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Lower olefins from methane: recent advances
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Modern methods for methane conversion to lower olefins having from 2 to 4 carbon atoms per molecule are generalized.
Multistage processing of methane into ethylene and propylene via syngas or methyl chloride and methods for direct
conversion of CHy4 to ethylene are described. Direct conversion of syngas to olefins as well as indirect routes of the process via
methanol or dimethyl ether are considered. Particular attention is paid to innovative methods of olefin synthesis. Recent
achievements in the design of catalysts and development of new techniques for efficient implementation of oxidative coupling
of methane and methanol conversion to olefins are analyzed and systematized. Advances in commercializing these processes
are pointed out. Novel catalysts for Fischer — Tropsch synthesis of lower olefins from syngas and for innovative technique
using oxide—zeolite hybrid catalytic systems are described. The promise of a new route to lower olefins by methane
conversion via dimethyl ether is shown. Prospects for the synthesis of lower olefins via methyl chloride and using non-
oxidative coupling of methane are discussed. The most efficient processes used for processing of methane to lower olefins are
compared on the basis of degree of conversion of carbonaceous feed, possibility to integrate with available full-scale
production, number of reaction stages and thermal load distribution.
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1. Introduction

Lower olefins including ethylene, propylene and butenes are
key intermediates of full-scale petrochemical and organic
synthesis. They serve a basis for production of a broad
spectrum of chemical products from plastics to anti-freezing
liquids and solvents.! Ethylene is mainly consumed in the
large-scale synthesis of polyethylene, polyvinyl chloride,
ethylene oxide, ethanol, acetaldehyde, glycols, vinyl acetate,
ethylbenzene and styrene. Propylene is used to obtain
polypropylene, modified polymers, propylene oxide, acryl-
onitrile and acrylic acid, cumene, isopropyl alcohol and oxo
alcohols. Butenes are used as reactants for the synthesis of
butyl alcohol, maleic anhydride, polybutylene and as co-
monomers in the synthesis of low-density polyethylene.
The development of the olefin sector of industry is
driven by global economic growth and increased demand
for consumer goods (especially, polymeric materials).? By
2016, the world production of lower olefins C5; -Cy

reached 260 mln tonnes annually.? Among them, ethylene
and propylene are especially in demand on the chemical
market; they account for over 96% of the overall produc-
tion of olefins. The demand for ethylene and propylene
continuously increases,?> ¢ viz., the production volume of
these chemicals doubled since 2000 (Fig. 1).

For more than nine decades lower olefins were obtained
by pyrolysis of naphtha (product of petroleum distillation).
However, to date the conventional technology reached its
limit and cannot fulfill increasing demands of the petro-
chemical industry for olefins.? The available petroleum
resources significantly decreased, while petroleum prices
are volatile.!-”7

There has been a trend towards diversification of the
hydrocarbon resource base in the olefin complex since the
beginning of the 21st century.® Namely, oil is gradually
replaced by natural gas, the cheapest large-scale hydro-
carbon resource whose estimated reserves are huge
(> 550 trillion m?).° Transition from oil to gas allows the olefin
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Figure 1. Changes in ethylene (/) and propylene (2) demand on

global olefin market in the last two decades.?*~©¢

plants to significantly reduce raw material costs (by at least
3.5 times).!'% In turn, processing of natural gas to olefins is
also of interest for natural gas chemical industry. This is a
very effective way to monetize natural gas. Indeed, con-
version of natural gas to ethylene and propylene causes the
cost of production to increase by 7 to 9 times and even by 17
to 20 times provided subsequent production of polymers.!?
Construction of natural gas processing plants is particularly
topical in countries with continuously growing overproduc-
tion of natural gas (USA, Russian Federation).

To date, nearly 30% of olefin plants in the world use
natural gas as hydrocarbon raw material. In the USA, the
proportion of natural gas in the olefin sector of industry is
more than 40%, and it is planned to minimize the use of
crude oil in the future.®

However, natural gas chemical industry mainly uses the
ethane—propane component of natural gas. As a conse-
quence, only 3% —15% of hydrocarbon raw material is
converted to petrochemicals while the major, methane,
component (55% —99%) is unaffected. Since natural gas
processing technologies utilize only combination gas (shale
gas, associated petroleum gas, etc.), more than
350 trillion m3 of the methane component of natural gas
remain untouched.®

Abundance of methane on the global market pushes the
interest in the development of processes for methane con-
version to valuable chemical products.®-!'~ 14 Numerous
methods were proposed to obtain lower olefins from the
major component of natural gas, including both one-stage
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Translation: A.M.Raevskiy

Method: OCM is oxidative coupling of methane, Non-OCM is non-
oxidative coupling of methane, MCTO is methyl chloride to olefins,
DTO is dimethyl ether (DME) to olefins, FTSO is Fischer—
Tropsch synthesis of olefins, OX—ZEO is oxide—zeolite method,
MTO is methanol to olefins, and MTP is methanol to propylene.

and multistage processes (Fig. 2) and different techniques of
the primary activation of CH4 molecule:

— activation by oxygen on oxide catalysts — oxidative
coupling of methane to ethylene and ethane (OCM);

— activation by thermocatalytic decomposition of CHa4
molecule on the surface of zeolite or oxide catalysts (non-
oxidative coupling of methane to hydrocarbons, or Non-
OCM);

— activation via methane reforming to syngas followed
by syngas conversion to olefins by the Fischer—Tropsch
(FTSO) and oxide —zeolite (OX —ZEO) methods, via meth-
anol (MTO) or dimethyl ether (DTO), or via a methanol -
dimethyl ether mixture (MTP); and

— activation via chlorination or oxidative chlorination
followed by methyl chloride conversion to olefins (MCTO).

Recently, all these processes for methane conversion to
lower olefins have been intensively developed by large
companies including Honeywell, Lurgi, INEOS (Inspec
Ethylene Oxide Specialities), Total, JGC Corp. (Japan
Gasoline Corp,), Mitsubishi, Sabic Global Technology,
etc., as well as at certain research centres in Russia and
abroad. A few dozens of articles and patents that describe
new experimental data and theoretical results appear yearly.

The results reported before 2016 were generalized in part
in a review ® that was mainly devoted to certain methods for
the synthesis of olefins. Most reviews are concerned with
OCM.!2-15-18 These works include a considerable body of
information on catalysts,!> 1% innovative technologies !!-16
and the OCM kinetics and mechanism.!?-13 The results of
intensive studies on methanol conversion to olefins were
analyzed in the review articles'°~2° concerned with new
catalysts,!®=20 specific features of the reaction mecha-
nism,?' =24 various aspects of scaling up process?> and
commercialization 2%-25 of the MTO and MTP processes.
Advances in the development of processes of olefin produc-
tion using the Fischer—Tropsch method® or via
DME 24-26.27 have been poorly documented so far (usually,
the results obtained are compared with those obtained using
the MTO approach). New interesting results of studies on
methane conversion to olefins via methyl chloride 28:2° or
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using the Non-OCM reaction '1-12:30-31 remain almost
unsystematized.

The aim of this review is to outline recent advances in
the development of methods for processing of methane to
lower olefins (C5 —-Cj%), to formulate general trends of
progress in the title field and to characterize high-perform-
ance catalysts and processes that are of interest for potential
industrial applications in the future.

To date, various methods for conversion of methane to
lower olefins have been proposed (see Fig. 2). However,
only the processes proceeding via syngas and methanol
(MTO and MTP processes, respectively) have been best
developed and industrialized. All other methods are either
under laboratory testing or in the first pilot testing phase.

Notations are as follows:

C5 — ethylene;

C5;—-C; — lower olefins having from two to four
carbon atoms per molecule;

C3 — propylene;

C; — butenes;

C4+ — hydrocarbons having at least four carbon atoms
per molecule;

DICP — Dalian Institute of Chemical Physics (China);

DME — dimethyl ether;

DMTO — DICP methanol to olefins method;

DTO — dimethyl ether to olefins method;

DTP — dominant technology for the propylene produc-
tion;

INEOS — inspec ethylene oxide specialities;

FMTP — fluidized methanol to propylene;

FTSO — synthesis of olefins by the Fischer—Tropsch
method;

JGC — Japan Gasoline Corporation;

MCTO — methyl chloride to olefins;

MTE — methanol to ethylene;

MTO — methanol to olefins;

MTP — methanol to propylene;

Non-OCM — non-oxidative coupling of methane;

OCM — oxidative coupling of methane;

OCP — olefin cracking process;

OTP — oxygenate to propylene;

OX —~ZEO — oxide —zeolite method;

TIPS RAS — A.V.Topchiev Institute of Petrochemical
Synthesis, Russian Academy of Sciences;

UOP — universal oil products.

2. Lower olefins from methane via syngas and
methanol

Methane processing to lower olefins is a multistage process
involving production of syngas (mixture of CO and Ha)
followed by the synthesis of methanol, which is then con-
verted to lower olefins either directly or via dehydration to
dimethyl ether (see Fig. 2).
The conversion of methane to CO and H, and the
synthesis of methanol are well proven industrial processes.
Methane is processed by the steam,?? 33 oxidative 34 35
or dry?3® reforming reactions on nickel-containing oxide
catalysts at high temperatures (750—-950 °C).

CH4 + H,O —> CO + 3H, (1)
1

CHy + 30, — CO + 2 H, )

CH,4 + CO; —> 2CO + 2H, 3)

Steam reforming 3233 or autothermal reforming37-38
[energy efficient combination of endothermic reaction (1)
with exothermic partial oxidation reaction (2)] is most often
used. Recently, steam reforming of methane has been
carried out in the presence of carbon dioxide,?® thus
combining reactions (1) and (3).

At present, reforming of methane is the main industrial
method for activation of thermodynamically stable CHy
molecule (C—H  bond  dissociation  energy  is
439 kJ mol—1).10 This is a large-scale process basic to the
modern production of hydrogen and, to some extent,
methanol.

Methanol is synthesized by the reaction

CO + 2H, —> MeOH @)

on Cu/ZnO/Al>,O3 catalyst at 270—300 °C and pressures in
the range of 5—10 MPa.%® This is a widely commercialized
process with hundreds of production units working world-
wide. However, recently, methanol producing facilities have
experiencing an overproduction crisis. Attempts to change
the situation involve, in particular, starting the construction
of large-scale plants for processing of methanol to lower
olefins.

Olefins are synthesized from methanol using two meth-
ods by the reactions

5MeOH — C,H4 + C3Hg + 5H>0O (5)
2MeOH — Me;O + H,0 (6)
4 Me,O — CoHy4 + 2C5Hg + 4H,0 (7)

The first method is direct conversion of methanol on
silicoaluminophosphate catalysts at 450—550 °C. Ethylene
and propylene are obtained in nearly 1:1 ratio in accord-
ance with the stoichiometry of reaction (5) (MTO proc-
esses).

The second method involves dehydration of methanol
[reaction (6)] followed by conversion of an equilibrium
mixture MeOH -DME -H»O by the reactions (5) and (7)
on ZSM-5 zeolites at 430550 °C with dominant propylene
production [in accordance with the stoichiometry of reac-
tion (7)] (MTP processes).

Both types of processes result in polymer-grade ethylene
and(or) propylene of purity 99.6% —99.8% in 70% —90%
yields.20- 23

The MTO and MTP processes allow one to combine the
olefin and polyolefin markets with the production of meth-
anol, provide flexibility of production and, despite the
multistage character, are very attractive to manufacturers.
At present, these processes successfully compete (owing to
better integration with the available technologies and higher
efficiency) with such industrial processes as naphtha pyro-
lysis and ethane cracking.*! More than 15 mln tonnes of
olefins ! (~6 mln tonnes of ethylene and ~9 mln tonnes of
propylene) are produced yearly from methanol.

High efficiency of methane conversion to lower olefins
via syngas and methanol is to some extent due to high
performance and relatively low raw material consumption
per unit of output for the methanol production from
syngas.*> But the key component of success is the well-
designed technologies for methanol conversion to lower
olefins that have been developed for more than four decades
at certain companies and research centres [UOP (Universal
Oil Products), Honeywell, Norsk Hydro, INEOS, Total,
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Lurgi, Mobil Oil Corporation, Exxon Mobil, DICP, SINO-
PEC, eic.].7-2543-49

At present, ethylene and propylene are produced from
methanol in high yields using shape-selective catalysts
(SAPO-34, ZSM-5) and special techniques (recycle of side
hydrocarbon products, introduction of additional reaction
units, etc.).

The MTO process, or direct conversion of methanol to
an ethylene/propylene mixture, was designed in the late 20th
century as a joint project of UOP (USA) (currently, a
subdivision of Honeywell) and Norsk Hydro (Norway)
(currently, a subdivision of INEOS, United King-
dom).43-44.50 The process uses silicoaluminophosphate
SAPO-34 as catalyst. This is a molecular sieve material
with a pore size similar to the size of ethylene and propylene
molecules (0.38 x 0.38 nm). Larger hydrocarbon molecules
are retained in the narrow molecular sieve channels. As a
consequence, the catalyst exhibits very high shape-selectiv-
ity with respect to lower olefins; however, it rapidly cokes.
To extend the lifetime of the catalyst before regeneration, a
fluidized-bed catalytic reactor is used. The catalyst contin-
uously circulates between the MTO reactor and regenerator
where coke is burnt by air. A methanol : water (4: 1) mixture
is fed to the MTO reactor. The temperature and pressure in
the reaction zone is maintained at 450-550 °C and
0.17—-0.34 MPa, respectively. Pilot tests of the process
(Norway, 1995) on a plant with a daily methanol produc-
tion capacity of 0.75 tonnes demonstrated a methanol
conversion of more than 95% and the following yields of
the olefins C5, C5, C3: 40%, 30% and 9%.434* More
recently, the characteristics of the process were improved at
Honeywell (UOP) by combining with the Olefin Cracking
Process (OCP) for C3 olefins. Using catalytic cracking of
butenes, the overall single-pass yield of ethylene and pro-
pylene was increased by 20% and selectivity to lower olefins
was in the range of 85% —90%.2%-25 The OCP is carried out
in a separate fixed-bed reactor using the technology devel-

oped as joint project of Honeywell (UOP) and Atofina.
Integration of the MTO process with the OCP technology
minimized the yield of the side hydrocarbons Cs+ and
significantly increased the yield of propylene (up to a
propylene: ethylene selectivity of 1.3—1.8). The MTO-
OCP process was fully demonstrated on a Total Petrochem-
icals pilot plant in Belgium. Its simplified design is pre-
sented in Fig. 3. At present, this plant produced polymer-
grade ethylene and propylene of 99.8% purity. A large plant
for production of lower olefins and polymers from natural
gas has been operating in Nigeria (Axinova Polyolefins Ltd)
since 2006. The Honeywell UOP company (a subdivision of
Honeywell) licenced eight MTO —OCP units in China, some
of them (with a total production capacity of more than
3.6 min tonnes of olefins yearly) are under operation, and a
catalysts production line was launched.!

Researchers from China developed a number of ana-
logues to the MTO-OCP technology. These are the
DMTO/DMTO-II (Dalian Institute of Chemical Physics),?®
SMTO (SINOPEC)>! and SHMTO (Shenhua Group).>2 All
of them differ from one another in certain technological
details, being in essence similar to the Honeywell (UOP)
technology, viz., utilize SAPO-34 as catalyst, a fluidized-bed
reactor and the MTO process integrated with the cracking
of C4+ hydrocarbons. For instance, the DMTO-II technol-
ogy differs from MTO-OCP in that (i) the same bifunc-
tional catalyst is used for both methanol conversion to
olefins and cracking of hydrocarbons and (ii) the process
design is augmented with the recycle of heavier hydro-
carbon products C44 to the cracking reactor.’> A total of
12 MTO installations with a total yearly production
capacity of more than 6.5 mln tonnes of olefins started
operation in China between 2007 and 2014.5!

Thus, both the Honeywell (UOP) process and the
Chinese MTO technologies are fully developed and proven
industrial processes. They enable production of lower olefin
mixtures at propylene : ethylene mass ratios from 0.7 to 1.8,
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which meets the demands of the olefin market
(propylene : ethylene mass ratio should be at least 0.6).%-33

At the same time, owing to increasing ‘propylene gap’ in
the world olefin sector® 33 there has been demand for
processes aimed at producing propylene as target product
(Methanol to Propylene, MTP) rather than a mixture of
olefins.

