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A B S T R A C T   

Nanosized zeolites prepared by in situ seed-induced synthesis and samples prepared by ion exchanging com
mercial zeolites were successfully synthesized and modified with zinc. Their catalyst performance was in
vestigated in the dimethyl ether aromatization at high pressures (up to 10 MPa) and various WHSV. The use of in 
situ seed-induced zeolite leads to a higher yield of arenes (39.1%) against 35.5% over the conventional sample. 
Zinc modification reduces the total yield of aromatics (by 22%), primarily BTX arenes (by 60%), compared to the 
parent zeolite. Such behavior correlates with a decrease in acidity and B/L ratio after modification.   

1. Introduction 

Aromatics are important feedstocks to manufacture basic organic 
chemicals and petrochemicals. Due to the continuous increase in de
mand, the world annual production of aromatics is keeping growing by 
about 3% and now exceeds 100 million t/y. Light arenes, such as 
benzene, toluene and xylenes, are the most prevalent in the chemical 
industry. Based on them, various technically valuable derivatives are 
obtained: synthetic materials (fibers, films) with enhanced thermal 
stability and mechanical strength, resins, rubbers, a wide range of 
surfactants and dyes, diverse stabilizers and plasticizers [1]. 

Currently, the modern industrial production of aromatics is mainly 
represented by the processes related to the processing of liquid oil 
fractions, which are catalytic reforming and pyrolysis, and to a lesser 
extent by coal carbonization processes [2,3]. In recent years, for the 
rational use of light hydrocarbons, as a part of associated petroleum 
gases, light alkanes aromatization processes have been actively devel
oped [4,5]. One of the most successful technologies in this direction is 
the CYCLAR process. This is a joint project of UOP and British Petro
leum to convert the propane-butane fraction into aromatics in the 
presence of pentasil zeolite-containing catalysts [6]. 

In order to provide a dynamically developing market with the re
quired volume of aromatics, there is a tendency of constant growth of 
capacities for their production by engaging new sources of raw mate
rials. At present, process developments aimed at the production of 
aromatic compounds on the basis of feedstocks being alternative to oil- 

derived hydrocarbons are particularly urgent for the world chemical 
industry. To date, there are technologies involving light aromatics 
production with a yield of 30–40% directly from the synthesis gas using 
bifunctional high-silica zeolites, such as ZSM-5 [7,8]. However, these 
technologies are complicated by the use of tubular reactors or two- 
sectional chemical reactors with a high proportion of gas flow circu
lation. 

In addition, researches aimed at exploring the possibility of ob
taining aromatic compounds by converting oxygen-containing organic 
substances, primarily alcohols and mixtures thereof, including bioe
thanol, are worth noting [9–13]. It is shown that the alcohols trans
formation is accompanied by the formation of liquid hydrocarbons 
containing 50–60 wt% arenes in the presence of zeolite catalysts 
modified with metal-oxide active components. 

At the same time, since the idea of creating a single-step (direct) 
synthesis of dimethyl ether (DME) from CO and H2 has been developed 
and successful outcome in this area has been achieved, interest in the 
implementation of new technologies for producing hydrocarbons based 
on DME, including technologies aimed at obtaining aromatics, has 
emerged [14,15]. To date, direct syngas to DME (STD) process is 
thermodynamically and economically more favorable than from me
thanol and is coming to the fore. The principal reactions involved in the 
STD process are methanol synthesis (CO + 2H2 ↔ CH3OH), methanol 
dehydration (2CH3OH ↔ CH3OCH3 + H2O) and water gas shift 
(CO + H2O ↔ CO2 + H2). The combination of these reactions results in 
a synergistic effect for relieving the unfavorable thermodynamics for 
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methanol synthesis, because one of the products at each step is a re
actant for another. This creates a strong driving force for the overall 
reaction (3CO + 3H2 ↔ CH3OCH3 + CO2), which allows a very high 
syngas conversion in one single pass. The STD, which simultaneously 
triggers methanol synthesis and in-situ dehydration, is integrated with 
hybrid bifunctional catalysts in a single reactor. This is an attractive 
alternative to the two-step process, which is imply the DME production 
through the intermediate methanol formation. In general, a higher one- 
pass syngas conversion and lower hydrogen demand (possibly at below 
H2/CO ratio) in the feed stream with lower thermodynamic limitations 
and higher economical and theoretical significances make the STD at
tractive industrially. Also, the usages of a single reactor without pur
ification and transportation units of methanol should reduce the capital 
costs for the DME production [16]. 

