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Abstract—Different ways of increasing the selectivity of catalysts are described for converting oxygenate to
liquid hydrocarbons. Analysis of reports suggests that the main factors affecting the selectivity of zeolite-con-
taining catalysts are the structural type and acidic properties of the zeolites. It is shown that the strength and
distribution of acid sites depend on the structural type and chemical composition of the zeolite framework,
and on the chemical nature of the exchange cations. Different ways of changing the acidic properties of zeo-
lites are discussed, e.g., modifying them with cations of various elements and subjecting them to postsynthesis
acidic, alkaline, and steam heat treatment.
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INTRODUCTION
The conversion of methanol (MeOH) and/or

dimethyl ether (DME) into hydrocarbons (HCs) is a
rapidly developing industrial process based on using
an alternative carbon-containing feedstock via an
intermediate stage of conversion into synthesis gas
(CO–H2 mixture) [1–9]. Most of the motor fuels now
produced are of petroleum origin [10, 11]. At the same
time, gasoline produced from methanol and/or DME
using synthesis gas has high octane characteristics.
The quality of this product compares favorably to that
of gasoline synthesized from crude oil by conventional
means, since the former contains no harmful impuri-
ties (e.g., sulfur and nitrogen compounds) [12].

The first works on converting MeOH into liquid
HCs date back to the 1970s [13–15], when researchers
at the Mobil Oil Corporation sought new ways of pro-
ducing high-octane gasoline via the co-conversion of
MeOH and isobutane in the presence of ZSM-5 zeo-
lite developed by the company’s employees.

The development of a single-stage procedure for
DME production has stimulated great interest among
researchers in the technology for synthesizing gasoline
from DME produced using synthesis gas in a single
stage [16–28]. This technology is promising, due to its
favorable thermodynamic characteristics [25, 26]. In
addition, DME is characterized by higher activity than
MeOH upon conversion into liquid HCs, and less
coking of the catalyst [16, 29–31].

Analysis of the main results from investigations on
synthesizing liquid HCs from MeOH and DME
showed that catalysts based on zeolites (largely those
of the ZSM-5 type) are the ones most effective for this
process. The high capabilities characteristic of zeolites
allow targeted changes in their physicochemical and
catalytic properties. Nonzeolitic catalysts (ZnCl2,
P2O5, Al2O3, WO3, heteropolyacids) used in this reac-
tion showed a rapid loss of activity, due to the coking
or poisoning of active sites.

This review summarizes data presented in the cur-
rent scientific literature, mostly on the effect of the
structural type and acidic properties of zeolites on the
activity and selectivity of zeolite catalysts for the con-
version of MeOH and DME. Factors responsible for
the acidic properties of zeolites (e.g., their topological
features and postsynthesis treatment, the chemical
composition of the zeolite framework, and the nature
of exchange cations) are discussed.

EFFECT OF THE TYPE OF ZEOLITE 
STRUCTURE ON CATALYTIC 

CHARACTERISTICS

Methanol-to-gasoline (MTG) catalysts are based
on zeolite ZSM-5 (Zeolite Socony Mobil-5, MFI
structural type) [16, 20, 32–35]. The absence of mol-
ecules containing more than ten carbon atoms in the
reaction products is attributed to the unique pore
structure of the zeolite.† Deceased.
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The main structural unit of ZSM-5 zeolites is a
5-membered oxygen ring (these zeolites are therefore
referred to as pentasils); the ring is mostly composed
of SiO4 tetrahedra, since the content of Al in the
framework is low. The combination of these tetrahedra
into a three-dimensional framework in crystals leads
to the formation of a system of through channels of
two types—straight and sinusoidal—with sizes of
5.1 × 5.5 and 5.3 × 5.6 Å, respectively, that intersect
at right angles [36]. According to data on HC adsorp-
tion [37–39], the movement of molecules inside the
crystals is governed by a system of pores: in catalytic
processes, reactant molecules of a certain size diffuse
into the crystals through channels of one type, while
molecules of products of different sizes exit the zeolite
through channels of the other type.

The intersections of the channels provide enough
volume for ring-forming reactions and intermolecular
hydrogen transfer, during which a mixture of alkenes
can be converted to alkanes and aromatic HCs [34].

High-silica zeolite of the ZSM-11 type is similar to
ZSM-5 zeolites in having a two-dimensional porous
structure of straight 5.3 × 5.5 Å channels composed of
10-membered rings and intersecting at right angles
[40]. ZSM-11 zeolites exhibit the same activity in the
conversion of MeON into HCs as that of ZSM-5, but
the former is inferior to the latter in shape selectivity
[41–43]: the liquid product obtained with a selectivity
of 41% is no more than 29% aromatic compounds,
mostly С9–С10 (durol, 20%). When ZSM-5 is used,
the dominant aromatic HCs are xylenes (C8 products).
This difference between catalytic properties is due to
the different volumes of cavities formed during the
intersection of pores in these types of zeolites.

Table 1 shows the structural characteristics and cata-
lytic properties of different structural types of H+-form
zeolites in the conversion of DME and MeOH.