German company Lurgi GmbH leads in production of
propylene from methanol (62% of world production). Note-
worthy is that large-scale production of methanol is com-
bined with the production of propylene and premium
gasoline.*>>4¢ A number of commercial units owned by
Lurgi with a total yearly production capacity of more than
2 miln tonnes of olefin are under operation in China 32 and
in Trinidad and Tobago; a propylene production plant with
a yearly production capacity of 100 thousand tonnes is
under design in Iran (Bandar Imam Khomeini Methanol
Plant; plant owner: Fanavaran Petrochemical Co.). The
Lurgi process involves the synthesis of propylene via dehy-
dration of methanol.#>%* A simplified design of the Lurgi
MTP process is presented in Fig. 4. First, methanol is
converted to equilibrium mixture of DME, methanol and
water vapours in an adiabatic reactor on alumina at
~380 °C. The mixture is fed into a cascade of fixed-bed
shaft reactors (modified zeolite ZSM-5 as catalyst, channel
size 0.52 x0.56 nm) and converted to a mixture of hydro-
carbons with high content of propylene (20 vol.% —
50 vol.%) at 430—450 °C and a pressure of 0.35 MPa.
Propylene is separated from other gaseous products, gaso-
line is separated from liquid reaction components, while the
side hydrocarbon products (C5 olefins and C; and Cs—Cg
hydrocarbons) are returned to the olefin synthesis stage.
Recycle of the side products significantly increases the yield
of the target product. The yield of propylene in the MTP
process can be as high as 65%-70% at a methanol
conversion of more than 99%. The process affords propy-
lene as the major product and premium gasoline as a by-
product. The catalyst lifetime is more than 700 h, being due
to spatial separation of the reaction section, viz., three MTP

Methanol

Medium-boiling hydrocarbons

reactors are connected in parallel, one of them being used
for catalyst regeneration (air is supplied for coke oxidation).

Yet another process for production of propylene via
dehydration of methanol (Dominant Technology for the
Propylene production, DTP) was developed in Japan as
joint project of JGC Corporation and Mitsubishi Chemical
Corporation.® A demonstration plant has two reaction units
(a reactor for methanol dehydration and a DTP reactor for
the synthesis of olefins) and a catalyst regenerator. Olefins
C4-+ from a naphtha cracking facility are additionally fed
into the DTP reactor. High yield of propylene (>70%) is
due to recycle of hydrocarbon products (C;—C, and
C4—Cg) and high selectivity of the ZSM-5-based zeolite
catalyst in the MTP and olefin disproportionation reac-
tions. Gasoline is obtained as a by-product in 16% yield.
Currently, the DTP technology is under development at the
Mitsubishi Chemical’s Mizushima Demonstration Plant.

Van Dijk Technologies (USA) patented a Methanol-to-
Ethylene (MTE) process that is similar to the Lurgi MTP
process, involves partial conversion of methanol to DME in
an adiabatic reactor and multistage synthesis of olefins from
a mixture of DME and methanol, and is aimed at producing
ethylene rather than propylene as target.’> Ethylene is
formed from a DME + methanol mixture diluted with
steam over a fixed bed of the H-SAPO-34 catalyst. The
partial pressure of the DME + methanol mixture in all
reactors in a cascade is maintained low (about
0.003-0.007 MPa); this allows one to suppress undesired
conversion of ethylene to propylene. Using a three-reactor
cascade for the synthesis of olefins, the conversion of
methanol is more than 70% and the ethylene selectivity is
70%.

Thus, various processes have been proposed for produc-
tion of lower olefins from methanol. They differ in catalysts
and design details. Certain processes are aimed to produce a
mixture of ethylene and propylene (MTO, MTO —OCP,43-44
DMTO, SMTO?%), while other afford only propylene
(MTP,#>46 DTP®) or ethylene (MTE?>?). There are two
well-developed methods for processing of methanol to
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olefins, viz., direct conversion of the alcohol and via
dehydration of methanol to dimethyl ether (see Fig. 2).

Although certain processes for production of olefins
from methanol have been industrialized or are close to
industrialization, studies in this field continue. Recently, a
number of fundamentally different MTP processes without
preliminary dehydration of the alcohol were proposed. Two
of them are developed at ExxonMobil Corp. (USA). One
process uses an adiabatic fixed-bed reactor and a gallium-
containing ZSM-5 zeolite,*® while the other utilizes a fluid-
ized-bed catalytic reactor and a mixed molecular sieve
catalyst SAPO-34/SAPO-18.48 In both cases olefins are
synthesized at 450—500 °C and a methanol conversion of
>98%. The single-pass yield of propylene reaches 43%
(Ref. 49)—-50% (Ref. 50). The total C3 + C3 selectivity is
56% (Ref. 50)—73% (Ref. 49) and the C3 : C5 ratio in the
product varies from 1.4 (Ref. 49) to 8-9.3°

The Fluidized Methanol-to-Propylene (FMTP) process
proposed at Tsinghua University (China) is also based on
the SAPO-18/SAPO-34 catalyst.?®> It was declared that
mixed silicoaluminophosphates exhibit higher C3 selectiv-
ity compared to SAPO-34 and can limit the formation of the
C4+ compounds and thus to reduce the amount of the side
products to be recycled. The flow diagram of the FMTP
process includes two fluidized-bed catalytic reactors con-
nected in series. One reactor is utilized to convert methanol
to lower olefins, while the other one is necessary for
converting ethylene and butenes to propylene. The reaction
units have unique gas—solid counterflow configurations
that facilitate controlling the reaction temperature and
suppress the secondary and side reactions and thus increase
the selectivity to the target product. The technology enables
fine tuning of the ethylene : propylene ratio in the product in
the range of 0.02—0.85, as well as production of pure
propylene. The single-pass yield of propylene can be higher
than 67% at a propylene : ethylene ratio of 2 and a methanol
conversion of 99.5%.%° A demonstration plant with a yearly
production capacity of 30 000 tonnes of propylene started
operation in 2009. Recently, a production plant with a
yearly production capacity of 200 000 tonnes of propylene
was constructed.

Yet another example of a method for direct conversion
of methanol to propylene is provided by the Honeywell
(UOP) Oxygenate to Propylene (OTP) process based on the
moving bed technology.#’” Methanol diluted with steam is
converted to olefins on the SAPO-34/ZSM-5 composite
catalyst. The catalyst layer continuously circulates through
a cascade including at least three adiabatic MTP reactors
connected in series and a regenerator. The reaction product
arrives at the separation unit, propylene and gasoline
hydrocarbons are separated while the remaining compo-
nents of the reaction flow (water, ethylene, C4+ olefins) are
returned to the first MTP reactor. The process provides a
high yield of propylene (>71%) and stable operation of the
catalyst (catalyst lifetime before regeneration from coke is
200 h). Gasoline is obtained as a by-product product in
yield >19%.

Despite the announced high performance and other
parameters, various methods for direct conversion of meth-
anol to propylene have not been industrialized so far. This
is, in particular, due to complexity of the flow diagrams of
the new MTP processes, although the methanol dehydration
step is excluded.

Concluding this Section, the flow diagrams of the
modern processes for production of lower olefins from

methanol are rather complicated and imperfection of cata-
lysts is to some extent compensated by engineering means.
Further improvement of the efficiency of the MTO and
MTP processes requires new catalysts with higher stability
and selectivity, especially with respect to propylene forma-
tion. The development of such catalysts has been the focus
of activity in many research centres worldwide!®-1° in
addition to studies on the mechanism of methanol conver-
sion to hydrocarbons2!-24 and elucidation of the reasons for
coking and deactivation of zeolite catalysts.57 6!

3. Lower olefins from methane via syngas and
dimethyl ether

A new three-stage process for advanced processing of
natural gas to lower olefins has been developed. Like the
‘methanol’ processes, the new method involves methane
conversion to syngas, but proceeds via its conversion to
dimethyl ether followed by DME conversion to ethylene or
propylene:

methane —s syngas — DME —— lower olefins

This route from methane to ethylene(propylene) via
dimethyl ether offers some advantages over the ‘methanol’
methods. For instance, more favourable thermodynamics
allows one to synthesize DME at lower pressure compared
to the synthesis of methanol and reach a higher single-pass
conversion of syngas.®? This leads to energy and capital
savings and allows one to improve the utilization efficiency
of natural gas and to reduce the production cost.®® Other
advantages are as follows:

— reduction of thermal load in (or lower exothermicity
of) the synthesis of olefins from DME due to elimination of
exothermic methanol dehydration reaction;®*

— DME is more reactive and selective than methanol in
the synthesis of olefins;?* and

— the possibility to produce not only ethylene and
propylene, but also dimethyl ether, a new valuable product
on the chemical and fuel markets (the demand for DME has
increased by more than 400 times since 2000).65

Dimethyl ether is treated as alternative green domestic,
transportation and turbine fuel, intermediate feedstock in
production of synthetic premium gasoline, polymeric prod-
ucts and organic chemicals. A number of large-scale plants
for production of DME from syngas operate in China,
Japan, in the Far East of the Russian Federation (develop-
ment companies are Haldor Topsee, KOGAS and JGC).
Integration of the new production flow diagrams for direct
synthesis of DME from syngas into the available olefin
(polyolefin) production cycle will expand the range of
products, minimize the production risks and create an
economic ‘safety net’ for complex large-scale production.

Methods for production of lower olefins via synthesis of
DME from syngas are developed in Japan (at JGC Corpo-
ration),®® in China (at Dalian Institute of Chemical Physics,
DICP) %7 and in the Russian Federation at TIPS RAS 637!
(Table 1).

Syngas preliminarily obtained by reforming of methane
is converted to DME by the reaction

3CO + 3H, —> Me,O + COs (8)

on bifunctional catalysts containing catalytic sites for the
synthesis of methanol and dehydration of alcohol. Olefins
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Table 1. Processes for natural gas conversion to lower olefins via direct conversion of syngas to dimethyl ether.

Parameters and characteristics

Process (development company)

JGC (see ) Corporation %

DICP (see ®) ¢7 TIPS RAS (see?)8-71

Syngas conversion to DME (as mixture with methanol )

Catalyst CuO—Zn0O/ALLO3 + AlLO3 CuO-Zn0O/AlL03 + zeolite CuO-ZnO-Cr,03-AlL03
Temperature /°C 210-300 265 260

Weight hourly space velocity /h—! — 1000 5500

Pressure /MPa 3-15 4 11

CO conversion (%) to 90 to 90 88

DME (+ methanol) selectivity (%) 99 99 >70

DME conversion to olefins

Active component of catalyst SAPO-34
Temperature /°C 500
Pressure /MPa 0.15
Reactor type FBCR?®
Catalyst recovery Continuous
Raw material — DME : methanol (mass %) 35:65 (see®)
Weight hourly space velocity /h—! 3000
DME conversion to methanol (%) 97
C5 —Cj selectivity (%) 89
Yield of olefins (%) 87
Catalyst lifetime before recovery 1-2
for decoking /h
Reaction product composition (%):
ethylene 33
propylene 47
butenes 9
methane 1.5
alkanes C,—Cs 9.5

SAPO-34 ZSM-5
450 340
0.1 0.1
FBCR? AFBCR®
Continuous Periodic
50: 50 (see®) 100: 0 (see9)
2000 2000
100 96
82 90
82 87
1-2 700
40 32
34 48

8 10
- 0.5
- 9.5

2 JGC stands for Japan Gasoline Corporation and TIPS RAS stands for A.V.Topchiev Institute of Petrochemical Synthesis, Russian Academy of

Sciences.

> FBCR stands for fluidized-bed catalytic reactor and AFBCR stands for adiabatic fixed-bed catalytic reactor.

¢ Substrate is diluted with water.
dSubstrate is diluted with syngas.

are synthesized from DME by reaction (7) on zeolites or
silicoaluminophosphates. Carbon dioxide, a side product of
DME synthesis, is returned in the stage of methane reform-
ing,”? which improves the efficiency of utilization of carbon-
containing raw material up to more than 80%.

The processes proposed mainly differ in methods for the
synthesis of olefins. Chemists from Japan and China obtain
olefins from a DME + methanol mixture on SAPO-34 at
450500 °C,%%-97 whereas researchers from the TIPS RAS
convert DME to olefins on ZSM-5 at 320-360 °C using
pure dimethyl ether.”®7! In all cases the yield of lower
olefins is in the range of 82% —87% and 74% —80% of these
are ethylene and propylene. The efficiency of olefin syn-
thesis from DME is so high that the single-pass character-
istics attained without using any other design features are
higher than those of industrial methanol processes having
complicated flow diagrams (MTO - OCP, MTP-Lurgi, etc.).

In the future, processes involving DME may appear to be
competitive with the commercial methanol methods.

However, at present production of lower olefins via
DME is in the early stage of industrialization. Commerci-
alization of the processes proposed by researchers from
Japan and China is hampered by rapid coking and deacti-
vation of the SAPO-34 catalyst. The process proposed at the
TIPS RAS is under development on a pilot plant at the
Elektrogorsk Institute of Petroleum Processing (Moscow
Region, Russia). The yearly production capacity of the
plant is 4 tonnes of olefins. The results of pilot tests suggest
a high promise of the process.

All known methods for methane conversion to ethylene
(propylene) via direct conversion of syngas to dimethyl
ether have a common drawback, viz., a poorly elaborated
synthesis of lower olefins from DME (Dimethyl Ether to
Olefins, DTO).
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Chemists study specific features of the mechanism of
DME conversion to hydrocarbons?224 and design novel
modifications of catalysts to improve the efficiency of the
DTO reaction. The possibility to use concentrated DME
would make the DTO reaction much more efficient due to
reduced volume of the reaction section and simplified
procedure for product isolation and make the DTO step
more technologically and economically attractive.

Recently, interest in the DTO reaction increased con-
siderably. There has been high research activity in many
research centres (Tsinghua University, Qingdao University,
Osaka University, Tohoku University, Iran Petroleum Uni-
versity of Technology, Korea Institute of Energy Research,
SABIC, University of the Basque Country, efc.).

It was proposed ¢* to carry out the DTO reaction using
neat DME in the Berty reactor developed at Chemical
Reactor Engineering Centre (Canada). This is a gradientless
reactor with intense internal circulation. The reaction flow
continuously circulates by means of an impeller running at
1500 rpm through a fixed bed of the catalyst held in a
special basket. This reactor makes it possible to carry out
the DTO reaction on HZSM-5 zeolite (SiO;: Al,O3 = 280)
at temperatures below 450 °C with a stable catalyst activity
and to obtain the product with high content of propylene
(C3:C3; =1.7-4.2) at DME conversions to 60%. How-
ever, the yield of the lower olefins C; —Cj still remains
rather low (~30%) at a selectivity of 50% —60%.

Researchers from TIPS RAS reported high conversion
of concentrated DME in the synthesis of olefins on nano-
sized Mg-HZSM-5 zeolites (crystallite size ~100 nm) dis-
persed in silicone o0il.”3 The reaction was carried out in a
gradientless slurry reactor at low DME weight hourly space
velocity (Wpwme = 0.7 h—1!) at 320 °C under atmospheric
pressure. Olefins were synthesized from DME in the three-
phase system gaseous substrate —solid ultradispersed heter-
ogeneous catalyst—liquid reaction medium in the steady-
state mode. The catalyst was maintained in the state of
ultradispersed suspension 74 and its parameters and charac-
teristics approached those of homogeneous systems that
exhibit the highest catalytic activity. Owing to rapid con-
tinuous removal of reaction heat and reaction products
from catalyst grains to the reaction medium the efficiency
of the olefin synthesis was almost independent of the DME
concentration (in the range of 20 vol.% —90 vol.%). Reac-
tions using both 50%-DME and 90%-DME afforded ethyl-
ene as the major product, the conversions in the range of
84% —87% and the selectivity with respect to lower olefins
was 46% to 55%. High values of parameters were attained
using the innovative three-phase design of the DTO reac-
tion, which combines the advantages of heterogeneous
process (continuity and ease of separation of reaction
product from the catalyst) and homogeneous catalysis
(high activity and selectivity of the catalyst).

4. Catalysts for the synthesis of lower olefins from
methanol and dimethyl ether

At presence, there are two industrial processes for produc-
tion of olefins from syngas via methanol:

— using ZSM-5 zeolites as catalysts;*® and

— using SAPO-34 molecular sieves as catalysts.4*

Publications on the synthesis of lower olefins from
syngas via DME or concerning the development of the
DTO stage are few compared to the literature on the MTO
processes.

