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Abstract—The production of olefins via the catalytic conversion of methanol on zeolites and zeotypes is of
great interest to both the scientific community and specialists in related areas of the national economy. Due
to the gradual industrial implementation of the above process, the focus of attention is gradually shifting from
scientific research devoted to the synthesis and modification of zeolites and zeotypes of different structures;
to studies of pilot and industrial installations; to determining the main economic and environmental indica-
tors, both existing and planned; and to the construction of production facilities. In 2019 alone, China licensed
the construction of 26 production sites with a capacity of 14 million t/yr for ethylene and propylene, and com-
missioned 14 enterprises with a total capacity of 7.67 million t/yr for ethylene and propylene. The established
production facilities include a full cycle of coal processing that consists of coal gasification units for the pro-
duction of synthesis gas; units for the production and purification of methanol and olefins; and units for the
production of polyethylene and polypropylene. The total productivity of the commissioned plants is more
than 21 million t/yr for ethylene and propylene. This work reviews sources published in the foreign literature
over the past five years on the preparation and modification of catalysts, along with technological, economic,
and environmental aspects of the production of olefins from methanol.
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INTRODUCTION

The catalytic conversion of methanol on zeolites
and zeotypes is a growing technology for the produc-
tion of olefins that could largely supplant the tradi-
tionally used means of their production. Over the last
five years, there has been a considerable rise in
applied, theoretical, and scientific research in this
area, accompanied by a substantial increase in the
number of commissioned industrial installations.
Twenty-six production facilities have been built or are
now being planned in China alone. These include
plants for coal gasification to produce syngas, the syn-
thesis of methanol, the catalytic conversion of metha-
nol into olefins, and the stages of polyethylene and
polypropylene production. The total productivity of
enterprises under construction alone will be 14 million
t/yr for ethylene and propylene. The planned intro-
duction of quotas for carbon dioxide emissions by the
oil refining and chemical industries is also raising
interest in the catalytic conversion of methanol into
olefins, since it can be done with intial compounds
obtained from bio-renewable sources. The aim of this

work is therefore to give an overview of sources related
to the scientific, technological, economic, and envi-
ronmental aspects of producing olefins from methanol
that have been published in foreign sources over the
last five years.

HISTORY OF THE COMMERCIAL 
PRODUCTION OF OLEFINS 

FROM METHANOL
In the 1980s, scientific research conducted by

Union Carbide (United States) led to the creation of
silicoaluminophosphate (SAPO) molecular sieves,
some of which (particularly SAPO-34 with a chabazite
(CHA) structure) were highly active in the catalytic
conversion of methanol to ethylene and propylene [1, 2].
Structural features of the SAPO-34 zeotype impose
considerable restrictions on the formation of branched
hydrocarbons, contributing to the high selectivity of
the catalytic conversion of methanol into ethylene and
propylene.

UOP and Norsk Hydro have jointly developed and
demonstrated a new process of olefin synthesis using a
42
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Table 1. Industrially Introduced Technologies for the Production of Olefins [9]

Technology Operator Performance,
millions of t/yr Catalyst Process 

conditions

Technological indicators 
of the catalyst

(conversion, %; 
selectivity, %)

UOP/Hydro UOP (Feluy, Belgium) 0.2 SAPO-34 400–550°C
1–4 atm

100; 80

D-MTO Shenhua China Energy 0.6 SAPO-34 400–550°C
4–5 atm

—

S-MTO Sinopec 0.2 SAPO-34 400–550°C
1–5 atm

—

MTP (Lurgi) Shenhua Group 0.5 SAPO-34 — —
Datang Int’l Power 0.5 SAPO-34 — —

Honeywell UOP Jiangsu Sailboat Petro-
chemical company

0.8 SAPO-34 400–550°C
1–5 atm

100; 85

Wison China Energy 0.3 SAPO-34 400–550°C
1–5 atm

100; 85
catalyst containing the SAPO-34 zeotype that ensures
up to 80% yields of ethylene and propylene with the
near complete conversion of methanol [3]. The possi-
bility of using synthesized olefins in the production of
polyethylene and polypropylene was also evaluated in
developing this process. The first demonstration plant
for producing olefins from methanol used a f luidized
bed reactor. This had several advantages, including the
ability to continuously regenerate the catalyst. The
moving bed of catalyst allowed a portion of the used
catalyst to be continuously directed to a regenerator to
remove coke deposits by combustion in air. It was
therefore possible to maintain constant catalyst activ-
ity in the selected f luidized bed reactor, which ensured
consistent composition of the product. However, it
should be noted that a f luidized bed reactor has a
lower specific capacity per unit volume, compared to
a fixed bed reactor. Work done at a pilot plant in Pors-
grun (Norway) confirmed the stability of the demon-
stration unit with a f luidized bed reactor over 90 days.
The f luidized bed reactor also provided better heat
recovery from the exothermic methanol-to-olefin
conversion reaction [4].

The UOP/HYDRO process provides a fair degree
of f lexibility in the ratio of ethylene to propylene by
allowing the process parameters of a plant’s operation
to be adjusted and the use of reactors with different
capacities. The yield of carbon can be as 80%. Due to
the formation of a complex mixture of hydrocarbons,
however, the separation and purification of ethylene
and propylene is required, raising the cost of olefins
[4]. The subsequent development of this technology
saw the introduction of an additional stage of cracking
the formed hydrocarbons and improving the opera-
tional properties of the catalyst that is used. This raised
the yield of olefins to 90% [5]. At the same time, the
complete UOP/HYDRO production chain included
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the steam reforming of natural gas; the synthesis of
methanol; the production, separation, and purifica-
tion of of olefins; and the production of polypropylene
and polyethylene [6]. It was planned to launch indus-
trial plants for the production of olefins in Europe and
Nigeria [7, 8], but economic difficulties allowed only
the constriction of one plant in Belgium [9]. The
UOP/HYDRO technology was subsequently revised
slightly in China, with allowance for the lack of large
reserves of natural gas. This required the stage of syn-
thesis gas production to transition to the use of coal,
which in turn raised the cost of the final product
because of the greater technical complexity of the
steam gasification of coal [9]. As a result, several sim-
ilar technologies for the production of olefins were
implemented in China (Table 1).

