms of methane con-
version, methanol selectivity, and space-time yield (STY) (Table 2). Most of the published
works on MOFs are based on their porous crystalline structure, which can be manipulated
in terms of size, geometry, and functionality. The structure of MOFs has been reported to
have a high porosity of more than half of the MOF volume. These advantages, together
with their high surface area ranging from 1000 to 10,000 m2/g, which exceeds that of
traditional porous materials such as zeolite and carbon-based materials, make them an
excellent candidate for various purposes, especially in catalysis applications [126].

4.3.2. Potentials and Limitations

In general, MOFs offer benefits when used for catalysis. Catalysis by manifold func-
tional groups and also bifunctional or simultaneous catalysis owing to MOFs potential for
synthesis and post-synthesis modifications, high catalytic reaction rates per unit volume
due to their high internal surface area and active site density, their potential for shape-
selective catalysis and having large pores to allow fast transport of product molecules
and large reactants due to their pore structure tailorability, and also their Potential for
large-scale catalytic applications are among the most significant ones [127–129]. Despite
these significant advantages, the types of active sites in the structure of MOF are limited,
which leads to limited catalytic activity [130]. However, in addition to their inherent active
sites, the porous structure of MOFs can be a host for the incorporation of catalytically
active sites.

Metal nanoparticles have become more and more interesting for catalytic pur-
poses over the last few years. However, as commented before, nanoparticles have high
surface energy, resulting in their thermodynamic instability and susceptibility to aggre-
gation during catalytic reactions. One promising solution to achieve properly dispersed
nanoparticles with a clean surface is their incorporation into porous materials [20–22].
In this case, MOFs have been the best choice for this purpose. Here, we review the
studies that use nanoparticles embedded in MOFs as catalysts for the partial oxidation of
methane to methanol. Osadchii et al. incorporated isolated Fe units into Al-based MOF,
which successfully imitated the catalytic behavior of the soluble methane monooxy-
genase (sMMO) enzyme for C-H activation of methane [131]. Through two different
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synthesis routes, they prepared two different MOF catalysts. The catalytic activity of
catalysts was tested under mild conditions in an aqueous environment of water using
H2O2 as the oxidant at temperatures lower than 80 ◦C for 1 h, leading to highly selective
methanol and negligible amounts of overoxidized products such as methyl peroxide,
formic acid, and carbon dioxide. Ren et al. proposed the in-situ formation of Cu oxide
clusters in UiO-bpy channels and achieved methanol space-time yield and selectivity of
24.33 µmol/gcat and 88.1% with the side product of ethanol under ambient pressure at
200 ◦C after 3 h. This work included three steps, which were the activation of the catalyst
by O2, followed by the loading of methane, and finally the extraction of methanol with
steam [132]. Xia et al. took good advantage of the combination of catalytic activities
of platinum and polyoxometalate via their immobilization into UiO-67 and achieved
methanol (12.4%), ethanol (71.3%), and acetic acid (15.9%) under conditions of CH4
pressure of 50 bar and temperature of 60 ◦C after 2 h [133]. They reported 3.5% methanol
and 74.9% ethanol after 4 h, which indicates that methanol is oxidized over time. In
addition, the low methane conversion was reported to be due to methane’s low solubility
in an aqueous solution. Yang et al. introduced an extraordinary MOF-derived mixed
hybrid oxide, IrO2/CuO, which they synthesized using a bottom-up tactic. Firstly, Ir
nanoparticles were synthesized, and then a Cu-containing MOF, Cu-BTC, was utilized
as a CuO precursor as well as a host for Ir nanoparticles to be encapsulated to achieve
Ir@Cu-BTC, which was further calcinated in the air at 500 ◦C to produce the final catalyst.
IrO2 is reported to play a methane activation role, being capable of facilitating the C-H
bond cleavage. After the catalysis of methane by this catalyst under the conditions
of feeding 3 bar CH4/1 bar air at 150 ◦C after 3 h, they achieved 872 µmol/gcat of
methanol. Moreover, they reported a methanol yield of 1937 µmol/gcat when increas-
ing the CH4 pressure to 20 bars [134]. Xu et al. loaded AuPd nanoparticles into ZIF-8
and Zn(2-methylimidazole)2 to achieve AuPd@ZIF-8 catalyst, and the methanol yield
and selectivity were reported at 21.7 µmol gcat