Since the high octane number of gasoline synthe-
sized via MTG in the presence of zeolites ZSM-5 is
attributed to the high content of aromatic HCs, alter-
native zeolite catalysts must provide high contents of
branched-chain aliphatic compounds in order to pre-
serve the octane characteristics of the resulting gaso-
line. Macroporous MOR zeolites (12-membered
channels of 6.5 × 7.0 Å, interconnected in one direc-
tion by 8-membered channels of 2.6 × 5.7 Å) and
Y zeolites (12-membered channels of 7.4 × 7.7 Å, con-
necting large cavities) were studied for the production
of liquid HCs from methanol [44–48]. However, test
results revealed the rapid deactivation and low activity
and selectivity of these zeolites when converting
MeOH into liquid HCs.

In the opinion of the authors of [49], the structure
of beta (BEA) zeolite (a three-dimensional porous
system of intersecting channels of 5.5 × 5.6 and 7.1 ×
7.6 Å; see Table 1) has features in common with the
structure of both zeolite ZSM-5 (a three-dimensional
porous system of intersecting channels of 5.1 × 5.5 and
5.3 × 5.6 Å, and a high Si : Al ratio) and zeolite Y (a
system of 12-membered rings of 7.4 × 7.7 Å). These
features can positively affect the catalytic characteris-
tics of the zeolite in converting methanol into HCs
[50–52]. However, studies show that zeolite BEA
exhibits high initial activity of 83% in MeOH conver-
sion, but it falls to 10% after 30 h on stream, with the
HC yield dropping from 80 to 5%. The main products
are С2–С4 HCs (30–40%). The liquid products are
54.8% aromatics that consist mostly of polyaromatic
compounds [53, 54] and penta- and hexamethylben-
zenes [52].

Since zeolites with two- and three-dimensional
porous systems are satisfactory catalyst systems for the
production of both mono- and polycyclic aromatic
compounds, some authors [55–57] have studied the
conversion of oxygenates in the presence of zeolites
with one-dimensional porous systems of 10-mem-
bered channels in order to obtain products rich in C5+
HCs. Such zeolites include H-ZSM-22 (channel size,
4.6 × 5.7 Å), H-ZSM-23 (4.5 × 5.2 Å), and H-ZSM-
48 (5.3 × 5.6 Å). It has been found that these zeolites
exhibit quite high activity (methanol conversion, 90–
98%) and high selectivity toward liquid HCs. All sam-
ples except for H-ZSM-48 produced a product that
was rich in C5+ HCs and contained hardly any aro-
matic compounds. Judging from the large size of its
channels, H-ZSM-48 offers more space for shape selec-
tivity in the formation of aromatic HCs (see Table 1).

Lacarriere et al. [58] studied the conversion of
MeOH into HCs (temperature, 450°C; weight hour
space velocity (WHSV), 2 h−1) in the presence of
H-MCM-22 and H-MCM-36 zeolites with MWW
topology (which includes two interconnected pore
systems of two-dimensional channels composed of 10-
and 12-membered rings). It was found that H-MCM-
22 catalyst exhibits more liquid HC selectivity (25%)
than H-MCM-36 (12%). On the other hand, gasoline
produced in the presence of H-MCM-36 contains
mostly aliphatic HCs (85%), and the catalyst is highly
resistant to coking.

An attempt to synthesize HCs from methanol in
the presence of finely porous zeolites of the Erionite
(ERI), Chabazite (CHA), and ZK-5 types with chan-
nel sizes of 3.6 × 5.1, 3.8 × 3.8, and 3. 9 × 3.9 Å,
respectively, was made in [59]; the zeolites exhibited
extremely low selectivity toward liquid HCs (no more
than 7.5%). The main reaction products were eth-
ylene, propylene, and propane. The presence of
appreciable amounts of methane in the composition of
light HCs indirectly indicates there was active coking.
With zeolites of the A, X, ZSM-4, and T types [60, 61],
and molecular sieves of the aluminophosphate
(AlPO4-5, CoAPO-5, BeAPO-5, MgAPO-5,
MnAPO-5) and silica–alumina phosphate types
(SAPO), MeOH conversion is characterized by a
rapid loss of catalyst activity, due to coking [62–65].
CATALYSIS IN INDUSTRY  Vol. 11  No. 2  2019



CATALYSIS IN INDUSTRY  Vol. 11  No. 2  2019

CATALYSTS FOR SYNTHESIZING LIQUID HYDROCARBONS 103
Ta

bl
e 

1.
St

ru
ct

ur
al

 c
ha

ra
ct

er
is

tic
s o

f u
nm

od
if

ie
d 

ze
ol

ite
s (

in
 H

+
 fo

rm
) a

nd
 th

ei
r c

at
al

yt
ic

 p
ro

pe
rt

ie
s i

n 
th

e 
co

nv
er

si
on

 o
f D

M
E

 a
nd

 M
eO

H

*W
H

SV
 is

 th
e 

w
ei

gh
t h

ou
rly

 sp
ac

e 
ve

lo
ci

ty
 o

f f
ee

ds
to

ck
s.