CATALYSTS

Improving current ways of synthesizing zeolites
and zeotypes has in recent years become a trend in the
development of catalysis by aluminosilicates, includ-
ing the catalytic conversion of methanol into olefins.
One of the main lines of development in this area is the
synthesis of homogeneous nano- and microsized zeo-
lites [10]. Reducing the size of zeolite and zeotype
crystals helps lower the inhibition of diffusion and thus
contributes to an increase in the process’s selectivity
toward ethylene [10, 11]. The authors of [10] described
the synthesis of monodisperse nanoparticles of
SAPO-34 zeotype using morpholine to control the
particle size, while monodisperse cubic microparticles
4 μm in size were obtained. Adding morpholine as a
modifier also helped reduce the number of strong acid
sites responsible for the formation of aromatic and
polyaromatic compounds. The selectivity of the cata-
lytic conversion of methanol into ethylene and propyl-
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ene rose from 40 to 45% and 37 to 45%, respectively
(T = 425°C, WHSV = 2 h−1). A more than 200%
reduction in the rate of zeolite deactivation was also
noted.

Nanostructured zeolite H-ZSM-5 [11, 12] with
individual crystals 50–100 nm in size [11] showed
higher selectivity toward light olefins C2–C4 than
macrocrystalline samples. The highest selectivity
(82.7% for light C2–C4 olefins) was obtained by
reducing inhibitions to the diffusion of zeolite nano-
crystals, relative to macrocrystalline samples (T =
490°C, WHSV = 1 h−1) [11, 12].

The problems of growing zeotypes on different het-
erogeneous substrates are of considerable interest in
preparing supported catalysts [13]. Zeotype SAPO-34
[13] was grown on surfaces of zirconium oxide, which
is widely used as a support for catalytically active met-
als. The specific activity of SAPO-34 was not appre-
ciably reduced, relative to free SAPO-34. However,
operational lifetime grew by more than 70%, due to
reduced acidity of the strong Brønsted sites of the
modified zeolite.

The preparation of polystructural zeolites is
another possible way of increasing the activity of a cat-
alyst and the selectivity of methanol conversion to ole-
fins [14]. The hydrothermal synthesis of mixed zeo-
types with RHO and CHA structures was described in
[14], where samples with 52 and 79% of the RHO
phase and 48 and 21% of the CHA phase were
obtained. Increasing the content of chabazite (CHA)
raised the selectivity of methanol conversion to eth-
ylene. Increasing the proportion of the RHO phase
helped slow the rate of zeolite deactivation. The sam-
ple with 79% of the RHO phase showed no loss of
activity after six consecutive cycles of use with inter-
mediate oxidative regeneration in air f low.

Another area of constant interest to researchers is
developing template-free methods for the synthesis of
zeolites intended for use in the catalytic conversion of
methanol into olefins and other processes [15]. The
authors of [15] studied the template-free synthesis of
chabazite (Table 2) and the of crystallization and the
period of aging on the crystallinity of chabazite. It was
shown that 120 h of crystallization is sufficient for the
formation of chabazite with a micropore volume of
0.19 cm3/g and a mesopore volume of 0.02 cm3/g. The
synthesized chabazite displayed high selectivity
toward ethylene (up to 60%), while the selectivity of
the process toward propylene was 20%.

Ways of synthesizing zeolites and zeotypes with dif-
ferent structures continue to be developed for the tar-
geted production of mostly individual components
(ethylene or propylene) (see Table 2). One way of
increase the selectivity toward light olefins is introduc-
ing heteroatoms in order to modify the acidic proper-
ties of zeolites. The authors of [16] described the syn-
thesis of boron-containing nanocrystalline zeolite (see
Table 2) using 6-diaminohexane (6DH) and cytyltrieth-
ylammonium bromide (CTMABr) as structure-forming
agents and boric acid as the source of boron. The synthe-
sized sample of mesoporous zeolite H-ZSM-5 had a
micropore volume of 0.092 cm3/g, a mesopore volume
of 0.081 cm3/g, a Si : B ratio of 102, and 42% selectivity
toward propylene.

The synthesis and study of gallium-containing zeo-
lite H-ZSM-5 during the catalytic conversion of
methanol with the production of olefins were covered
in [17, 18]. The most active sample (see Table 2) was
characterized by a low micropore volume of 0.06 cm3/g.
The volume of mesopores was twice as large at
0.13 cm3/g. The maximum achieved selectivity toward
ethylene was 23%, while the selectivity toward propyl-
ene was 27%. The increase in the selectivity of gal-
lium-modified zeolite toward ethylene and propylene
relative to the initial H-ZSM-5 can be attributed to
both the modifying effect of gallium itself and a drop
in the total acidity of active sites.

The synthesis of a gallium-containing zeolite sam-
ple with a CON-type structure using N,N,N-
trimethyl-(–)-cis-hydroxymertanylammonium (TMHM)
as a structure-forming agent was described in [19].
The most active sample [Ga, Al, B]-CON (250) (see
Table 2) was characterized by a micropore volume of
0.235 cm3/g. The number of available acid sites was
greater than in other samples at 0.067 mmol/g. The
achieved propylene selectivity was 52%, while the
selectivity toward ethylene was only 5% at a methanol
WHSV of 0.2 h−1.

Introducing zinc into the SAPO-34 zeotype [20]
contributed to a considerable increase in the selectivity
of the process toward ethylene, from 35–40 to 50–
53%. However, a parallel increase in the rate of zeolite
deactivation was also observed. It was assumed there
were Zn particles both in the mouths of the pores of
SAPO-34 zeolite and on its outer surface. The
increase in the yield of ethylene was thus a result of
secondary reactions occurring on zinc surfaces.

The preparation of titanium-containing zeotype
SAPO-34 with an average crystallite size of 100 nm
was described in [21] along with its catalytic properties
in the synthesis of olefins. Cubic zeotype nanoparti-
cles were obtained via standard hydrothermal synthe-
sis using tetroethyl ammonium hydroxide as a struc-
ture-forming agent. The results for the chemisorption
of ammonia showed that including Ti in the zeotype
increased the concentration of acid sites, which helped
raise its catalytic activity and selectivity toward light
olefins (from 60 to 80%).

