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Abstract—The state-of-the art in the catalytic conversion of natural gas containing methane as the main com-
ponent to valuable chemicals and fuels is reviewed. Methane conversion processes are of considerable impor-
tance to society; like oil, they are sources of energy, fuels, and chemicals. Direct and indirect means of meth-
ane conversion are discussed. Direct methane conversion processes are commonly thought of as the Holy
Grail of modern research, since the methane molecule is extremely stable. Ways of producing synthesis gas,
methanol, ethylene, formaldehyde, benzene, and other compounds are considered. The main emphasis is on
processes of direct methane conversion (methane dehydroaromatization). Catalysts and the conditions for
their synthesis are described, the state of active sites is studied, and a mechanism of methane dehydroaroma-
tization is proposed. The reasons for catalyst deactivation and means of catalyst regeneration mechanism are
described. The review helps summarize recent advances in heterogeneous catalysis in the field of natural gas

conversion.
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INTRODUCTION

The development of effective and selective ways of
converting natural gas to fuels and valuable chemicals
has been the focus of researchers for several decades.
Huge reserves of natural gas (198.8 trillion m? [1]) and
recent advances in shale gas production are forcing
scientists around the world to develop and improve
means of natural gas conversion [2—14]. Natural gas is
a mixture of methane, the main component (70—
98%); ethane, propane, butane, and pentane; and
other components like H,, H,S, CO,, and N,. Meth-
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ane is also the main component of associated petro-
leum and shale gases, biogas, and gas hydrates, which
are referred to as unconventional gases. According to
different estimates, the reserves of these gases could be
at least 4000 trillion cubic meters [15]. The problem of
natural gas conversion is therefore mainly a problem of
methane conversion [16].

Most natural gas is combusted to generate electri-
cal power and heat [2, 3, 17]. The amount of natural
gas subjected to conversion is as low as 5%, of which
70% is used to produce ammonia, 20% is converted to
synthesize methanol, and the rest is used to produce
different chemicals [17]. The use of direct ways of con-
verting methane to fuels and chemicals is limited by
thermodynamic restrictions, the lack of catalysts
selective toward the target products, and catalyst deac-
tivation due to coking.

The CH, molecule has a regular tetrahedral struc-
ture that makes it extremely stable. Methane activation
therefore requires high temperatures or aggressive
reagents to ensure the scission of C—H bonds
(439 kJ/mol). If an inert methane molecule is acti-
vated, the resulting products will be even more reac-
tive, so selectivity will be reduced under the action of
reagents or high temperatures.
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Fig. 1. Ways for the conversion of natural gas (methane).

The processes of natural gas conversion can be
divided into two main areas: direct and indirect meth-
ane conversion (Fig. 1).

Indirect processes associated with the production
of synthesis gas (CO—H, mixtures) have been com-
mercialized. Synthesis gas is an intermediate product
in the production of hydrogen, ammonia, methanol,
Fischer—Tropsch synthetic fuels, and others. [9, 18—
21]. Since the early 2000s, several large enterprises for
the production of methanol and other liquid products
based on gas-to-liquid (GTL) technology have been
put into operation around the world (the United King-
dom, Qatar, the Republic of South Africa, Malaysia,
Japan) [22, 23].

The other path of natural gas conversion is the
direct conversion of methane, the products of which
are ethane, ethylene, aromatic hydrocarbons, and car-
bon [2, 5, 6, 8—10, 14, 16, 24—27]. There are other
means of methane conversion as well, including halo-
genation and oxychlorination [2, 5, 6, 8], the produc-
tion of hydrocyanic acid [2], biological oxidation [6],
and electrochemical oxidation [5, 28, 29].

The main focus of this review is direct single-stage
processes. These are of the greatest interest for indus-
trial application, since they could simplify the tech-
nology for producing chemicals from natural gas
(methane).

1. INDIRECT METHANE CONVERSION
1.1. Production of Synthesis Gas

High-temperature processes for methane conver-
sion to synthesis gas are the ones most developed.
They are commonly used to synthesize valuable chem-
icals. Synthesis gas is produced via steam [11, 30] and

dry methane reforming [23, 31—34], partial methane
oxidation [35—38], and autothermal reforming
[2, 39—42], which is a combination of the three.

Steam methane reforming has been used in industry
since 1966. Methane reacts with water to form a mix-
ture of CO, CO,, and H,. The process is endothermic,
and it proceeds according to the equation CH, +

H,0 ¢ CO + 3H,, AH s = +206 kJ/mol.

The process is typically conducted using group
VIII transition metals supported on different supports.
Rhodium and ruthenium catalysts display the highest
activity, but since they are expensive, Ni or Co cata-
lysts are used in industry [43]. The process typically
occurs at a temperature of 900°C, and the resulting
synthesis gas has the composition H, : CO > 3 (the
ratio required for ammonia synthesis). If necessary, a
ratio of H, : CO = 2 is obtained (which is required for
the synthesis of methanol and liquid hydrocarbons),
and the problem of utilizing the generated hydrogen
arises. It has been proposed that excess hydrogen be
extracted using membranes and then combusted [30,
44, 45]. However, this procedure adversely affects the
economic component of the process. Despite the
problems associated with this process, 95% of the syn-
thesis gas produced before the 2000s was synthesized
in this way.

Partial methane oxidation is a promising process
in which methane is mixed with oxygen and con-
verted with a catalyst to produce synthesis gas,
according to the equation 2CH, + O, — 2CO + 4H,,

AH = —36 kJ/mol.
This process is more advantageous than the steam
reforming of methane, since the resulting synthesis gas
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has the composition H, : CO = 2, which is required for
the synthesis of methanol and synthetic fuels [37]. The
process is conducted at temperatures above 850°C
using catalysts that contain group VIII transition met-
als (Rh, Pt, Pd, Ir, Ru) [46]. However, Ni and Co cat-
alysts are often used instead, since their cost is lower
[36, 37]. The activity of supported Pt/Al,O;, Pt/ZrO,,
and Pt/Ce—ZrO, catalysts is due to their ability to
accumulate oxygen, which ensures the removal of coke
deposits from the catalyst [47]. The technological
complexity of this process includes the need to develop
an oxygen plant, its explosiveness, and the large size of
the reactor, which interferes with the widespread com-
mercial use of this process.

Membranes are well suited for the partial oxidation
of methane, since they can combine oxygen separation
and partial oxidation, reducing the operating costs and
the explosion hazard of the process [36, 44, 45]. The
strongest ability to transport oxygen is displayed by
oxide-type ceramic membranes with deposited noble
metals [48] and perovskite-type membranes that
exhibit mixed ionic and electronic oxygen conductiv-
ity [49]. Tests of LiLaNiO/Al,O; and Ni/ZrO, cata-
lysts supported on a Ba, sSr, sCo,sFe;,0;_5 mem-
brane and a La,SrgTi,,055_5 catalysts supported on a
Ce( sSm,,0, sLa, ¢Sr; ,CrO;_5 membrane showed
that methane combusts to form CO,, due to the high
temperature of the process (850—875°C) [50]. To
eliminate the methane combustion reaction and con-
tribute to the direct partial oxidation of methane, we
must therefore modify a conventional catalyst bed
(Ni/Al,O;, LiLaNiO,/Al,O;) or select a new one that
will improve the transport and preservation of active
oxygen in an oxygen-rich membrane. These require-
ments are met by a Ni/Sm,,Ce, 30,_5/Al,O5 catalyst
supported on a Lay4Sr,,Cog,Fe;30;_5 membrane.
Using this catalyst, the conversion of methane is
86.0%, while the selectivity toward CO is 92.5% [46].
Other catalysts for the partial oxidation of methane are
platinum nanoparticles supported on barium hexaalu-
minate, which is stable at high temperatures [51], and
Ca-promoted Co/Al,O; catalyst. This promotion
raises the conversion of methane to 88% and the selec-
tivity toward CO to #94%. In addition, it takes a long
time for coke to form on the catalyst [37].