Z
eo

lit
e

Z
SM

-5
Z

SM
-1

1
M

O
R

D
ea

lu
m

in
at

ed
 M

O
R

H
Y

U
SY

Z
SM

-2
2

Z
SM

-2
3

Z
SM

-4
8

Z
SM

-5
7

F
E

R
B

et
a

To
po

lo
gy

M
F

I
M

E
L

M
O

R
FA

U
T

O
N

M
T

T
M

R
E

M
F

S
F

E
R

B
E

A

Sy
st

em
 o

f c
ha

nn
el

s
T

hr
ee

 d
im

en
si

on
al

Tw
o 

di
m

en
-

si
on

al
O

ne
 d

im
en

si
on

al
T

hr
ee

 d
im

en
si

on
al

O
ne

 d
im

en
si

on
al

Tw
o 

di
m

en
-

si
on

al

Tw
o 

di
m

en
-

si
on

al

T
hr

ee
 

di
m

en
-

si
on

al

Tw
el

ve
-m

em
be

re
d 

ri
ng

s
N

on
e

N
on

e
6.

7 
×

 7
.0

 Å
7.

4 
×

 7
.7

 Å
N

on
e

N
on

e
N

on
e

N
on

e
N

on
e

7.
1 

×
 7

.6
 Å

5.
5 

×
 5

.6
 Å

Te
n-

m
em

be
re

d 
ri

ng
s

5.
1 

×
 5

.5
 Å

5.
3 

×
 5

.6
 Å

5.
3 

×
 

5.
5 

Å
N

on
e

N
on

e
4.

6 
×

 
5.

7 
Å

4.
5 

×
 

5.
2 

Å
5.

3 
×

 
5.

6 
Å

5.
1 

×
 

5.
4 

Å
4.

2 
×

 
5.

4 
Å

N
on

e

E
ig

ht
-m

em
be

re
d 

ri
ng

s
N

on
e

N
on

e
2.

9
×

 5
.7

 Å
N

on
e

N
on

e
N

on
e

N
on

e
3.

3 
×

 
4.

8 
Å

3.
5 

×
 

4.
8 

Å
N

on
e

C
ha

nn
el

 
in

te
rs

ec
tio

n
Ye

s
Ye

s
Ye

s
Ye

s
N

on
e

N
on

e
N

on
e

Ye
s

Ye
s

Ye
s

Si
O

2/
A

l 2
O

3
30

65
15

47
4.

8
30

60
66

10
4

60
22

24

Fe
ed

st
oc

k
М

еО
Н

D
M

E
М

еО
Н

М
еО

Н
D

M
E

М
еО

Н

Т
, °

С
37

1
36

7
37

0
35

0
36

7
37

0
40

0
40

0
40

0
40

0
40

0
40

0
40

0

Р
, M

Pa
0.

1
0.

1
5.

0
0.

1
0.

1
0.

1
0.

1
0.

1
0.

1
0.

1
0.

1
0.

1
0.

1

W
H

SV
*,

 h
–

1
1.

0
1.

65
1.

44
7.

0
2.

62
2.

9
1.

9
1.

0
1.

0
2.

0
2.

0
2.

0
2.

0
2.

0
0.

8

C
on

ve
rs

io
n,

 %
99

.9
99

.9
98

.0
99

.0
62

.3
99

.6
99

.4
54

.6
75

.3
90

.0
98

.0
95

.0
99

.0
99

.0
83

.0

С
5+

 H
C

 se
le

ct
iv

ity
 

(w
ith

 re
sp

ec
t 

to
 to

ta
l H

C
s)

, %
55

.8
59

.1
74

.6
41

.0
21

.6
59

.4
68

.0
21

.9
46

.8
62

.0
59

.0
55

.0
46

.0
60

.0
40

.0

C
om

po
si

tio
n 

of
 li

qu
id

 p
ha

se
 p

ro
du

ct
, w

t %

С
5+

 a
lip

ha
tic

 H
C

s
27

30
.0

47
.0

71
.3

36
.4

38
.3

20
.7

84
.6

60
.7

98
.0

98
.0

80
.0

80
.0

98
.0

45
.2

B
as

ic
 c

om
po

un
ds

С
7-

m
et

hy
l 

an
d 

С
6-

di
m

et
hy

l
—

С
4-

di
m

et
hy

l,
С

5-
m

et
hy

l,
С

7-
m

et
hy

l, 
С

5-
tr

im
et

hy
l

n-
С

6,
С

4-
di

m
et

hy
l,

С
5-

m
et

hy
l

С
5-

m
et

hy
l, 

С
6-

m
et

hy
l

С
4-

m
et

hy
l,

С
4-

di
m

et
hy

l,
С

5-
m

et
hy

l
Is

op
ar

af
fin

s
—

—
—

Is
o-

С
5

С
6+

 a
ro

m
at

ic
 H

C
s

73
70

.0
53

.0
28

.7
63

.6
61

.7
79

.3
15

.0
39

.3
2.

0
2.

0
20

.0
20

.0
2.

0
54

.8

B
as

ic
 c

om
po

un
ds

С
8–

С
10

 (x
yl

en
es

)
С

9–
С

10
,

du
re

ne
 

>
10

С
10

+
С

9–
С

11
—

—
—

—
—

С
11

–
С

12

St
ab

ili
ty

H
ig

h
M

od
er

at
e

L
ow

M
od

er
at

e
M

od
er

at
e

M
od

er
at

e
M

od
er

at
e

L
ow

L
ow

L
ow

M
od

er
at

e
L

ow
L

ow

R
ef

er
en

ce
7

14
40

44
45

44
48

57
57

57
55

55
52



104 MATIEVA et al.

Fig. 1. Effect of the SiO2 : Al2O3 molar ratio in HZSM-5
zeolite on its acid properties: (1) total number of acid sites
and (2) number of strong acid sites (according to [77, 81]).
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The main products are methane and small amounts of
lower olefins and paraffins.