A modified ZSM-5 zeolite-based catalyst is used in the DME con
version to hydrocarbons, whereas the nature of the modifier and the 
method of its incorporation have a significant impact on the catalytic 
system performance. In addition, the nature of zeolite itself plays an 
important role in the performance of zeolite catalysts. The use of zeo
lites in the DME conversion to hydrocarbons is associated with their 
excellent catalytic behavior; nevertheless, in the presence of bulky 
molecules they are inefficient, since diffusion into zeolite microporous 
structures for such molecules becomes difficult. Only active sites close 
to the entrance of zeolite pores or on their external surface are acces
sible for bulky molecules. Recently, researchers have been interested in 
the use of nanocrystalline zeolites, which owing to the developed mi
cropore surface area have a greater accessibility of active zeolite sites 
for reactants. The appearance of efficient nanozeolite catalysts became 
possible due to the use of advanced nanotechnology methods in the 
zeolite synthesis, which made it possible to obtain molecular sieves 
with shortened channels and micro/mesoporous lattice. It is through 
these methods that efficient nanosized catalytic systems with a hier
archical structure have been created over the last years. Nanosized 
ZSM-5 containing a significant amount of mesopores and strong acid 
sites has been successfully synthesized and studied in methanol and 
DME conversion [17,18]. The synergy and combined coordination of 
catalytic properties on the nanozeolite are related to its excellent cat
alyst performance for the production of high-octane gasoline (Research 
Octane Number = 137.2) enriched with components, such as toluene 
and xylene, while the benzene content is very low. Besides, the nano
zeolite also exhibits a longer lifetime. Studies show that the nanosized 
catalyst is very promising for industrial applications. Hence, the seed- 
induced method has been explored and widely used for the preparation 
of nanozeolite by limiting the crystallite size of the final product [19]. 
This method produces the zeolite by template-free procedure providing 
short crystallization time and nonoccurrence of heterocrystals. 

Apart from the seed-induced synthesis, an ultrasonic treatment is 
becoming a very promising way for obtaining nanosized catalysts. This 
strategy renders possible the large agglomerates to be reduced to par
ticles with a size of less than 50 nm. Such catalytic systems based on 
ZSM-5 were successfully tested in the transformation of DME to light 
olefins by significantly increasing their activity [20]. 

In addition, adding the appropriate promoters to modify the zeolites 
is also recognized as an effective approach to improve their catalytic 
performance. Furthermore, the metal ions incorporation directly into 
the zeolite frame structure during its synthesis (in situ) contributes to 
the production of highly efficient catalysts with a high metal dispersion 
throughout the catalyst volume [21–23]. 

Zinc-containing zeolite catalytic systems are known to exhibit ex
cellent performance in transformations of organic substances, in parti
cular light alkanes and oxygenates, to aromatics. Zinc, due to its high 
dehydrogenation ability of the ZnOH+ active component and along 
with that inexpensive price, is the most attractive metal promoter. The 
effect of a variety of zinc salts on the properties of HZSM-5 and the 
catalytic performances in MTA (methanol to aromatics) process are 
discussed in many papers. The results shows that the zeolites modified 

with zinc nitrate have a weaker acid sites and less strong acid sites, the 
BAS/LAS ratio declines, and the aromatics selectivity improves 
[10,21,24–27]. 

In the literature, there are next to nothing works concerning DTA 
(dimethyl ether to aromatics). In paper [15], we report the DTA process 
in the presence of microscale commercial ZSM-5-containing catalyst 
comprising 3 wt% zinc, with yielding no more 25% aromatics. 

Summarizing the above, the main objectives of this study are to 
compare the preparation methods of nanosized zeolites in the DME 
aromatization and to determine the effect of zinc modification on a 
catalyst performance. 

Therefore, this paper is devoted to the study of NZ-catalyst based on 
ZSM-5 and its in situ Zn-modified form as well as zinc-containing na
nozeolite catalyst obtained by ultrasonic treatment in the DME trans
formation into aromatics concentrate. The effect of pressure, WHSVDME 

(hereinafter referred to as WHSV), zinc content and zinc modification 
technique are examined. 

2. Experimental 

2.1. Catalyst preparation 

In this study, we used HNZ5 (H-form of the NZ (MFI-type zeolite)), 
Zn2Al8NZ5 and Zn6Al4NZ5 catalyst samples that were synthesized at 
the Key Laboratory of Chemical Engineering Process & Technology for 
High-Efficiency Conversion, School of Chemistry and Material Sciences, 
Heilongjiang University, Harbin, China, as well as H-ZSM-5 (MFI-type 
zeolite) manufactured by the Angarsk Plant of Catalysts and Organic 
Synthesis (Angarsk, Russia), and its modified form (Zn/ZSM-5). 

Nanosized HNZ5, Zn2Al8NZ5 and Zn6Al4NZ5 MFI-type catalytic 
systems with Si/(Zn + Al) = 20 were synthesized using the latest 
method referred to as in situ seed-induced synthesis. According to this 
method, an aqueous solution was prepared from a mixture of tetraethyl 
orthosilicate (TEOS), aluminum isopropoxide (AIP) and tetra
propylammonium hydroxide (ТРАОН) with a molar ratio of 
1Al2O3:40SiO2:14.28TPAOH:433H2O. The resulting solution was crys
tallized under microwave radiation at a temperature of 140 °C for 0.5 h. 
Afterwards, in the case of Zn2Al8NZ5 and Zn6Al4NZ5, the solution with 
precursors of zeolite grains (5 wt% with respect to the resulting gel) was 
added to the solution of SiO2sol (Ludox, 30 wt% SiO2 in water), Zn 
(NO3)2 · 6H2O, NaAlO2, NaOH in the presence of deionized water under 
vigorous stirring. Zinc nitrate and sodium aluminate were added in 
such an amount that the original gel had the following molar compo
sition: 200SiO2:2ZnO:4Al2O3:96NaOH:10000H2O in the case of 
Zn2Al8NZ5 and 200SiO2:6ZnO:2Al2O3:96NaOH:10000H2O in the case 
of Zn6Al4NZ5. Nanosized HNZ5 zeolite was prepared by the same 
method, but without the zinc nitrate addition. The final solution was 
crystallized in a Teflon-lined stainless steel autoclave at 180 °C for 24 h. 
The resulting zeolite was separated from the solution by centrifugation, 
washed with distilled water, dried at 110 °C and calcined at 550 °C for 
3 h in a muffle furnace with air circulation in order to remove template 
residues. To obtain the H-form, the zeolite was subjected to ion ex
change with 1 M ammonium nitrate solution followed by drying and 
calcination. 