In recent years, the attention researchers give to
“green” technologies has revived interest in the dry
reforming of methane, which requires two greenhouse

gases: CH, + CO, <> 2CO + 2H,, AH s = +247 kJ /mol.

The synthesis gas in this case has the composition
H, : CO = 1, which is required for the Fischer—
Tropsch synthesis of long-chain hydrocarbons. Sup-
ported Ni and Co serve as catalysts for the process [31,
43]. A major problem in the dry reforming of methane
is catalyst deactivation [23, 32]. Different aspects of
dry reforming were analyzed in [23, 33, 34] to lower
the volume of coke deposits and eliminate the sinter-
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ing of Ni catalyst: active metal—support interaction,
reducing the size of catalyst particles, changing the
pretreatment procedure, and combining different
metals and supports. In [52], it was found that small
metal nanoparticles are less prone to coking than large
particles. The authors of [32, 53] showed that adding
Pt to a Ni/Al,O, catalyst results in the formation of
NiO, rather than NiAl,O,, contributing to the reduc-
tion of nickel compounds to metallic Ni. It was also
reported that the size of metallic nickel falls as the con-
centration of Pt rises. The formation of Ni—Pt alloy
results in higher catalytic activity and reduced coke
deposits. The use of base supports CeO, and La,0;
also lowers the volume of coke deposits, since it facil-
itates the dissociation of CO, to form oxycarbonates.
This gives the support surface oxygen atoms that con-
tribute to the removal of coke deposits [54].

Autothermal reforming is a promising way of con-
verting natural gas into synthesis gas. It requires a
simultaneous supply of steam and oxygen, and there is
combustion of “wet” gas. Reforming is done using Ni
catalysts supported on different materials like
MgAl, 0,4, Al,O;, CeO,, ZrO,, and Ce—Zr0, [2, 42,
43]. The resulting synthesis gas has the composition
H, : CO = 2 and a temperature of 850—1100°C [2], so
the catalysts are less susceptible to coking. This proce-
dure complicates the process, since it requires an oxy-
gen plant to generate oxygen or membranes that ensure
oxygen is replaced with air [41, 42]. The world’s largest
GTL complex with a capacity of 34000 barrels of liquid
products per day was built in Oryx (Qatar) on the basis of
this technology for producing synthesis gas [22].

2. DIRECT CONVERSION OF METHANE
2.1. Oxidative Dimerization of Methane

Ethylene is used in industry as a feedstock for the
organic synthesis of different compounds like halogen
derivatives, alcohols, vinyl acetate, dichloroethane,
vinyl chloride, ethylene oxide, polyethylene, styrene,
acetic acid, ethylbenzene, and ethylene glycol. Eth-
ylene is currently produced by heating light oil frac-
tions.

In the early 1980s, the authors of [55] reported that
using different metal oxide catalysts at a temperature
of 500—1000°C, the reaction of methane with oxygen
results in the formation of ethylene: 2CH, + O, —
C,H, + 2H,0, AH s = —281 kJ/mol.

This process was later labeled the oxidative
dimerization of methane (ODM), but the formation
of propane, propylene, and undesirable products of
oxidation (CO, CO,, and H,0) is observed in addition
to that of the target reaction product. This factor low-
ers the selectivity toward ethylene, and the separation
of CO and CO, from ethylene is complicated [8, 10].
The yield of C, hydrocarbon is typically 25% at a
selectivity of around 80%.
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Table 1. Parameters of ODM catalysts [8]
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Catalyst Treact» °C Methane conversion, % C, selectivity, % C,yield, %
Li/MgO 740 37.8 50.3 19.0
BaF,/Y,0; 750 36.1 62.1 22.4
Rb,WO,/SiO, 850 32.0 78.0 25.0
La,0;—CeO, 775 22.3 66.0 14.7
Na,WO0,/SiO, 850 44.0 52.0 22.9

Table 1 shows the catalytic properties of the most
active ODM catalysts.

Commercialization of the ODM process is hin-
dered by the low selectivity toward C, hydrocarbon. It
has been shown that the selectivity falls as the conver-
sion of methane rises, so the yield of C, hydrocarbon
is limited to the range of 25—30% [56]. As far back as
1988, Labinger predicted the yield would be limited to
30% [57]. Having a catalyst ensures the activation not
only of methane, but of the resulting products C,H,
and C,Hg as well. This lowers the selectivity with an
increase in methane conversion, so the search for cat-
alysts that inhibit the decomposition of C,H, remains
an important line of research. Several approaches have
been proposed to solve this problem by using cyclic
reactors or membranes for separating methane and
oxygen. Using a Bi, Y, ;Sm,,0;_s membrane raises
the yield of C, hydrocarbon to 35% at 900°C [58].
Another approach to use membranes that can selec-
tively remove ethylene from the stream [59]. A combi-
nation of ODM and methane dehydroaromatization
was discussed in [60]. Benzene is in this case synthe-
sized from ethylene that forms in ODM and is an
intermediate compound in methane dehydroaromati-
zation.

2.2. Partial Oxidation of Methane to Methanol
and Formaldehyde

The direct oxidation of methane to methanol and
formaldehyde is an important task for heterogeneous
catalysis. Despite several decades of research, the pro-
cess remains far from practical application [2, 8]:

CH, +1/20, — CH,0H,
AH s = —126 kJ/mol,
CH, + 0, —» CH,0 + H,0,

AH,ys = —368 kJ/mol.

It highly unlikely that the high-temperature cata-
Iytic conversion of methane will someday produce
acceptable yields of methanol and formaldehyde,
since the high-temperature oxidation of methane is a
sequential reaction (A — (k;) B — (k,) C) that pro-
ceeds via the hemolytic cleavage of C—H bonds. Since

the C—H bonds in the H-CH,OH (=95 kcal/mol)
and H—CHO molecules (=87 kcal/mol) are weaker
than the one in the H—CH; molecule (=105 kcal/mol),
k, will be greater than k, (typically, k, : k, > 20) and the
yield of methanol or formaldehyde will be several per-
cent at most [24].

Oxidation of methane into formaldehyde. Formal-
dehyde is produced in industry by oxidizing methanol
with a silver catalyst at 600—650°C (77—87% conver-
sion). The process can also be conducted using oxides
of metals (Fe, Mo, V) at temperatures of 250—400°C
(98—99% conversion).