The above data suggest that the structural features
of zeolites play a substantial role in the conversion of
MeOH and DME into gasoline fraction HCs or
respective n- and isoolefins with the prospect of fur-
ther hydrogenation. Zeolite ZSM-5, the structural
features of which provide enough volume for the con-
version of DME and MeOH into liquid HCs, is the
best type of zeolite for MTG.

EFFECT OF THE ACIDIC PROPERTIES 
OF ZEOLITES ON THEIR CATALYTIC 

CHARACTERISTICS

The main factor affecting the activity and selectiv-
ity of zeolites is their acidic properties. Both Brønsted
and Lewis acid sites (BASes and LASes) are present in
Table 2. Conversion of MeOH and DME in to HCs in the pr
(conditions: 367°C; 0.1 MPa; WHSVМеОН = 1 h−1)

Parameter
25 35 38 50

Feedstock DME МеОН DME DME
Conversion, % ≥99 ≥99 99 ≥99
Selectivity toward С5+ 
HCs (with respect 
to total HCs), %

57 52 58 55

Composition of liq

Aliphatic HCs 28 21 34 41
Aromatic HCs 72 79 66 59
Reference 73 71 73 73
zeolites. Brønsted acid sites are protons located near
the aluminum–oxygen tetrahedra of the zeolite
framework and compensate for their negative charge.
Lewis acid sites are electron-accepting sites. In zeo-
lites, these sites are either exchange cations or various
aluminum-containing structures that form defects,
which are referred to as true LASes.

Most researchers believe that the catalytic activity
of zeolites in hydrogen form is better attributed to
BASes, which differ in strength.

The catalyst selectivity for products of oxygenate
conversion can be controlled by changing the ratio of
these sites in the zeolite framework and their strength;
these parameters in turn depend on the framework’s
composition (SiO2 : Al2O3 molar ratio), the chemical
nature of the modifier, and the means of postsynthesis
treatment [66].

Effect of the SiO2 : Al2O3 Molar Ratio 
on the Acidic Properties of Zeolites

A reduction in the content of Al atoms in the zeolite
framework lowers the total number of acid sites [44,
66–80] and the fraction of strong BASes responsible
for the dehydrocyclization of C6-olefins into aromatic
HCs and alkylation reactions (Fig. 1) [44, 77, 81]. This
factor in turn increases the activity and selectivity of
the zeolite catalyst. Upon raising the SiO2 : Al2O3 ratio
from 25 to 300, the zeolite’s activity and selectivity
toward aliphatic HCs thus increases, and the aromatic
content in the resulting liquid product falls (Table 2,
Fig. 2).

Along with their content, the distribution of alumi-
num atoms in the zeolite framework affects the ratio of
different types of acid sites. It is believed that when
SiO2 : Al2O3 > 140, the acid sites of zeolites are homoge-
neous and take the form of bridging OH groups insulated
from one another and bound to the aluminum atoms of
the zeolite framework. When SiO2 : Al2O3 < 140, the
CATALYSIS IN INDUSTRY  Vol. 11  No. 2  2019

esence of zeolites HZSM-5 with different SiO2 : Al2O3 ratios

SiO2 : Al2O3 ratio

68 100 140 220 300 1300

МеОН МеОН МеОН МеОН МеОН МеОН
≥99 ≥99 ≥99 97 97 2.2

59 62 66 63 67 13

uid С5+ HCs, wt %

31 33 46 47 71 100
69 67 54 53 29 0
71 71 71 71 71 71
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Fig. 2. Effect of the SiO2 : Al2O3 molar ratio in HZSM-5
zeolite on the composition of gasoline produced from
DME: T = 400°C; P = 0.1 MPa; and WHSVDME = 7 h−1

(according to [80]).
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acid sites are bridging OH groups that are close to one
another [66, 67]. Some authors conclude that zeolite
ZSM-5 with SiO2 : Al2O3 ratios of 30–300 can be used

effectively in producing gasoline from MeOH and
DME [71, 72, 77, 80].

Effect of the Nature of Exchange Cations

The acidic properties of zeolites depend largely on
the nature of exchange cations. Zeolites in sodium
form exhibit substantially lower catalytic activity, and
in some cases are completely inactive. Substituting
protons for sodium cations [82] increases the overall
activity of the zeolites and their selectivity toward
HCs, particularly ones that are aromatic. According to
the authors of [82, 83], a catalyst from which at least
50% of its sodium is removed is best for the production
of gasoline from MeOH.

Table 3 shows data on the effect of exchange cat-
ions on the acidic and catalytic properties of zeolites in
DME and MeOH conversion, using the example of
modified ZSM-5 zeolites.

Modifying ZSM-5 zeolites with cations of nickel
[86, 87], iron [97, 109], zinc [7, 26, 90, 103, 104, 109,
126–134], gallium [84, 94, 101, 104–107], silver [87,
96], copper [85, 87, 88], palladium and other noble
metals [87], and rare-earth and other elements [70, 98,
100, 102] alters the acidic properties of the zeolites, and
thus their activity and selectivity toward liquid HCs.

Modifying zeolite HZSM-5 with nickel [74] and
copper compounds [84, 85] increases the total number
of acid sites and redistributes the acidity spectrum in
favor of strong sites (type II).