Zn/ZSM-5 catalyst was prepared by impregnating nanosized H-ZSM- 
5 (Si/(Zn + Al) = 20) MFI-type zeolite with zinc nitrate. In order to 
form nanoparticles, the parent zeolite was dispersed in distilled water 
under ultrasonic treatment in an Elmasonic P30 H ultrasonic bath 
(Germany) (ultrasound frequency, 80 kHz; power, 130 W) at a weight 
ratio of zeolite: water = 1:20. The treatment time was 1 h. After ul
trasonic treatment, the zeolite was dried and calcined at 500 °C for 2 h. 
The zeolite was modified with zinc cations from an aqueous 0.1 M zinc 
nitrate solution by ion exchange. 

Zinc weight percentages of the catalysts are shown in Table S2 
(S = Supplementary material). 

All the catalyst samples described above were pressed into tablets 
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and then calcined in air at 500 °C for 4 h. Afterwards, the tablets were 
crushed to obtain a fraction of 3–5 mm in size. 

2.2. Catalyst characterization 

X-ray powder diffraction (XRD) patterns of the catalyst samples 
were obtained on a Rigaku Rotaflex RU-200 X-ray unit (Japan) 
equipped with a rotating copper anode operated at a voltage of 50 kV 
and a current of 160 mA. Recording was performed using a Rigaku D/ 
MAX-RC horizontal wide-angle goniometer according to the Bragg- 
Brentano scheme in the θ-2θ geometry. Scanning was performed at a 2θ 
angular range of 3°–50° at a speed of 4°/min in increments of 
2θ = 0.04°. A graphite monochromator was used on the diffracted 
beam; the radiation wavelength was 1542 Å. A scintillation counter was 
used as a detector of diffracted X-ray radiation. Relative crystallinity 
was determined by the Standard test method for determination of re
lative crystallinity of ZSM-5 zeolite by XRD (ASTM International, 
D5758-01 (2015)) and calculated by Eq. (1): 

=Crystallinity (%)
S
S

100modified,i

parent,i (1) 

where Smodified and Sparent are integrated peak areas for the modified 
and parent zeolites in the range (2θ) of 22.5 to 25.0° from the XRD 
patterns; i is corresponding signal peak. 

The morphological properties of the samples were characterized by 
scanning electron microscopy (SEM) using a JCM-6000 microscope 
operated at 30 kV. Prior to the analysis, the sample powders were fixed 
on the survey table using conductive scotch tape. The survey was per
formed in the secondary electron detection mode. 

The elemental composition of the samples was studied using X-ray 
fluorescence (XRF) analysis on a Thermo ARL perform'x spectrometer 
(USA) equipped with a rhodium X-ray tube (operating modes were from 
60 kV – 40 mA to 30 kV – 80 mA) and capable of determining the 
presence and concentration of elements with atomic numbers from F to 
U. 

Low-temperature N2 adsorption-desorption isotherms were tested 
on an Autosorb-1-MP apparatus (USA) at a temperature of −196 °C. 
Prior to the adsorption measurements, all of the samples were evac
uated at a temperature of 350 °C and a pressure of 1.33·10−3 Pa for 
12 h. The specific surface area of the catalysts was determined ac
cording to BET at a relative partial pressure (p/p0) of 0.02. The pore size 
distribution was calculated by BJH (Barrett-Joyner-Halenda) method 
using the desorption curve. The total pore volume was determined 
according to BJH at a relative partial pressure (p/p0) of 0.99. The 
Horvath-Kawazoe method was used to establish the specific surface 
area and volume of micropores. 

The acidic properties of the zeolites was studied by the temperature- 
programmed desorption of ammonia (NH3-TPD) on an UNISIT USGA- 
101 instrument (Russia). A pre-calcined in air sample in an amount of 
100 mg was loaded in a quartz reactor and heated in a flow of helium at 
500 °C for 1 h. After cooling to 60 °C, the sample was saturated in the 
ammonia/nitrogen mixture stream for 15 min. Loosely bound ammonia 
was removed at 70 °C in the dry helium stream for 1 h; thereafter the 
sample was rapidly cooled to room temperature. Next, passing the he
lium stream (30 ml/min) through the sample, the NH3-TPD profiles 
were recorded in the linear temperature rise mode up to 800 °C at a 
speed of 8 °C/min and detected using a thermal-conductivity detector. 