−1 per hour and 21.9% under CH4/Ar
pressure of 30 bar and an average temperature of 50 ◦C after 30 min [135]. In addition,
the catalytic activity of AuPd@ZIF-8 was compared to the nanoparticles of Au, Pd, and
AuPd, as well as Au@ZIF and Pd@ZIF. The earlier comparison well proved the effective
role MOFs play in the catalytic performance of the catalyst. Baek et al. synthesized
three different MOF catalysts by incorporating three different metal binding ligands
into MOF-808 and obtained methanol productivities of 31.7, 61.8, and 71.8 µmol gcat

−1

per hour after methane oxidation at 150 ◦C for 1 h. The catalysts were reported to have
been pretreated with 3% N2O/He for 2 h at 150 ◦C [10]. As reported, at temperatures
below 150 ◦C, methanol was the only product of the methane oxidation, while increasing
the temperature seemed to have pushed the methanol to be overoxidized into CO2.
Moreover, the catalysts appeared to fail in their recyclability, which is attributed to the
strong bond that water molecules form with the active sites, which leads to the catalyst’s
deactivation. Zheng et al. stabilized Cu-Oxo dimers into NU-1000 MOF for methane
oxidation. The catalytic tests for methane to methanol oxidation by this catalyst were
carried out at 150–200 ◦C under pressure varying from 1 to 40 bar and a reaction time
range of 30–180 min to observe the effect of contact time, temperature, and pressure on
the catalytic activity of the catalyst. As a result, methanol yield and selectivity varied
from 1.5 µmol gcat

−1 and 70% (150 ◦C, 1 bar, 30 min) to 15.81 µmol gcat
−1 and 90% (200

◦C, 40 bar, 180 min) [136]. Zheng et al. also used NU-1000 MOF to stabilize Cu-Oxo
clusters and used it as a catalyst for methane oxidation. The conditions of the catalytic
test were approximately the same, and the results were 17.7 µmol gcat

−1 methanol and
46% selectivity for methanol and dimethyl ether altogether [137]. Hall et al. presented
for the first time the roughly exclusive formation of methanol on the Fe2+ active sites of
MIL-100 (Fe) as a heterogeneous catalyst at mild temperature and sub-ambient pressure
with only a trace amount of carbon dioxide produced [138]. In this study, the catalyst
was pretreated for 12 h with N2O at 250 ◦C, and then methane and N2O were introduced
(0.015 bar methane/0.016 bar N2O) at 200 ◦C. Almost every Fe2+ site was reported to
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contribute to the catalytic conversion of methane to achieve a methanol yield of 0.2 µmol
gcat

−1. Imyen et al., interestingly, proposed a catalyst by simultaneous exploitation of
MOF and zeolites (Fe-ZSM-5@ZIF-8), in which the zeolite is responsible for the methane
catalysis while the MOF adsorbs the methane [139]. Primarily, the catalyst was heated at
100 ◦C to eliminate the surface moisture, and then methane gas (3% CH4/He) at 1 bar
was fed at 4 mL/min at 50 ◦C for 2 h to adsorb the methane. Then, the methane feeding
was stopped, and the reaction was allowed to continue at 150 ◦C for the conversion of
methane to methanol on the catalyst’s surface for 0.5 h. To collect the produced methanol,
the catalyst is said to be flushed with N2 (10 mL/min) for 2 h. The methanol was also
gathered through steaming, with 40 mL/min of N2 bubbling into deionized water at
50 ◦C. The maximum methanol yield was reported to be 0.12 µmol gcat

−1 when steaming
was used for the methanol collection. In summary, using nanoparticles embedded in
MOFs, the best yield is 71.8 µmol/gcat at 150 ◦C. Although metal nanoparticles such
as copper and iron-based zeolite can oxidize methane at temperatures ranging from
200 to 600 ◦C, the product is complex from a gas-phase reaction. Even though the use
of platinum-based complexes can oxidize methane in milder conditions, the disadvan-
tages of this type of catalyst are its sensitivity to water and the difficulty of methanol
extraction from aqueous solutions. Hence, metal-organic frameworks overcome these
problems due to their large surface area, tolerability, porous structures, excellent stew-
ardship as catalysts, and the conversion of methane to methanol at low pressure and
temperatures [135].