Introducing nickel (see Table 3) into HZSM-5 zeo-
lite (SiO2 : Al2O3 = 300) thus has a substantial effect on

the catalyst’s activity and the group HC composition
of the resulting gasoline: with complete DME conver-
sion, the content of C5–C8 isoparaffins grows from

42.7 to 61.9 wt % with a reduction in the content of
C8–C10 aromatic compounds, from 39.6 to 24.2 wt %.

The durene content in particular falls from 7.5 to
4.0 wt % [74]. Using MeOH as the feedstock raises the
content of C6–C11 aromatic compounds in the com-

position of the liquid phase products to 60% [86, 87].

When HZSM-5 (SiO2 : Al2O3 = 90) is modified

with copper (see Table 3), the conversion of MeOH
rises from 89 to 99%, testifying to enhancement of the
catalyst’s activity. The selectivity toward liquid HCs
also grows from 69 to 87%. Both findings are attribut-
able to an increase in the total number of acid sites,
due to the formation of type II sites [85, 88].

Modification with molybdenum and zinc con-
versely reduces the total acidity of HZSM-5 zeolite
(see Table 3). The patterns of change in the activity
and selectivity of the modified zeolites are in this case
different. Modification with molybdenum lowers the
conversion of MeOH (from 100 to 80%) and the selec-
CATALYSIS IN INDUSTRY  Vol. 11  No. 2  2019
tivity toward the liquid HC (from 54 to 39%). This is
followed by an increase in the content of aromatic
compounds (C6–C8) in the resulting gasoline (from

13.5 to 21.5 wt %) [89]. When modified with zinc, we
observe an increase in selectivity toward the liquid
product (from 56 to 68%), and in its aromatic content
(from 35.6 to 46.9%) [89]. This finding can be
attributed to modification with molybdenum leading
to the suppression of strong acid sites [89]; with zinc,
the concentration of weak sites is reduced and the
strength of type II sites grows [4, 90, 91].

Effect of the Means of Modification on Acidic 
and Catalytic Properties

The way in which the modifying additive is intro-
duced plays an important role in the change in the
acidic characteristics of zeolites, and thus their activity
and selectivity in the formation of liquid HCs from
MeOH and DME.

The authors of [85] showed that modifying
HZSM-5 zeolite (SiO2 : Al2O3 = 90) with copper

(1.9 wt % CuO) via ion exchange has a stronger effect
on the total number of acid sites than the one caused by
impregnation, and we observe a redistribution of the
acidity spectrum in favor of strong sites (see Tables 3, 4).
With impregnated samples, the total concentration of
acid sites grows from 0.77 to 0.81 mmol NH3/g upon

raising the amount of introduced copper from 1.9 to
7 wt % (see Table 4).
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Table 4. Characteristics of the acidity and catalytic properties of Cu–HZSM-5 samples in the conversion of MeOH
into HCs (T = 392°C; P = 0.1 MPa; WMeOH = 5.8 h−1) according to [85]

[CuО], wt % Means of treatment
Acidity, 

mmol NH3/g
МеОН conversion, % С5+ HC selectivity, wt %

Content 

of aromatic HCs 

in the product, wt %

0 — 0.77 88.7 68.7 18.4

1.9 Ion exchange 0.97 100 88.7 32.2

1.9 Impregnation 0.76 96.4 86.4 24.6

7.0 Impregnation 0.81 99.0 87.1 28.1

Table 5. Acidity and catalytic properties of Zn–HZSM-5 in the conversion of MeOH to HCs (T = 390°C; P = 0.5 MPa;
WMeOH = 3.2 h−1; length of reaction, 40 h) according to [90]

[Zn], wt %
Means 

of treatment

Acidity МеОН 

conversion, 

%

С5+ HC 

selectivity, 

wt %

Content 

of aromatic HCs 

in product, wt %

Stable on-

stream time, htotal, mmol 

NH3/g

type II/

type I
LAS/BAS

0 — 0.563 3.27 0.27 99 56.1 35.6 70

1.16 Ion exchange 0.554 3.22 2.51 99 68.0 46.9 60

0.98 Direct 

synthesis

0.553 3.3 1.08 99 63.2 43.0 130

1.13 Impregnation 0.554 3.1 1.47 92 63.7 43.1 40

1.02 Mechanical 

mixing

0.512 3.1 0.55 99 57.9 38.1 60
Tests of samples for MeOH conversion showed
that the means of modification affects the catalytic
characteristics of the zeolite uniformly: the conversion
of MeOH, the yield of liquid HC, and the content of
aromatic HC in the liquid product for the sample pre-
pared via ion exchange are higher than the respective
parameters for the impregnated samples (see Table 4).

In the last 20 years, researchers have shown consid-
erable interest in zinc- [69, 92, 93] and gallium-con-
taining ZSM-5 zeolites [94], since these materials are
highly active in different hydrogen transfer–based
reactions (e.g., the hydrogenation of unsaturated HCs,
the hydrocracking of alkanes, and the aromatization of
light alkanes). Zinc and gallium ion-exchange forms
of ZSM-5 zeolite also allow us to synthesize gasoline
fraction HCs from MeOH [4, 21, 86, 95–97] and
DME [73, 98–100] selectively.