The most thoroughly studied catalysts for the gas-
phase oxidation of methane to formaldehyde are
MoO,/SiO, and VO,/SiO, [25, 61]. High CH,;OH +
HCHO selectivity at a methane conversion of 25% was
observed in [62] when the reaction was conducted at
600°C in excess steam using a MoO;/SiO, catalyst.
The increase in selectivity was attributed to the forma-
tion of silicomolybdic acid (H,SiMo,0,4,) on the cat-
alyst’s surface. The yield of oxygenates (methanol and
formaldehyde) using a V,0,/SiO, catalyst was 16%
upon adding 1% NO at 650°C. This effect can be
attributed to a heterogeneous—homogeneous mecha-
nism [63].

The authors of [64] described an alternative (and
probably more promising) way of converting methane
into formaldehyde. It was found that the [Al,O]" cat-
ion interacts with methane via two competing reac-
tions:

[AL,0,]" + CH, — [ALLO,H]" + CH,,

[AL,0,]" + CH, — [A,0,H,]" + CH,0.

The first reaction results in low (35%) selectivity
toward formaldehyde due to nonselective gas-phase
radical reactions. The second reaction leads directly to
the formation of CH,O (65% selectivity).

The interest of researchers in this process has
unfortunately declined in recent years, greatly affect-
ing the number of reports.

Oxidizing methane into methanol. Methanol is a
valuable large-scale product commonly used in differ-
ent industries. The consumption of methanol is con-
stantly growing around the world. The main consumer
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of methanol is traditionally the production of formal-
dehyde. Methanol is currently produced from synthe-
sis gas using ZnO—CuO/Al,O; catalyst at 200—300°C
and 50—100 atm [65].

The progress made in the selective oxidation of
methane to methanol in recent years is than that of the
oxidation of methane into formaldehyde. There are
several ways of converting methane into methanol:

(i) A high-temperature process based on homoge-
neous gas-phase radical reactions.

(ii) A low-temperature process with heterogeneous
catalysis.

(iii) Homogeneous catalysis in solutions.

(iv) Enzyme catalysis.

A solid catalyst has no positive effect on gas-phase
radical chain reactions that proceed under high pres-
sure. However, the inertia of the reactor plays an
important role in the selective formation of methanol;
even the feed gas must be prevented from coming into
contact with the metallic wall. It was shown in [64]
that the best results are obtained with quartz and Pyrex
reactors. The authors of [66] argued that a pressure of
5 MPa is optimal for converting methane to methanol
in the 430—470°C range of temperatures. The conver-
sion of methane is in this case 5—10%, and the selec-
tivity toward methanol is 30—40%. The experimental
and theoretical data suggest that the possibility of
obtaining high catalytic results is limited to the gas-
phase system.

Experimental studies of the direct partial oxidation
of methane to methanol using a solid catalyst have yet
to be successful. The main reason why methanol can-
not be produced at the high temperatures required to
activate methane is that methanol rapidly decomposes
or oxidizes to form HCHO and CO, [67]. Catalysts
capable of activating methane at lower temperatures
are therefore preferred for the direct synthesis of
methanol. This task is extremely difficult, however,
due to the strength of the C—H bond in the methane
molecule.

Methane activation at low temperatures was stud-
ied via homogeneous catalysis. Methane is readily
activated with strong electrophiles like [XHg*] in
highly acidic solvents (sulfuric acid) at 200°C. When
using Hg(HSO,), in concentrated sulfuric acid, the
yield of methanol is more than 40% at 180°C, and the
selectivity toward methanol is 90% [68]:

CH, + H,SO, — Hg(II)/H,SO,
+ CH;0H + H,0 + SO,.

The authors of [69] described a platinum(II) bipy-
rimidyl catalyst that ensured methane conversion of
90% with 81% selectivity toward methyl bisulfate,
which can be hydrolyzed to methanol and sulfuric
acid. However, this way of producing methanol
requires the expensive regeneration of sulfuric acid.
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Another complex based on platinum(II) bipyrim-
idyl catalyst and a covalent triazine-based framework
(CTF) synthesized via 2,6-dicyanopyridine trimeriza-
tion in molten ZnCl, was proposed in [70]. This solid
ligand was coordinated by PtCl, (Pt—CTF).

The Pt—CTF complex activates methane to form
methyl bisulfate, which can be susbequently converted
to methanol. This catalytic complex clearly shows how
homogeneous catalysis can be used for heterogeneous
catalysis. It is obvious that the yield of methanol is not
high enough for the oxidation of methane on an indus-
trial scale, while methyl bisulfate processing and SO,
reoxidation are prohibitively expensive. Another prob-
lem is that 5—10% of the Pt—CTF catalyst is lost at
each stage. However, it is the first example of hetero-
geneous low-temperature methane oxidation that pro-
vides an industrially important yield.

2.3. Methane Dehydroaromatization

A promising process of methane conversion is the
dehydroaromatization of methane to aromatic hydro-
carbons (e.g., benzene, toluene, and naphthalene) [2,
5, 6, 8, 10, 14, 26, 71-73]: 6CH, —» C¢H,; + 9H,,

AH,; = +531 kJ/mol.

The selective conversion of methane to benzene
was first reported in 1989 [74]. The process was con-
ducted using a modified zeolite-containing catalyst
(0.5%Pt—1.1%Cr0O,/HZSM-5) in a pulsed microre-
actor, and the yield of benzene was 14%. A
Mo/HZSM-5 catalyst that ensured methane conver-
sion of 7.2% was reported in 1993 [75]. This was fol-
lowed by a number of works on the process that can be
divided into (1) modifying a Mo/HZSM-5 catalyst
and optimizing the conditions of the reaction, (2)
studying metal—zeolite matrix interaction, (3) active
sites (or active phases) and the reaction mechanism,
(4) the formation of carbon deposits and their role in
the reaction, and (5) optimizing the reactor and the
use of membranes.

Thermodynamic calculations show the conversion of
methane is unfavorable, since AG = 0 is achieved at a
temperature of 1075°C [72]. However, the use of different
catalyst systems allows us to lower the reaction tempera-
ture and obtain impressive yields of products [76].

Methane dehydroaromatization catalysts. Among
the available catalysts of methane dehydroaromatiza-
tion, metal—zeolite systems are of special interest
because their structure ensures the stabilization of
transition metal ions [72]. The common use of zeolites
(e.g., ZSM-5, ZSM-8, ZSM-11, MCM-22, MCM-41,
and TNU-9 [77—81]) as supports for methane dehy-
droaromatization catalysts is attributed to their high
crystallinity, weak and strong acid sites, thermal sta-
bility, and high specific surface area. The stongest
activity is exhibited by 6%Mo/H-MCM-22 and
6%Mo/H-ZSM-5 catalysts. The conversion of meth-
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Table 2. Parameters of catalysts in the methane dehydroaromatization process [115]

Catalvst Methane Selectivity toward C,—C4 Selectivity toward
y conversion, % hydrocarbons, % aromatics, %
5%Mo/HZSM-5 7.5 87.1 12.9
5%Mo/SH 9.5 49.8 50.2

* Reaction conditions: 650°C; 1200 mL/(g h); 0.1 MPa; after 120 min of the reaction.

ane is 10.0 and 10.6%, respectively, when these cata-
lysts are used. Molybdenum-containing catalysts
based on USY, FSM-16, and mordenite zeolites dis-
play weaker catalytic activity and selectivity toward
aromatic hydrocarbons. In addition, coke forms on
these catalysts at selectivities of more than 80%. Cata-
lysts based on zeolites with pore sizes of 5.3—5.6
(ZSM-5, MCM-22, ZSM-11, ZRP-1), which is close
to the kinetic diameter of a benzene molecule, are thus
the best catalysts of methane dehydroaromatization,
while zeolites with a pore diameter of more than 6 A
exhibit low catalytic activity with a predominance of
coke formation.