The density of Brønsted (BAS) and Lewis (LAS) acid sites were de
termined by pyridine adsorbed FTIR (Py-FTIR) spectra measured on a 
Frontier FTIR spectrometer (PerkinElmer, USA). After pretreatment of 
the samples at 350 °C for 2 h under 1.33·10−3 Pa, pyridine adsorption 
was performed at 90 °C. The spectra were recorded after desorption at 
350 °C for 0.5 h. The amount of Brønsted (BAS) and Lewis (LAS) acid 
sites were estimated using integrating the area of the vibration bands at 
1455 and 1545 cm−1, respectively, and calculated by Eq. (2): 

=C A S
m (2) 

where C represents the density of acid sites (mmol·g−1), S is the surface 
area of the sample wafer (1.33 cm2), A is the peak area of the vibration 
bands, m is the mass of a sample (g), and ε is the molar extinction 
coefficient (1.67 and 2.22 cm·μmol−1) for BAS and LAS, respectively. 

The coke contents of spent zeolites were analyzed using a tem
perature-programmed oxidation (TPO) performed on a TGA/DSC3+ 
(Mettler Toledo, USA) instrument. The experimental procedure in
cluded outgassing 15 mg of sample at 200 °C for 1 h (a ramp rate of 
10 °C/min) in 30 ml/min of He. Afterwards, the flow is switched to air 
at 30 ml/min. The TPO started at a ramp rate of 10 °C/min up to 650 °C 
for 90 min. The weight loss recorded between 350 and 650 °C was used 
to estimate the coke content. 

2.3. Catalyst performance tests and characterization of the products 

Catalytic tests of the samples were carried out on a high-pressure 
micropilot flow unit [28]. The catalyst weighing 3 g mixed with quartz 
in a volume ratio of 1: 2 was loaded into the isothermal zone of a re
actor and heated in a nitrogen stream (5 l/h) at 400 °C for 4 h. The DME 
aromatization was carried out in the steel fixed-bed reactor in the 
synthesis gas stream at H2/CO = 2 mol/mol as a medium at a tem
perature of 400–450 °C, a pressure of 3–10 MPa and 
WHSV = 2.7–26.7 h−1. The DME concentration (CDME) in the mixture 
of CO and H2 at the reactor inlet was 45 vol%. 

The rate of synthesis gas flow fed to the unit was regulated using a 
Bronkhorst F-232 M-RAD-33-V gas flow controller (the Netherlands). 
DME in the liquefied state was metered using a HPP 5001 high-pressure 
dosing pump (the Czech Republic). The temperature in the reactor was 
monitored by an OVEN TRM-210 automated temperature measuring/ 
regulating controllers (Russia), and the pressure in the reactor was 
maintained by a mechanical Swagelok KPB1NOD412P200B0 back- 
pressure regulator (USA). The flow rate of the gaseous products was 
determined using a Shinagawa DC-1C-M gas meter (Japan). 

The catalytic tests were completed within 5 h, the liquid products 
were discharged into receivers, and the mass and volume of the aqu
eous and organic phases were measured. Afterwards they were sent for 
analysis. Gases dissolved in liquid hydrocarbons were sampled using a 
special gas syringe and analyzed. 

Chromatographic analysis of gas and liquid mixtures was performed 
using Crystalluxe 4000 M (Russia) apparatus as described in [29]. The 
high resolution chromatographic columns of the following types were 
used:  

– inorganic gas products were analyzed on a packed column with the 
activated carbon phase of the SKT-4 (Meta-chrom, Russia) (column 
length, 1 m; i. d., 3 mm; particle size, 0.2–0.5 mm). The components 
were identified on TCD;  

– organic gas products were analyzed on a Poraplot Q (Agilent, USA) 
open-tubular capillary column (styrene and divinylbenzene copo
lymer; column length, 25 m; i. d., 0.53 mm; film thickness, 20 μm). 
The components were identified on FID.  

– liquid products (hydrocarbons) were analyzed on a Petrocol DH 
(Supelco, USA) open-tubular capillary column (bonded poly
dimethylsiloxane; column length, 100 m; i. d., 0.25 mm; film 
thickness, 0.5 μm). The components were identified on FID. 

The hydrocarbons (C6-C12 arenes, C1-C12 paraffins, C5-C12 naph
thenes, C2-C12 olefins), inorganic gases (H2, CO, CO2) and oxygenates 
(DME, methanol) were the main product groups identified according to 
their carbon number and nature. 

Mass balance error of the catalytic tests is within 5%. 
DME conversion (Х) was calculated by Eq. (3): 
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= n n
n

100, %0

0 (3) 

where n0 and n are the amount of DME moles at the inlet and outlet of 
the reactor, respectively. 

Selectivity for products (S) was calculated through Eq. (4): 

=
µ

µ
S

N
N

100, %i

i

i

i (4) 

where μi is the molar fraction of product i, and Ni is the number of 
carbon atoms in a product molecule. 

The yield of products (Y) was calculated by Eq. (5): 

=Y X
100

S
100

100, % (5)  

Hydrogen transfer index (HTI) was calculated by Eq. (6): 

=HTI n
n

alk.

olef. (6) 

where nalk., nolef. Are the amount of moles of the formed С2+ alkanes 
and olefins, respectively. 