The authors of [90] studied the effect of the way in
which zinc cations (no more than 1.16 wt % ZnO) are
introduced into the composition of HZSM-5 (SiO2 :

Al2O3 = 90) on the acidic properties of the zeolite. The

following means of introduction were compared:
impregnation, ion exchange, the mechanical mixing
of ZnO and HZSM-5, and introduction during the
synthesis of ZSM-5 zeolite. It was shown that during
conventional ion exchange, the acidic properties of the
zeolite are considerably altered: the total number of
acid sites of the zeolite falls, due to a reduction in the
number of weak acid sites (Table 5). An increase in the
CATALYSIS IN INDUSTRY  Vol. 11  No. 2  2019
fraction of strong acid sites in the 1.16%Zn–ZSM-5
sample prepared via ion exchange raises the process’s
selectivity toward the liquid product (from 56.1 to
68.0%) and the content of aromatic compounds in the
product (from 35.6 to 46.9%) [90].

Using X-ray photoelectron spectroscopy and
extended X-ray absorption-edge fine-structure spec-
troscopy, the authors of [90] showed that the state and
distribution of active sites in Zn–HZSM-5 samples
prepared by different means differ greatly:

• In a sample prepared via the physical mixing of
ZnO and HZSM-5, zinc was present mostly in the
form of ZnO macroparticles on the zeolite’s surface.

• A sample prepared via impregnation contained a
number of ZnO nanoclusters dispersed in the zeolite

channels and ZnOH+ Lewis sites that formed during
the interaction between zinc cations and BASes.

• ZnOH+ Lewis sites predominated in samples pre-
pared by introducing zinc via ion exchange and during
zeolite synthesis.

A reduction in Brønsted acidity, due to the interac-
tion between zinc cations and these sites to form

ZnOH+ Lewis sites, inhibited the reaction of hydrogen
transfer and suppressed the formation of alkanes.
There was a linear correlation between the number of

surface ZnOH+ sites and the catalytic properties of
Zn–HZSM-5: the sample prepared via ion exchange

was characterized by a high concentration of ZnOH+
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sites and the greatest selectivity toward liquid HCs and
aromatic compounds.

Similar results were obtained in [4, 17, 21, 69, 86,
101], where HZSM-5 zeolites (SiO2 : Al2O3 = 36–42)

were modified with zinc cations. The cited authors
attributed the high content of aromatic (67%) and
unsaturated compounds (13%) in the liquid product of
MeOH conversion to the replacing of hydrogen cat-
ions with zinc cations lowering the zeolite’s acidity
from 0.900 to 0.782 mmol NH3/g, due to a reduction

in the number of sites of both types. This slowed the
rate of hydrogen transfer between the carbenium ions
and the alkenes and thus reduced the alkane yield. The
remaining strength of these sites provided a fairly high
yield of the liquid product (71.7%).

Treating NH4–ZSM-5 zeolite (SiO2 : Al2O3 = 35)

with an aqueous solution of lanthanum nitrate under
different ion exchange conditions (in air at a tempera-
ture of 90°C, and in an autoclave at high temperatures
of 185–220°C) lowers in the total number of acid sites
from 0.757 to 0.225 mmol NH3/g [102]. The observed

drop in the fraction of strong acid sites in the acidity
spectrum in favor of medium-strength sites reduces
the aromatic content (from 10.5 to 5.5 wt %) and raises
the isoparaffin HC content (from 69 to 76 wt %) in the
resulting liquid product with a selectivity of 83% in
DME conversion. A similar effect on the acidic and
catalytic properties of the catalyst is observed after
pretreating NH4–ZSM-5 (SiO2 : Al2O3 = 35) with an

aqueous solution of zirconyl nitrate [103].

The presence of palladium (no more than 0.5 wt %
PdO) in catalysts ensures a fairly high rate of intermo-
lecular hydrogen transfer, which lowers the concentra-
tion of durene in the composition of the resulting gas-
oline to 0.2 wt %.

Introducing gallium cations (1.9 wt % Ga) into
HZSM-5 zeolite (SiO2 : Al2O3 = 37–42) via ion

exchange [21, 86, 101] (see Table 3) affects the acidic
and catalytic properties of the zeolite in a manner sim-
ilar to modification with zinc. We observe a drop in
the total acidity of the zeolite at the expense of weak
sites, and an increase in the strength of type II acid
sites. This raises the selectivity toward gasoline (from
44.0 to 50.8%) and its aromatic content (from 40.3 to
48.2 wt %) [101].

The isomorphous incorporation of trivalent gal-
lium into the structure of ZSM-5 zeolite (Si : Ga = 66)
during its synthesis [104] results in the formation of a
catalyst that is insufficiently active for the conversion
of primary products formed from MeOH. The con-
centration of aromatic compounds in the resulting
gasoline is in this case as low as 8.5% (xylenes and
trimethylbenzene), which is fairly low for an element
that is known as one of the best modifiers in the aro-
matization of lower alkanes and alkenes [84, 94, 105–
107]. The authors of [104] attributed this to changes in
the acidic properties of the zeolite that occur during
modification, i.e., a drop in the concentration of sites
of both types (see Table 3) and a simultaneous reduc-
tion in the strength of type II sites. Analyzing the cat-
alytic properties of samples of isomorphously substi-
tuted H–[Ga]–ZSM-5 with different concentrations
of gallium, the authors of [108] concluded that when
Si : Ga = 66, the concentration of gallium in the zeo-
lite’s framework is relatively low and the generated
BASes (Si–OH–Ga) form DME from MeOH.
Higher gallium concentrations (Si : Ga = 17.5) ensure
the formation of additional active extra-framework
gallium sites with Lewis acidity. These enhance the
strength of the Si–OH–Ga sites and thereby increase
the aromatization activity of the catalyst and lower the
yield of olefins.