Elements studied as active components include
Zn, Cu, Pt, Ni, Fe, V, Cr, W, Re, Ru, and Mn [26, 71,
82—91]. The authors of [92] found that the catalyst’s
activity in methane dehydroaromatization changes in
the order Mo > W > Fe >V > Cr. However, all known
catalysts are susceptible to coking, which lowers their
activity.

A common way of increasing the activity of
Mo/HZSM-5 catalysts in methane dehydroaromati-
zation and the length of their stable on-stream behav-
ior in the process is to add promoters. A wide range of
metals have been studied as promoters: noble metals
(Pt, Pd, Rh, Ru, Ir, Re) [83, 93—97], transition metals
(Fe, Cr, Co, Ga, Ni, Zn, Ti, W) [83, 98—109], and
combinations of them [84]. However, the activity of
bimetallic systems can be increased only by using cer-
tain concentrations of the introduced metal and cer-
tain ways of introducing the metal into the
Mo/HZSM-5 catalyst. Adding a promoter alters the
structure of the zeolite catalyst via interaction with
aluminum to form a metal—aluminum—oxide phase
that in turn changes the catalyst’s acidity. Another role
of the second metal is to form mixed molybdenum-
containing phases that are active in methane dehy-
droaromatization [97, 108, 109].

Alternative supports for catalysts of methane dehy-
droaromatization. Even though zeolite systems are
preferable for the dehydroaromatization of methane,
the search continues for new and more active catalysts
for the direct conversion of methane to aromatic
hydrocarbons [84, 110—115]. The catalytic properties
of Mo-containing zeolite-based catalysts depend on
their pore structure, which plays an important role in
the production of aromatic hydrocarbons. Most
researchers are of the opinion that catalysts of meth-
ane dehydroaromatization are bifunctional [14, 26,

116]. It is believed that methane is activated on Mo
sites, while subsequent oligomerization and aromati-
zation require the Bronsted acid sites of the zeolite.
Superacids HF—FSO;H, HF—SbF,, HBr—AlBr;, sul-
fated zirconia (SZ), and sulfated hafnia (SH) [113,
115], all of which have strong Brensted acid sites, are
therefore another class of supports considered for the
dehydroaromatization of methane.

Data from studying Mo/SZ catalysts in the process
of methane dehydroaromatization were presented in
[113]. These catalysts are characterized by having two
types of acid sites: Lewis and Breonsted. When these
catalysts are used, the conversion of methane is 5—
20% at process temperatures of 600—700°C. The cata-
lysts are prone to rapid deactivation, however, due to
vigorous formation of coke on the support’s surface.
The authors reported that Mo/SZ and Mo/HZSM-5
catalysts are characterized by comparable activity, but
Mo/SZ has greater selectivity toward condensed aro-
matic hydrocarbons (naphthalene, polyaromatic com-
pounds), and Mo/HZSM-5 is more selective toward
benzene.

Using SH as a support showed that the 5%Mo/SH
catalyst has higher activity and selectivity toward aro-
matic hydrocarbons than the respective parameters of
the 5% Mo/HZSM-5 sample (Table 2) [115]].

Metal—zeolite catalysts with a mesoporous system.
In recent years, many research teams have focused on
designing zeolite-containing catalysts with a second-
ary mesoporous structure [117—123]. On the one
hand, modifying zeolite supports by creating second-
ary mesoporosity improves the dispersion of the active
component and the accessibility of active sites, ensur-
ing the most efficient dehydroaromatization of meth-
ane. Combining micro- and mesopores in the struc-
ture of a zeolite support also facilitates the removal of
products from active sites inside the zeolite channels
and the transfer of reactants to them. This allows us to
increase the productivity of the catalyst and reduce the
formation of coke on the surfaces of metal—zeolite
catalysts.

One way of synthesizing zeolites with a hierarchical
pore system is the postsynthetic hydrothermal treat-
ment (e.g., dealumination) of zeolites [124]. Prelimi-
narily treating zeolites by etching them with alkali
solutions, aqueous solutions of salts and acids, and
other chemical reagents creates a secondary meso-
porous system in the structure of zeolite supports
while preserving theor high degree of crystallinity and
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morphologically homogeneous composition. The
coexistence of mesopores formed by treating the zeo-
lite with alkali and micropores contributes to the reac-
tion of methane dehydroaromatization in terms of
mass transfer. Since the resulting aromatic hydrocar-
bons have a mesoporous structure, they can diffuse
from the zeolite channels without condensing into
polyaromatic compounds and products of condensa-
tion (coke).

Zeolites with a mesoporous structure (2—50 nm)
can also be synthesized using secondary templates that
are introduced at the stage of crystallization. Intro-
ducing different secondary templates into the crystal-
lization gel during the synthesis of zeolite ensures the
formation of mesopores while preserving the microp-
orous structure of the zeolite [125]. Polymeric and
organosilicon materials are used as additives, along
with different templates of organic origin (especially
such environmentally friendly and cheap natural
materials as starch and carboxymethyl cellulose) [126,
127]. The choice of the template depends on the spe-
cific task of the synthesis and the precursors used to
synthesize the zeolite. Most templates are fairly
expensive and hard-to-synthesize compounds, which
limits their use in synthesizing zeolites on an industrial
scale.

Mesoporous zeolites have in recent years been syn-
thesized using nanosized carbon particles (12 nm) as
templates while distributing the particles over the orig-
inal aluminosilicate gel [128—130]. As a zeolite crystal
grows, carbon particles are incorporated into the
ZSM-5 structure. Removing the carbon component
by calcining creates mesoporous ZSM-5 zeolite.

The removal of carbon produces spherical voids
that can either be connected to the micropores and
outer surface of the zeolite crystals or isolated, thereby
hindering the transport of large molecules. Using car-
bon nanotubes as a template produces zeolites with
identical straight mesopores (12—30 nm) that match
the diameter of the carbon nanotubes [131]. Introduc-
ing fine carbon particles (nanopowder, aerogel) with
sizes close to the diameter of the desired mesopores as
a secondary template ensures a uniform distribution of
mesopores in the zeolite support. Mesopores thus
facilitate the transport of the reactants from the gas
phase to the micropores and allow us to remove prod-
ucts of aromatization to inhibit condensation reac-
tions and thereby improve the catalyst’s resistance to
coking. The selectivity of these catalysts toward ben-
zene is higher than that of microporous samples, while
the former’s selectivity toward naphthalene is lower
than that of the latter.