3. Results and discussion 

3.1. Structural and morphological properties 

Fig. S1 presents the XRD patterns of the Zn-modified zeolite sam
ples, and their relative crystallinity is given in Table S1. The XRD 
patterns show the characteristic diffraction peaks at 2θ = 7.92°, 8.80°, 
14.78°, 23.10°, 23.90° and 24.40°, which indicate that the studied 
samples, regardless of the preparation method and the zinc content, are 
exclusively indexed to the structure of the MFI topology (JCPDS 
№42–0024). Moreover, no diffraction peaks for zinc oxide crystallites 
are observed from Zn2Al8NZ5 and Zn6Al4NZ5 samples. This fact in
dicates that Zn species can be highly dispersed on the surface of these 
catalysts. As can be seen from Table S1, the crystallinity of H-ZSM-5 
nanosized catalyst and its modified form is slightly lower than that of 
HNZ5, Zn2Al8NZ5 and Zn6Al4NZ5 samples because of possible coverage 
of crystallites by Zn species after modification of the parent commercial 
zeolite with zinc. The zinc introduction into the zeolites framework 
affects the unit cell parameters and the unit cell volume (Vuc). Even 
more, the Vuc gradually decreased as the zinc content increased. This 
may be due to the shorter atomic radius of zinc (1.38 Å) than that of 
aluminum (1.43 Å). Based on the deviation of lattice cell parameters, it 
can be argued that the part of aluminum atoms in the zeolite framework 
are isomorphous substituted for zinc. 

From the SEM data (Fig. S2), NZ5 zeolites are present in the form of 
agglomerates with irregular block morphology and consisting of cubic 
nanocrystals with a diameter of 50–100 nm. This fact confirms that they 
are nanosized materials. H-ZSM-5 and Zn/ZSM-5 have different size of 
agglomerates, which consists of aggregates and individual zeolite par
ticles. The agglomerates of the H-ZSM-5 and Zn/ZSM-5 samples are 
morphologically inhomogeneous with the basis being large particles 
(about 2000 nm), but, along with them, nanosized particles 
(200–800 nm) are present in the group composition [30]. 

It should be noticed that the properties of Zn-containing zeolite 
catalysts are influenced by the Zn introduction method. When in
troducing zinc species by ion exchange, it is likely that the zinc cations 
have stabilized in the exchange positions of the zeolite with a high 
concentration of acid sites [10]. Compared to the conventional method 
using ion exchanging commercial zeolites, the in situ seed-induced 
synthesis provides a more dispersed distribution of the Zn species in
troduced into the zeolite [26]. Besides, the part of the Zn species were 
incorporated into the zeolite framework [27]. 

3.2. Textural properties and chemical composition 

Fig. S3 provides the N2 adsorption-desorption isotherms for the 
samples, and their textural properties and chemical composition are 
listed in Table S2. 

As is seen from Fig. S3, the isotherms of the nanosized catalysts 
belong to the type I(a) according to the IUPAC classification, and they 
exhibit a steep increasing adsorption amount at the p/p0 of 0.02. This 
corresponds to the transition of nitrogen molecules in the pore of the 
zeolites from monolayer to multilayer adsorption, which is character
istic of microporous zeolites. However, all the samples show a well- 
defined hysteresis loop in the range of p/p0 = 0.45–1.0, which belong 
to the H4-type. It reveals the presence of a certain share of meso
porosity due to N2 adsorption on the external surface of the crystallites 
and capillary condensation in spaces between the crystallites. The 
presence of hysteresis and its absence in the region of high relative 
pressures indicate that there is a limited connection of the porous 
system with the external surface of the zeolite crystallite. 

As listed in Table S2, both the HNZ5 and Zn2Al8NZ5 are char
acterized by the largest surface. With increasing zinc content, the sur
face area decreases by 1.7 times. Zn2Al8NZ5 also has the largest volume 
of mesopores due to the accumulation of small nanocrystals [31]. 

From the textural properties of the synthesized zeolites listed in 
Table S2, it can be seen that the micropore volume and micropore 
surface area of the samples decreased after the incorporation of zinc 
species into the zeolites. This may be due to that parts of the highly 
dispersed zinc species being located on the external surface and/or the 
pore mouth of zeolite and thus reducing the accessibility of micropores 
because of their blockage. However, the mesopore volume of the 
samples increased, which may be attributed to the intergranular me
sopores formed by the accumulation of ZnO nanoparticles after the 
chemical and thermal treatments [24]. The increased the specific sur
face area of the in situ seed-induced samples compared to conventional 
samples is caused by the higher dispersed nanosized crystallites them
selves. 