The synthesis of phosphorus-containing chabazite
and the study of its catalytic properties were described
in [22]. Trimethyladamantyl ammonium hydrochlo-
ride (TMAHA) was used as the structure-forming
agent, and tetraethyl phosphonium hydroxide served
as the source of phosphorus (see Table 2). The highest
selectivity toward ethylene (24%) was achieved for the
P-CHA sample (0.44). The volume of micropores in
CATALYSIS IN INDUSTRY  Vol. 14  No. 1  2022
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Table 2. Physicochemical and Catalytic Properties of Zeolites and Zeotypes in the Synthesis of Olefins

Sample Synthesis Si : Me T, °C WHSV, h−1 Set, % Sprop, % Reference

[Al]-[B]-ZSM-5 Na2O = 0.01,
Al2O3 = 0.005,
H3BO3= 0.01,
SiO2 = 1,
6DG = 0.14,
CTMABr = 0.1

Si : Al = 72,
Si : B = 102

450 5.5 10 42 [16]

Sn-ZSM-5 SnO2 = 0.01,
Al2O3 = 0.003,
SiO2 = 1,
TPGA = 0.25

Si : Al = 91,
Si : Sn = 117

450 5 2.3 36 [25]

Ga-ZSM-5 Na2O = 1250,
Ga2O3 = 100,
Al2O3 = 100,
SiO2 = 6,
TPGA = 650

Si : Al = 156,
Si : Ga = 28

320 10 23 27 [17, 18]

[Ga, Al, B] -CON (250) H3BO4 = 0.1,
Ga (NO3)3 = 0.004,
Al2O3 = 0.0015,
SiO2 = 1,
NaOH = 0.2,
TMGM = 0.2

Si : Al = 402,
Si : Ga = 0.62
Si : B = 21

500 0.2 5 52 [19]

Ag-SAPO-34 Al2O3 = 1,
P2O5 = 1,
SiO2 = 0.4,
TAGA = 2,
AgPW = 0.01

Si : Al = 0.18,
Si : Ag = 40

450 4 50 41 [26]

Zn-SAPO-34 Al2O3 = 0.43,
P2O5 = 0.3,
SiO2 = 0.16,
ZnO = 0.025

Si : Al = 0.2,
Si : P = 0.25

500 10 53 25 [20]

CSSAPO-34-3 Al2O3 = 1,
P2O5 = 1.5,
SAPO-34 = 9,
TEGA = 0.2,
TEA = 2

Si : Al = 0.28,
Si : P = 0.39

400 2 35 42 [27]

P-CHA (0.44) Na2O = 0.05,
Al2O3 = 0.031,
SiO2 = 1,
TEGP = 0.27,
TMAGA = 0.3

Si : Al = 9.9
Si : P = 0.44

350 0.94 24 32 [22]

Al-CHA K2O = 0.39,
Al2O3 = 0.2,
SiO2 = 1,
NH4F = 0.3

Si : Al = 2.5 400 0.95 60 20 [15]
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this sample was 0.28 cm3/g, and the Si : P ratio was
<0.44.

Developing ways of intensifying the crystallization
of zeolites is an important scientific and technical task
that ensures a lower cost of zeolites. One way of reducing
the period of crystallization is ultrasonic treatment of the
reaction solution in order to increase the number of crys-
tallization centers and raise the rate of zeolite crystal
growth [23]. Synthesizing zeotype SAPO-34 [23]
under the effects of ultrasound during crystallization
helped raise the volume of zeotype micropores from
0.12 to 0.17 cm3/g and reduce the period of crystalliza-
tion to 5 h. The selectivity toward ethylene was 36%
(T = 450°C, WHSV = 4.5 h−1).

Another way of intensifying the formation of zeo-
lite crystals is high-temperature hydrothermal synthe-
sis [24]. Raising the temperature of hydrothermal syn-
thesis to 350°С when obtaining zeolite H-ZSM-5 [24]
helps reduce the period of crystallization to 0.5 h, and
the resulting sample is characterized by 100% crystal-
linity. The selectivity of the catalytic methanol conver-
sion to olefins on H-ZSM-5 samples synthesized in
this way was 14% for ethylene and 80% for propylene
(T = 400°C, WHSV = 2.9 h−1), which corresponds to
values obtained for samples synthesized with tradi-
tional hydrothermal treatment.

The study and synthesis of zeolites containing
metal nanoparticles are of constant interest, due to the
possibilities of regulating the acid-base properties of
zeolites and introducing additional reactions into the
chain of chemical conversions [25]. The possibility of
the selective production of propylene by introducing
tin into the H-ZSM-5 zeolite was shown in [25],
where tetrapropyl ammonium hydroxide (TPHA) was
used as the structure-forming agent, the selectivity to
propylene was 36%, and the selectivity toward eth-
ylene fell to 2.3%. The increase in propylene selectivity
was attributed to a drop in the acidity of active sites,
resulting in reduced accumulation of heavy hydrocar-
bons and thus an increase in the content of propylene.

Increasing the content of ethylene in the reaction
medium is a difficult task associated with ensuring
fairly high activity and the need to quickly remove the
ethylene that forms in order to prevent further growth
of the carbon chain. Introducing transition metals into
the catalyst can raise the yield of ethylene. The synthe-
sis of SAPO-34 zeotype modified with silver was
described in [26] (see Table 2). The inclusion of silver
raised the total acidity of the sample from 1.8 to
2.2 mmol/g, which elevated the selectivity toward eth-
ylene from 40 to 50%.

Developing ways of synthesizing zeolites and zeo-
types that allow us to vary the number and strength of
acid sites is of considerable interest, due to the possi-
bility of regulating the activity and stability of catalysts.
Ways of synthesizing zeolites of the SAPO-34 type
with low contents of silicon (see Table 2) via recrystal-
lization of the initial SAPO-34 zeolite silicon were devel-
oped in [27]. The Si of the original zeolite matrix goes
into a solution with subsequent secondary growth, while
the Si : Al ratio falls from 0.7 to 0.28. There is also partial
migration of phosphorus and aluminum during sec-
ondary crystallization, which helps lower the zeolite’s
acidity from 0.3 to 0.2 mol/g. The above structural
changes were noted by the authors of [27] as the reason
for the increase in the selectivity of the synthesized
samples toward ethylene (from 27–30 to 35–37%).