4.4. Other Nanocatalysts

In this section, recent studies supporting nanomaterials, which are not in the last
category, are discussed. As mentioned before, supports have been utilized for the single-
atom nanocatalysts to enhance the dispersion of the active sites as well as modify the
electronic configuration of the nanoparticles, therefore preventing the agglomeration and
sintering of the nanoparticles. Additionally, the interface between the metal and the
supports has been shown to act as an active site as well. Such interfaces are typically
generated as a result of the metal-support interaction. The synergistic function of the
different elements present in the composite catalyst is also the underlying reason for
the higher catalytic activity of the catalysts. Chen et al. [140] exploited the core-shell
nanoparticles of Pd/Pt for the selective oxidation of methane to methanol. The donation
of electrons from Pd in the core to Pt in the shell was demonstrated to be the responsible
positive parameter for the high rate of methane activation. They obtained a methanol yield
of 89.3 mol kgcatalyst

−1 h−1 with a selectivity of 92.4% at near-ambient temperature values.
Gu et al. [141] used atomically dispersed Rhodium (Rh/TiO2) for methane oxidation to
methanol. In addition, they discovered that using Cu cations as co-catalysts in the solution,
higher methanol yields at the millimole level and a selectivity of 99% were obtained. Copper
was reported to have played two important roles. The first was that the copper cations
maintained the low-valence state of Rhodium and the second was that copper prevented
the methanol from overoxidation, leading to high methanol selectivity. It was discussed in
the previous sections that overoxidation of methanol has been the main reason for the low
values of selectivity as far as methane oxidation is concerned.
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Table 2. Catalytic conditions and methanol yields and selectivity for metal organic frameworks (MOF)
and zeolite used as supports and nanomaterials as active catalysts in the conversion of methane to
methanol.

Catalyst Reaction Time
(min)

Temp.
(◦C)

Pressure
(bar) Oxidant Methanol Yield

(µmol/gcat)

Methanol
Selectivity

(%)

Side
Products Refs.

Rh-ZSM-5 60 150 30 O2 1224 8.78 CH3COOH
HCOOH [67]

1%Pd/HZS-5
(30) 30 50 30.5 H2O2 51.1 33.6

CH3OOH
HCOOH

CO2

[69]

Au/H-MOR 60 150 30 O2 1300 75
CH3OOH
HCOOH

CO2

[70]

MIL-53 (Fe, Al) 60 ≤60 30.5 H2O2 - -
CH3OOH

CH2O2
CO2

[120]

CuxOy@UiO-
bpy 180 200 1 O2 24 88.1 C2H5OH [121]

Uio-67-Pt-Z 120 60 50 H2O2 - 12.4 C2H5OH
CH3COOH [122]

MOF derived
IrO2/CuO 180 150 3 H2O 872 95 C2H5OH

CH3COOH [123]

AuPd@ZIF-8 30 90 15 H2O2/O2 10.85 21.9 CH3OOH
HCOOH [124]

Au@ZIF-8 30 90 15 H2O2/O2 0.7 - CH3OOH
HCOOH [124]

Pd@ZIF-8 30 90 15 H2O2/O2 1.2 - CH3OOH
HCOOH [124]

MOF-808-His-
Cu 60 150 - N2O 31.7 100 - [9]

MOF-808-Iza-
Cu 60 150 - N2O 61.8 100 - [9]

MOF-808-Bzz-
Cu 60 150 - N2O 71.8 100 - [9]

CU-NU-1000 30-180 150-200 1-40 O2 1.5–15.81 70–90 C2H5OH
CO2

[125]

CU-NU-1000 180 200 1 O2 17.7 ≤46 C2H5OH
CO2

[126]

MIL-100(Fe) 120 200 0.015 N2O 0.2 ≥98 CO2 [127]

Fe-ZSM-
5@ZIF-8 300 150 1 - 0.12 - - [128]

Pd/Pt
core-shell 30 50 30 H2O2

83 mmol gcat
−1

h−1 92.4
CH3OOH
HCOOH

HOCH2OOH
[140]

Rh/TiO2 60 150 31 H2O2 - 92 [141]
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5. Stability and Reusability of Catalysts

An undoubtedly significant issue is the question of the stability and reusability of the
catalyst. As observed, in most of the studies in this review, the stability and reusability
of the catalyst have not been investigated except for a few works [120,121,123–125,127].
Generally, these studies showed good results for long operation times in the range of a
few hours. Although this operation time may seem low, it is equivalent to thousands of
residence times. However, in industrial applications, the catalyst needs to be stable under
the catalytic procedure circumstances for more than one cycle of catalytic reaction in batch
mode and longer times in continuous systems while maintaining a good product yield and
selectivity. Hence, it is a matter to study in further research, and there is a clear lack of
interest in this topic.