3.3. Acidity 

The acidity of zeolite catalysts is one of the main parameters de
termining their behavior in the DME conversion into liquid hydro
carbons. Fig. S4 illustrates the NH3-TPD profiles of the Zn-modified 
catalyst samples. As is seen, the profiles of all the samples exhibit two 
characteristic peaks in the low-temperature range of 222–246 °C and 
the high-temperature range of 394–447 °C, which can be attributed to 
the desorption of NH3 on medium (I) and strong (II) acid sites, re
spectively. The acidic properties of nanosized catalysts strongly depend 
on the method of their preparation and the zinc content thereof. The 
amount of NH3 desorbed and the distribution of acid sites over strength 
are given in Table S3. For nanozeolites as the zinc content is increased, 
the total acidity is reduced significantly. This indicates that a part of the 
intrinsic acid sites of ZSM-5 zeolites reacts with the incorporated Zn 
species, resulting in the dramatic reduction in the share of strong acid 
sites (I/II ratio in Table S3). In details, the Zn insertion into the zeolite 
leads to the interaction between Zn species and the surface hydroxyl 
groups (terminal Si(OH) and bridged Si(OH)Al) assigned to BAS, which 
become more pronounced with increasing Zn loading. 

The pyridine FTIR spectra were obtained to determine the density of 
BAS and LAS of the catalysts. As seen in Fig. S5, the bands at 1545 cm−1 

and 1454 cm−1 are associated with characteristic vibration peaks of 
pyridine molecule adsorbed at BAS and LAS. The amount of BAS and 
LAS as well as B/L ratio are shown in Table S3. The density of BAS and 
LAS were redistributed after the introduction of Zn into the zeolites, 
and larger amount of LAS were generated at expense of the BAS. Thus, 
the concentration of BAS sharply decreases, and the concentration of 
LAS (especially the medium ones) significantly increases with an in
crease of the Zn loading. Thus, B/L ratio reduces with increasing Zn 
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loading, suggesting that partial BAS are transferred to LAS. It is noted 
that the medium acid sites slightly decreases while the strong acid sites 
reduces much more considerably as the Zn loading increases. This 
suggests that the Zn introduction not only modified the concentration of 
LAS and BAS but also influenced the acidic strength distribution 
[32,33]. Such behavior can be explained by the formation ZnOH+ Zn- 
containing species. The incorporated Zn species reacted with one 
proton of the BAS of the zeolite and thus formed the ZnOH+ species 
through ZneOeAl bonds. Other way, Zn-acid sites existed as 
AleOeZn2+eOeAl via the interactions of one Zn2+ with two Al sites 
bridged by oxygen at nearby framework aluminum pairs [34,35]. In 
this way, the concentration of BAS and total acidity would significantly 
decrease compared with that of the parent zeolite. 

It should also be noted that H-ZSM-5 and Zn/ZSM-5 nanosized 
catalysts have a much higher total acidity with a great proportion of 
medium acid sites. 

3.4. Catalyst performance 

The catalysts were investigated in the DME aromatization at various 
WHSV values. According to [15], DME is converted into an aromatics 
concentrate with a high yield at temperatures no lower than 400 °C. At 
higher temperatures, cracking reactions become more intense leading 
to enhanced gas formation and a drop in the total yield of the desired 
products. Therefore, the catalyst tests were run out at 400 °C. Se
lectivity for liquid hydrocarbons, aromatics content in the liquid hy
drocarbons, DME conversion, and yields of aromatics are shown in  
Fig. 1 and Table 1. 

These results demonstrate that variation in the reaction conditions 
leads to a considerable change in the main characteristics describing 
the behavior of the DME aromatization. The DME transformation into 
aromatics proceeds at a fairly high conversion over all the studied 
catalyst samples to form an aromatic compounds concentrate in the 

studied WHSV. Moreover, a change in pressure has a marked effect on 
the secondary reactions of the process and the redistribution of synth
esis products. As exemplified by the Zn2Al8NZ5 catalytic system, an 
increase in pressure from 3 to 10 MPa has almost no effect on DME 
conversion. In the presence of Zn2Al8NZ5 and Zn6Al4NZ5 catalysts, the 
DME conversions above 99% are attained in the WHSV range of 
2.7–26.7 h−1. Owing to the molecular sieve properties of synthesized 

Fig. 1. WHSV effect on selectivity for liquid hydrocarbons (S(liquid HCs)) and aromatics content in the liquid hydrocarbons at Т = 400°С: a) Zn2Al8NZ5 (Р = 10 и 
3 MPa); b) Zn6Al4NZ5 (Р = 3 MPa); c) Zn/ZSM-5 (Р = 3 MPa). 

Table 1 
DME conversion, selectivity to gaseous hydrocarbons (Sgaseous HCs), BTX and 
С9+ aromatics yields, total yield of aromatics depending on the pressure and 
WHSV on the Zn-modified zeolite catalysts (СDME = 45 vol%, Н2/СО = 2, 
Т = 400°С).         