At the same time, the design of catalysts for the DTO
reaction deserves particular importance because DME is
more suitable for the synthesis of olefins than MeOH from
the standpoint of chemical properties.”>~ 78 Dimethyl ether
is a stronger methylating agent than methanol,’®>7¢ which
allows one to carry out the DTO reaction as rather fast
process even on catalysts of low acidity (e.g., zeolites with a
high silica modulus of up to Si: Al = 560).7° In addition,
DME is less reactive in the undesired hydrogen transfer
reactions 24 77-78 resulting in the formation of carbonaceous
deposits, deactivation of the catalyst in the course of DTO
reaction proceeds much slower than in the reaction with
methanol.?4 80

It should be noted that diffusion of DME into pores of
the molecular sieve catalyst can be complicated by coordi-
nation of bulky DME molecule to active sites. This is the
reason for pronounced dependence of the rate of DTO
reaction and, often, the selectivity of olefin formation on
the characteristics of the porous system of the molecular
sieve catalyst (topology of the crystal lattice,”!-8! micro-/
mesopore volume ratio in the molecular sieve frame-
work,3!-82 micropore size 83). Indeed, the use of mesoporous
high-silica ZSM-5 zeolites with MFI topology causes almost
no diffusion constraints and reactions with DME are
characterized by conversions higher than 90% (Refs 22,
83, 84) and selectivity with respect to lower olefins higher
than 80%.7" When using EU-1 zeolite, which has the same
acidic characteristics and micropore size but different top-
ology (EUO), the DTO reaction proceeds much slower
(conversion is 37%).81-82

Recently, olefins have been synthesized from dimethyl
ether on silicoaluminophosphate molecular sieves SAPO-
34,80.85-87 SAPO-18,8 SAPO-5,2* SAPO-18/34 (Refs 89,
90) and on various zeolites including ZSM-5,83:84 SS7-24 24
mordenite,’! EU-1,31-82 ZSM-34,92 ¢fc. Like in the case of
the reaction with methanol, most studies were carried out
using SAPO-34 and ZSM-5.

4.1. Catalysts based on SAPO-34
Molecular sieve catalysts SAPO-34 demonstrated the high-
est selectivity in the reaction with methanol.

Catalysts based on SAPO-34 are of interest to industry
for their high shape-selectivity to ethylene and propylene.
The CHA-type crystal structure (narrow channels and small
windows 0.38 x0.38 nm in size, formed by eight oxygen
atoms associated with six Si—Al-P tetrahedra)®? of the
SAPO-34 molecular sieve is such that only small olefin
molecules can be sieved. However, this does not exclude
chemical transformations of larger hydrocarbon molecules
retained in the narrow channels of the molecular sieve and
leads to formation of carbonaceous deposits in the catalyst
pores.”* Coke species cause pore blockage of the molecular
sieve, thus making its active sites inaccessible,’” and the
catalyst rapidly deactivates.

Recently,”> % it was established that deactivation of the
catalyst is due to coking-induced intra-diffusion constraints
rather than coking per se. These constraints complicate
diffusion of reactants and reaction products and thus have
a negative impact on not only the lifetime of the catalyst,
but also the selectivity.’® The larger the crystallites and the
higher the density of acidic sites the more severe the
constraints.’® In this connection it is a decrease in the
crystal size87-97 and variation of acidity °7 that underlie a
recently used strategy for improving the catalytic properties
of SAPO-34 in the MTO reaction.87-98-100
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The use of catalytic systems with SAPO-34 nanocrystal-
lites (25—75 nm in size) instead of an industrial catalyst
(crystals 2—4 pm in size) %' leads to an increase in the
catalyst lifetime (by 10 to 15 times) and in the selectivity to
lower olefins as well as makes propylene the major product
of the MTO reaction.87-102

The proportion of strong acidic sites in the SAPO-34
lattice can, in particular, be decreased by introducing
transition metals into the molecular sieve framework. It
was shown ®7 that nanosized SAPO-34 modified by adding
Co to give Co—SAPO-34 exhibits a 50-fold increase in
lifetime and the selectivity of the catalyst to ethylene and
propylene becomes as high as 90%.

Modification of the CHA-type crystal structure is also
efficient. Fabrication of mixed catalysts composed of CHA-
type (SAPO-34) crystalline framework and AEI-type
(SAPO-18) 4831 or MFI-type (ZSM-5) 82:83 molecular sieves
leads to partial structural changes and to a decrease in the
proportion of strong acidic sites. This improves the proper-
ties of the catalyst, its stability in the MTO reaction and the
propylene selectivity.

Composite catalysts SAPO-34/SAPO-18 are of consid-
erable interest.48 103,104 Both  silicoaluminophosphate
sieves, SAPO-18 and SAPO-34, have similar crystal lattices
with same-size pores (0.38 x 0.38 nm),?? but the AEI cage is
slightly wider than the CHA one (1.16 vs. 0.94 nm, respec-
tively).1%4 Therefore, the mixed SAPO-18/SAPO-34 molec-
ular sieve catalyst is characterized by higher propylene
selectivity and lower selectivity to alkanes and C4+ hydro-
carbons.*®

The situation with the SAPO-34/ZSM-5 composite cat-
alysts is more complicated '05-19 since their selectivity to
lower olefins is lower than that of SAPO-34 (many alkanes).
Nevertheless, mixed catalytic systems composed of CHA-
type (SAPO-34) and MFI-type (ZSM-5) frameworks are
very stable (catalyst lifetime is longer than 100 h).!%¢ How-
ever, the catalytic properties of such composites in the MTP
reactions depend strongly on the catalyst preparation pro-
cedure and on the mass ratio of the components.!03- 106

Composite mixed molecular sieves SAPO-34/SAPO-18
and SAPO-34/ZSM-5 are used as catalysts of new processes
of direct conversion of methanol to propylene (FMTP,?
OTP#7). However, the single-pass yield of propylene over
such systems is at most 40%, and there is a strong competi-
tion between the systems in question and catalysts based on
high-silica zeolite ZSM-5 that exhibit higher propylene
selectivity in the MTO reaction.

In contrast to the MTO reaction, carrying out the DTO
reaction on narrow-pore molecular sieves SAPO-34 and
SAPO-18 is problematic owing to bulkiness of DME mol-
ecule.80-85.86.88.92 Recently, a discussion began in the liter-
ature 808,86 of suitability of utilizing SAPO-34 in the DTO
reaction, although it is these catalysts that are used for the
synthesis of olefins from DME in the JGC and DICP
processes.06- 67

The behaviour of DME and methanol in the synthesis
of olefins on SAPO-34 was compared.80-8586.107 Tt wag
established that the initial rate of the reaction with DME
is higher than with methanol.®> The DTO process affords
almost no aromatic hydrocarbons,3® but the reaction prod-
ucts can contain methane and methanol due to specific
features of DME coordination to the acidic sites.8 It is
believed 23 that hypothetical primary product with C—C
bond (2-methoxyethanol) is converted to propylene; indeed,
the authors of most studies reported dominant formation of
propylene among hydrocarbons in the initial stage of the
DTO reaction on SAPO-34.86-107. 108 However, the develop-
ment of the process causes the distribution of olefins to
change and become nearly identical to that observed in the
reaction with methanol; the reaction products can contain
large amounts of CH4 (10%—20%) and MeOH (2% —
6%).89 Thus, the synthesis of olefins from DME on SAPO-
34 under steady-state conditions is less favourable than the
MTO reaction from the standpoint of reaction rate and
selectivity.

Meanwhile, the silicoaluminophosphate catalyst is
more stable in the DTO reaction than in the MTO
process.80-85.107 Thig gives a strong impetus to the develop-

Table 2. Characteristics of SAPO-34- and SAPO-18-based catalysts of DTO reaction.

Catalyst DME concen- T'/°C Time/h  DME con- Selectivity to olefins (%) Catalyst Ref.
tration? version (%) lifetime /h
(vol.%) C3 C3 >Cy-Cy
SAPO-34 98.5 460 7 ~100 51 24 79 7 80
SAPO-34 25 400 1 95 29 41 90 1-2 108
25 400 3 12 40 36 90 1-2 108
SAPO-34/a-Al,O3 25 400 1 99.5 16 31 72 4 108
25 400 3 99.5 32 43 91 4 108
SAPO-34/ZrO- 25 400 1 100 15 30 68 6 108
25 400 3 100 39 42 92 6 108
SAPO-18 (hydro- 100 400 1 98 18 40 78 1-2 88
thermal method) 100 400 3 50 17 38 76 1-2 88
SAPO-18 (dry gel 100 400 1 100 22 41 82 3-4 88
method) 100 400 3 95 21 42 81 3-4 88
SAPO-34/SAPO-18 100 400 1 100 49 34 89 — 89, 90
100 400 3 100 48 33 88.5 — 89, 90
SAPO-34/bentonite 100 350 0.5 2 18 32 63 — 83
SAPO-18/bentonite 100 350 0.5 5 21 50 87 — 83

2 DME diluted with inert gas (nitrogen or helium).
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ment of novel modifications of SAPO-based catalysts for
the synthesis of olefins from DME (Table 2).85-86.108 By
varying the process conditions and the composition of the
catalytic system researchers try to reduce the proportion of
methanol and methane formed from DME, to increase the
catalyst lifetime and propylene selectivity and to stabilize
the composition of reaction products formed throughout
the process.

It was shown 83.88-90.108 that the rate of MeOH and
CH,4 formation in the DTO reaction decreases as temper-
ature decreases and DME is diluted with inert gas. Almost
no methane and methanol is formed at 400 °C upon dilution
of DME with nitrogen to 25 vol.%, while the C5; -Cj;
olefins are obtained from DME on SAPO-34 at a selectivity
up to 90% at an initial DME conversion up to 95% (the
major side products include C,—C4 alkanes and heavier
linear Cs~+ hydrocarbons).3¢

The catalyst lifetime was increased '1°8 by 2 to 5 times
using the SAPO-34/Al1,03 or SAPO-34/ZrO, composite
systems; however, the DTO process on these and SAPO-34
catalysts cannot be treated as steady-state one because the
selectivity with respect to olefins varies with time.

A stable composition of reaction products was
obtained 8320 when the DTO reaction was carried out on
the SAPO-18 silicoaluminophosphate 8 and on the (SAPO-
34/SAPO-18) mixed catalyst.8%°° At 400 °C, the major
olefin was propylene in the former and ethylene in the latter
case. By varying the composition of the silicoaluminophos-
phate one can vary the C3 : C5 ratio from 0.7 to 2. Having
reduced the temperature to 350 °C, the C3 :C5 ratio for
the process on SAPO-18 was increased to 2.4 and propylene
was obtained with a selectivity up to 50%; however, the
catalyst activity at this temperature was very low and the
yield of olefins was at most 3%.

The -catalytic properties of two silicoaluminophos-
phates, SAPO-34 and SAPO-18, and mesoporous ZSM-5
zeolites in the DTO reaction at 350 °C and 400 °C were
compared.®3-84 The silicoaluminophosphates had better
shape selectivity than zeolites, but the latter were much
more active and stable; as the temperature decreased, the
differences were more pronounced. At temperatures below
400 °C, the yield of ethylene and propylene on SAPO-34
and SAPO-18 was ten times lower while the catalyst lifetime
was 10 to 60 times shorter than in the reaction on ZSM-5.
Thus, silicoaluminophosphate catalysts seem not to be the
best choice for the synthesis of olefins from DME.

4.2. Catalysts based on ZSM-S5 zeolites

At present, the ZSM-5 zeolites are considered as the most
promising catalysts of the DTO reaction.®3 84 The pore size
in the crystal lattice of ZSM-5 presents no steric hindrances
to coordination of DME molecule to acidic sites, and the
synthesis of olefins from dimethyl ether on ZSM-5 proceeds
16 to 20 times faster than from methanol.24-3% Also, the
active sites are deactivated slower,?* which leads to higher
yield and improved distribution of reaction products.

The synthesis of olefins from DME on ZSM-5-type
zeolites is carried out at 320—450 °C, usually, at a reduced
DME pressure to prevent secondary reactions of lower
olefins (Table 3). In most cases, the zeolites are modified
with nonmetals (Si'® and P''9) or metals (Ca,'!!
Mg,!12-115 Rh,7! Zn,!'6 Zr,116 La,!16 Co,!'6 and Ti!l7).
Other modification patterns are as follows: metal —nonme-
tal (Zr—-P,''°  Ti-S!'7), two metals (Zn—Zr,'1°
La—Zr,116-118  Mg_La,''" Mg-Zr!!), three metals

(Mg—-La—Zr,'' Rh—La—Zr""), two metals and a non-
metal (Rh—chitosan—Mg!2%). The reaction is studied on
powdered and pelleted modified zeolites,'°~ 112 on compo-
site extrudates prepared by mixing zeolites with a binder
(usually, y-Al,03),!113-11% and even on ultradispersed zeo-
lite-containing suspensions (Mg —ZSM-5 in silicone oil).!3

Modification of ZSM-5 zeolite was also used to prepare
efficient catalysts of the MTP reaction. The HZSM-5 zeolite
was modified with phosphorus,'?! 123 silicon,!24- 125 alkali
and alkaline-earth metals (Cs,'?! Ca,!2¢ Mg 126-127) as well
as with manganese,'?% 129 bismuth,'3% 13! antimony 3¢ and
lead oxides.’3® Doubly modified (Mn-Fe, Mn-Cr,
Mn-Ce) systems based on the HZSM-5 zeolite were also
reported.'??

The influence of the modifier nature, acidity and magni-
tude of the silica modulus of the HZSM-5 zeolite on
characteristics of the DTO and MTP reactions was thor-
oughly considered in a review.!?

Dilution of hydrocarbon raw material with steam has
strong effect on the catalyst stability in the DTO reaction.
For instance, the reaction on HZSM-5 zeolite (Si: Al = 560)
using DME diluted with steam (10%) afforded propylene in
57% yield at 100% DME conversion and minimum for-
mation of coke species. The catalyst retained its catalytic
properties for at least 40 h, probably, due to more intense
desorption of olefins which precluded the formation of side
products.!?4

A stabilizing effect of steam on the course of olefin
synthesis from DME on catalysts containing the ZSM-5
zeolites (Si: Al = 15 and 140) in the H-form or modified
with metals (Mg, La—Zr) was also reported.!!8-132-135 Tt
was established!3? that the reaction using DME diluted with
steam on the HZSM-5/y-Al,O3 catalyst is accompanied by
much slower coke formation compared to the reaction using
nitrogen as diluting agent. The stabilizing effect of steam on
the DTO process was explained by reduction of the partial
pressure of reactants, by competition between water and
coke precursors for acidic sites and by diffusion of coke
precursors from the zeolite micropores to the substrate
mesopores.!33-135 [t should be noted that the stabilizing
effect of H,O added to hydrocarbon raw material is more
pronounced for the DTO reaction 33 than for the industrial
MTO process (Honeywell (UOP)/Total) where the substrate
is also diluted with steam.?? Therefore, the synthesis of
lower olefins from DME diluted with steam seems to be a
very promising strategy.!33-135

4.3. Catalysts based on nanosized ZSM-5 zeolites
At present, considerable attention is paid to the design of
nanosized ZSM-5-based zeolite catalysts of the MTP and
DTO reactions. Nanosized zeolites offer such advantages as
large specific surface area and ready accessibility of active
sites. These features underlie high activity, better operating
characteristics and longer lifetime of such catalysts.!36- 138

Two main strategies for the preparation of nanosized
zeolites include

— reduction of the zeolite crystal size to nanometre
scale, and

— creation of secondary pores larger than 2 nm in
diameter in the crystal lattice to form a hierarchical porous
system with transport meso(macro)pores in order to make
active sites more accessible and facilitate adsorption proc-
esses and catalytic reactions.

Nanosized zeolites are mainly prepared using synthetic
methods, which enables not only the growth of nanocrys-
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Table 3. Characteristics of ZSM-5-type zeolite catalysts of DME conversion to lower olefins (under partial vacuum with respect to DME).?
Catalyst SiO,: DME concen- T/°C DME con- Selectivity to olefins (%) Ref.

Al,O3 tration (vol.%) version (%)

Cy C3 > C-Cy

Si—-HZSM-5 (see®) 39 10 400 100 8 13 — 109
Zr—P-HZSM-5 84 17 450 100 5 45 65 110
Ca—HZSM-5 23 7 450 >97 10 45 57 111
Ca—HZSM-5 23 7 400 >95 7 30 50 111
Ca—HZSM-5 23 7 350 <60 5 25 40 111
Mg-HZSM-5 33 10 320 85-90 33 26 74 112
HZSM-5/y-Al,03 37 20 340 94 22 23 56 113
Rh—-HZSM-5/y-Al,O3 37 10 340 100 24 19 50 71
Mg—-HZSM-5/y-Al,03 37 20 340 86 36 22 67 113,114
Mg—-HZSM-5/y-Al,03 37 10 450 100 15 35.5 68 113
Zn—-HZSM-5/y-Al,O3 37 20 360 90 23 41 79 116
Zr—HZSM-5/y-Alx0O3 37 20 360 96 37 33 85 116
La—HZSM-5/y-Al,03 37 20 360 96 23 32 68 116
Co—-HZSM-5/y-Al,O3 37 20 360 89 20 14 46 116
Ti—HZSM-5/ y-Al,O3 37 10 320 70 13 18 43 117
Ti—S—-HZSM-5/y-Al,03 37 10 320 90 25 33 73 117
Zn—Zr—-HZSM-5/y-Al,O3 37 20 360 96 29 42 83 116
La—Zr—HZSM-5/y-Al,O3 37 20 360 98 29 49 89 116
La—Zr—HZSM-5/y-Al,O3 37 20 340 70 26 44 77 118
Mg—La—-HZSM-5/y-Al,O3 37 10 320 84 23 27 73 119
Mg—Zr—HZSM-5/y-Al,O3 37 10 320 54 20 35 66 119
Mg—La—Zr—HZSM-5/y-Al,O3 37 10 320 77 23 28 73 119
Rh—-La-Zr—-HZSM-5/y-Al,O3 37 10 (see©) 340 96 32 48 90 71
Rh—chitosan/Mg—-HZSM-5 33 10 320 99 38 26 79 120
Mg—HZSM-5/Syltherm 800 80 10 330 94 9 46 69 115

2DME is diluted with inert gas (nitrogen or helium), the total pressure is 0.1 MPa; Wpmg = 1-3 h— L.
®With 1,4-bis(hydroxydimethylsilyl)benzene as silylating agent and aromatic hydrocarbons as major reaction products.