The authors of [132—135] reported that Mo/ZSM-5
catalysts based on zeolites with a hierarchical pore sys-
tem exhibit higher activity and aromatic selectivity in
the reaction of methane dehydroaromatization. In this
case, however, the catalyst’s stability does not
increase. Some recent studies have shown that hollow
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capsule zeolites with a hierarchical structure can be
used as supports for synthesizing catalysts of methane
dehydroaromatization [136—138]. Mo/ZSM-5 cata-
lysts based on a hollow capsule zeolite display higher
conversion of methane, selectivity toward benzene,
and on-stream stability, while inhibiting the deposi-
tion of carbon by increasing the rate of mass transfer in
the hollow structure [139].

Molded catalysts. An important part of designing
effective catalysts for the conversion of lower hydro-
carbons is developing the scientific foundations of
synthesizing molded samples based on Mo/ZSM-5
systems. Supplementary requirements for the strength
of the catalyst are imposed when the process is con-
ducted in a fluidized bed reactor, which ensures con-
tinuous regeneration of the catalyst in hydrogen-con-
taining mixtures without stopping the process. The
approach most commonly used is pelletizing with dif-
ferent binders. The effect of the nature and concentra-
tion of the binding additive and the way of introducing
the binder on the physicochemical and catalytic prop-
erties of the modified samples is still unclear. The con-
tent of binding material in the catalyst is typically 20—
30 wt %. Alumina, silica, and clays are used as binders.
For the Mo/HZSM-5 catalyst used in the reaction of
methane dehydroaromatization, however, any type of
binder considerably reduces the productivity of the
catalyst [140]. In addition, the mechanical strength
required under industrial conditions is not always
achieved for these catalysts [141, 142]. Designing
binder-free pelletized catalysts with improved param-
eters of the secondary pore structure, characterized by
high mechanical strength, crystallinity, and dynamic
adsorption capacity is therefore of particular interest
[143—147]. The development of a spherical binder-
free Mo/H-ZSM-5 catalyst for use in a fluidized bed
reactor was reported in [148].

The authors of [149] presented results from study-
ing the nonoxidative conversion of methane to aro-
matic hydrocarbons using binder-free Mo-containing
catalysts based on pelletized ZSM-5 zeolites with a
hierarchical pore structure and a Mo-containing cata-
lyst synthesized by the conventional mixing of a pow-
dered Mo/ZSM-5 sample with pseudoboehmite and
subsequent pelletizing and calcining. It was shown
that the activity of the pelletized Mo/ZSM-5 catalyst
in the nonoxidative conversion of methane to aro-
matic hydrocarbons is higher than that of a catalyst
synthesized by conventional means.

Catalyst synthesis methods. The activity of a cata-
lyst depends on the means of its synthesis and the
nature of the support, in which the active sites are uni-
formly distributed. The synthesis of any catalyst
requires a number of complex sequential stages. A
slight change in the conditions of can therefore lead to
radical changes in the properties of the catalyst.

There are two main ways of synthesizing catalysts:
impregnation and solid-phase synthesis. Most
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researchers synthesize 4—6%Mo/ZSM-5 catalysts by
impregnating the zeolite with an ammonium hepta-
molybdate solution ((NH4)¢Mo,0,,-4H,0) [14, 26,
71, 72, 150]. Using these catalysts, the conversion of
methane is 10—12% at a process temperature of
700°C, and the selectivity toward benzene is 60—70%
[14, 26]. A disadvantage of this way of synthesizing
catalysts is the nonuniform distribution of active metal
phase over the volume of the zeolite and the release of
the products of ammonium heptamolybdate decom-
position (N,, NH;, H,0), which adverselt affect the
properties of the zeolite support [151]. The use of the
solid-phase synthesis ensures more uniform distribu-
tion of the metal in the zeolite. The zeolite is typically
mixed with MoO; in a mortar. The preparation of
Mo/ZSM-5 catalysts via solid-phase synthesis using
nanosized molybdenum powder was described in
[152]. When this catalyst is used, the conversion of
methane is more than 11%, higher than conversion
using catalysts synthesized via impregnation [153,
154].

However, the choice of the way of synthesizing
Mo/ZSM-5 catalysts is still disputed. The authors of
[155] showed that the conversion of methane is iden-
tical when catalysts synthesized via mechanical mixing
and impregnation are used.

After impregnating the zeolite with an ammonium
heptamolybdate solution, the sample is subjected to
heat treatment to ensure formation of the active phase.
The zeolite is first dried for 24 h at room temperature
and then for 4—24 h at 100°C. It is then calcined for 4—
6 h at 500—700°C [156—161].

Preliminarily treating the catalyst with a certain gas
before the methane dehydroaromatization reaction
contributes to the formation of new active sites and the
removal of adsorbed water [83, 156, 162—164]. Pre-
liminary treatment is typically done with an inert gas
(argon, helium, nitrogen) and a gas that oxidizes or
reduces the catalyst. It was shown in [156] that the
conversion of methane and the yield of aromatic
hydrocarbons were 11.4 and 9.8%, respectively, after
treating Mo/HZSM-5 catalyst with a mixture of
methane (45%) and an inert gas (55%). Degradation
of the zeolite structure was observed after treating the
catalyst with an inert gas or air, due to the formation of
an Al,(Mo0Q,); phase. Similar results were described
in [165].

State and localization of Mo in a zeolite matrix. It is

assumed that molybdenum in the form of [Mo7032]
ions is localized on the outer surfaces of zeolite. Calci-
nating the catalyst decomposes ions of molybdenum
into MoO; [159], some of which migrate into the zeo-
lite channels as the temperature of calcination rises
[151]. The authors of [21, 151, 166—169] studied the
structure of Mo compounds inside Mo/HZSM-5 cat-
alysts. It was shown that at a catalyst calcination tem-
perature of 350°C, MoO, particles are localized on the

outer surfaces of ZSM-5 zeolite. MoO, particles
migrate into zeolite channels at calcination tempera-
tures of 500—700°C, where they interact with Brgn-
sted acid sites to form MoO,(OH)" ions. The cited
authors concluded that each Mo ion replaces one pro-
ton of a Brensted acid site. It was later shown that
MoO,(OH)" ions are reduced to MoO,C,, Mo,C, and

MoSOXCZ+ active particles in the first minutes of the
methane dehydroaromatization reaction, which are
referred to as the induction period. According to the
authors of [170, 171], Mo migrates into the zeolite
channels because of the Brgnsted acid sites, which are
powerful traps.

On the outer surfaces of zeolite, molybdenum is
reduced with methane to B-Mo,C, and Mo is partly
reduced to B-MoO,C, in the zeolite channels. The
species of Mo in the zeolite channels are associated
with the Brensted acid sites, which are more active
and stable for the formation of mononuclear aromatic
compounds in the reaction of methane dehydroaro-
matization.