EFFECT OF PROCESS CONDITIONS
The partial pressure of methanol and its specific

mass rate have a considerable effect on the selectivity
of methanol conversion into hydrocarbons. [28, 29].
The positive effect of a drop in the partial pressure of
methanol on an increase in the selectivity of the pro-
cess toward ethylene was shown using the example of
zeolites and zeotypes SAPO-34 [28], SSZ-13 [29],
and SSZ-39 [28] with virtually the same volume of
micropores (0.27–0.28 cm3/g) and total numbers of
acid sites of 0.55, 0.92, and 0.83 mmol/g, respectively.
The mass flow rate of methanol was 76–80 kgMe/(kgcat
h), while the temperature of 400°C remained constant.
Lowering the partial pressure of methanol from 30 to
1–2 kPa thus raised the selectivity toward ethylene
from 20–25 to 30–35%, while the selectivity for pro-
pylene fell from 40–42 to 30–35%. The effect of tem-
perature has also been extensively studied for tradi-
tional zeolites and zeotypes [30]. Raising the tempera-
ture in the range of 400–480°С enhances the
selectivity of the process toward ethylene, which can
be explained by the substantial contribution from sec-
ondary reactions of the destruction of substituted aro-
matic compounds.

MODIFYING INDUSTRIAL CATALYSTS
Steam modification of zeolites is a well-known and

well-proven method that allows both to decrease the
number of acid sites and to increase the surface area of
mesopores as a result of partial hydrolysis of the zeolite
surface. However, this modification method is still in
the focus of researchers. So, in [31] the study of the
issues of steam modification of the SAPO-34 zeotype
is presented, the possibility of a controlled decrease in
the number of active sites is shown with varying the
time of steam treatment. Testing of the steam modi-
fied SAPO-34 zeotypes showed a decrease in their
activity in proportion to the time of steaming, while the
ratio of ethylene to propylene remained equal to 1 : 1.

Modification of industrial samples of zeolites in
order to increase the yield of ethylene and propylene
with various metals and non-metals remains an urgent
task, the solution of which has been devoted to a large
number of works [32–34]. So, in the article [32] mod-
ification of the industrial sample of zeolite H-ZSM-5
(Zeolist international, Si : Al = 40) zinc and phospho-
rus by impregnation with zinc chloride solution or
CATALYSIS IN INDUSTRY  Vol. 14  No. 1  2022
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phosphoric acid. The synthesized samples contained
2.2 wt % zinc and 0.92 wt % phosphorus. Testing of
modified industrial samples in the reaction of catalytic
methanol conversion into hydrocarbons did not reveal
significant changes in the selectivity of the process for
ethylene and propylene, which amounted to 15 and
18%, respectively. In this case, the rate of deactivation
of zinc-modified zeolite ZSM-5 decreased by 10–15%
compared to the initial sample, which may be due to a
decrease in the rate of formation of polyaromatic com-
pounds due to the modification of acid sites.

Modification of commercial zeolite H-ZSM-5
(Tosoh Co., Japan, Si : Al = 21.5) by sequential treat-
ment with sodium hydroxide and phosphoric acid is
presented in the work [33]. Treatment with sodium
hydroxide promoted the formation of mesopores,
improving the transport of reagents and reaction prod-
ucts, and treatment with phosphoric acid contributed
to a slight decrease in the acidity of active sites, as a
result of which the selectivity of the process with
respect to propylene was increased by 10–15%
(450°C, WHSV = 3 h–1). In addition, catalyst deacti-
vation was not observed within 27 h, while for the ini-
tial zeolite, a complete loss of activity occurred at the
19th hour of operation.

In work [34] describes the creation of a layer of sil-
icalite-1 on the surface of a commercially available
sample of zeolite H-ZSM-5 (CBV3024, Si : Al = 15,
Zeolist international), for which a secondary growth
of silicalite-1 crystals was carried out on a zeolite sam-
ple. As a result, core-shell structures with H-ZSM-5
zeolite inside silicalite-1 with a thickness of 9.4 ± 1.1
nm were obtained. Due to the weak acidic properties
of the shell - silicalite-1 - a general decrease in the
acidity of the composite occurs, which helps to sup-
press the hydrogen transfer reaction and, as a result,
leads to an increase in the selectivity of the process for
olefins, which reaches 90% for propylene.

Modification of acid sites of mordenite (Hongda
inc., Dalian, China) by treatment with pyridine is pre-
sented in the article [35]. Analysis of the results
obtained shows that mordenite modified with pyridine
gives high selectivity (>65.3%) for C2–C4 olefins,
although the methanol conversion decreases from 100
to 54%. It is also necessary to note a decrease in the
ratio of the concentration of ethylene and propylene
from 4.28 to 0.8, which can be attributed to a signifi-
cant change in the acidic properties of mordenite.

Olefin Formation Mechanism

A comprehensive study and discussion of the for-
mation of the first C–C bond in the process of meth-
anol conversion into olefins continues [36]. Using the
H-SAPO-34 zeotype as an example, the pathway of
the primary formation of the ketene molecule is shown
[36] determined in accordance with the theory of
functional electron densities. The free energy values
CATALYSIS IN INDUSTRY  Vol. 14  No. 1  2022
were obtained for the stage of formation of surface
methoxy groups and their subsequent interaction with
carbon monoxide, the formation of which is also pos-
sible in situ during the interaction of methanol with
acid sites.

The paper [37] is the  study of reactions occurring
in the  catalytic conversion of methanol into  olefins,
including the cycle of the formation of aromatic com-
pounds, the alkene  cycle and  the cycle of the conver-
sion  of  aromatic compounds, as well as the study of
the  diffusion  characteristics of the feedstocks, olefins
and  aromatic products on  various acid sites  in
straight channels, sinusoidal channel and  intersec-
tions of zeolite HZSM-5 channels. The performed
calculations were based on density functional theory
and molecular dynamics modeling. The results show
that the aromatization process occurs predominantly
at the acid sites of the intersection of the channels,
where the energy barrier is significantly lower than for
acid sites located in straight or sinusoidal channels.
The formation of polymethylbenzenes is significantly
suppressed in sinusoidal and straight channels, while
the formation of olefins can occur both in the channels
themselves and at the intersections of the channels
with equal probabilities. Consequently, the catalytic
characteristics of the H-ZSM-5 zeolite in the conver-
sion of methanol into olefins can be controlled by pur-
posefully changing the distribution of acid sites,
which, however, is an extremely difficult practical
problem.