¢Diluted with a CO: H, = 1: 1 mixture.

tallites, but also targeted modification of the porous system
of the zeolite and even change of the chemical composition
of its framework. Recently, various methods for the syn-
thesis of ZSM-5 zeolite analogues with modified acidic and
porous characteristics of the crystal lattice have been
developed 138-154  and new efficient catalysts of
the MTP reaction have been designed
(Table 4)_49, 105,130,137, 141, 142, 144—157

The development of efficient nanosized zeolite catalyst
became possible owing to the use of modern methods of
nanotechnology that made it possible to fabricate molecular
sieves with shortened channels and micro(meso)porous
structure. It is these methods that were used to create
efficient nanosized catalytic systems with hierarchical struc-
ture (in fact, with new design), namely, spherical aggregates
of ZSM-5 nanocrystals,!>® nanosheets,!>3-154 and nano-
whiskers 157 (Fig. Sa—d).

Small zeolite crystals are usually formed if the nuclea-
tion rate is higher than the crystallite growth rate. The

zeolite framework can be composed by surrounding pos-
itively charged species (e.g., alkali metal cations) or organic
molecules acting as structure-forming agents (templates)
with AlOz> and SiO;* tetrahedra. The size, shape and
nature of the templates influence the formation of the
zeolite phase.

The ZSM-5 zeolite crystals 130230 nm in size were for
the first time synthesized by Persson er al.'’® at a low
temperature using tetrapropylammonium chloride as the
template. Since then, various research groups attempted to
reduce the zeolite crystal size, to increase the crystallization
rate and to shorten the crystallization time.!3%~ 162

Methods for preparation of ZSM-5 nanocrystallites
using various organic templates were patented.!00-164
Most often, ZSM-5 nanocrystallites are synthesized from
transparent solutions using tetrapropylammonium hydro-
xide (TPAOH). This template allows one to synthesize
ZSM-5 nanocrystallites from 1 to 100 nm in size.'6% 163 It
was shown 38 that a decrease in the TPAOH content in the



Table 4. Characteristics of new ZSM-5-type zeolite catalysts of MTP reaction # obtained by different synthetic methods.

Catalyst Crystal size Morphological Synthesis details Selectivity to olefins (%) Catalyst Ref.
features lifetime /h
S C;-Ch C3 C3:C3
HZSM-5 (num) — Hydrothermal template synthesis 64 34-40 3-5 <70 18, 130
HZSM-5/SAPO-18 — - With ZSM-5 nuclei 84 36 1 — 155
P-ZSM-5/SAPO-18 — — With ZSM-5 nuclei 83 52 6 - 155
H(Ga)ZSM-5 3 pm — Isomorphous substitution of Ga for Al — 50 8-9 > 300 49
H(Fe)ZSM-5 (pm) — Isomorphous substitution of Fe for Al — 38 3-4 2 137
H(Al, Fe)ZSM-5 (nm) — Isomorphous substitution of Fe for Al — 49 — — 141
H(F)ZSM-5 ~40 pm High-quality crystals Template synthesis in fluoride medium 70 45 7.5 >100 141, 142
H(F)ZSM-5 ~200 nm Nanocrystallites In fluoride medium with silicalite nuclei (nm) 60—-75 45 5-8 305 142
HZSM-5 ~200 nm Nanocrystallites In alkaline medium with silicalite nuclei (nm) 60-75 45 5-8 157 142
HZSM-5 41 nm Nanocrystallites Hydrothermal template synthesis 60—70 48 4-5 340 156
H(B)ZSM-5 38 nm Nanocrystallites Hydrothermal template synthesis — 48 3.5 1300 144, 156
H(Fe)ZSM-5 50— 100 nm Nanocrystallites Hydrothermal template synthesis — 34-36 17-30 — 138, 145
HZSM-5 — Aggregates ® Two-template glucose-assisted synthesis 64 45 8.4 20 146, 147
HZSM-5 20-30 nm Aggregates ® With silicalite-1 nuclei (nm) upon adding CTAB © 60— 65 38-40 6-7 190 148151
H(Si)ZSM-5 — Aggregates® With tetraethyl orthosilicate 90 44 15 150 105
HZSM-5 72 nm Nanosheets ® Special surfactants were used 80—-82 45-51 5-7 103 152154
HZSM-5 10—-20 nm Nanosheets © With ZSM-5 nuclei (nm) + surfactant 84 54 7-8 168 154
H(B)ZSM-5 10—20 nm Nanosheets With ZSM-5 nuclei (nm) + surfactant 78—-80 45-50 5-6 302 154
In the presence of H3BO3
H(Mn)ZSM-5 72 nm Nanosheets ° In the presence of surfactant 87 53 4 ~ 100 153
H(Ce)ZSM-5 72 nm Nanosheets ® In the presence of surfactant 88 55 5 ~100 153
H(W)ZSM-5 72 nm Nanosheets ® In the presence of surfactant 8284 54-56 5-6 >100 153
ZSM-5/SiC (nanowhiskers)/ — Nanocomposite With SiC nuclei (nanowhiskers)/SiC (foam) 85 51 5-6 260 157
SiC (foam) Whiskers °

2 Qlefin synthesis conditions: 450500 °C, 0.1 MPa, methanol : water = 1 (mol), catalyst mass load with respect to methanol: 1 -4 h—!; methanol conversion: 99% —100%.
®Hierarchical porous structure.
¢CTAB is cetyltrimethylammonium bromide.
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Figure 5. SEM images of ZSM-5 catalysts of different design: HZSM-5 aggregates
with hierarchical porous structure (a),'>* HZSM-5 (nanowhiskers)/SiC (nano-
whiskers)/SiC (foam) nanocomposite (b),'>7 H(W)ZSM-5 nanosheets (c),'>? and
H(B)ZSM-5 nanosheets (d).!>*

starting mixture leads to a considerable increase in the
product yield and in the crystal growth rate; increasing
water content leads to formation of larger crystals
(221 nm).

Van Grieken and co-workers '>° reported a hydrother-
mal synthesis of ZSM-5 nanocrystallites. Two types of
ZSM-5 aggregates 100—-200 nm and 400—600 nm in size
composed of zeolite particles of size 15—60 nm and 20 nm,
respectively, were obtained at 165 °C from transparent
solutions containing sodium ions.163,164

Recently, researchers succeeded in the preparation of
nanocrystalline materials with hierarchical porous structure
built of spherical aggregates comprised of nanocrystallites
linked by meso(macro)pores. To form a hierarchical struc-
ture, ZSM-5 nanocrystallites are synthesized using several
templates, viz., organic amines (they form the microstruc-
ture of the zeolite crystal lattice) and mesopore-generating
templates (mesoporogens) including cationic surfac-
tants,!32-154 organo silanes,'® carbohydrates,!46 147,165
etc. Mesoporogens are responsible for the formation of
supramolecular mesoporous system that is used for mass
transfer of reactants and reaction products.

Inagaki and co-workers'%® proposed a template-free
hydrothermal synthesis of ZSM-5 nanocrystallites with
hierarchical porous structure in an alkali medium. The
absence of expensive organic template reduces the produc-
tion cost of the nanosized zeolite so it becomes comparable
with that of industrial microcystalline zeolite samples.

Yet another recent approach aimed at making the
syntheses of ZSM-5 nanocrystallites more economically
efficient is to use cheap raw materials.'67-173 Attempts
have been made to utilize natural materials and aluminosi-
licate minerals such as rice husk ash,'®® kaolin,!¢® rector-
ite, 179 perlite,!”! diatomite 72 and attapulgite !73 as precur-
sors of silica and alumina for the synthesis of ZSM-5 zeolite.
Although these materials are more readily available and
cheaper than chemical reagents, direct crystallization of
zeolite from aluminosilicate minerals is difficult and still
requires auxiliary inorganic substances (e.g., liquid glass,

silica sol, aluminium hydroxide) or organic templates. The
mechanism of such syntheses is still to be clarified, while the
results obtained were summarized in a review.!®7

Recently, a novel method for the synthesis of nano-
crystallites using ZSM-5 nuclei has been developed.!7#-178
Nuclei induce crystallization of zeolite and confine the
crystal size of the end product. Examples are available of
efficient synthesis of ZSM-5 nanocrystallites with hierarch-
ical porous structure using silicalite-1 nuclei in the presence
of cetyltrimethylammonium bromide.!48-151.175.176 Shang
and co-workers!>* synthesized ZSM-5 zeolite nanosheets
using ZSM-5 seeds in the presence of surfactants.

The available methods for the synthesis of zeolite nano-
crystals in an inert matrix (hard template) involve the
following stages: mixing of components for zeolite syn-
thesis, addition of hard template, crystallization of zeolite
precursors in the presence of the hard template and removal
of the template by calcination or dissolution in acids. The
templates allow one to control the size of meso(macro)pores
and their distribution in the course of synthesis of zeolite
materials. The first example of such a synthesis of nanosized
ZSM-5 crystals was reported by Jacobsen and co-work-
ers,!”® who used carbon black with pore diameters 31.6 and
45.6 nm as the inert matrix. The size of the zeolite crystals
obtained was in the range of 30—45 nm, being determined
by the pore size of the matrix.

Confined space synthesis with a carbon black matrix
was also used 80 to prepare ZSM-5 zeolite nanocrystals
with hierarchical porous structure, a specific volume of
micro- and mesopores of 0.09 and 1.01 cm?® g—!, respec-
tively, and mesopore radii in the range of 5—50 nm.

Koo and co-workers!8! synthesized ZSM-5 nanocrystals
with hierarchical porous structure by microwave treatment
of a mixture of precursors of a zeolite gel and carbon black
nanoparticles. The zeolite thus obtained was characterized
by more developed mesoporosity that the zeolite sample
synthesized by the hydrothermal method,.

Carbon nanotubes with inner diameter from 20 to 30 nm
(see Ref. 182) and polymers!®>- 183 are also used as tem-
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plates. When using the hydrothermal method, the main
drawback of polymers is that the zeolite crystallization
temperature is limited by the thermal behaviour of the
polymer, viz., by the glass transition temperature. Polystyr-
ene spheres are most often used. This technique was
employed by Xu and co-workers'®3 to prepare a zeolite
with macroporous structure (pore size from 0.3 to 0.5 nm)
formed by ZSM-5 nanocrystals and amorphous aluminosi-
licate phase. One more kind of a template is starch.!®> It is
added into synthetic gel during the synthesis of zeolite and
removed when the synthesis is complete by calcination in
air. Following this procedure, Liu and co-workers 195 pre-
pared a nanosized ZSM-5 zeolite with lower crystallinity
compared to conventional ZSM-5 and higher porosity due
to formation of mesopores.

Recently, mixed-topology ZSM-5/SAPO-18 molecular
sieves were synthesized using ZSM-5 seeds.!>> High selec-
tivity of these systems to lower olefins (83—-84%) in the
MTO reaction is due to the presence of the SAPO-18
component,!>> while high propylene selectivity (52%) is
ensured by promoting the zeolite with phosphorus.

In hetero-substituted MFI-type zeolites,*o: 144.145.153
aluminium lattice sites are partially occupied by atoms of
other elements (B, Ga, Fe, Mn, W, Ce). When used in the
MTO reaction, hetero-substituted systems containing man-
ganese, tungsten and cerium exhibit the highest selectivity to
lower olefins (83% —88%) at a propylene selectivity of
53% —56% and 100% conversion of methanol.'33 Gallium-
substituted zeolite and borosilicate demonstrate a very high
stability (catalyst lifetime is longer than 300 h).49- 144,154,156

The synthesis of ZSM-5 zeolites in fluoride
medium!'4! 143 significantly improves the catalyst stability
under conditions of the MTP reaction compared to the
conventional technique (in alkali medium). Various meth-
ods for the preparation of ZSM-5 zeolite nanocrystals with
hierarchical porous structure were reported.!4®~15% In other
words, catalytic systems free from internal diffusion con-
straints and having long catalyst lifetime (>300 h) under
the MTP reaction conditions are now available. High-
performance ZSM-5/SiC nanocomposite catalysts (selectiv-
ity to lower olefins was 85% at a propylene selectivity of
51%; the lifetime was at least 260 h) were synthesized %7
using zeolite seeds and SiC nanowire layer covered on the
SiC foam. However, the best catalytic properties were
demonstrated by recently synthesized nanosized borosili-
cates 144154 that retained high catalytic performance even
after 1300 h of operation (this is an absolute record among
all catalysts of the MTP reaction known so far).

The catalyst selectivity to lower olefins in the DTO
reaction can be increased to 97% provided that iron-
modified nanocrystalline HZSM-5 zeolites are used and
the synthesis is carried out under optimum conditions
(temperature is 443 °C, substrate weight hourly space veloc-
ity is 18.4 h—!, and hydrocarbon raw material is diluted
with inert gas to a DME concentration of 75%).!84

A study 85 of HZSM-5 zeolite nanocrystals with short-
ened channels of different length (from 250 to 1 nm) showed
that at short contact times, the DTO reaction (DME
concentration was 50%) on these catalysts at 350—450 °C
proceeds with dominant formation of propylene and heavier
C4 —C7 olefins and almost no ethylene is formed. How-
ever, DME is not managed to react completely inside very
short zeolite channels at high substrate weight hourly space
velocities; as a consequence, the conversion is only 60%.

4.4. Post-synthetic treatment of ZSM-5 to prepare nanosized
zeolites

Nanosized zeolite materials are mainly synthesized using the
bottom-up strategy where the nanostructure is formed by
crystallization or targeted aggregation of individual zeolite
crystals. There are environmentally and economically costly
methods.

An alternative is provided by the top-down strategy
which implies selective extraction (removal) of particular
components from the synthesized microporous zeolite
framework. Methods proposed according to this approach
are much simpler and allow one to prepare high-perform-
ance catalysts of the MTP reaction based on industrial
zeolites.!3%-145 A widely used technique for obtaining nano-
sized zeolites with developed mesoporosity is to remove,
e.g., Al and Si atoms from the zeolite framework.

Dealumination is a well-known post-synthetic procedure
for removal of Al atoms from the zeolite structure using
chemical agents or hydrothermal treatment. Acid leaching
and steaming at high temperatures are most widely used
methods for dealumination.!8¢ 187 In all cases removal of Al
atoms is accompanied by partial breakdown of zeolite
structure and formation of voids. These voids give rise to
additional meso- and microporosity. However, the process
is difficult to control, mesopores appear randomly and are
poorly interconnected.!8® Besides, removal of framework Al
atoms can lead to changes in the acidic properties of the
zeolite.'®” For instance, dealumination by steam can cause
the appearance of additional out-of-cage acidic Lewis
sites.!?0 This is beneficial in certain catalytic reactions, but
in the case of MTP reaction acidic Lewis sites favour coke
formation and accelerate deactivation of the catalyst.!°!

Desilication, one more method for post-synthesis treat-
ment of ZSM-5 zeolites, involves removal of framework
silicon under the action of alkali (not only silicon, but also
aluminium can dissolve in alkali, although to a much lesser
extent). The formation of additional porosity using this
technique is accompanied by changes in the structural and
acidic properties of the materials, which in turn influences
the activity, selectivity and lifetime of the zeolite cata-
lysts.139-145,192-194 1t wags shown 194 that alkali treatment
of a zeolite allows one to retain its crystal structure and
leads to significant increase in the specific mesopore volume
(from 0.072 to 0.279 cm? g~ 1) and a simultaneous decrease
in the specific micropore volume (from 0.177 to
0.133 cm?® g—!). The optimum concentration of NaOH to
obtain a developed mesoporosity (> 0.150 cm? g—') with-
out the loss of crystallinity is 0.2 mol L—'; at higher NaOH
concentration (1 mol L), one deals with amorphization of
ZSM-5. Low concentrations of NaOH (0.05 mol L—1)
induce the formation of supermicropores about 1.8 nm in
size instead of mesopores.!?3

Groen et al. 1% considered the effect of the silica mod-
ulus in the initial ZSM-5 zeolite on the desilication process.
It was established that at low Si: Al ratios (Si: Al <25),
high content of aluminium precludes removal of framework
silicon. At Si: Al = 25-50, silicon is extracted in controlled
manner and desilication is accompanied by the formation of
mesopores 9— 10 nm in size and a specific pore surface area
of about 200 m? g—!. At high Si: Al ratios (Si: Al >50),
larger pores are formed while the specific mesopore surface
area decreases. Desilication allows one to augment the
porous system of zeolites with mesoporosity and to create
hierarchical structures; however, this is often followed by
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the undesired loss of microporosity because it is micropores
that contain active sites of the zeolite catalyst.