6. Reactors Used for Methane to Methanol Catalysis

Methane conversion to methanol and valuable products is normally carried out using
different types of reactors. The most widely used are fixed-bed, fluidized-bed, well-coated,
and membrane reactors, as illustrated in Figure 5.
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6.1. Fixed-Bed Reactor

A fixed-bed reactor is the most commonly used reactor where a certain amount of the
catalyst is fixed in a defined location inside the cylindrical tube of the reactor [142]. This
type of reactor can be used in industrial processes as well as for kinetic and catalyst activity
studies [143]. Based on one or more catalyst applications in the reactor, this type can be used
as a single-stage or multi-stage reactor. In addition, spherical, cylindrical, powdered, or
randomly shaped catalysts can be used in this reactor. So, the fixed-bed reactor has benefits
such as low cost, high catalyst spatial density, and ease of operation [144]. However, the
drawbacks of this type are the drop in high pressure, the low surface area, and the poor
distribution of the temperature. Therefore, further studies have been performed in recent
decades using the reversal flow mode to improve the capability of heat transfer while
maintaining catalyst activity without overheating the catalyst. Recovering the heat from
the reversal flow reactor was found to be the most efficient way for methane conversion by
optimizing the catalyst bed position, the flow, and the heat exchanger [145].

6.2. Fluidized-Bed Reactor

This is also a very common type of catalytic reactor where the catalysts are fluidized
during the reaction. The materials inside the reactor are supported by the porous plate;
therefore, efficient contact between the catalyst and the reactants is achieved due to the high
gas flow. The main benefits of this type of reactor in comparison to the fixed-bed reactor
are the uniform temperature distribution and high methane conversion with the increase
in temperature [146]. However, the methane conversion seems to decrease by increasing
the initial concentration of methane, and an increase in the gas velocity causes the weight
loss of the catalyst to increase after the long-term operation [147].

6.3. Wall-Coated Reactors

The enhanced mass/heat transfer, lower pressure drops, and increased catalyst contact
surface area achieved by depositing a catalyst layer on the reactor wall surface are the main
benefits of the so-called wall-coated reactor [144]. Four sub-types of wall-coated reactors
are studied in the literature: tubular, monolithic, plate-type, and micro/mini channel
plate-type reactors.

6.3.1. Tubular Reactor Type

The performance of this reactor is based on the heat transfer flux, which is normally
cold air to remove the release of reaction heat, and the fins are coated with the catalyst
that is located at the end of the tube reactor [148]. This design could reach up to 100%
conversion of methane when either a 16-finned-tube reactor with high gas velocity or a
10-finned-tube reactor with lower velocity is used. Moreover, the catalytic efficiency of the
reactor and the improvement of the diffusion rate of the reactants can be controlled using
thinner catalysts and a suitable surface area [149].

6.3.2. Monolithic Reactor Type

The monolithic reactor is suitable for power generation in gas turbines and purification
of the emitted pollutants due to its high thermal stability, high rate of mass/heat transfer,
and high surface-to-volume ratio [150]. Various types of substrates, such as metallic fibers
or foams, and different shapes of the interconnected channels, such as triangles or squares,
could be adapted for different applications. For instance, a high specific surface area could
be obtained using a monolithic reactor with triangle-interconnected channels [151].
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6.3.3. Plate-Type Reactor Type

In this reactor, the co-current and counter-current flow modes occur on the opposite
sides of the same plate reactor, combining methane combustion and methane steam re-
forming reactions. The overlapped temperature zone with the proper co-current mode
eliminates hot spots. In addition, the use of folded sheet reactors with rectangular adjacent
channels proved the improvement of heat transfer and avoided high heat loss [152].

6.3.4. Microchannel Plate Type Reactor

In the last few years, better catalytic performance has been reported using the mi-
crochannel reactor, where the methane conversion takes place on the wash-coated catalyst
deposited on the multiple straight channels due to the excellent heat/mass transfer and
high surface area of the microchannel [153,154]. Moreover, the reactants can more easily
access the inner surface of the microreactor using the porous catalysts that are prepared by
the electrodeposition method [155]. The main drawback of this reactor type is the need for
extra heat to compensate for the heat loss.