Results from studying the state of active sites of
Mo/ZSM-5 catalysts prepared via solid-phase synthe-
sis using nanosized molybdenum powder were pre-
sented in [153, 172]. It was shown that molybdenum is
stabilized in the form of two species. One of the Mo
species is localized on the zeolite surface in the form of
Mo,C with particle sizes of 2—10 nm (Fig. 2a). The
other species is localized in the inner channels of the
zeolite in the form of Mo-containing clusters smaller
than 1 nm (see Fig. 2b). According to electron para-
magnetic resonance, the detected clusters contain the
oxidized Mo’" species of molybdenum.

The authors of [153] also reported that in the active
state of the catalyst, the zeolite channels in which
methane decomposes are blocked only slightly by car-
bon and are accessible to methane molecules. Most of
the carbon formed during methane conversion is
localized on the surfaces of Mo,C particles and the
outer surfaces of the zeolite (Fig. 3).

Reactions catalyzed by Mo/ZSM-5 therefore pro-
ceed mostly in zeolite channels. We may assume that
the primary activation of methane occurs on cluster
Mo in the zeolite channels and on the outer surfaces of
the zeolite, while the subsequent conversion of inter-
mediates into aromatic hydrocarbons requires the
active sites of the zeolite.

Mechanism of methane conversion using Mo/H-
Z.SM -5 catalyst. The authors of [ 173, 174] were the first
to propose elementary stages of the formation of C,H,
on Mo,C sites: Mo,C(CH,), - Mo,C(CH,); —
Mo,C(CH,), + C,H,.

The cycle begins with the adsorption of methane (i.e.,
the formation of a transition complex), which leads to
hydrogen desorption. The methane is then readsorbed,
hydrogen and ethylene are desorbed, and the active site
CATALYSIS IN INDUSTRY  Vol. 14
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Fig. 2. High-resolution TEM images of 4.0%Mo/ZSM 5 catalyst after a reaction: (a) Mo,C particles on the outer surface of the

zeolite and (b) Mo clusters localized in the bulk of the bed [172].

Fig. 3. High-resolution TEM images of the 4.0%Mo/ZSM 5 catalyst after reaction [153].

returns to its original structure. Ethylene is aromatized
after the dimerization of methane on Mo,C sites with the
participation of Bregnsted acid sites of the zeolite. Aroma-
tization is a complex process consisting of several stages:
chemisorption, desorption, proton transfer, hydrogena-
tion, dehydrogenation, oligomerization, alkylation, and
CH,—Y>¢ C,H, C,H:
CeH, CeHy — < CyH,,.
Despite extensive studies of the methane dehy-
droaromatization process, predictive models for
describing the fluctuating on-stream behavior of the

catalyst (e.g., coking, deactivation, regeneration) have
yet to be developed.

[3-scission:
+2C,H,
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Deactivation of methane dehydroaromatization cat-
alysts. Stable on-stream behavior of a catalyst with
constant preservation of the catalyst’s activity and
selectivity for long periods of time is one of the main
characteristics that determine the efficiency of cata-
lytic processes. The most common reason for the
deactivation of Mo/ZSM-5 catalysts, which reduces
their on-stream activity, is the formation of carbon
deposits [59, 175]. The time in which the catalyst com-
pletely loses activity depends on many factors like the
composition of the catalyst and the conditions of syn-
thesis, the composition of the feedstock, and the
mode of the process [51, 167, 176—178].
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The nature of carbon deposits. In recent years,
much attention has been given to studying the nature
of carbon deposits and the reasons for their formation
in the methane dehydroaromatization process [179—
182]. Electron microscope studies of carbon deposits
have revealed two types of carbon deposits in
Mo/ZSM-5 catalysts that form during the reaction:
carbon deposits with a graphite structure, localized on
the surfaces of molybdenum carbide particles, and
loose carbon deposits with an imperfect graphite-like
structure on the outer surfaces of zeolite free of molyb-
denum carbide particles [179, 183]. The active sites of
Mo/ZSM-5 catalysts synthesized using nanosized Mo
powder and the deactivation of the catalyst during
methane dehydroaromatization were studied via elec-
tron spectroscopy and electron paramagnetic reso-
nance in [153, 172]. Surface Mo,C particles are deac-
tivated at the initial stage of the reaction, due to the
condensation of carbon in the form of graphite on their
surfaces. The graphite layers are normally 2—3 nm thick
and barely grow when the length of the reaction is
raised from 10 min to 7 h. The formation of a dense
deactivating layer of graphite on Mo,C particles even
at the initial stage of the reaction suggests that molyb-
denum carbide particles cannot ensure stable on-
stream behavior of the catalyst for any long period of
time. Sites of methane activation are mostly oxidized
molybdenum clusters localized in zeolite channels,
which are not subject to coking over long periods of
time. This is important for catalysis that use ZSM-5
zeolites modified with transition metal ions. At the
same time, the outer surfaces of the zeolite remain vir-
tually uncoked in the initial period of the reaction.
High-resolution transmission electron microscopy
(HRTEM) reveals only very small carbon islands in
the form of single graphite monolayers that can be
attributed to a weakly condensed form of carbon. After
2 h of the reaction, a loose coke layer three or four
graphite-like monolayers thick with interlayer dis-
tances of 0.35—0.5 nm forms on the outer surfaces of
the zeolite (see Fig. 3). The island-like pattern of the
coke coating creates coke-free areas on the zeolite sur-
faces. The catalyst is completely deactivated after 420 min
on stream, when (according to HRTEM) the outer
surfaces of the zeolite are almost entirely coked.

Temperature-programmed oxidation (TPO) stud-
ies of carbon deposits also show these deposits take the
forms of graphite carbon on Mo,C and polyaromatic
hydrocarbons (PAHSs) inside the zeolite channels or
near the entrances to them [181, 182]. Polyaromatic
hydrocarbons hinder the dehydroaromatization of
methane by blocking the access to the zeolite chan-
nels. It is also more difficult to remove PAHs localized
in the zeolite channels because of the limits to trans-
port inside the channels. It is assumed that PAHs are
the main hydrocarbons (coke precursors) responsible
for the deactivation of methane dehydroaromatization
catalysts [ 184, 185].

According to *C nuclear magnetic resonance spec-
troscopy, some carbon deposits are associated with the
Bronsted acid sites of the zeolite. The remainder are
due to carbon associated with molybdenum carbide or
other molybdenum compounds in which molybde-
num is partly reduced [186]. TPO studies have also
revealed two types of carbon deposits with low and
high temperatures of oxidation [187—189].

It was assumed in [177, 187] that carbon deposits
with lower burn-off temperatures are localized on the
surfaces of molybdenum carbide, while ones with
higher burn-off temperatures are associated with the
Bronsted acid sites of the zeolite. It was suggested that
the formation of carbon deposits associated with the
Brensted acid sites of the zeolite and blocking the zeo-
lite channels is the main reason for the deactivation of
the Mo/ZSM-5 catalyst.

The authors of [27, 190, 191] proposed four possi-
ble paths coke formation that occur simultaneously
during methane dehydroaromatization (Fig. 4).