Breakdown of the synthesized zeolites is a common
drawback of desilication and dealumination. This reduces
the total yield of reaction products and leads to formation
of additional waste products.

Desilication of HZSM-5 zeolite was recently combined
with subsequent treatment with aqueous surfactant solution
(usually, cetyltrimethylammonium bromide 3% 197-198  or
alkyltrimethylammonium bromide 1°°). The interaction
between surfactant and zeolite prevents nanocrystals
formed under the action of alkali from being broken down
and leads to reorganization of the porous system of the
zeolite near surfactant micelles. One deals with recrystalli-
zation of HZSM-5 zeolite involving transformation of the
initially microporous material to a system with hierarchical
porous structure.!3%-197-199  Ag a result, aggregates of
HZSM-5 nanocrystallites highly stable under conditions of
the MTP reaction are formed (catalyst lifetime prior to
regeneration for decoking is longer than 400 h).'3° Unfortu-
nately, the zeolite recrystallization technique is costly
because it requires surfactants.

The cheapest post-synthesis method for the preparation
of nanosized zeolites is to reduce the zeolite particle size
mechanically in a planetary or ball mill.2°° However, the
particle size distribution obtained upon such a treatment is
very wide and attempts to obtain submicrometre-size crys-
tallites are accompanied by amorphization of a large pro-
portion of the crystalline material. Very small zeolite beads
(30000 nm) were ground in a bead milling apparatus.?°!
This technique suppresses amorphization during the treat-
ment of the ZSM-5 zeolite. Ground zeolite was treated with
alkali solution to dissolve the amorphous fraction and to
obtain nanocrystallites 70—300 nm in size.

Researchers at TIPS RAS developed a method for
preparation of nanosized ZSM-5 zeolites with different
Si: Al ratios in an ultrasonic bath.’#292 Unlike the ball
milled ZSM-5 nanoparticles, those formed under sonication
do not require further recrystallization because they retain
crystallinity. It was reported ''2-115.203 that ultrasonically
treated Mg—ZSM-5 zeolite nanoparticles efficiently cata-
lyze the DTO reaction, especially when the process is carried
out in a slurry reactor.!13-203

5. Lower olefins from methane via syngas using the
Fischer — Tropsch and OX - ZEO methods

The Fischer—Tropsch method involves a direct conversion
of syngas to hydrocarbons; therefore, a two-step processing
of methane to lower olefins is possible:

methane —» syngas — lower olefins

This route is shorter compared to the processes proceed-
ing via methanol or dimethyl ether. At first glance, it looks
more attractive.

The Fischer—Tropsch synthesis of hydrocarbons is a
mature technology. A number of plants owned by different
companies operate in the Republic of South Africa (Sasol),
Malaysia (Shell) and Qatar (Qatar Petroleum, Sasol,
Shell).® However, only liquid motor fuel (mainly diesel) is
industrially produced at present,?%4~207 while lower olefins
are obtained in small amounts as side products.

Conversion of syngas to hydrocarbons by the Fischer —
Tropsch mechanism proceeds on heterogeneous catalysts

(iron, cobalt, ruthenium, etc.)2%4-297 following the laws of
surface polymerization and results in a wide range of
products (mainly linear alkanes and 1-alkenes having from
one to twenty carbon atoms per molecule).??8 At low
temperatures, the distribution of reaction products is shifted
towards high-molecular-mass linear waxes, while at higher
temperatures, the average molecular mass of products is
lower and a larger amount of 1-alkenes is formed, which is
of interest for production of lower olefins.

Shanghai Yankuang Energy (China) developed a reactor
for high-temperature Fischer—Tropsch synthesis and
started a pilot plant with a yearly production capacity of
5000 tonnes of olefins and liquid hydrocarbons.??° This is
the first example of semiscale FTSO process
(Fischer —Tropsch synthesis of olefins). Cleaned syngas
[H2:CO = 1:1 (mole ratio)] is converted to olefins and
hydrocarbon o0il on the iron-containing catalyst
K—-—Fe—Cu—Al at 300-350 °C under a pressure of
1 MPa.?'% Then olefins are separated to isolate ethylene,
propylene and butenes.® The catalyst activity is rather high
(single-pass conversion of CO is 95% —96%). However, the
reaction affords a complex mixture of products including
mainly CO,, methane, ethylene, ethane, propylene, pro-
pane, butylene, butane and light hydrocarbon o0il.® Lower
olefins and methane are primary products of CO hydro-
genation

nCO + 2nH; — CyHz, + nH2O )
CO + 3Hs —> CHy + H,0 (10)

Carbon dioxide is formed in the water gas shift reaction

CO + H,O — CO; + H» an
while alkanes are produced by consecutive hydrogenation
of olefins

CyHy, + Hy —> CoHop 12 (12)

The pilot-scale FTSO process has low selectivity
(11% —13%) and therefore the yield of C5 —Cj olefins is
also low (at most 11%-13%).21° In addition, the
K —Fe—Cu—Al catalyst rapidly deactivates.

At present, there has been considerable research activity
aimed at designing selective and stable catalysts of direct
conversion of syngas to lower olefins in China, Republic of
Korea, Europe, USA and Japan (at SINOPEC, DICP,
Tsinghua University, Dow Benelux, Dow Chemical Com-
pany, etc.). Most studies involve the development of new
modifications of iron-containing catalysts of the FTSO
reaction.?!!~224 These efforts are accompanied by the devel-
opment of novel methods for selective conversion of syngas
to lower olefins on hybrid =zeolite-containing cata-
lysts. 225227

Table 5 lists the characteristics of new modifications of
iron-containing catalysts of the FTSO reaction. The activity
and selectivity of these catalysts to lower olefins is increased
by promoting the catalysts with  Na/S,>216.218
K ,211.212.215.228 \fg 215 Mp,213.214.229 ore This is done in
order to accelerate the formation of the active catalytic
phase (iron carbide x-FesC;),23%23! to influence the C—C
chain growth (by optimizing the yield of C,—C4 hydro-
carbons and minimizing the formation of methane), to
create conditions for suppression of a-hydrogenation (in
order to increase the selectivity to olefins compared to



Table 5. Characteristics of new iron-containing catalysts of Fischer — Tropsch synthesis of olefins (weight hourly space velocity is 3000—10000 h—1).

Catalyst Reaction conditions
T)°C P /MPa
Fe—Zn—Na 350 2.0
Fe—Zn—K 350 2.0
Fe— Al—Na 350 2.0
Fe—Zr—Zn—K 340 1.5
Fe—Zr—K 340 1.5
Fe—Cu—Mn/AC 300 2.1
K—Fe—Mn/AC 320 2.0
K—Mg—Fe/r-GO 340 2.0
Fe—Na—S/a-Al,O3 (AC) 340 2.0
Fe—Na—S/CNT —CN (nanotubes) 340 1.0
Fe—Mn—K/ALOs;@Silicalite 340 2.0
Fe@SiO,—GC 350 2.0
Fe/NMC 340 1.0
Fe (nm)/polyaniline 350 2.0
Ag—Fe304 (microspheres) (pore diameter 1.33 nm) 280 2.0
Fe;04@FesC; (10 nm)/Fe foil 300 2.0
K —Fe—Cu— Al (standard industrial catalyst) 350 1.0

Hz:CO

~3
~3

£ SR )

CO con-
version (%)

95
94
97
96
94
98
85
64
59
77
34
60
86
79
71
87
95

Selectivity (%)
CO» CHy4 olefins
C5-Cj (see®)
16 22 45(53)
19 21 40 (42)
19 21 36 (44)
22 17 32 (41)
19.5 16 31 (38)
20 8 24 (30)
48 12 20.5(39)
41 12 38.5 (65)
45 10 28 (51)
— 8 (47)
36 18 21(33)
— ~10 (41)
46 11 17 (32)
44 13 26 (47)
46 8 23 (43)
22 9 35 (45)
31 5 11(17.5)

O:PP

6.9

5.4
4.9
1.2
2.7
6.1
2.3
4.2
4.7
5.7
2.4
3.5

C;-C;
yield (%)

43
38
35
31
29
24
17
25
16.5
7
<20
15
21
16
30
~11

Catalyst
lifetime /h

>100

>200

>100

>50
>100

>200

Ref.

211
211
211
212
212
213
214
215
215,216
218
219
220
221
222
223
224
210

Note. Notations are as follows: AC stands for activated carbon; GO stands for reduced graphene; GC stands for graphite; NMC stands for nitrogen-rich mesoporous carbon; and CNT — CN stands for nitrogen-

containing carbon nanotubes.
2 The content of olefins is given in parentheses.
>Q:P= olefins C; —Cj :paraffins C; — Cq.
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paraffins), and to reduce the rate of the water gas shift
reaction (to suppress the formation of CO,).?!®8 A detailed
analysis of the influence of different promoters on the
catalytic properties of iron-containing catalysts and of the
nature of iron carbide x-FesC, was reported in a review.?30
Mention was made that complex chemical composition of
composite catalysts precludes unambiguous characteriza-
tion of the action of promoters. The most pronounced effect
was attained by simultaneously modifying the iron catalyst
with alkali metals (K, Na) as electronic promoters and with
Zn, Al, Zr as structural promoters.?'!-212 Catalysts are
prepared by co-deposition of metals?!' or by microwave-
assisted hydrothermal method.?!'?> The selectivity of the
Fe—Zn—K and Fe—Zn—Na catalysts to lower olefins
can reach the range of 40% —45% at a CO conversion of
94% —95%, and the lifetime of the catalysts is more than
100 h. The ratio of the lower olefins to the C,—C4 paraffins
in the reaction products is nearly 7: 1, the CO; selectivity is
lower than 20%, but the content of methane formed is
rather high (>20%), which significantly reduces the effi-
ciency of the FTSO process.

Conversion of syngas on supported iron-containing
systems (K —Fe—Mn/activated carbon,?'* K—Mg—Fe/
graphene,?!’> Fe—Na—S/A,03,2!! Fe—Na—S/activated
carbon,?'> etc.)) and on the core—shell catalysts
(Fe—Mn —K/AlLOsz@silicalite,?'® Fe@SiO,— graphite 220)
affords smaller amounts of methane. The activities of these
catalysts are lower than those of the catalysts containing
structural promoters (Fe—Zr—K,?'? Fe—Zr—Zn—K,?!?
Fe—Zn—K,?'! Fe—Zn—Na?!!) except the system
Fe —Cu—Mn/activated carbon?!? (however, its selectivity
to lower olefins is only 24%).

The catalytic properties of supported iron catalysts
depend not only on the promoter, but also on the type of
the substrate (Si0,,22%-231 Al,03,211-216 porous activated
carbon,?13-214.217 oraphite,??? reduced graphene?'’) and its
geometry,?!%-220 on the charatecristics of the porous struc-
ture 231-232 and on the chemical properties of surface.?33-234
The substrate should facilitate the formation of iron car-
bide, to maintain the finely dispersed (most active) state of
the carbide, to prevent sintering of the active catalytic
phase. In this respect, mesoporous silicate and carbon
substrates are the best choice.?3!-232 Recently, the properties
of supported catalysts have been improved by decorating
the surface of the carbon substrates with nitrogen-contain-
ing functional groups to give nitrogen-rich mesoporous
carbon (NMC)??! or by immobilizing iron on the surface
of nitrogen-containing polymers (polyaniline).???2 The for-
mer procedure leads to efficient suppression of the forma-
tion of methane,??? acceleration of desorption of lower
olefins, exclusion of their hydrogenation and to an increase
in the catalyst lifetime to more than 100 h.??2 The formation
of lower olefins on the Fe— NMC 22! and Fe - polyaniline 222
systems proceeds with a rather high selectivity (32% —47%)
and does not require any structural promoters. The inter-
action between the metal and the nitrogen-containing car-
bon substrate is weak, which favours accelerated formation
of iron carbide x-FesCs,; that is why such systems exhibit
very high catalytic activity. The Fe— NMC catalyst demon-
strates a rather high activity of 0.62 g HC h—! g} even at
260 °C (1 MPa, H,:CO = 1:1); this is much higher than
the activities of all iron catalysts known to date under
similar conditions.??!

The activity and stability of catalysts in the FTSO
reaction depend not only on their chemical compositions

and structure, but also on the particle size.?3%23¢ As the
particle size decreases, the olefins: paraffins ratio in the
reaction products increases, the amount of light hydro-
carbon products increases 237 and the content of methane
decreases.2!8-223.224 Nanosized catalytic systems were found
to be the most active, stable and selective towards the
formation of olefins.?!8-223,224

Iron nanoparticles are synthesized by different methods
(water-in-oil emulsion,?3” hydro- or solvothermal synthe-
sis,?23:224 ¢rc.). Usually, stable catalysts with high selectivity
to lower olefins are prepared by immobilizing iron nano-
particles on carbon materials, such as nanofibres and
carbon nanotubes (CNT) 23%-23% including nitrogen-contain-
ing nanosized substrates (CNT-CN).2!8 Conversion of
syngas on such systems is free from diffusion constraints,
iron carbide is formed much faster, the distance between
iron-containing particles can be rather long (this decelerates
their sintering) and the catalyst lifetime significantly
increases (see Table 5, the Fe—Na—S/CNT—CN cata-
lyst)_218

Recently, substrate-free nanostructured iron catalysts
have been designed, e.g., silver-promoted nanostructured
Fe30, spheres.??? The catalyst exhibits high activity even at
280 °C. Silver plays an important role in controlling the
pore size and the degree of dispersion of iron. The
Fe—0.9 Ag catalyst with the smallest pore size (1.33 nm)
demonstrated the highest selectivity to lower olefins (43%)
at an olefins: paraffins ratio of about 6. It is believed that
pores confine the reaction space, which precludes hydro-
genation and transport of long-chain hydrocarbon mole-
cules but facilitates hydrogen abstraction and chain growth
through insertion of CHj> units with the formation of lower
olefins.

An interesting result was reported by Sun ez al.,?** who
prepared a nanosized Fe;O4@FesC, system (species 10 nm
in size) on the surface of thin iron foil using controlled
hydrothermal growth and calcination). In such a system the
metal foil facilitates efficient dissipation of heat released in
the course of exothermic FTSO reaction and the catalyst
exhibits a record high stability (lifetime > 200 h). The
synthesis of lower olefins on Fe3;O4@FesC, nanoparticles
on the surface of iron foil is a fast process proceeding
without diffusion constraints with rather high selectivity
(45%); the amount of methane formed is small (~ 9%) and
the COs selectivity is relatively low (22%).

Thus, recently developed (including modern nanotech-
nologies) modifications of iron catalysts are vastly superior
to the industrial catalyst K —Fe —Cu— Al in selectivity and
stability. New catalysts allow one to increase the yield of
C5 —Cj5 lower olefins in the FTSO process by 2 to 4 times.

The potential of iron catalysts is limited by the FTSO
reaction mechanism. According to the Anderson—Schulz—
Flory law, the selectivity with respect to C>—C4 hydro-
carbons (including olefins and paraffins) cannot be higher
than 58%.240 Nevertheless, a novel method was developed
for the synthesis of lower olefins from syngas, which makes
it possible to overcome this limit and to obtain lower olefins
with selectivity > 70%.22°-227 The innovative oxide —zeo-
lite (OX—-ZEO) method has been the focus of activity in a
number of research centres in China (DICP, SINOPEC,
Xiamen University, Shaanxi Coal and Technology Institute,
etc.). Syngas is converted on metal oxide—zeolite hybrid
catalysts (Table 6).225-227-241-250 The activation and pri-
mary hydrogenation of CO molecule and the formation of
the primary C — C bond proceeds on partially reduced oxide
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catalyst, a coupling of C—C units occurs in zeolite
pores.??>-227 The approach allows one to control the
carbon chain propagation and to suppress hydrogenation
of the C=C bond and the formation of methane.??¢ Lower
olefins can be obtained with selectivity in the range of
70% —80% at a total selectivity towards C,—C4 hydro-
carbons to 94% and a methane selectivity of about 2% to
6%.22> The reaction conditions are as follows: temperature
is 400°C, pressure is 1—3 MPa and a H,: CO mole ratio is
1-2.5. The process proceeds in the steady-state mode and
the lifetimes of the OX—-ZEO catalyst are longer than
100—160 h.227.247

Possible oxide components include manganese oxide,??°
Zr —In,05 (catalyst of hydrogenation of carbon dioxide),?*3
as well as medium-activity catalysts of the synthesis of
methanol [spinel ZnCrO, 225 241,242,244 71 A1,04,245, 246
and Zn—ZrO;, (Refs 227, 247)]. The most active catalyst
of the synthesis of methanol, Cu—Zn— Al, is inappropriate
for the OX—ZEO process because the reaction on this
catalyst results in methanol as the major product and only
trace amounts of olefins are available.?>!