Р, MPа WHSV, h−1 Х, % Sgaseous HCs, % Yield of aromatics, % 

BTX C9+ Total  

Zn2Al8NZ5 
10 2.7 100 38.2 6.9 21.5 28.4 

5.3 100 42.9 8.7 20.4 29.1 
13.4 100 41.7 9.7 19.4 29.1 
26.7 100 41.8 10.2 16.5 26.7 

3 2.7 100 29.2 12.4 20.6 33.0 
5.3 99.5 30.8 12.4 18.5 31.0 
13.4 100 35.3 12.9 17.0 29.9 
26.7 99.8 41.5 12.1 12.5 24.5 

Zn6Al4NZ5 
3 2.7 100 28.5 12.2 19.8 31.9 

5.3 99.4 28.8 9.4 20.3 29.7 
13.4 99.1 33.6 10.7 16.2 27.0 
26.7 99.4 39.3 12.5 11.3 24.1 

Zn/ZSM-5 
3 2.7 100 40.2 14.4 18.9 33.2 

5.3 100 38.0 13.2 18.2 31.5 
13.4 99.6 39.4 12.7 16.0 28.7 
26.7 94.8 49.8 12.1 11.9 24.0 
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MFI-type zeolite catalysts, monocyclic alkylaromatic hydrocarbons 
with the number of carbon atoms from 6 to 12 are predominantly 
formed during the DME aromatization. Aromatics are largely re
presented by C9+ arenes and to a lesser extent by C6–C8 arenes. As is 
clear from Table 1, because of the reinforced alkylation reactions of the 
aromatic ring, a rise in pressure from 3 to 10 MPa leads to an increase in 
the yield of tri- and tetramethylbenzenes (C9+ arenes) from 12.5–20.6 
to 16.5–21.5% with a simultaneous decrease in the yield of BTX 
(BTX = Benzene + Toluene + Ethylbenzene + Xylenes) aromatic 
compounds from 12.9–12.1 to 10.2–6.9%, respectively. In this case, an 
increase in pressure entails a reduction in the total yield of aromatics 
from 33.0–29.9 to 28.4–29.1% in the WHSV range of 2.7–13.4 h−1. On 
the contrary, the occurrence of aromatization at WHSV = 26.7 h−1 is 
accompanied by an increase in the total yield of arenes from 24.5 to 
26.7%, respectively. During testing of the Zn2Al8NZ5 sample the 
highest total yields of aromatics were obtained at 3 MPa. Importantly, 
the decrease in the pressure from 10 MPa to 3 MPa contributes to a 
marked decline in the selectivity to gaseous hydrocarbons. At 
WHSV = 2.7–13.4 h−1, the pressure reduction leads to a fall in the 
selectivity to gaseous hydrocarbons by 23–28%. With a further increase 
in WHSV to 26.7 h−1, the selectivity values are almost equal. For these 
reasons, the remaining catalytic systems synthesized by both in situ 
seed-induced method and by the conventional way (but using ultra
sonic treatment) were accordingly tested at 3 MPa. 

In order to determine the influence of Zn content on the selectivity 
to aromatic compounds, the catalyst performance of the Zn2Al8NZ5 and 
Zn6Al4NZ5 samples having the same Si/(Zn + Al) ratio but different Zn 
amounts (see Table S2) was compared. It was found that an increase in 
zinc concentration in the composition of NZ5 zeolites from 1.0 to 2.4 wt 
% leads to decrease in the total yield of aromatics by 3–10% depending 
on WHSV. However, at high WHSV values, the yields of aromatics for 
the Zn2Al8NZ5 and Zn6Al4NZ5 samples were almost equal. 
Interestingly, an increase in zinc concentration is accompanied by a 
slight fall in the selectivity to gaseous hydrocarbons amounting to 2–6% 
(Table 1). 

As can be seen from Table 1, conventional zeolite catalyst processed 
by the ultrasonic treatment is characterized by a more evident drop in 
DME conversion at high WHSV values. At WHSV = 26.7 h−1 the DME 
conversion is 94.8% over the Zn/ZSM-5 sample. However, the total 
yield of aromatics over the Zn/ZSM-5 is close to that of NZ5 zeolites 
throughout the studied WHSV. 

Compared with the nanosized zeolite systems prepared by the in situ 
seed-induced method, DME aromatization over the conventional na
nosized catalyst prepared using ultrasonic treatment proceeds with a 
higher yield of BTX fraction, while the total yield of aromatics over the 
catalysts synthesized by different methods is roughly the same and 
differs by 5–10%. The yield of BTX arenes, including ethylbenzene, rises 
to 14.4 in the presence of the Zn/ZSM-5 catalyst, whereas for 
Zn2Al8NZ5 and Zn6Al4NZ5 it is around 11–12%. As is clear from  
Table 1, the catalytic systems synthesized by the in situ seed-induced 
method are more prone to the formation of C9+ arenes, the yield of 
which is above 20%. It is worth noting that the zeolite preparation 
method affects both the selectivity of aromatization process for liquid 
hydrocarbons and their composition (Fig. 1). The selectivity for liquid 
hydrocarbons over the Zn2Al8NZ5 and Zn6Al4NZ5 samples is far greater 
than that of the Zn/ZSM-5 sample. Indeed, in the presence of the NZ5 
catalytic systems liquid hydrocarbon products are formed with a se
lectivity of 70.8–71.5% against 62.0% over the Zn/ZSM-5 catalyst 
(WHSV = 2.7 h−1). 

It should be noted that the NZ5 catalysts, compared with conven
tional system processed by ultrasonic treatment, are characterized by a 
reduced gas formation. As can be seen from Table 1, in the presence of 
the NZ5 samples, the selectivity to gaseous hydrocarbons is 29.2–41.5% 
(for Zn2Al8NZ5) and 28.5–39.3% (for Zn6Al4NZ5) throughout the stu
died WHSV, whereas that of Zn/ZSM-5 is 38.0–49.8%. 