Introducing iron into the zeolite’s structure during
its synthesis conversely increases the total number of
acid sites in H–[Fe]–ZSM-5 zeolite (molar ratio of
SiO2 : (Al2O3 + Fe2O3) = 100–400, Al : Fe = 1) with

the generation of strong BASes (Al–(OH)–Si) and
new Fe–(OH)–Si sites, thereby ensuring high activity
of at least 99.5% in methanol conversion [109]. The
aromatic HC content in the produced high-octane
gasoline is in this case as high as 72% (xylenes) [97].

The direct introduction of cations of active ele-
ments during synthesis ensures a uniform fine distri-
bution of active sites throughout the zeolite’s volume,
thereby eliminating the possibility of metal particle
agglomeration and the resulting loss of a substantial
portion of active sites. The high stability of the result-
ing active sites can be attributed to their being tightly
bound to the zeolite framework. The introduction of
metal cations into the zeolite framework can be
accompanied by neutralization of a portion of the pro-
ton sites (BASes) and the formation of new LASes, so
the range of surface groups responsible for reactions
leading to the formation of target products from
MeOH and DME can be expanded [110–116]. Iso-
morphously substituted zeolites are typically more
active than zeolites modified via ion exchange or
impregnation.

However, some studies do not confirm the above.
The direct incorporation of boron into the structure of
ZSM-5 (SiO2 : Al2O3 = 50) produces samples that are

actually less active in MeOH conversion (T = 370°C;

P = 0.1 MPa; WDME = 1 h−1) than the unmodified zeo-

lite: conversion falls from 36 to 21%. Due to the redis-
tribution of hydrogen, the HC composition of the
products in this case contains hardly any aromatic
compounds, while the content of unsaturated C3–C5

HCs falls from 66 to 57% in favor of C4–C6 aliphatic

compounds (an increase of 22 to 32%) [117]. Cou-
durier and Chu [117–119] attribute these results to the
suppression of strong BASes by the boron, which is
incorporated into the zeolite structure to form a
weaker B–(OH)–Si site and reduces the total acidity
of the zeolite. A similar effect on acidic properties is
observed upon treating pentasil with an H3BO3 solu-

tion [118, 120]. The low melting point of B2O3 oxide
CATALYSIS IN INDUSTRY  Vol. 11  No. 2  2019
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means it readily reacts with the zeolite matrix during
calcining, and the reaction leads to the partial replace-
ment of the framework Si and Al atoms with boron and
the formation of weaker B–(OH)–Si sites. Some of
the boron forms a borosilicate compound on the zeo-
lite surface, thereby imposing additional limitations
on diffusion.

The above data on the effect of exchange cations on
the acidic and catalytic properties of zeolites in DME
and MeOH conversion suggest that the highest selec-
tivity for gasoline fraction HCs is exhibited by zeolites
ZSM-5 that contain copper, zinc, nickel, gallium, lan-
thanum, and zirconium cations introduced via ion
exchange or direct incorporation into the zeolite
structure. Compared to impregnation, these means
ensure a more uniform distribution of active sites
throughout the zeolite’s volume.

Effect of Postsynthesis Treatment
The currently available ways of changing the acidic

properties of zeolites and increasing their catalytic
activity in converting methanol into HCs include
acidic, alkaline, and steam heat treatment. The last of
these is commonly used in the production of commer-
cial catalysts [121]. Acidic (using oxalic, hydrochloric,
or hydrofluoric acids) [122, 123] and steam heat treat-
ment [124, 125] cause dealumination and thereby affect
(to varying degrees) the crystallinity of the zeolite.

According to [106], the selective removal of alumi-
num from the framework of zeolite H–Ga–ZSM-5
(Si : (Ga + Al) = 33) during steam heat treatment (T =
600°C; H2O, 48 mol %) increases the Si : Al ratio. The

number of strong acid sites in this case grows from 0.21
to 0.25 mmol/g, ensuring 15 to 18 wt % more selectiv-
ity for gasoline produced via methanol conversion

(T = 400°C; P = 0.1 MPa; WMeOH = 0.22 h−1) and a

30 to 35 wt % increase in its content of C6–C8 aro-

matic compounds.

Selective dealumination also occurs upon treating
modified 0.5ZnO–7CuO–HZSM-5 zeolite (SiO2 :

Al2O3 = 90) with oxalic acid, and the removal of active

sites on the outer surface is observed [123]. This treat-
ment lowers the concentration of both strong and
weak acid sites. As a consequence, the formation of
heavier products (which require more space) on the
outer surface and in the near-surface layer of the zeo-
lite is excluded. This ensures easier access of MeON to
the active sites located in the zeolite pores and
increases the efficiency of the catalyst.