The ZEO component of the hybrid catalyst is chosen
taking account of the topology and pore size in the crystal
lattice. Systems with shape selectivity towards C5 —-Cj;
olefins are prepared using narrow-pore CHA-type crystal-
lites (SAPO-34225-226 and SSZ-132%7) or mordenite
(MOR-type structure).?**245 When using mesoporous
ZSM-5 zeolites (MFI-type structure), aromatic hydro-
carbons (Zn—ZrO,+HZSM-5)232 or C,-C4 paraffins
(Cr—Zn—Al/ZSM-5) 233 are formed under identical con-
ditions.

The composition of the ‘olefin’ product also to a great
extent depends on the topology of zeolite (see Table 6).
Reactions on mordenite (MOR)-containing systems result
in ethylene as the major product (selectivity varies from
65% to 80%),%4%-246 whereas processes on catalysts con-
taining CHA-type molecular sieves (SAPO-34, SSZ-13)
proceed with dominant production of propylene
(C3:C5 = 2.5).247,.248

There is a synergistic effect of the OX and ZEO
components of the hybrid catalyst; if OX or ZEO is absent,
the heterogeneous catalyst is almost inactive.?2%-247 The
reaction mechanism is still unclear. Intermediate products
detected by different authors using physicochemical and
kinetic methods are significantly different. Ketene and sur-
face carbonates are detected on ZnCrO, + SAPO-34,225,226
ZnCrO,+MOR?** and MnO + SAPO-3422¢ gystems.226
Intermediate formation of ethanol was detected in the
reaction on multilayer system Zn/Al,O4/MOR/Zn/Al,O4/
MOR;?#> ethylene can be formed upon dehydration of
ethanol. The reaction on zirconium-containing hybrid cata-
lysts  Zn—ZrO,+SSZ-13,47  Zn—ZrO,+ SAPO-34,2%7
Zr —In,03 + SAPO-34 (Ref. 243) proceeds via intermediate
formation of methanol and(or) DME, the conversion of
syngas to these intermediates being the rate-limiting
stage.>*” To date, it is known with certainty 2° that oxygen
vacancies on the surface metal oxide play a key role in the
dissociation of CO molecule, but the reaction mechanism
differs from that of the Fischer —Tropsch synthesis on iron
catalysts.>>* Probably, that is why the efficiency of the
catalyst decreases upon replacement of the metal oxide
component of the hybrid catalyst by iron carbide
(Fe/C+SAPO-34 and Fe/C@Si—SAPO-34 catalysts),?*8
viz., the selectivity to lower olefins is almost halved while

the formation of undesired methane increases from
2% —6% to 19%.

The catalytic properties of hybrid catalysts depend on
both the ratio of the metals in the OX component and the
acidity of zeolite,?*” being to the greatest extent affected by
the particle size of the catalyst components.?!?-23% Usually,
hybrid systems OX—-ZEO are prepared by mechanically
mixing individual components;??7-247 therefore, the higher
the degree of dispersion of the components of a catalyst the
larger the surface area of the contact between individual
components. The activity and selectivity of catalysts con-
siderably increase on going from the micro- to nano-
scale.??7-247 High characteristics were achieved upon mixing
4.8-nm Zn —ZrO; nanoparticles with 230-nm SSZ-13 nano-
crystals 247 and in the reaction on the Zn—ZrO, + SAPO-34
nanosized system.??® The selectivity of the nanosized cata-
lyst Zn—ZrO,+SSZ-13 (Ref. 247) to C5; —Cj olefins
reaches a value of 87% at 10% conversion of CO and 77%
at 29% conversion of CO [at 400 °C, 3 MPa, and
H,:CO = 2 (mole ratio)]. The major product is propylene
(selectivity 49%) and the catalyst lifetime is longer than
160 h.

Thus, the innovative OX—ZEO method for production
of lower olefins from syngas is intensively developing, being
attractive from the standpoint of ethylene and(or) propy-
lene selectivity and rather high catalytic stability.?4¢

Studies aimed at scaling up the OX —~ZEO process using
the ZnCrO,+SAPO-34 hybrid catalyst have been
reported.?>* However, the situation is far from large-scale
industrialization, in particular, due to certain drawbacks of
the method. Lower olefins are produced with high selectiv-
ity; however, owing to low activity of the OX-ZEO
catalysts and high conversion of CO to CO, (> 40%) the
yield of the lower olefins is low (12% —20%) (see Table 6).
These values are only slightly different from those achieved
on the industrial FTSO catalyst, and in this respect the
OX-ZEO systems still cannot compete with the new
modifications of the iron catalysts (see Tables 5 and 6).

A concise economic analysis 255256 of different technol-
ogies of direct conversion of syngas to olefins showed that
their feasibility and environmental performance (in partic-
ular, lower energy efficiency, higher CO, emission) are
inferior to the industrial MTO and MTP processes in spite
of attractive potential.>>¢

Commercialization of FTSO processes is also hampered
by the need for large capital investments and energy
expenditure for the production of syngas.'* This is a
common problem of all modern large-scale productions in
natural gas chemical industry, where methane is activated
via reforming (high-temperature energy-intensive process).

6. Ethylene and propylene from methane via methyl
halides

Methods for conversion of methane to olefins via halogen
derivatives allow one to exclude the expensive energy-
intensive stage of methane reforming to syngas from the
production cycle and carry out the process in two stages:

methane —> methyl halide —> lower olefins
Methyl halides (chlorinated or brominated hydrocar-

bons) are obtained from methane using oxidative halogen-
ation or halogenation reactions



Table 6. Characteristics of OX-ZEO hybrid catalysts of direct syngas conversion to lower olefins.

Catalyst Reaction conditions Conversion (%) Content of olefins (%) C;-Cy Ref.
yield (%)
T/°C P/MPa H,:CO CcOo CO> CH4 C;-Cy C3 C3 Cy
ZnCrO, (spinel) + SAPO-34 400 2.5 2.5 22 41-45 2-3 71-80 23 — - 14-16 225, 241,
242
Zn—7ZrO> + SAPO-34 400 1 2 11 — 6 74 — — — — 227
Zr—In>03 + SAPO-34 400 2.0 1 28 40 2-3 74 — — — 12 243
MnO + SAPO-34 400 — - 8=15 — — 6980 — — — — 218
ZnCrOy (spinel) + mordenite 400 2.5 2.5 26 ~45 2-3 >75 73 — — 20-21 244
ZnAl,O4 + mordenite 370 3 1 10 — — — 65 — — — 245
ZnAl,O4 + SAPO-34 400 1 2 4.5 45 10 77 — — — 35 246
Zn—Z7rO, (4.8 nm)/SSZ-13 (230 nm) 400 3.0 2 29 41-45 3 77 19 49 9 12 247
Fe/C@Si—SAPO-34 340 1.0 1 24 45 19 40 8 20 12 5-6 248
6K/100Fe—6 Cu—16 AlO, 300 1.0 2 96 31.5 5 19.5 6 8 5.5 13 249, 250

(standard industrial catalyst)
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nCH4+nHX+goz—>nMeX+nH20 (13)

CHs + X» —> MeX + HX (14)

X =Cl, Br

at moderate temperatures (350—500 °C).257 Such a ‘low-
temperature’ approach to activation of CH4 molecule is
very attractive to researchers.

Catalytic oxidative halogenation of methane involves
the interaction with hydrogen halide and oxygen [reaction
(13)]. In this case, functionalization of CH4 molecule occurs
at < 480 °C under atmospheric pressure.?>%257-259 The
reactive halogen generated in the oxidation of methyl halide
by oxygen activates a C—H bond in the methane molecule.
Methyl halides thus obtained are converted to lower olefins
in the second stage by the reaction

nMeX — nHX + C2H4 + C3H6 + C4H8 (15)

X = Cl, Br

on zeolite catalysts [SAPO-34,3260.-261 7ZQM.-5 262267
ZSM-35 (Ref. 269), etc.].

The two-stage process of production of C5 —Cj olefins
from methane via methyl chloride is proven at the Research
and Engineering Centre ‘Sintez’ (Moscow, Russia).?69 272
Oxidative chlorination of methane is carried out at
300400 °C in fluidized-bed reactors. The catalysts are
supported copper chloride 2%° or a mixture of copper chlor-
ide, potassium chloride and lanthanum chloride (in a
1:1:0.3 mole ratio) supported on a porous substrate.?’?
The catalyst lifetime can be as long as 4000 h under
optimum conditions. In the second stage methyl chloride is
converted to lower olefins in fluidized-bed reactor on
SAPO-34-type silicoaluminophosphate catalyst at
425-450 °C at pressures in the range of 0.2—
0.5 MPa.?70-272 The conversion of methyl chloride reaches
75% —80%, while ethylene and propylene are formed with a
selectivity of 45% and 35%, respectively.?’® The highest
selectivity to the sum of ethylene and propylene (up to 87%)
is observed at a certain degree of carbonization of the
catalyst (2.6 mass % —5.2 mass %). Hydrogen chloride is
returned to the stage of oxidative chlorination of methane.
The catalyst is regenerated by air at 550 °C until complete
recovery of its activity.

The MCTO was proposed for the synthesis of olefins at
chlorine plants. A feasibility assessment 2% revealed higher
profitability of the MCTO process compared to the indus-
trial MTO method, viz., the absence of energy-intensive and
material-intensive stage of syngas production reduces the
capital investments by 25% and the methane consumption
decreases by 10%. However, the MCTO product almost
always contains organochlorine impurities (CH>Cl,, MeCl,
CCly).?73 The olefins produced are suitable for production
of basic chlorine-containing chemicals (dichloroethane,
vinyl chloride, polyvinyl chloride),?’* but do not meet the
requirements for polymer-grade production as monomers
for the synthesis of polyethylene and polypropylene. At
present, domestic chemists work hard to solve this prob-
lem.271- 273

The MCTO method developed in the Russian Federa-
tion is aimed at producing lower olefins with dominant
formation of ethylene.?>-270 Researchers from the Xiamen
University (China) proposed a two-stage technology of
methane conversion to propylene via methyl chloride or

methyl bromide 275 using original highly efficient new-gen-
eration catalysts (CeO» nanocrystals, fluorinated zeolite
H(F)ZSM-5). Oxidative chlorination of methane is carried
out on FeO,—CeO> nanorods at 480 °C and atmospheric
pressure and affords methyl chloride with a selectivity of
74% at a CHy4 conversion of 23%. Efficient oxidative
bromination of methane requires more severe conditions
(600 °C) and NiO/CeO; nanocubes as catalyst. The selec-
tivity to MeBr is 82%, at a methane conversion of 22%. The
catalyst lifetime is longer than 100 h. The second stage of
the process, viz., conversion of methyl halides, is carried out
on fluorinated zeolite H(F)ZSM-5 at 400 °C. Propylene is
obtained in yields of 41% —49% from MeCl and 53% from
MeBr with a selectivity of 46% —64% and 56%, respec-
tively. The reaction proceeds in a steady-state mode over a
period of at least 50 h.

One-pot conversion of methane to lower olefins via
chlorination without isolation of intermediate product
(methyl chloride) proposed at the University of South
California (USA) 28 allows one to simplify the flow diagram
of the process to one reaction unit. Chlorination of CHa
[reaction (14)] and conversion of MeCl to hydrocarbons
[reaction (15)] are carried out on the same catalyst (SAPO-
34) in one reactor at the same temperature (350 °C) and
pressure (0.1 MPa). The reactions proceed consecutively
and, depending on the contact time and on the time on
stream, one can obtain either methyl chloride or olefins.
Gaseous  halogen  highly diluted with methane
(CH4:Cl, = 10:1) is used as raw material. Chlorination of
methane on the surface of SAPO-34 leads to selective
formation of methyl chloride. After 2h on-stream (contact
time was 60 s) only MeCl is detected in the reaction
products at a conversion of chlorine of 92%. After 18 h
on-stream, the reaction products contain about 40% of
lower olefins (~23% ethylene, ~14% propylene, ~6%
butenes). Bromination of methane on SAPO-34 can be
performed analogously, but the process is much less effi-
cient. The yield of methyl bromide in the initial stage of the
reaction is at most 49%, while the developed process yields
propane (~28%) as the major product rather than ethylene
(15%) or propylene (7%).

Lower olefins synthesized using the MCTO processes
and industrial processes, MTO and MTP, are obtained on
the same-type catalysts (SAPO-34,257-261 and ZSM-5 262-267),
Methyl halides and methanol are structurally similar and
the catalytic properties of the zeolite catalysts of the MCTO
and MTO reactions depend on the same factors (crystal
lattice type, acidity, etc.).?37-268.275 The effect of the zeolite
topology, the silica modulus and different modifiers on the
behaviour of the catalyst in the MCTO reaction was
considered in a review.?’7 New catalysts of the MCTO
reaction are designed using modern methods of nanotech-
nology, thus following the strategy for the design of
catalysts of the MTO and MTP processes. This approach
allows one to prepare more stable catalysts of the conver-
sion of methyl chloride to lower olefins.

The lifetime of recently synthesized 2°! nanosized sili-
coaluminophosphate SAPO-34 in the MCTO reaction is
two times longer than that of the traditional SAPO-34
catalyst. The nanosized SAPO-34 was prepared using an
original ‘dry’ gel procedure involving azeotrope drying and
steam-assisted crystallization without using expensive tem-
plates or specially synthesized starting materials.

A ZSM-5 zeolite with hierarchical porous structure was
synthesized.?63-264 Conversion of methyl chloride to hydro-
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carbons on this catalyst proceeds at 450 °C with an effi-
ciency of more than 98% and the selectivity to lower olefins
reaches a value of 68%. The new catalyst, which is 4.5 times
more stable than conventional ZSM-5, was prepared by
controlled crystal growth under hydrothermal crystalliza-
tion conditions in the presence of triethoxyvinylsilane used
as nanocrystallite growth inhibitor.2¢3

A stable catalyst based on ZSM-5 zeolite can also be
prepared by coating the external surface of ZSM-5 with a
layer of polycrystalline silicalite-1, which passivates the acid
sites on the zeolite surface.?%? Lower olefins are formed
from methyl bromide on the core—shell HZSM-5@silica-
lite-1 catalyst at 450 °C with a selectivity of more than 80%
at a conversion of MeBr of 75% —80%. The lifetime of this
catalyst is longer than 120 h (¢f. at most 40 h for traditional
HZSM-5 catalyst under identical conditions).

7. Oxidative coupling of methane to ethylene

The oxidative coupling of methane has long been attracting
the attention of researchers as promising one-step route
from methane to ethylene. A new period of intensive studies
on this reaction began in 2008 at certain research and
commercial centres, e.g., Dow Chemicals, Fina Technology,
Siluria Technology, Sabic Global Technologies, King
Abdullah  University of Science and Technologies
(KAUST), Russian Academy of Sciences, Chinese Academy
of Sciences, SINOPEC, efc. The results obtained were
summarized in reviews (see, e.g., Refs 15—18) and more
than 30 new publications appear yearly.

The oxidative coupling of methane to ethylene + ethane
mixture is carried out in the presence of heterogeneous
catalysts based on alkaline-earth metal oxides,?’%277 rare-
earth metal oxides,?”7-280 tin oxide,?®!-2%2 manganese
oxide,?83 etc. at 550—1000 °C. Manganese-containing com-
posites Na(K, Li, Rb)—MnW/SiO, are active at temper-
atures above 800 °C and exhibit the highest stability and
selectivity to CoH4.284

The process can be described by the equation

2CH4 + O, — C,H4 + 2HO0 (16)

Actually, the reaction proceeds via formation of ethane

2CH4+%02—>C2H6+H20 17)
which undergoes oxidative dehydrogenation '8

C>He + %Oz —> CyH4 + H2O (18)

This is a semicatalytic process;?®5 at temperatures above
600 °C, the formation of ethane (ethylene) can proceed
without a catalyst.?8¢ The OCM mechanism involves multi-
ple surface catalytic reactions and gas-phase homogeneous
reactions,!8-287 the contribution of the latter being increased
with increasing temperature. The activation of methane
molecule occurs on the surface of the catalyst with the
formation of methyl groups that can be desorbed to the gas
phase in the form of free radicals (CH3) at temperatures
above 800 °C. In the gas phase, methyl radicals undergo
homogeneous recombination to ethane molecules that sub-
sequently undergo dehydrogenation to ethylene. At lower
temperatures, the activation of methane and oxygen mole-
cules on the catalyst surface can be accompanied by the
formation of ethane and ethylene; these reactions can
proceed on different oxygen sites.?8%:28° For instance, a

recent study?®® revealed that dissociation of O, molecule
on the NaMnW/SiO, composite catalyst is followed by the
formation of the Mn>* =0 active site responsible for the
methane activation via the formation of Mn** — Q" and that
recombination of methyl radicals occurs on the oxide site
W6+ =0 with the formation of methoxy groups bound to
W3+,

The reaction products, ethane and ethylene, are thermo-
dynamically less stable and more reactive than the stable
methane molecule.!* Therefore, conversion of methane to
C; hydrocarbons is accompanied by their fast oxidation to
carbon oxides, which complicates the production of ethyl-
ene with high selectivity.