6.4. Membrane Reactor

Here, the catalysts are deposited on the surface of the membrane, and this type is
one of the most common reactors for methane oxidation due to the efficiency of oxygen
permeation, which reacts with methane when it passes through the membrane with air [156].
The efficiency of the reactor depends on the oxygen permeability, flow rate of methane and
air, and temperature [157]. Improvement of the methane conversion was conducted using
two-pass ion transport, where the oxygen permeation was performed in two stages. In
addition, the methane conversion was found to be higher when the configuration of the
counter-current flow in this mode of ion transport was used in comparison to the co-current
flow configuration [158]. Although high conversion of methane could be achieved using
this type of reactor by varying the partial pressure of oxygen permeability, it has limitations
in industrial applications due to its high cost.

7. Summaries and Perspectives

Methane oxidation to methanol and other value-added chemicals is of high importance
in the chemical industry and has gained major interest from researchers. While a great
deal of progress has been made in this regard, there are still scientific and technical issues
to be addressed. More attempts need to be concentrated to reveal the mechanism of the
catalytic reaction and the active sites present in advanced catalysts such as new MOFs
and Zeolites-based catalysts. Exploiting the theoretical calculations in conjunction with
the development of in situ characterization techniques is highly recommended. In situ
characterization studies, such as in situ transmission electron microscopy, can help observe
and comprehend the movements and transformations of active sites during the reaction
due to harsh reaction conditions. Hence, in the case of confining the metal nanoparticles in
porous supports such as MOFs and Zeolites, as we discussed extensively in this review,
in situ investigations can reveal the role that such supports play in preventing the active
sites from agglomeration and sintering. In addition, mechanistic studies can also reveal the
role that the interfaces between the metal and supports play in the activation of methane
at lower temperatures. This will provide guidance for the researchers to realize that the
incorporation of these supports will lead to better electronic modifications of the metal
active sites as well as superior reactive interfacial sites generated, which will serve the
methane activation at a lower temperature. On the other hand, different types of MOFs
and porous supports need to be investigated to elucidate the potential reactive sites that
can be generated as a result of the different metal-support interactions.



Nanomaterials 2023, 13, 2754 18 of 24

Author Contributions: S.A.V.: Writing—original draft, Conceptualization, Methodology, Inves-
tigation, Writing—review and editing, Visualization, data analysis. A.A.M.: Writing—original
draft, Writing—review and editing, Visualization. J.M.-V.: Supervision, Project administration,
Writing—review and editing. X.F.: Writing—reviewing, and editing. A.S.: Writing—reviewing and
editing, Supervision; Project administration, Funding acquisition. All authors have read and agreed
to the published version of the manuscript.

Funding: This study was financially supported by the Spanish Ministerio de Ciencia e Innovación in
the call Proyectos de Transición Ecológica y Transición Digital 2022. Squeezer project, ref. TED2021-
130407B-I00. Ahmad Abo Markeb is the recipient of a postdoctoral fellowship from the Spanish
Ministerio de Universidades, María Zambrano ID 715364.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Karl, T.R.; Trenberth, K.E. Modern Global Climate Change. Science 2003, 302, 1719–1723. [CrossRef] [PubMed]
2. Vali, S.A.; Markeb, A.A.; Moral-Vico, J.; Font, X.; Sánchez, A. A Novel Cu-Based Catalyst Supported in Chitosan Nanoparticles

for the Hydrogenation of Carbon Dioxide to Methanol: From the Optimization of the Catalyst Performance to the Reaction
Mechanism. Catal. Commun. 2023, 182, 106747. [CrossRef]

3. Bradforf, M.C.J.; Vannice, M.A. CO2 Reforming of CH4. Catal. Rev. 1999, 41, 1–42. [CrossRef]
4. Bitter, J.H.; Seshan, K.; Lercher, J.A. Mono and Bifunctional Pathways of CO2/CH4 Reforming over Pt and Rh Based Catalysts. J.

Catal. 1998, 176, 93–101. [CrossRef]
5. Pakhare, D.; Spivey, J. A review of dry (CO2) reforming of methane over noble metal catalysts. Chem. Soc. Rev. 2014, 43, 7813–7837.

[CrossRef]
6. Arutyunov, V. Low-scale direct methane to methanol—Modern status and future prospects. Catal. Today 2013, 215, 243–250.