The formation of propylene and ethylene as a result
of the secondary dealkylation reactions of aromatic
hydrocarbons are considered in the work [38] using
zeotype SAPO-34 and methanol labeled 13С with a
radioactive label. The predominant formation of eth-
ylene and propylene was established as a result of deal-
kylation of polymethylbenzenes. In this case, ethylene
is predominantly formed as a result of dealkylation of
tetramethylbenzene, while propylene is formed as a
result of dealkylation of tri-, penta-, and hexamethyl-
benzenes.

Some theoretical aspects of the influence of doping
zeotype SAPO-34 and zeolite H-ZSM-5 with zirco-
nium are considered in the work [39]. The results of
calculations performed by the method of functional
density theory showed that doping with Zr zeotype
SAPO-34 leads to the formation of an additional pore
surface, while doping with zirconium zeolite H-ZSM-5
has little effect on the pore volume. At the same time,
the total acidity decreases in both cases. Zirconium
doping with H-SAPO-34 increased the activity of the
latter in the conversion of methanol into olefins, while
the addition of zirconium to ZSM-5 did not signifi-
cantly affect the activity. A significant increase in
the selectivity for ethylene in both cases can be
explained by a decrease in the number of strong acid
sites H-ZrAPO-34 and H-ZrZSM-5.
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Table 3. The pore structure of zeolites and zeotypes and their stability during the catalytic conversion of methanol into ole-
fins

Dmax is the maximum hydraulic diameter of molecules that can freely diffuse through the pore. Conditions: T = 400°C, WHSV = 0.35 h–1.

Name
Dmax,

Å
Sthis, %

 [44]
Sprop, %

 [44]
Gmax,

kg (CH3OH)/mol (H+) [44]

SAPO-35 3.53 28 40 0.4
SAPO-42 4.21 8 17 43.3
SAPO-56 3.73 26 28 0.3
STA-7 4.1 21 29 3.7
Theoretical and practical aspects of the influence
of the bulk density of distribution of acid sites of the
zeotype SAPO-34 on the selectivity of the process for
hydrocarbons are given in the work [40]. The absence
of a significant effect of the bulk density of distribution
of acid sites on the selectivity of the process with
respect to olefins was shown. It was found that dehy-
drocyclization reactions are subject to stronger diffu-
sion restrictions than the reactions of methylation of
olefins, dealkylation of aromatic hydrocarbons, and
hydrogenation with hydrogen transfer.

Deactivation of Catalysts
The study of the issues of deactivation of zeolites

and zeotypes remains a demanded task of modern
catalysis, in connection with which the number of
works in this area remains constantly high [41–43].
So, the issues of the mechanism of deactivation of the
zeotype H-SAPO-34 are considered in the work [42].
It has been shown that the deactivation of the zeolite is
closely related to the amount, size and location of the
carbon residue formed in the pores and cells of the
zeotype. The inhomogeneous spatial distribution of
the carbon residue, in particular the predominant for-
mation of the carbon residue at the intersection of the
pores, leads to a significant decrease in the available
acid sites and, as a consequence, to the deactivation of
the catalyst in the presence of active sites free from the
carbon residue. An increase in the apparent activation
energy of diffusion from 6 to 8 kJ/mol for ethylene
with an increase in the amount of carbon residue from
0 to 9 wt% was shown, which is a possible reason for a
decrease in the selectivity of the process with respect to
ethylene during the deactivation of zeolite.

Mathematical modeling of diffusion processes
occurring in the SAPO-34 zeotype before and after
decontamination is given in the work [43]. A two-fold
increase in the activation energy of diffusion processes
for ethylene, propylene, iso-butene and trance-2-
butene in the case of the presence of a carbon residue
in the pores of the zeotype. The change in the selectiv-
ity for olefins during the deactivation of SAPO-34 can
be attributed to the effect of the change in mass trans-
fer through the pore windows of the zeotype. Also, the
deactivation of SAPO-34 zeotype correlates with the
adsorption of carbon particles in the pores of the zeo-
lite, and not with the dynamic concentration of free
methoxyl groups, which mainly affect the selectivity of
olefin formation.

The authors [41] considered the use  of preliminary
deactivation of SAPO-34 zeotype with butene-1 for
the uniform formation of carbon  deposits over  the
entire surface of the catalyst to produce a positive
effect both on the  possibility of  long-term use of the
catalyst  and  the  process selectivity to ethylene, which
increased from  40 to  50% due to  a decrease  in the
process selectivity to  hydrocarbons with more than
five  carbon  atoms. However, it should be noted that
the unmodified catalyst sample also showed a selectiv-
ity of 50% at the final stage of operation. A similar
approach to regulating the activity and selectivity of
catalytic systems can be implemented in practice only
if a f luidized bed tray with a catalyst regenerator is
used. At the same time, a variable composition of
hydrocarbons will always be observed in fozed-bed
reactors to the gradual deactivation of the catalyst bed.

The topology of zeolites and zeotypes has a decisive
influence on the process of their deactivation [44].
Study of zeotypes SAPO-35, SAPO-42, SAPO-56,
STA-7 (Table 3) showed that an increase in the size of
micropores contributes to a significant increase in the
maximum possible amount of converted methanol.
However, an increase in pore size also contributes to
an increase in the yield of heavy, including aromatic,
hydrocarbons, which in turn significantly reduces the
selectivity of the process for ethylene and propylene.