To avoid the oxidation of the C, products, the OCM
reaction is carried out under oxygen deficiency conditions
(at a CHy4:0O32 mole ratio of 3—10). This limits the con-
version of methane on different heterogeneous catalysts to
20% —45%. The yield of ethylene is at most 16% —18%
even if the most selective catalysts are used.?’®-290-292 The
maximum conversion of methane and the energy efficiency
are less than 30%, being two times lower than for produc-
tion of ethylene by pyrolysis of naphtha.?®? Therefore,
today the OCM method is unattractive to industry. To
make it cost efficient,?329¢ one should increase the yield
of ethylene to 30% —50% (based on different estimates),
increase the conversion of methane and(or) reduce the
reaction temperature.?®3

The main strategies for solving these problems involve
the development of new methods for carrying out the OCM
reaction and new reactor designs, as well as the design of
selective and stable catalysts with high activity at moderate
temperatures. A general trend of R&D activity in this field
is to increase the contribution of catalytic reactions to the
formation of ethane(ethylene) and to reduce the contribu-
tion of the homogeneous gas-phase component in order to
increase the controllability of the process.

Modern laboratory-scale methods for the synthesis of
C, hydrocarbons by the oxidative coupling of methane
differ in feed supply modes, temperature and catalysts,
type of reaction unit and reactor design (adiabatic, fluid-
ized-bed, membrane, ‘chemical looping’, etc.)
(Table 7).283.288,294-313

In the innovative approaches to the OCM reaction, such
as ‘chemical looping’ 2?8393 and membrane reactors,304-309
oxygen is fed to the reaction section in distributed mode,
which creates prerequisites for selective formation of target
products. According to the results of cost efficiency analy-
sis,2?3 this enables a 15% increase in the conversion of
methane and thus reduces the production cost of ethylene.
In the case of ‘chemical looping’ 2?8393 methane and oxy-
gen are fed separately, in alternative manner or to different
reactors, the two-reactor unit with the catalyst circulating in
the fluidized layer being the most efficient.300,302.303 One
reactor is used for the oxidation of methane in the absence
of gaseous O, (with lattice oxygen as catalyst). This almost
completely excludes gas-phase reactions and undesired
oxidation of the C, products. ‘Deoxygenated’ catalyst is
transferred to the second reactor and regenerated by atmos-
pheric oxygen.302-393 Thus, the process occurs within the
framework of the redox system with alternate reduction (by
methane) and oxidation (by oxygen) of the oxide catalyst.
In this process the oxidative regeneration of the catalyst
surface can be achieved using not only pure oxygen, but also
air. Manganese-containing catalysts NaMnW/SiO,,28-301
MgsMnOg (Ref. 302) and Li—MggMnOg (Ref. 303) are



Table 7. Modern methods of conducting oxidative coupling of methane to ethylene (as mixture with ethane).

Process type, reactor type CHy4 and O; feed mode Catalyst T/°C CHy4 con- Selectivity (%) Single-pass yield (%) Ref.
version (%)
>Cs Cy >Cs Cy
High-temperature semicatalytic process Mixed raw material NaMnW/SiO» 800—1000 20-37 65-83 38-44 16-32 15-162 283, 288,
in adiabatic reactor or in fluidized-bed CHy4:0;, = 3—4 (see?), 294 -296
reactor pressure 0.1 MPa LiMnW/SiO, ~900 43 46 35 20 15 297
La,03—Ce0,/SiO> 905 28 64 45 18 13 279
‘Chemical looping’, two-step redox system Cyclic, periodic or alternating ~ NaMnW/SiO» 750 — — — 23-25 — 298 -301
(fluidized-bed reactors), OCM in supply of CH4 and O» to two MgeMnOg 840 23-38 66—83 27-35 23 13 302, 303
the absence of oxygen in the gas phase different reactors), alternating
(with lattice oxygen as oxidizing agent) oxidation —reduction of catalyst
In membrane reactor Continuous supply of CHy, NaMnW/SiO,/ceramic 825-850 26.5-37 65-72 52 19-24 14 295, 304
distributed oxygen supply membrane
via an O%>~-permeable NaMnW)/SiO,/BSCF® 900 - 70 - 3-16 — 305
membrane NaMnW/SiO,/MIECM ¢ 850 52 68 40 35 21 306
BYS/nano-LSCF,¢ 900 49 79 - 39 - 307
BCG hollow fibre© 750 14 71 32 10 B 308
‘Low-temperature’ thermocatalytic process Mixed raw material La,0s3, nanowire 550-560 25-27 50-54 — 14 — 309, 310
CHy4: 07 = 4 (see?),
pressure 0.9 MPa
Mixed raw material, Sr—La»Os3, nanofibre 500650 35-38 4752 25-35 15.5-20 9-14 311
pressure 0.1 MPa
Microwave-assisted process Mixed raw material Na;oMnaWs/SiO, + WC 750 27 64 - 17 — 312
CH4:02 = 4 (see?)
In low-temperature plasma corona discharge Mixed raw material Zeolite HY 25 85 (55) 70 (58) - 59 (32) — 313

aVolume ratio.
b BSCF stands for Bag.5Srg.5Cog.sFeo203_s.

CH4:0, = 4 (see?)

¢MIECM stands for mixed ionic-electronic conducting membrane.

dBYS stands for Bi; 5Y¢3Smg203_5; LSCF stands for Lag ¢Sro4Co02Feo 03— s.

¢ BCG stands for BaCe sGd 03 _s.

(no zeolite)
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used as both catalysts and the source of lattice oxygen.
These systems exhibit high oxygen capacity, e.g., nearly
20 mmol g} for the NaMnW/SiO, composite.298 Oxidative
coupling of methane in the ‘chemical looping” mode at
840 °C is characterized by high ethane and ethylene selec-
tivity of 45% —50% and 27% —35%, respectively.?? The
operating characteristics of the catalyst do not deteriorate
after more than 100 cycles and its lifetime is at least 50 h.
But the yield of C, hydrocarbons almost never exceeds
25%.298-303 1t is believed 3°° that hydrogen formed in the
dehydrogenation of ethane competes with methane for the
active sites, and this competition limits the rate of the target
reaction. Therefore, progress of the ‘chemical looping’
method is associated with an increase in the pressure of
methane or with reduction of the reaction temperature to
less than 750 °C for partial suppression of the dehydrogen-
ation of ethane.3°°

Yet another innovative approach to the OCM reaction
is to use membrane reactors.3%4-3% Similarly to the ‘chem-
ical looping’ method, this one also provides a high selectiv-
ity of formation of C, products and allows one to use
atmospheric air instead of pure oxygen. The operating
principle, design and various configurations (fixed-bed,
ionic-electronic, disc-shaped, tubular, efc.) of membrane
reactors have been considered in detail in a review !® and
in original publications.??3-304-309 In the membrane reac-
tors, oxygen is supplied to the reaction section through the
surface of a capillary O?~-permeable membrane in the
distributed mode. Usually, the design of membrane reactors
includes a combination of a selective catalyst, mainly
02~ -conductive type (NaMnW/SiO,, perovskites), with
O2~-permeable ceramic membrane based on perov-
skites.29%-304.305 Bhatia er al.3°¢ developed a mixed ionic-
electronic oxygen-permeable membrane coated with a layer
of the Na—Mn—W catalyst. This catalytic membrane reac-
tor was used to obtain C, hydrocarbons from methane at
850 °C in 35% yield with an ethylene selectivity of 40%.306
Othman et al3%7 developed a membrane reactor using a
Lag.6Sro.4Cop2Feps03_5 hollow fibre coated with a thin
(300—500 nm) layer of Bi; sY¢.3Sm.03_s catalyst depos-
ited by the sol-gel method. They obtained a record high
yield of C, products in the OCM reaction, viz., 39% at
nearly 50% conversion of methane and a C, ¢ selectivity of
79%. The efficiency of this membrane system is due to
uniform dispersion of catalyst nanoparticles that provide
higher oxygen permeation rate through the membrane. The
membrane reactors described above efficiently operate at
high temperatures (850 —900 °C).304-309 Recently, research-
ers at ExxonMobil 398 synthesized a membrane catalyst of
the composition BaCepsGdp203_s5, which reduced the
temperature of the OCM reaction to 750 °C.3%8 This offers
new prospects for the development of the ‘membrane’
approach at moderate temperatures.

Carrying out the OCM reaction using membrane reac-
tors or ‘chemical looping’ reaction units offers the following
advantages over traditional procedure using mixed raw
material (CH4+ O»):

— complete exclusion of capital investment and energy
expenditure for maintenance of the installation for cryo-
genic separation of atmospheric oxygen,

— the absence of direct contact between gaseous oxygen
and methane, and

— the absence of reactions outside the catalytic layer.

Innovative methods with distributed supply of methane
and oxygen offer a great economic potential owing to

considerable reduction of energy expenditure and CO;
emission;??3:392 however, they are rather complicated.
Therefore, there has been research activity aimed at improv-
ing technologically simpler thermocatalytic OCM processes
with continuous supply of mixed raw material.

On the one hand, researchers continue to develop high-
temperature process using the most selective composite
catalyst NaMnW/Si0,,294-297 in particular, they optimize
its chemical compositions,?0-291.314,315 stydy the kinetics
and mechanism of the reaction 288.289.316=318 and consider
different types of reactors (microchannel, staged, fluidized-
bed, etc.).?'® On the other hand, innovative ‘low-temper-
ature’ versions of the OCM process3'%3!1 using high-
performance nanostructured catalysts based on rare-earth
element oxides operating at temperatures below 650 °C are
under development. A cost efficiency analysis??? showed
that, economically, the reduction of temperature below
650 °C is no less efficient than the use of membrane reactors
and the ‘chemical looping’ concept. The ‘low-temperature’
approach allows one to reduce the production cost of
ethylene by 15%. Non-traditional methods were also pro-
posed to carry out the OCM reaction (Table 7).312-313 For
instance, microwave-assisted activation of methane on the
NaMnW/SiO, catalyst supported on tungsten carbide
allowed the temperature of the OCM reaction to be reduced
to 750 °C.3!2 An original method for carrying out the OCM
reaction in corona discharge of low-temperature plasma on
the surface of HY zeolite at room temperature and atmo-
spheric pressure was reported.3'3 A very high conversion of
methane to C, hydrocarbons and a record high yield of C,
products equal to 59% were achieved at a CHy4: O, mole
ratio of 4 and a gas flow rate of 4 mL min—'. However, this
technique is hardly suitable for large-scale production of
ethylene(ethane).

Siluria Technology (USA) attempted to industrialize
the OCM process.’?° The company patented the ‘low-
temperature’ design which combines the oxidative coupling
of methane at 540 -650 °C with oxidative dehydrogenation
of ethane at 650 —830 °C.310.321-324 The process is based on
the use of LayOs;, Li/MgO, etc. nanowire cata-
lysts.310-321-324 1n 2014, Siluria and Braskem America
started a pilot plant with a yearly production capacity of
about 400 thousand tonnes of ethylene.??° It was assumed
to integrate the process with a natural gas liquefaction
system or with a system for pyrolysis of ethane.3?> However,
most innovations claimed by Siluria including information
on non-traditional microbial synthesis of ‘nanowire’ cata-
lysts and their efficiency were not confirmed.

Researchers at various scientific centres develop new
‘low-temperature’ nanosized catalysts of the OCM reaction
with different morphology 32°~33! (Table 8). Nanowire cat-
alysts based on manganese and titanium oxides were syn-
thesized.3?5 A series of catalytic systems based on rare-earth
element (Sm, Tb, Ce, Pr) oxides supported on magnesium
oxide nanoparticles was prepared.??° A wide range of nano-
structured catalysts Sm>O3 (Ref. 327) and La,O3 (Refs 311,
330) with different design (nanobelts, nanorods, nanotubes,
nanosheets, nanoflowers, nanofibres) is available.’!!
Recently, La,O3;—CeO, nanofibre catalysts have been
obtained.?¥7-331 Different authors demonstrated that the
catalytic properties of nanosized catalysts depend on their
chemical composition 319327 and design.3?%-322 For instance,
La>Os3 nanoparticles exhibit low efficiency at 500—550 °C,
whereas nanostructured systems with more developed exter-
nal surface used in the OCM reaction carried out in the
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Table 8. Characteristics of nanosized catalysts for oxidative coupling of methane (pressure of 0.1 MPa, at O conversion of ~100%).

Catalyst T/°C CH4:0, CHygcon-  Selectivity (%) Single-pass yield (%) Ref.
version
(%) 2 Co Cy 2Cs Cy
Mn/TiO,, nanowire 750775 5 14-16 35-50 14-25 45-7.5 2-4 325
Sm»03/MgO, nanoparticles 650—700 4 21-22 50-52 26 11 6 326
Li—Sm»03/MgO, nanoparticles 650700 4 21-24 6364 38 13-15 8 326
TbO«/MgO, nanoparticles 650—700 4 17—18 39-41 16 7 3 326
Li—TbO,/MgO, nanoparticles 650—700 4 23 64 37 15 9 326
Ce0,/MgO, nanoparticles 650700 4 14 12-15 7 2 1 326
Na —Ce0,/MgO, nanoparticles 650700 4 22-23 56-57 27 12-13 6 326
PrO,/MgO, nanoparticles 650700 4 16-17 32-36 14 5-6 2 326
Li—PrOy/MgO, nanoparticles 650-700 4 16-21 58-61 39 9-13 8 326
Na—PrOy/MgO, nanoparticles 650-700 4 19-20 47-48 19 8.5-9.5 4 326
Sm»0O3, nanobelts 500600 3 27-28 40-42 — 11-12 — 327
Sm,03, nanorods 500-600 3 26-27 37—-38 — 10 — 327
Sm»O3, nanotubes 500-600 3 25-26 33—-34 — 8-9 — 327
Sr—Sm;03, nanobelts 600 3 29 48 — 14 — 327
Sr—Sm,03, nanorods 600 3 29 48 — 14 - 327
Sr—Sm,03, nanotubes 600 3 28 47 — 13 — 327
La>O3, nanowires 550—650 42 25-27 50—54 — 14 — 310
La,0s3, nanoparticles 500 3 2 0 — 0 — 328, 329
La,Os3, nanoparticles 550 3 10 6 — 6 — 328
La>O3, nanorods 500—550 3 29 41—45 — 12—13 — 328-330
La>O3, nanosheets 500—550 3 31-32 37—46 — 11—-15 — 328
La,03, nanoflowers 500—550 3 27—-29 35—42 — 9—12 — 328
La>O3 — CeOs,, nanofibres 470—520 7 28—29 65—"70 — 18-20 — 331
La;O3—CeOy, nanoparticles 540—-630 7 8—13 60—70 — 5-9 — 331
La>O3 —CeOs,, nanofibres 570 7 23 64 24 15 6 287
La;O3 — CeOs,, nanofibres 610 9 18 70 25 13 5 287
Sr—La»0s3, nanofibres 500-650 - 35-38 47-52 25-35 15.5-20 9-13 310

a At a pressure of 0.9 MPa and a feed space velocity of 130000 h—!.

same temperature range are characterized by a conversion
of methane of nearly 30% and a selectivity in the range of
35% —46%; the yield of C, hydrocarbons reaches 9% to
15%:328.329 the highest efficiency was reported for 2D
nanostructures (nanobelts,3?7 nanosheets3?8). A series of
independent studies 287-326.327.331 showed that the selectivity
of the catalysts based on the rare-earth element oxides can
be increased to 52% —70% by doping them with ceria 287331
or with alkali (alkaline-earth) metals 326327 (in the latter
case, the catalysts become more stable). The Sr—La,Os3
nanofibrous catalyst3!' exhibits the highest efficiency.
Namely, it provides nearly the same yield of ethylene (up
to 13%) at 500—650 °C as that reported for the most
selective high-temperature catalyst NaMnW/SiO, operating
at ~900 °C.?%4 The lifetime of the Sr— La»O3 nanofibres is
about 100 h.