[CrossRef]
7. Yang, J.; Guo, Y. Nanostructured Perovskite Oxides as Promising Substitutes of Noble Metals Catalysts for Catalytic Combustion

of Methane. Chin. Chem. Lett. 2018, 29, 252–260. [CrossRef]
8. Cihlar, J.; Vrba, R.; Castkova, K.; Cihlar, J. Effect of Transition Metal on Stability and Activity of La-Ca-M-(Al)-O (M = Co, Cr, Fe

and Mn) Perovskite Oxides during Partial Oxidation of Methane. Int. J. Hydrogen Energy 2017, 42, 19920–19934. [CrossRef]
9. Beckner, M.; Dailly, A. A Pilot Study of Activated Carbon and Metal-Organic Frameworks for Methane Storage. Appl. Energy

2016, 162, 506–514. [CrossRef]
10. Baek, J.; Rungtaweevoranit, B.; Pei, X.; Park, M.; Fakra, S.C.; Liu, Y.S.; Matheu, R.; Alshmimri, S.A.; Alshehri, S.; Trickett, C.A.; et al.

Bioinspired Metal-Organic Framework Catalysts for Selective Methane Oxidation to Methanol. J. Am. Chem. Soc. 2018, 140,
18208–18216. [CrossRef]

11. Aseem, A.; Jeba, G.G.; Conato, M.T.; Rimer, J.D.; Harold, M.P. Oxidative Coupling of Methane over Mixed Metal Oxide Catalysts:
Steady State Multiplicity and Catalyst Durability. Chem. Eng. J. 2018, 331, 132–143. [CrossRef]

12. Alizadeh, R.; Jamshidi, E.; Zhang, G. Transformation of Methane to Synthesis Gas over Metal Oxides without Using Catalyst. J.
Nat. Gas. Chem. 2009, 18, 124–130. [CrossRef]

13. Hu, Y.; Higashimoto, S.; Takahashi, S.; Nagai, Y.; Anpo, M. Selective Photooxidation of Methane into Methanol by Nitric Oxide
over V-MCM-41 Mesoporous Molecular Sieves. Catal. Lett. 2005, 100, 35–37. [CrossRef]

14. Kaliaguine, S.L.; Shelimov, B.N.; Kazansky, V.B. Reactions of Methane and Ethane with Hole Centers O−. J. Catal. 1978, 55,
384–393. [CrossRef]

15. Ward, M.D.; Brazdil, J.F.; Mehandru, S.P.; Anderson, A.B. Methane Photoactivation on Copper Molybdate: An Experimental and
Theoretical Study. J. Phys. Chem. 1987, 91, 6515–6521. [CrossRef]

16. Xie, J.; Jin, R.; Li, A.; Bi, Y.; Ruan, Q.; Deng, Y.; Zhang, Y.; Yao, S.; Sankar, G.; Ma, D.; et al. Highly Selective Oxidation of Methane
to Methanol at Ambient Conditions by Titanium Dioxide-Supported Iron Species. Nat. Catal. 2018, 1, 889–896. [CrossRef]

17. Ahlquist, M.; Nielsen, R.J.; Periana, R.A.; Goddard, W.A. Product Protection, the Key to Developing High Performance Methane
Selective Oxidation Catalysts. J. Am. Chem. Soc. 2009, 131, 17110–17115. [CrossRef]

18. Otsuka, K.; Wang, Y. Direct conversion of methane into oxygenates. Appl. Catal. A-Gen. 2001, 222, 145–161. [CrossRef]
19. Sirajuddin, S.; Rosenzweig, A.C. Enzymatic Oxidation of Methane. Biochemistry 2015, 54, 2283–2294. [CrossRef]
20. White, R.J.; Luque, R.; Budarin, V.L.; Clark, J.H.; Macquarrie, D.J. Supported Metal Nanoparticles on Porous Materials. Methods

and Applications. Chem. Soc. Rev. 2009, 38, 481–494. [CrossRef]
21. Goel, S.; Wu, Z.; Zones, S.I.; Iglesia, E. Synthesis and Catalytic Properties of Metal Clusters Encapsulated within Small-Pore (SOD,