Technological implementation of the process

Since the early 2000s [45], the Institute of Chemi-
cal Physics of Dalian, together with the Chinese
Petroleum and Chemical Corporation, worked on the
technological feasibility of industrial processes of
methanol conversion into olefins and to launch the
first semi-industrial unit in China with a capacity of
16000 t of processed methanol per year [46] in 2006.
After the successful completion of industrial tests,
Shenhua Group (China) licensed and built the first
plant for the production of polyethylene and polypro-
pylene with a capacity of 0.6 million t/yr through the
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stages of coal gasification, methanol synthesis, eth-
ylene and propylene production. In 2009, there was
significant progress in the industrial implementation
of technology for the catalytic conversion of methanol
into olefins [47]. 26 production sites licensed in the
People’s Republic of China [47] with a capacity of
14 million t/yr for ethylene and propylene [47] and
commissioned 14 enterprises with a total capacity of
7.67 million t/yr for ethylene and propylene. The unit
capacity of the existing plants was 0.6 and 0.33 thou-
sand t/yr for ethylene and propylene, respectively. The
established production facilities include a full cycle of
coal processing, consisting of gasification units for
synthesis gas production, units for methanol produc-
tion, for the synthesis of ethylene and propylene and
their purification, as well as units for the production of
polyethylene and polypropylene. At the same time,
the total productivity of olefins production plants in
China exceeded 21 million t/yr for ethylene and pro-
pylene. The basis of the stage for obtaining olefins was
a catalytic lift reactor with a f luidized bed, the period
of catalyst contact is 2–3 s, and the time the catalyst
resides in the reactor is no more than 60 min. The ratio
of height to the diameter of the f luidized bed zone is
0.3, the diameter is 11 m, and the height of the f luid-
ized zone is about 3–3.5 m. The familiar SAPO-34
zeotype is used as a catalyst. Each industrial site pro-
duces its own catalysts for the conversion of methanol
to olefins and synthesis gas to methanol. The techno-
logical modernization of processes is proceeding in
parallel with the construction of new enterprises,
based on the operating experience of production facil-
ities already launched (Fig. 1). At the initial plants for
the production of 1 t of a mixture of ethylene and propyl-
ene, 2.97 t of methanol were required (see Fig. 1a),
while the amount of methanol required for the pro-
duction of 1 t of a mixture of ethylene and propylene
was reduced to 2.67 t in the second series of units (see
Fig. 1b) by adding a heavy olefin cracking stage. In
the last technological variant, the required amount of
methanol for the production of 1 t of a mixture of
ethylene and propylene was reduced to 2.64 t by using
a more efficient catalyst and increasing the conver-
sion of the reactants [47].

Results from the industrial operation of installa-
tions were presented in [47], but the data on the possibil-
ity of producing 590000 t/yr of ethylene and 550000 t of
propylene from 1.8 million t/yr of methyl alcohol raise
doubts, due to the stoichiometric impossibility of
obtaining such a quantity of hydrocarbons. Despite
the above disadvantages, however, one cannot fail to
note the colossal work of Chinese science and industry
in the practical implementation of the catalytic con-
version of methanol into olefins.

There are also some papers worthy of special note
on determining the optimum operation modes of f lu-
idized-bed reactors for the conversion of methanol
into  olefins [48, 49].
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An industrial reactor with a capacity of 14000 t of
CH3OH per year using a f luidized bed of catalyst
8.5 m high, a reaction zone diameter of 1.25 m, and a
reaction zone height of 1.84 m was described in [49].
The installation was simulated using a physical model
of the reactor and the kinetic dependences of the for-
mation of methane, ethylene, propylene, ethane, pro-
pane, carbon, and the C4 and C5 fractions of hydrocar-
bons. At the same time, the results from simulation
differed by 8–10% from those obtained at the indus-
trial plant, while earlier models that ignored the for-
mation of a carbon residue on the zeolite surfaces dif-
fered from the results of the industrial plant’s opera-
tion by 15–20%. The resulting mathematical models
were used to optimize the operation of industrial
plants for the production of olefins.

A new lift reactor for the conversion of methanol to
olefins, in which two parallel reaction zones were cre-
ated by introducing a stack into the column bed, was
therefore described in [48]. A comparison of the new
reactor and the traditional single-zone reactor showed
that introducing a stack can greatly increase the veloc-
ity of the gas while simultaneously creating a central
upward f low of the catalyst and a downward radial
f low. It was found that around 80% of the gas f low
from the supply pipe f lows upward, while the rest par-
ticipates in internal circulation. Reducing the time of
contact to 0.5–1 s, we can increase the selectivity of
the process toward ethylene by 10–15%.

Another option for the technological implementa-
tion of the process of catalytic methanol conversion
into olefins is to use membrane reactors [50]. A mem-
brane reactor allows reaction products to be with-
drawn directly from the reaction zone, so a consider-
able increase in the selectivity toward light olefins is
possible. The main problem of such a technical imple-
mentation of catalytic methanol conversion into ole-
fins is obtaining stable catalytic membranes. The syn-
thesis of the catalytic membrane of H-ZSM-5 zeolite
by the secondary growth method was described in
[50]. Zeolite crystals were deposited on a silicon oxide
substrate with secondary crystals grown on them
under conditions of hydrothermal synthesis. The
selectivity of methanol-to-propylene conversion was
50%, while the selectivity toward ethylene was only
10–12%.

Possible upgrading for  the technology of coal con-
version into  polypropylene and polyethylene  through
the methanol and olefin synthesis stages was analyzed
in [51]. It is noted that the current process for convert-
ing syngas into olefins suffers from inefficient use of
hydrogen, the limited olefin production in the pro-
cess, and low energy efficiency. One way of solving this
problem could be to use of a new technological route
for the production of olefins by effectively combining
the production of synthesis gas and a chemically
closed combustion cycle of pulverized coke to effec-
tively maintain a 2 : 1 ratio of hydrogen to carbon in
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Fig. 1. (a) Initial technological scheme; (b) enhanced technological scheme for producing ethylene and propylene [47].
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the synthesis gas. Features of the possible integration
of a closed combustion cycle of coal with the partial
recirculation and removal of carbon dioxide were con-
sidered in order to ensure acceptable environmental
friendliness of the process. Results from modeling the
integration of the closed combustion cycle of coal into
the industrial synthesis of olefin confirmed the com-
petitiveness of this process, showing that its hydrogen
efficiency and exergy efficiency can be increased to 43
and 60%, respectively, compared to 29 and 52% for the
technology now in use. The production capacity for
olefins can also be increased from 0.6 to 0.9 million t/yr,
due to the additional consumption of economical pul-
verized coal in the amount of 0.43 million t/yr. How-
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ever, it should be noted that the total capital invest-
ment in the new process has risen by 21%, relative to
the current cost of coal processing plants for the pro-
duction of polyethylene and polypropylene.