Acidic treatment of HZSM-5 zeolite (SiO2 : Al2O3 =

50) with an HF solution (concentration, 0.5–2 M) led
to the removal of framework Si and Al, since HF reacts
with both silicon and aluminum, as was shown in [126,
127]. It was found that dealumination is more pro-
nounced than desilication. After treating the zeolite
with hydrofluoric acid, the total number of acid sites
of the zeolite fell by half, due mostly to a drop in the
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number of weak sites. These changes in acidic proper-
ties were attributed to a reduction in the liquid HC
selectivity (from 30.2 to 25.3 wt %), due to a drop in
the yield of C7–C9 methyl-substituted benzenes (from

18.6 to 13.8%) during MTG (T = 400°C; P = 1 atm;

WMeON = 10 h−1).

Alkaline treatment of HZSM-5 zeolite (SiO2 :

Al2O3 = 30) with a NaOH solution (0.20 M) resulted

in desilication with an almost 150% drop in the SiO2 :

Al2O3 molar ratio [128–130]. The total number of

acid sites in the zeolite in this case fell from 0.859 to
0.533 mmol/g at the expense of sites of both types
(I and II). The remaining strength of these sites in the
leached zeolite produced an almost 500% increase in
the content of C7 isoparaffins in the composition of

the resulting gasoline [129] and a 49 to 56% increase in
liquid HC selectivity in methanol conversion (T =

400°C; P = 1 atm; WMeOH = 8 h−1).

To produce gasoline with low contents of benzene
(no more than 0.1 wt %) and durene (no more than
2.7 wt %) from DME (T = 350°C; P = 0.1–1.4 MPa;

WDME = 9.9 h−1), HZSM-5 zeolite (SiO2 : Al2O3 = 50)

was treated with a phosphoric acid solution in
[22, 131]. This treatment greatly reduced the number
of strong BASes (by 80%) without affecting the SiO2 :

Al2O3 molar ratio in the zeolite [131]. This effect was

attributed to phosphoric acid being capable of hydro-
lyzing alumina weakly bound to the zeolite framework
and removing it from the structure to form inert alu-

minum phosphate (according to 29Si, 27Al, and 31P
magic angle–spinning nuclear magnetic resonance
spectra and Al K-edge X-ray absorption near-edge
structure spectra) [131].

In recent years, zeolites have been subjected to
innovative postsynthesis treatments with, e.g., ultra-
sound and microwaves [132]. A uniform fine distribu-
tion of the active metal throughout the entire zeolite
volume can be ensured via ultrasonic treatment upon
introducing a modifying additive into the zeolite.
Studies of the effect of ultrasound on the physico-
chemical properties of 5ZnО–7CuО–НZSM-5
(SiO2 : Al2O3 = 130) [133] show that compared to sam-

ples prepared via impregnation, acoustic cavitation
during ultrasonic treatment increases the degree of
dispersion of CuO and ZnO particles (11.3 and 9.6 nm,
respectively) without changing the zeolite structure.
As a consequence, more accessible active sites on the
zeolite surface raise the total number of acid sites and
therefore increase the catalyst’s activity through
greater adsorption of methanol. Gasoline produced
with a selectivity of 96% is up to 74% aromatic HCs
(mostly xylenes).

The above data suggest that the postsynthesis treat-
ment of zeolites ensure not only a change in their total
acidity, but also optimization of the number of acid
sites, their strength distribution, and their ratio. This
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allows us to control the selectivity and stability of the
catalysts in converting methanol and DME into HCs.

CONCLUSIONS

The main parameters responsible for the selectivity
of catalysts in MTG reactions are now fairly obvious.
The data described in this review suggest that shape
selectivity is a fundamental characteristic of highly sta-
ble zeolite catalyst for the conversion of oxygenates
into liquid HCs. The regions of channel intersection in
HZSM-5 zeolite provide enough volume for ring-
forming reactions and intermolecular hydrogen trans-
fer, during which a mixture of alkenes can be con-
verted to alkanes and aromatic compounds that can
freely leave the zeolite channels.

Catalyst selectivity toward products of oxygenate
conversion can be controlled by changing the acidic
properties of the zeolite, which in turn depend on the
composition of the framework and the chemical
nature of the modifier.

It was shown that ZSM-5 zeolite with a SiO2 :

Al2O3 ratio of 30–300 is effective for producing gaso-

line from oxygenates. The presented data on the effect
of exchange cations on the acidic and catalytic proper-
ties of ZSM-5 zeolites in the conversion of DME and
MeOH to HCs show that the highest selectivity toward
gasoline fraction HCs is exhibited by zeolites that con-
taining copper, zinc, nickel, gallium, lanthanum, and
zirconium cations. One way of controlling catalyst
selectivity in converting oxygenates into HCs is post-
synthesis modification of zeolites, aimed at optimiz-
ing their acidic properties.

In addition to the factors described above that
affect the catalyst selectivity in MTG, ZSM-5 zeolite
has textural and morphological characteristics that
determine the mass transfer in catalytic processes.
High hydraulic resistance and limitations on diffusion
in reactions, which play a major role in the industrial
use of zeolites, can be circumvented by using struc-
tured mesoporous materials and nanocrystalline zeo-
lites, a discussion of which is beyond the scope of this
review.

In coming years, after the commercialization of
several MTG processes, interest in this field of
research will most probably grow, particularly when it
comes to the manufacturing of such high–added value
products as environmentally friendly high-octane
motor fuels enriched with trimethyl-substituted C7–

C8 paraffins.
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