GIS, ANA) Zeolites. J. Am. Chem. Soc. 2012, 134, 17688–17695. [CrossRef] [PubMed]
22. Zhu, Q.L.; Xu, Q. Immobilization of Ultrafine Metal Nanoparticles to High-Surface-Area Materials and Their Catalytic Applica-

tions. Chem 2016, 1, 220–245. [CrossRef]

https://doi.org/10.1126/science.1090228
https://www.ncbi.nlm.nih.gov/pubmed/14657489
https://doi.org/10.1016/j.catcom.2023.106747
https://doi.org/10.1081/CR-100101948
https://doi.org/10.1006/jcat.1998.2022
https://doi.org/10.1039/C3CS60395D
https://doi.org/10.1016/j.cattod.2012.12.021
https://doi.org/10.1016/j.cclet.2017.09.013
https://doi.org/10.1016/j.ijhydene.2017.06.075
https://doi.org/10.1016/j.apenergy.2015.10.110
https://doi.org/10.1021/jacs.8b11525
https://doi.org/10.1016/j.cej.2017.08.093
https://doi.org/10.1016/S1003-9953(08)60105-X
https://doi.org/10.1007/s10562-004-3082-0
https://doi.org/10.1016/0021-9517(78)90225-7
https://doi.org/10.1021/j100310a019
https://doi.org/10.1038/s41929-018-0170-x
https://doi.org/10.1021/ja903930e
https://doi.org/10.1016/S0926-860X(01)00837-7
https://doi.org/10.1021/acs.biochem.5b00198
https://doi.org/10.1039/B802654H
https://doi.org/10.1021/ja307370z
https://www.ncbi.nlm.nih.gov/pubmed/23016946
https://doi.org/10.1016/j.chempr.2016.07.005


Nanomaterials 2023, 13, 2754 19 of 24

23. Tomkins, P.; Ranocchiari, M.; van Bokhoven, J.A. Direct Conversion of Methane to Methanol under Mild Conditions over
Cu-Zeolites and Beyond. Acc. Chem. Res. 2017, 50, 418–425. [CrossRef] [PubMed]

24. Hammond, C.; Forde, M.M.; Ab Rahim, M.H.; Thetford, A.; He, Q.; Jenkins, R.L.; Dimitratos, N.; Lopez-Sanchez, J.A.; Dummer,
N.F.; Murphy, D.M.; et al. Direct Catalytic Conversion of Methane to Methanol in an Aqueous Medium by Using Copper-Promoted
Fe-ZSM-5. Angew. Chem.-Int. Ed. 2012, 51, 5129–5133. [CrossRef]

25. Sushkevich, V.L.; Palagin, D.; Ranocchiari, M.; van Bokhoven, J.A. Selective anaerobic oxidation of methane enables direct
synthesis of methanol. Science 2017, 356, 523–527. [CrossRef]

26. Jin, Z.; Wang, L.; Zuidema, E.; Mondal, K.; Zhang, M.; Zhang, J.; Wang, C.; Meng, X.; Yang, H.; Mesters, C.; et al. Hydrophobic
zeolite modification for in situ peroxide formation in methane oxidation to methanol. Science 2020, 367, 193–197. [CrossRef]

27. Chawdhury, P.; Bhargavi, K.V.S.S.; Subrahmanyam, C. A Single-Stage Partial Oxidation of Methane to Methanol: A Step Forward
in the Synthesis of Oxygenates. Sustain. Energy Fuels 2021, 5, 3351–3362. [CrossRef]

28. Sogukkanli, S.; Moteki, T.; Ogura, M. Selective Methanol FormationviaCO-Assisted Direct Partial Oxidation of Methane over
Copper-Containing CHA-Type Zeolites Prepared by One-Pot Synthesis. Green. Chem. 2021, 23, 2148–2154. [CrossRef]

29. Luo, L.; Luo, J.; Li, H.; Ren, F.; Zhang, Y.; Liu, A.; Li, W.X.; Zeng, J. Water Enables Mild Oxidation of Methane to Methanol on
Gold Single-Atom Catalysts. Nat. Commun. 2021, 12, 1218. [CrossRef]

30. Liu, Y.; Deng, D.; Bao, X. Catalysis for Selected C1 Chemistry. Chem 2020, 6, 2497–2514. [CrossRef]
31. Ikbal, S.A.; Colomban, C.; Zhang, D.; Delecluse, M.; Brotin, T.; Dufaud, V.; Dutasta, J.-P.; Sorokin, A.B.; Martinez, A. Bioinspired

Oxidation of Methane in the Confined Spaces of Molecular Cages. Inorg. Chem. 2019, 58, 7220–7228. [CrossRef] [PubMed]
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