Considerable attention has also been given to indi-
vidual parts of industrial plants for the production of
olefins [52–54]. The operation of an industrial high-
pressure microcyclone unit used for the separation of
the water–organic liquid obtained during the synthe-
sis of olefins was studied in [52]. The efficiency of the
microcyclone plant was 90% with a capacity of the

incoming mixture of 282 m3/h and a total hydraulic
resistance of 0.31 MPa. Microcyclones for the separa-
tion of catalyst particles carried away by steam from
the olefin synthesis reactor were also studied in [54]. A
unit that included 300 mini-cyclones was created on the
basis of a group of mini-hydrocyclones of parallel config-
uration. Experiments showed that the efficiency of sepa-
rating catalyst particles 1.6 μm in size was 79.4%.

The optimization of energy costs in the conversion
of methanol into olefins with a heat pump was consid-
ered in [53]. It was proposed that the output stream of
the vapor phase of olefins be compressed with the
temperature of the stream rising to 155°C. It would
then be directed to a methanol evaporator. The saved
energy would recoup the cost of the compressor in
around a year. The low-pressure steam could also be
used in an ammonia absorption refrigeration plant,
which would cover the cooling needs of an olefin
plant.

The possibility of introducing a new technology of
absorption for the stage of separating synthesized ole-
fins was considered in [55]. Wison Engineering
(United States) proposed a new absorption-based ole-
fin separation section to replace the traditional cryo-
genic unit. A pinch analysis showed that when fully
integrated, the use of hot and cold power supplies was
virtually identical for both configurations with differ-
ences of less than 1 MW for a total power supply of
60 MW. An analysis of the generated entropy showed
that the irreversibility in the absorption configuration
is less than in the cryogenic configuration, with rela-
tive differences of up to 20%. Analysis of the sensitivity
of the sections to changes in the content of light frac-
tions in the feed showed that the absorption unit is
more sensitive to changes in the concentrations of light
hydrocarbons and hydrogen in the stream than the
cryogenic unit. The total capital investment for the
absorption unit was estimated at USD $41 million,
13.7% below that of the cryogenic unit when it comes
to low light hydrocarbons. Even with high contents of
light hydrocarbons, the difference compared to a
cryogenic unit is USD $10 million, which is 3.5% less
than the base cost of a cryogenic unit. The main differ-
ences in capital costs are in the cost of distillation col-
umns and compressors for refrigeration sections. The
difference between the operating costs of both configura-
tions for high light ends is less than USD $0.2 million.
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Another option for upgrading the stage of olefin
separation is to use a dividing wall rectification col-
umn [56]. A pilot column with a diameter of 0.8 m,
specially designed for the separation of olefins, was
investigated. Studies have shown that energy savings of
30% over existing technology can be achieved, and the
column can also be used to separate mixtures with low
olefin contents.

The full life cycle of the conversion of coal into
polyethylene and polypropylene through the stages of
olefin formation has been considered in a fairly large
number of published works, based on the example of
industrial enterprises of the People’s Republic of
China [57–60]. It was noted that the primary conver-
sion of coal into methanol consumes large amounts of
water (up to 25 t per ton of formed methanol) and
energy (up to 120 GJ per ton of produced methanol)
[57]. The primary synthesis of methanol from coal in
this case results in the emission of 8 t of carbon dioxide
per ton of generated methanol. The conversion of
methanol into olefins is accompanied by the con-
sumption of around 5 t of water per ton of formed ole-
fins and 20 GJ of energy per ton of produced olefins.
However, the authors did not consider problems of the
partial recovery of water and energy during the conver-
sion of coal into polyethylene and polypropylene
through the stages of olefin formation, making the
obtained figures extremely overestimated. It should be
noted that the theoretically justified amount of water
for the production of 1 t of methanol through the stage
of obtaining synthesis gas from coal is 3 t, while the
stage of obtaining olefins almost completely recvers
the water spent in that of obtaining synthesis gas.

The detailed estimation of economic aspects in the
production of olefins was presented in [58], where the
authors considered twenty main technological options
for the production of olefins. The possibility of reduc-
ing the total production costs by 23% through raising
the scale of olefin production from 100000 to
1 million t/yr was established. At the same time, the
value of 300000 t of olefins per year can be recognized
as the minimum justified productivity of an enterprise
for the synthesis of olefins. Lower prices for raw mate-
rials have a positive effect on the overall return on pro-
duction and profitability. Coal and natural gas are now
the preferred resources for the production of olefins.
Lower prices for biofuels and hydrogen can reduce
overall production costs for renewables, but these
measures are not enough to compete successfully with
coal and natural gas technologies. This means renew-
able energy sources cannot completely replace fossil
resources for olefin production in the short term.
Government financial support and preferential taxa-
tion policies are required to ensure the competitive-
ness of olefin production using renewable raw materi-
als [58].

A fairly in-depth analysis of the industrial produc-
tion of olefins in the People’s Republic of China was



52 BROVKO et al.
presented in [59, 60]. The authors of [59] showed that

raw material costs are most important in the total cost

of olefin production. The model of the industrial pro-

duction of olefins developed in China reflects the

dynamics of oil and coal prices to achieve economic

and environmental security in China. The optimum

configuration of China’s facilities for the production

of olefins in the period 2016 to 2035 has been analyzed

under four different scenarios of changes in oil and

coal prices. In the first (baseline) scenario, a constant

price for resources was assumed throughout the period

of study. In the second, the price of crude oil will rise

as predicted by OPEC in 2016, while the price of coal

will remain the same as in the initial period of study. In

the third, the price of coal will rise according to the

forecast of the World Energy Agency WEA (2015)

while the price of crude oil remains constant. In the

fourth (most realistic) scenario, oil and coal prices will

rise in line with OPEC and WEA forecasts. The pro-

duction of olefins from coal will have important

advantages if the economic situation develops accord-

ing to the first and second scenarios. The capacity for

the production of olefins from coal can be expanded if

the economic situation follows the third and fourth

scenarios. The possibility of controlling emissions of

carbon dioxide by introducing systems for its capture

and processing is also being investigated. Modeling

results show that the introduction of such systems for

capturing carbon dioxide would greatly limit the pos-

sible increase in the capacity of enterprises for the con-

version of coal into olefins. In all four scenarios, how-

ever, olefins from coal would account for at least 13%

of China’s gross olefin production after introducing

regulations for capturing and storing carbon. Calcula-

tions also show that an economically viable imple-

mentation of carbon dioxide treatment and storage

systems would be possible if the price of crude oil is

above USD $66 per barrel. It should be noted that the

introduction of systems for the recovery and storage of

carbon dioxide could reduce carbon dioxide emissions

by 63–74%. The production of olefins from coal in

China remains competitive even after the introduction

of a carbon tax of $20/t in 2021 [60].