According to the authors of [27], coke is first
deposited on Mo-containing sites inside the channels
of the zeolite catalyst, which weakens their activity
when the C—H bond of methane is activated. Coke is
then deposited on Brgnsted acid sites inside the zeolite
channels, which narrows the cross section of the chan-
nels and hinders the diffusion of aromatic com-
poundsfrom them. Next, coke accumulates in the
mouths of the zeolite channels and blocks both the
access of methane molecules and the release of aro-
matic compounds from the zeolite channels. Finally,
coke forms on the surface layers of catalyst particles in
the form of microsized agglomerates [191].

The diffusion of methane molecules into the zeo-
lite’s inner active layers is inhibited. So is the diffusion
of aromatic products from them into the gas phase.
Several effective ways of suppressing the formation of
different types of coke and mitigating deactivation of
the catalyst have been proposed, based on the four
possible paths of coke formation. The formation of
coke on the Mo sites of the catalyst can thus be con-
trolled, due to the formation of active Mo species and
their dispersion in the zeolite channels during the syn-
thesis and activation of the catalyst (the carbonization
of MoO; to active Mo,C). An important role in sup-
pressing the formation of coke on the Bronsted acid
sites inside the zeolite channels is played by their lim-
ited content (excess) leading to the formation of
PAHs. This can be achieved by synthesizing the zeolite
used to prepare a catalyst with the optimum ratio of
the concentrations of Brgnsted acid and Mo-contain-
ing sites [155]. Using zeolites with a hierarchical pore
system should also be effective in suppressing the
polycondensation of aromatic compounds on the free
inner portions of the Bronsted acid sites, due to an
increase in the coefficient the intracrystalline diffu-
sion of the reaction products [192—194]. The forma-
tion of coke on the outer surfaces of zeolite crystals can
CATALYSIS IN INDUSTRY  Vol. 14
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Fig. 4. Coke formation on Mo and Bronsted acid sites, and the outer surface of zeolite [27] (figure adapted from Z.-G. Zhang,
Carbon Resour. Convers., 2019, vol. 2, pp. 157—174. License type CC-BY-NC-ND).

be suppressed by silanizing them or synthesize a zeo-
lite with the minimum number of strong acid sites on
the outer surface. It was shown in [195, 196] that
silanizated catalysts display high activity and selectiv-
ity toward aromatic hydrocarbons.

Regeneration of methane dehydroaromatization cat-
alysts. Lowering the rate of coke formation during
dehydroaromatization and developing an effective
approach to the in situ removal of coke and the regener-
ation of the catalyst are the main problems that must
be solved when developing means of catalyst synthesis
and designing reactors.

There are several ways of regenerating coked
Mo/ZSM-5 catalysts to restore their activity and
extend their lifetime. The catalytic activity of coked
catalysts is most commonly restored under oxidizing
conditions in the batch mode (alternating the feed of
CH, and an oxidizing agent) at high temperatures,
while switching the modes of reaction and regenera-
tion. Oxygen, nitric oxide (NQO), or mixtures of them
are used as the oxidizing agent [197]. Adding a small
amount of NO additive lowers the temperature of oxi-
dative treatment, allowing us to avoid the negative
consequences associated with the oxidation of Mo,C
and degradation of the catalyst due to the exothermic
oxidation of carbon upon overheating.

Another procedure for the oxidative regeneration
of the catalyst was described in [198]. It consists of
periodically supplying short pulses (feeds) of oxygen
into the methane stream to oxidize the coke that forms
on Mo/ZSM-5 catalyst. When the frequency of oxy-
gen pulses was optimized, the yield of benzene twice
that in the reference test without supplying oxygen to
the methane stream. The rate of coke formation was
25% of the one in the reference test. It was shown that
oxygen mostly reacts with the molybdenum carbide
species. It does not pose a hazard to the catalyst struc-
ture and does not lead to a loss of molybdenum.

No. 1
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The authors of [160] described the regeneration of
Mo/ZSM-5 catalysts with air at high temperatures. It
was shown that only catalysts with low Mo contents
(1-2%) display high oxidative stability. A catalyst with
the optimum Mo content can retain more than 50% of
its original activity after 100 cycles of reaction and
regeneration. Regeneration associated with the peri-
odic switching of gas streams is ineffective because of
the time wasted in using the catalytic reactor.

Alternative ways of ensuring more stable on-stream
behavior of the catalyst have been proposed, based on
introducing low concentrations of oxidizing agents
(0,, NO, CO, CO,, H,0) into the methane stream
[199, 200]. Studies of co-feeding O,, CO,, or H, and
methane show that high concentrations of added gases
(5.3% 0O, and 12.8% CO,) reduces the rate of catalyst
deactivation. However, the catalyst lost all of its activ-
ity after 10 h on stream [201]. Results from an X-ray
photoelectron spectroscope analysis showed that
deactivation of the catalyst was associated with excess
0O, and CO,, which contributed to the phase transition
of molybdenum carbide to less active molybdenum
oxide. It was found that adding small amounts of CO,
to methane conversely extend the lifetime of the cata-
lyst [202]. It was speculated that CO, reacts with car-
bon to cleanse the catalyst’s surfaces. The authors of
[203, 204] presented results from studying the effect of
CO addition to methane on methane dehydroaroma-
tization. The use of isotopically labeled carbon in CO
showed that CO participates not only in the oxidation
of carbon deposits but in the formation of benzene as
well. It has also been reported that co-feeding meth-
ane and CO raises the rate of the formation of benzene
and naphthalene and the conversion of methane,
while extending the lifetime of the catalyst [161]. Add-
ing small amounts of hydrogen to methane feedstock has
a positive effect on the catalyst’s time on stream. The
technology of regenerating deactivated Mo/ZSM-5 cat-
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alysts using hydrogen has proven to be effective in
restoring their initial activity and selectivity [161, 205,
206]. Technologies for the regeneration of methane
dehydroaromatization catalysts based on the prelimi-
nary mixing of CO, CO,, and H, with a methane feed-
stock were patented by Shell Oil in 2015 [207]. Exxon
Mobil also patented a methane dehydroaromatization
procedure in which different amounts of CO, CO,,
H,0, and H, are fed together with methane into a flu-
idized bed reactor to improve the catalyst’s stability
[208—210].

It was shown in [211] that adding 2% more water to
the gas mixture during the methane dehydroaromati-
zation reaction affects the activity and stability of the
catalyst. The role of steam is associated with the
removal of weakly bound surface carbon via its conver-
sion to graphite or aromatic carbon, which deactivates
the catalyst. Raising the content of water to more than
2% results in rapid deactivation, due to carbide struc-
tures being oxidized to Mo,0 and MoO; and dealumi-
nation of the zeolite. A similar dependence on the
content of water in the methane stream was observed
in [212]. It was shown that contents of water and CO,
up to 2 and 2.5%, respectively, raise the the activity
and stability of the catalyst and increase the yield of
benzene. However, raising the content of water and
CO,1t09.5 and 11%, respectively, results in rapid deac-
tivation of the catalyst.

Some authors [186, 213—216] attribute the effect of
water to a reduction in the concentration of Brgnsted
acid sites of the zeolite. The drop in catalyst acidity
under the action of steam considerably lowers the
selectivity toward benzene and the on-stream stability
of the catalyst. At low contents of steam in the gas mix-
ture, it can also play an important role in the steam
cracking of naphthalene by hindering the formation of
condensed PAHs, which deactivate the catalyst.