Sucessful development of nanostructured catalysts is
accompanied by studies on the possibility to reduce the

temperature of the synthesis of C, hydrocarbons on
NaMnW/SiO,-type catalysts and on other traditional sys-
tems.?32 The results obtained in 2018 are collected in
Table 9. A number of novel catalysts active at temperatures
below 750 °C were designed, including new modifications of
manganese-containing composites,332-335 gystems based on
iron oxide,33° tin oxide,281-282 and rare-earth element
oxides.?77-280.296,337 Most new catalysts allow the temper-
ature of the OCM reaction to be reduced to 700—750 °C
(see Table 9). Catalytic systems active at about 650 °C are
available.?77-280.337 They are based on Sr-promoted lantha-
num oxide (Sr—LayOs/cordierite,?®® Sr—La,03/Mg0O,>”’
Cs—Sr—Lay032%%). A microscale system Cs—Sr—Lay03
prepared 2°¢ by promoting lanthanum oxide with strontium
and caesium approaches nanostructured catalysts in effi-
ciency. The system kicks into gear at 500 °C and provides a
conversion of methane of ~25%, although being somewhat
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Table 9. Characteristics of catalysts for oxidative coupling of methane at temperatures <750 °C (see?).
Catalyst T/)°C CH4:0, CHgycon- Selectivity (%) Single-pass yield (%) Ref.
version
(%) 2 Co Cy 2 Cs Cy
NasMn7W 1 5/Sii00Ox 800 3 42-43 56 38 24 16 290
(for comparison)
Na;oMn>Ws/SiO» 750 3 11 69 36 8 4 332
Na;2Mni4sMo;5/SiO> 750 3 40 47 33.5 19 13 332
NasWO4—Mn/(MgO —TiO5) 775 2 — — - 16.5 14 333
TiO>—NaMnW/SiO> (MnTiO3) 700 4-5 23-24 73-74 — 17 - 334
Ag—Mn—Na>,WO0,4/SiO» 725 4 18 78 33 14 6 335
Ag—Mn—Na>,WO,/SiO, + 750 4 20 78 — 16 — 335
Ce—Mn —Na,WO04/Si0,
HF — Fe,05 (ferrospheres) 750 8 4 73 25 3 1 336
Li/SnO» 750 4 13 ~70 — 9 — 282
Li/SnO> +LiC 750 2.5 34 55 47 18.5 16 281
CeO2— Y203 750 4 22 47 — 10 — 337
La03—CeO; + 700 4 31 71 40 22 12 335
Ce—Mn —NayWO04/Si0»
Sr—La,0O3/cordierite 650—700 8 21-22 6872 — 14—15 — 280
Cs—Sr—La,03 500—550 3 25 38 — 10—14 — 296

2 Reaction conditions: a total pressure of 0.1 MPa and a feed space velocity of 7200-20000 h—!, and O, conversion of about 100%.

inferior to nanosystems in the selectivity towards C, hydro-
carbons (38%) and stability (lifetime to 50 h).

Thus, at present systems based on lanthanum oxide
promoted with alkali and alkaline-earth metals (see
Tables 8 and 9) are the most efficient microscale and nano-
sized catalysts of the OCM reaction at temperatures of at
most 650 °C.280-296.310 The active sites of the OCM reaction
and the mechanism of the action of promoters have been
thoroughly reviewed.!>-!8 Most researchers hold the view
that the mechanism of the reaction on the rare-earth
element oxides, at least at 550—-650 °C, differs from the
redox mechanism characteristic of other catalysts. It is
believed 1°-294.338 that the activation of methane on lantha-
num oxide to a greater extent proceeds by the ionic
mechanism on the acid-base sites of the La** —O?~ pair
via the formation of the intermediate CH3*~ —La3>"™ —OH~
with CHy4 being treated as a very weak acid.?® The strength
of the basic sites (O%>~) can be influenced using promoters
(alkali or alkaline-earth metals like Sr, Cs, etc.), which
provides new opportunities for controlling the OCM reac-
tion.

One can say that at present, a new line of research,
carrying out the OCM reaction on rare-earth element oxides
at temperatures below 650 °C has actually formed.

Room-temperature activation of methane by oxygen on
Zn —ZSM-5 zeolite was reported.?3° Using solid-state NMR
and other physicochemical methods and DFTT calcula-
tions, it was shown that methane activation proceeds in
dual manner by homolytic cleavage of the C—H bond on
the oxygen-containing zinc clusters with subsequent forma-

T Density Functional Theory.

tion of methyl radicals and by heterolytic dissociation on
Zn?* ions in the zeolite framework via the formation of the
surface methoxy groups. The latter mediate the formation
of methanol and its further conversion to hydrocarbons.
Therefore, one cannot rule out that a new ‘low-temperature’
approach to the OCM reaction, viz., carrying out the
process on the surface of metal oxide-promoted zeolites
will be proposed in the nearest future.

At present, modified zeolite-containing catalysts are
used in the non-oxidative coupling of methane.3%-3!

8. Non-oxidative coupling of methane to ethylene

Similarly to the OCM reaction, non-oxidative coupling of
methane allows one to convert methane to ethylene(ethane)
in one step

2CH4 == C;H4 + 2H>
2CH4 == C;H¢ + Hz

(19)
(20)

This method of direct conversion of methane to C,
hydrocarbons excludes the non-productive conversion of
methane to carbon oxides (main drawback of the OCM
process). However, thermodynamic constraints on the Non-
OCM reaction are more severe and the process requires
higher temperatures than the OCM reaction.!® In addition,
it is difficult to arrest the reaction in the ‘cthylene(ethane)’
stage. Ethylene undergoes rapid condensation into aromatic
hydrocarbons and coke species.!!- 16 The Non-OCM process
can hardly be used to obtain the C, products with high
selectivity; usually, it is utilized for the synthesis of aromatic
hydrocarbons mainly on molybdenum carbide supported on
zeolites.!1-340
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Methane was converted to ethylene with high selectivity
(> 90%) by the Non-OCM reaction on molybdenum car-
bide supported on boron-substituted ZSM-5 zeolite
(Mo>C/[B]ZSM-5) at 700 °C and atmospheric pressure.3?
Owing to low acidity of the zeolite substrate the oligomeri-
zation of ethylene was suppressed, no coke formation was
observed and the catalyst retained its activity for 18 h.
The rate of  methane conversion  was low
(0.7—1.0 mmol CHy4 g_,l h—1).

An example of a faster (200 mmol CH4 gi} h—1)
selective Non-OCM reaction on ZSM-5 zeolite-supported
Pt—Bi catalyst (Pt—Bi/ZSM-5) at 600—700 °C to give the
C, hydrocarbons with high selectivity (> 90%) and domi-
nant formation of ethane was reported.?! The conversion of
methane attained equilibrium values (2% —3%). Based on
experimental observations, it was assumed that activation
of methane proceeds at the platinum sites, while the
bismuth promoter plays an important role in the formation
of the C; species.

Lukyanov and Vazhnova 34! established that the zeolite
component of the catalyst also contributes largely to the
steady-state course of the Non-OCM reaction on a plati-
num-containing zeolite at moderate temperatures. The con-
version of methane to ethane on the Pt —ZSM-5 zeolite at
370 °C proceeded with a C,Hg selectivity of more than 95%,
although the conversion of methane was low (~0.17%),
being limited by the equilibrium conditions.!® The catalyst
lifetime was longer than 28 h. Another platinum catalyst,
Pt/Al,O3, showed a low activity under identical conditions
and rapidly deactivated.

A direct conversion of methane to ethylene on titanium
hybrid systems at relatively low temperatures was demon-
strated.?#?-343 At 450 °C and a pressure of 1 MPa, ethylene
was obtained with a selectivity of nearly 50% at a CHy
conversion in the range of 15% —20%.

Experimental data obtained by different research
groups 30-31.341-343 are indicative of efficient activation of
methane on zeolite-containing catalysts and on titanium
hybrid systems at moderate temperatures (370—650 °C) and
of the possibility of selective production of C, hydrocarbons
by the Non-OCM reaction. However, thermodynamic con-
straints '® prohibit carrying out the process with high con-
version at moderate temperatures. Practically admissible
yields of C, hydrocarbons can be obtained by direct
conversion of methane only at temperatures above
900 °C.1¢

It was found that single iron active sites embedded into a
silica matrix Fe@SiO, can efficiently catalyze selective
conversion of methane to ethylene at 1000—1100 °C.344
The absence of adjacent iron sites prevents catalytic cou-
pling of C—C units formed in the initial stage, their
subsequent oligomerization and coke deposition. The ethyl-
ene selectivity is as high as 45% —48%. Other reaction
products include benzene (selectivity ~30%) and naphtha-
lene (selectivity ~25%). At 1090 °C, the methane conver-
sion takes a maximum value of 48%. Ethylene was obtained
in 25% yield. The reaction proceeds as a steady-state
process. The catalyst lifetime is longer than 60 h.

Yet another study?*® was carried out to assess the
prospects for conducting a Non-OCM reaction on
Fe@SiO; catalyst in a membrane reactor with a hydrogen-
permeable membrane. The tubular membrane reactor rep-
resented a mixed ionic-electronic SrCe 7Zro,Eup.103_s
thin film supported on the outer surface of a porous
SrCeos Zro,03_5 tube. Attempts were made to shift the

equilibrium in the Non-OCM reaction and to increase the
conversion of methane through removal of H, from the
reaction section.

Researchers at Sasol studied an alternative, catalyst-
free, pathway of the non-OCM reaction in a microwave
plasma reactor.?*¢ The conversion of methane to hydro-
carbons under low-temperature plasma conditions was 15%
with an ethane selectivity of 60%. As the temperature of the
gas increases, the conversion increases, but the selectivity is
shifted towards the formation of acetylene and coke depos-
its. This limits the yield of ethylene to 7% —8%.

Thus, the process on the Fe@SiO; catalyst seems to be
the most promising version of the Non-OCM reaction.
However, its possible commercialization is hampered by
the high reaction temperature, which implies large energy
expenditure.

9. Conclusion

Various methods for conversion of methane to lower olefins
are available. Now we will compare certain characteristics
of the most efficient methods that may appear to be of
interest to not only researchers, but also industry. Most new
methods for the synthesis of ethylene and propylene are at
least competitive with the industrial production of olefins
by pyrolysis of naphtha in efficiency of conversion of
hydrocarbon raw material (Table 10). Compared to tradi-
tional technologies, the alternative methane-based processes
better meet the requirements of global ‘olefin’ market to
ensure the production of olefins in the ratio C3:C; > 0.6
(in connection with increasing propylene deficiency).$- 53
Methods for conversion of methane to olefins differ in
number of stages, range of products, possibility of integra-
tion into industrial production cycles, thermal load distri-
bution and some other parameters (see Table 10).

Multistage methods (MTO, MTP, DTO) are character-
ized by more uniform thermal load distribution, high
conversion of methane (70% —90%), wide range of value-
added products (olefins, methanol and/or DME) and the
possibility to vary the propylene:ethylene ratio in the
‘olefin’ product (see Table 10). Taken altogether, these
features make the production ‘tunable’ and economically
stable and allow the methanol and DME markets to
correlate with the olefin (polyolefin) markets. Recent exten-
sive construction of large-scale plants for the synthesis of
olefins via methanol shows that these processes are of
interest to industry and investors.

Other methods for production of lower olefins from
methane (FTSO, OX-ZEO, MCTO, OCM, Non-OCM)
involve a smaller number of stages than the MTO, MTP
and DTO processes but seem to be less attractive from the
standpoint of range of products. Nevertheless, they are also
aimed at integrating into the existing production cycles and,
therefore, are of practical interest and can, in the future,
carve out a relevant niche in natural gas chemical industry.

Successful commercialization of certain ‘methane’ proc-
esses began at Honeywell (UOP), Lurgi, DICP, etc. How-
ever, considerable efforts are required to industrialize most
of them as complete alternative to pyrolysis of naphtha.

In spite of a wide variety of methods for the synthesis of
olefins from methanol, DME, methyl chloride, syngas, or
directly from methane, some general trends in their develop-
ment can be distinguished. High efficiency of all methods
for production of ethylene (propylene) from methane is to a
great extent due to the use of various design features.



Table 10. Characteristics of main modern methods for methane conversion to lower olefins.

Method
(development
company)

MTO-OCP
(Hoheywell
(UOP)/Total)

MTP
(Lurgi)

DTO
(TIPS RAS)

FTSO
(Beijing Univer-
sity ChemTech)

OX-ZEO
(DICP, Xiamen
University )

MCTO
(00O “Sintez’)

OoCM
(Siluria)

Thermal load distribution over main reaction stages

Yield on carbon basis (%)

reaction stage

1. Methane reforming
(autothermal)

2. Synthesis of methanol
3. Methanol conversion
to olefins + cracking of
C4, olefins

1. Methane reforming
(autothermal)

2. Synthesis of methanol
3. Methanol dehydration
to DME

4. Conversion of
methanol + DME + water
mixture to olefins

1. Methane reforming
(autothermal)

2. Synthesis of methanol
3. DME conversion

to olefins

1. Methane reforming
(autothermal)

2. Syngas conversion
to olefins

1. Methane reforming
(autothermal)

2. Syngas conversion
to olefins

1. Oxidative chlorination
of methane to methyl
chloride

2. Methyl chloride
conversion to olefins

1. Partial oxidation of
methane by oxygen to
ethylene — ethane mixture

T)°C

800

260
450

800

260
380

450

800

280
340

800

350

800

400

300

450

550

AH3g
/kJ mol—!

+146

-92
—30 (see©)

+146

-92
-23

— 17 (see©)

+146

—207
—4 (see©)

+146

—211 (see®)

+146

—211 (see®)

—162

+42 (see©)

—266 (see©)

single-pass total @
— 85-90
70-80

— 65-70
20-50

— >80
>80

38-43

14-21

— to 70
55-65

14-20 71

C3:C3y
(see )

Target
products

Ethylene, 0.7-1.8
propylene,

methanol

Propylene, >70
gasoline, DME,
methanol

Ethylene, 1.0-1.5
propylene,

DME

Ethylene, 1.0-1.3
propylene,

fuel hydrocarbons

Ethylene, 0.6—-1.3
propylene,

fuel hydrocarbons

Ethylene, 0.8
propylene,
dichloroethane

Ethylene 0.04

Problematic
side products

CO» (see 9)

CO,, CHy4

CO,, CH4

Chlorine-containing
products

CO», CO,
CHy (see©)

Possibility
to integrate with
full-scale production

With methanol
production

With methanol
production

With DME production

With diesel production

With diesel production

With chlorine
production

With liquefied
gas production,
with pyrolysis of ethane

Ref.

43, 44

45,46

209

242,247

268

322
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Table 10 (continued).

Method Thermal load distribution over main reaction stages Yield on carbon basis (%)

(development

company) reaction stage T/)°C AH5g single-pass total @

/kJ mol—!

OCM (Russian 1. Partial oxidation of 800—-1000 —266 (see©) 15-16 —

research centres)  methane by oxygen to
ethylene — ethane mixture

Non-OCM 1. Non-oxidative coupling 1090 +65 (see©) 25 -
(DICP) of methane

Pyrolysis of naphtha 1. Pyrolysis of naphtha 800—-1000 — — 70

(for comparison)

a2 For the overall process (taking account of all techniques used).

In accordance with requirements of modern olefin market, C3 : C5 >0.6.%-53
¢ Calculated per mol of ethylene.

d Recycle of CO, per methane reforming stage.

¢ Methanation of carbon oxides, recycle of methane.

Target
products

Ethylene

Ethylene,
aromatic
hydrocarbons

Ethylene,
propylene,
gasoline

C3:C3y
(see )

0.4

Problematic
side products

CO,, CO, CH4

Coke

Possibility
to integrate with
full-scale production

With liquefied
gas production,
with pyrolysis of ethane

With liquefied
gas production,
with pyrolysis of ethane

Ref.

288, 291,
297

344

293

81¢
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Considering the synthesis of olefins, in almost all cases the
single-pass yield of olefins is low while the activity and
selectivity of catalysts are insufficiently high (see Table 10).
Most researchers widely use hybrid catalysts containing the
shape selective zeolite component (SAPO-34, ZSM-5, etc.)
and begin to utilize nanosized catalytic systems. Besides,
various innovative technologies were proposed, including
new-generation (membrane, Berty) reactors; three-phase
systems, etc.; multistage, one-pot procedures; methods for
CO; recovery (CO; is the major side product of certain
processes), etc.

We believe the achievements in a certain method can be
transferred to other ones to create prerequisites for progress
in other methods for methane processing to olefins. For
instance, methods for the preparation of nanosized catalytic
systems and productive recovery of carbon dioxide, the
experience in the application of zeolites and some innova-
tive technological features may appear to be common to
different processes.

The authors hope the results obtained by different
research groups and generalized in this review will help
chemists working in the field of deep conversion of natural
gas to lower olefins with further planning of their activity
taking account of all innovations and advances in related
research areas.

Figures 1 and 5 were compiled by the authors of this
review using the data taken from certain original publica-
tions (for corresponding references, see captions).

Figures 3 and 4 are courtesy of MDPI AG.

This review has been written within the framework of
the State Assignment to TIPS RAS.
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