The possible use of technological processes for the

production of polyethylene through stages of metha-

nol synthesis and the production of olefins as a way of

utilizing carbon dioxide from the f lue gases of metal

processing industries was analyzed in [61]. The mini-

mum estimated selling prices for ethylene were USD

$2030/t when using only hydrogen from coke oven gas

and USD $1064/t when coke oven gas was used as

feedstock. Both obtained values were higher than the

current minimum selling price for ethylene (USD

$720/t of ethylene obtained from oil). An economic

analysis of the results shows that the proposed ways of

processing carbon dioxide are not economically feasi-

ble under current conditions.
ENVIRONMENTAL ASPECTS 
OF THE TECHNOLOGICAL 

IMPLEMENTATION OF THE OLEFIN 
PRODUCTION

The growing coal-to-olefin capacity contributes to
increased environmental pollution, mainly in China
[62]. According to the plan for developing olefin pro-
duction in China [63], carbon dioxide emissions will
reach 189.43 million t in 2020 and 314.11 million t by
2030. The number of works aimed at studying the life
cycle of olefin production in order to reduce the nega-
tive impact on the environment is therefore growing
[62]. One way of solving the above problem is to
expand the use of associated petroleum gases as an
additive to coal at the stage of obtaining synthesis gas
and in other ways. Results show that producing olefins
from coal generally has a greater environmental
impact than producing them from oil or natural gas.
The resulting carcinogens are the main factors affect-
ing the environment. Converting coal to methanol
using associated gas from oil fields or natural gas
reduces the potential environmental impact by as
much as 50%, due to a 73% reduction in coal con-
sumption.

To reduce carbon dioxide emissions, we can also
use processes for the production of olefins via the con-
version of carbon dioxide into methanol or bioethanol
into olefins, which would help reduce carbon dioxide
emissions by 500 million t/yr [64]. The research
results [64] emphasize the key role of the Chinese
Communist Party in reducing carbon dioxide emis-
sions by raising the average technological level of
chemical production and preparing for the transition
to low-carbon processes in the Chinese chemical
industry.

STATE-OF-THE-ART AND PROSPECTS 
IN DEVELOPING THE CATALYTIC 

CONVERSION OF METHANOL INTO 
OLEFINS IN RUSSIA

In Russia, the leading position in the field of
research on the catalytic conversion of methanol into
olefins is traditionally held by the Russian Academy of
Sciences’ Topchiev Institute of Petrochemical Syn-
thesis. Over the past five years, it has done a consider-
able amount of research on developing catalysts for the
production of olefins based on zeolites and zeotypes
H-ZSM-5 and SAPO-18, modified with metals Zn,
Fe, Mg, Pd (Table 4) [65–70].

Among the studied catalysts, special note should be
taken of the SAPO-18 zeotype, which displayed a high
selectivity of 83% toward olefins and a resistance to
deactivation comparable to that of SAPO-34 [69],
making it a promising material for industrial use.
Bifunctional catalyst Pd-Zn-HZSM-5/Al2O3 devel-

oped in [68] is of special interest. It allows the simul-
taneous synthesis of methanol from synthesis gas and
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Table 4. Catalysts for the synthesis of olefins from methanol

Sample Composition Si : Me T, °C WHSV, h−1 Set, % Sprop, % Reference

Mg-ZSM-5/Al2O3 Mg, 1 wt %

ZSM-5, 76.5 wt %

Al2O3, 32.5 wt %

37 450 6.3 14 36 [65, 67]

Fe-ZSM-5 Fe, 2.2 wt %,

ZSM-5, 97.8 wt %

— 490 1 19 54 [66]

SAPO-18 SAPO-18, 100 wt % — 400 2 45 38 [69]

H-ZSM-5/halloyside ZSM-5, 77 wt %,

Halloyside, 33 wt %

37 320 1 15 30 [70]
the synthesis of olefins and heavier hydrocarbons,
while the selectivity toward ethylene and propylene is
8 and 11%, respectively (H2 : CO: N2 : DME = 86 : 3 :

11 : 1; P = 100 atm, T = 380°C).

CONCLUSIONS

Based on a review of the literature, we can reach
conclusions on both ways of synthesizing zeolites and
zeotypes and modifying them to increase the yield of
olefins and the service life of catalysts. The develop-
ment of metal-modified zeolites and zeotypes can
make an important contribution to improving the
technological parameters of the catalytic conversion
of methanol into olefins. It should also be noted that
zeotype SAPO-34 is the main catalyst currently used
in industrial plants for producing olefins from metha-
nol. Industrial plants for the synthesis of olefins from
methanol are based on using a f luidized bed tray with
a catalyst regenerator, which ensures the consistency
of the composition of the resulting olefins and the
ability to control the productivity of the units in a wide
range of values. The decribed feasibility studies for the
industrial production of olefins from coal demonstrate
the possibility of the widespread use of this technology
and its economic feasibility. We can also use these
technological solutions economically, even if we have
to create installations for the capture and utilization of
carbon dioxide. At the same time, the environmental
aspects of using the technology for producing olefins
through the stages of coal gasification and methanol
synthesis are of concern to the wide strata of society.
At the same time, the main way of solving possible
environmental problems is to continue developing the
scientific and technical level of production.

In Russia, the technology for producing olefins
from methanol can be industrialized using both natu-
ral gas and such solid fuels as coal, brown coal, peat,
and biomass. The fundamental factors that determine
the feasibility of introducing the above technology are
in this case the specific economic conditions, the need
for olefins, and the possibility of using both indige-
nous and foreign technological solutions.
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