It is therefore obvious that low concentrations of
steam have a positive effect on the methane dehy-
droaromatization process, but the nature and mecha-
nism of steam—naphthalene interaction is poorly
understood. Research in this are should continue,
since understanding this interaction and the mecha-
nisms of catalyst deactivation will help improve the
technology of methane dehydroaromatization and its
commercialization.

Membrane methane dehydroaromatization catalysts.
The use of hydrogen permeable membranes allows us
to increase the conversion of methane, its selectivity,
and the yield of reaction products. Membranes can
also help lower the catalyst deactivation rate. Includ-
ing membrane technologies in catalytic processes can
play an important role in developing commercially
efficient means of methane conversion. Hydrogen
trapping membranes can be used for removing excess
hydrogen in dehydrogenation processes. This would
increase in the conversion of methane and thus the
yield of reaction products. Membranes can differ

according to type (polymer, thin-film metals, micro-
or nanoporous ceramics, and ion-transport ceramic)
and take different forms. Since high temperatures are
required for methane activation, polymer membranes
cannot be used in methane dehydroaromatization.

Palladium-based membranes have fairly high
hydrogen permeability and are commonly used in
hydrogen separation [217]. These membranes operate
at high temperatures and can be used in the dehy-
droaromatization of methane.

Ion-transport membranes can be effectively used in
processes of lower alkane dehydrogenation [218, 219].

2.4. Other Current Methane Conversion Processes

Methane cracking. The thermal cracking of meth-
ane in an oxygen-free environment yields hydrogen
and carbon:

CH, — 2H, + C, AH,y = +75.6 kJ/mol.

Thermodynamic calculations show that the
decomposition of methane at high temperatures
results in the formation of ethylene and acetylene as
the main reaction products, provided that the reaction
can be stopped before the formation of carbon [6].
Enhanced formation of carbon can be avoided by
using short reactions (<1072 s) and low methane par-
tial pressure. The rapid cooling of the reaction mixture
also produces acetylene with a yield of 90% at tem-
peratures above 1800°C. The mechanism of the pro-
cess is radical dehydrogenation in the gas phase to
form ethane, ethylene, acetylene, carbon, and hydro-
gen. The main difficulty in this process is supplying
and removing the heat.

The use of catalysts helps lower the process tem-
perature. When using a metal catalyst, the process pro-
ceeds in two stages: the production of hydrogen and
carbon and the regeneration of the catalyst using O,,
CO,, or H,O. Interest in this process is quite high
because it allows the production of pure CO-free
hydrogen, which is required for feeding proton-
exchange membrane fuel cells.

Methane halogenation and oxyhalogenation. Another
means of methane conversion is based on the processes
of halogenation and oxyhalogenation [2, 3, 5, 220]. Of
practical interest are reactions between methane and
chlorine and bromine:

CH, + Cl, - CH,CIl + HC,
AH e = —99.6 kJ/mol,
CH, + Br, — CH,Br + HBr,
AH g = —28.0 kJ/mol.

Fluorine is excessively reactive, aggressive, and
toxic; the reaction between methane and iodine is
CATALYSIS IN INDUSTRY  Vol. 14
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thermodynamically limited; and methyl iodide

decomposes at high temperatures.

Methyl chloride and methyl bromide are valuable
intermediates that can be converted into olefins, alco-
hols, aromatic hydrocarbons, ethers, or liquid hydro-
carbons:

CH,X + H,0 — CH,OH + HX,
CH,X + CH,0H — CH;OCH, + HX,

2CH,X — CH,CH, + 2HX.

Methane oxybromination yields a mixture of
CH;Br, CO, and H,0, which can be converted to ace-
tic acid:

CH,Br + CO + H,0 — CH,COOH + HBr,
AH g = —89.0 kJ/mol.

The reactions of halogenation and oxyhalogena-
tion can be conducted using heterogeneous catalysts at
temperatures of 450—650°C. For example, chlorina-
tion is catalyzed by LaOCI or LaCl; [220], while bro-

mination can proceed over modified SO?[ /Zr0O, cata-

lysts [221]. Using a 25%802_ /Zr0O, catalyst, the con-
version of methane is 69% at a selectivity of 99%.

To use processes based on halogenation, we must
solve the problems of the toxicity and high corrosive
activity of the required chemicals. There is also no real
economic advantage in replacing the existing synthesis
gas-based technologies with halogenation and oxyha-
logenation, since they are also multistage processes
that require expensive preconditioning of the feed-
stock, reactors, and individual units for each stage.

Electrochemical methane oxidation. The electro-
chemical oxidation of methane is considered a direct
way of producing electrical power from methane. The
most commonly used electrochemical systems are
solid oxide fuel cells. The cathode is responsible for
the reduction of gas-phase oxygen to oxygen ions,
which are transported through an ion-conducting
oxide (e.g., yttria-stabilized zirconia (YSZ)) to an
anode fed with methane, where methane is oxidized to
CO, and H,0. This process is attractive, but there are
a number of operational problems that hinder its com-
mercialization [222, 223]. One of these is deactivation
of the anode electrode (Ni), which is being solved by
developing anodic electrocatalysts that are resistant to
carbon poisoning. Examples of these catalysts include
Cu/Ce0,/YSZ and Sn/Ni [224, 225].

CONCLUSIONS

The search for ways of converting the methane
molecule, which is simple and most thermodynami-
cally stable, is still one of the most important problems
in the field of chemical catalysis. The direct conver-
sion of methane into valuable chemicals and fuels has
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become important with the discovery of new gas
fields, especially in light of our limited oil reserves.
Despite the wide variety of products (ethylene, aro-
matic hydrocarbons, methanol, formaldehyde, etc.)
created in methane conversion, commercial processes
are still mostly devoted to the production of synthesis
gas. Attempts in recent years to commercialize direct
processes of methane conversion into products and
fuels have not yielded important results. However,
some progress has been made in the synthesis of cata-
lyst and in and ex situ characterization, which has clar-
ified important aspects of using active and selective
catalysts in processes of direct methane conversion.
Any process that requires methane dehydrogenation
reactions to produce hydrocarbons is typically charac-
terized by two problems. One of these is the accumu-
lation of hydrogen, which reduces the conversion of
methane; the other is the formation of carbon and
PAHs, which is thermodynamically better than the
formation of ethylene and benzene. The use of hydro-
gen permeable membranes helps increase the conver-
sion of methane, but it raises the rate of coke forma-
tion and the deactivation of the catalyst. The two most
thoroughly studied catalytic processes for direct con-
version of methane are dehydroaromatization, which
is used to produce benzene, and ODM, which is
aimed at producing ethylene. The commercialization
of ODM and methane dehydroaromatization will
apparently depend on the use of membranes and
depend on intensification of the processes. Develop-
ing and designing catalytic reactors in combination
with membrane technology is therefore of great prac-
tical importance. Despite the great many works
described in this review, there has so far been no com-
mercialized direct process for converting methane into
products and fuels of practical imortance. Consider-
able advances in enhancing the activity and stability of
the catalysts and improving the design and efficiency
of the reactors are needed to achieve this goal.
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