It is worth mentioning that the amount of syngas based on the mass 

balance at the outlet exceeds that at the inlet by 3–15%, depending on 
the process conditions. That is, during the reaction, the syngas accu
mulates. Moreover, a certain amount of carbon dioxide is formed. These 
are probably due to the proceeding water gas reaction (7) and the water 
gas shift reaction (8). Also, additional hydrogen can be formed by de
hydrogenating naphthenes. 

+ +C H O CO H2 2 (7)  

+ +CO H O CO H2 2 2 (8)  

In this regard, it is safe to say that the syngas aromatization reaction 
does not occur under the studied conditions. 

In order to determine the effect of the zinc incorporation on the 
aromatization performance, experimental tests in the presence of H- 
form parent zeolites (HNZ5 and H-ZSM-5) were carried out. The results 
are given in Table 2. 

As can be seen from Table 2, the parent zeolites unmodified with 
zinc exhibit high performance in the DME aromatization. At 
WHSV = 2.7 h−1, the DME conversion is 100% over all the tested 
samples. The total yield of aromatic compounds is 35.5 on H-ZSM-5, 
which is approximately 7% higher than that of corresponding Zn- 
modified form. The highest total yield is observed on the HNZ5 zeolite 
(39.1%), which is 18–22% higher than that of the Zn2Al8NZ5 and 
Zn6Al4NZ5 catalysts. It is important to note that the zinc absence in the 
catalysts facilitates a more selective BTX arenes production, whose 
share in the reaction products exceeds that of C9+ arenes. The HNZ5 
sample is the most selective to the BTX arenes. 

However, one of the disadvantages of unmodified systems is the 
increased selectivity to gaseous hydrocarbons negatively affecting the 
overall process selectivity. This trend is most pronounced on the NZ5 
catalysts, where the zinc absence results in an enhanced gas formation 
by 50–55% (44.1% against 29.2 and 28.5%). In the case of conventional 
system, the zinc introduction into the parent zeolite structure has a 
weaker effect on the gas formation. Thus, on the H-ZSM-5 and Zn/ZSM- 
5, the selectivity for gaseous hydrocarbons is 47.3 and 40.2%, respec
tively. This phenomenon is attributable to a decrease in the total acidity 
of the samples, primarily due to a decrease in the number of strong acid 
sites after Zn modification. These sites promote CeC bond cleavage in 
liquid-phase aromatization products. 

Fig. 2 illustrates the distribution of hydrocarbons in the DME ar
omatization products. 

As shown in Fig. 2, the method of preparing nanosized catalytic 
systems affects the group composition of the resulting hydrocarbons. 
The catalysts samples synthesized by the in situ seed-induced method 
are characterized by a higher concentration of olefins and naphthenes 
(except for HNZ5) in the reaction products and a reduced content of 
alkanes, including methane, compared with the samples synthesized by 
the conventional method. For example, the total content of olefins over 
the Zn2Al8NZ5 and Zn6Al4NZ5 samples is 4.0, 5.3 and 5.1% and the 
content of naphthenes is 0.8, 3.7 and 3.4%, respectively, whereas the 
total olefins content over the H-ZSM-5 and Zn/ZSM-5 systems is 1.6 and 
2.8% and the content of naphthenes is 1.0 and 2.3%, respectively. The 
amount of C2+ alkanes over the HNZ5, Zn2Al8NZ5 and Zn6Al4NZ5 

Table 2 
DME conversion, selectivity to gaseous hydrocarbons, aromatics concentration 
in the liquid hydrocarbons, BTX and С9+ aromatics yields, total yield of aro
matics on the parent zeolite catalysts (СDME = 45 vol%, Н2/СО = 2, 
Т = 400°С, P = 3 MPa, WHSV = 2.7 h−1).        

Х, % Sgaseous HCs, % Carenes, wt% Yield of aromatics, % 

BTX C9+ Total  

HNZ5 
100 44.1 70.0 19.8 19.3 39.1 

H-ZSM-5 
100 47.3 67.3 18.7 16.8 35.5 
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catalysts is 54.0, 56.9 and 58.0 with methane content being equal to 
2.0, 1.2 and 1.5% respectively. Over the H-ZSM-5 and Zn/ZSM-5 
samples, the total content of C2+ alkanes in the reaction products is 
59.6 and 59.5%, respectively; the content of methane is 2.2 and 2.0%, 
respectively. The content of individual aromatic compounds fully cor
relates with the results described above and presented in Table 1 and  
Table 2. 

The increased content of C2+ alkanes in the reaction products is 
most likely due to the fact that olefins are much more easily hydro
genated than cyclized to aromatics in the syngas medium. The higher 
selectivity for C2+ alkanes on the Zn-modified samples compared to 
that on the unmodified zeolites can be explained by the excellent H2 

heterolysis ability of the ZnOH+ species. H2 is adsorbed and dissociated 
on the ZnOH+ species followed by hydrogenation of olefin inter
mediates [18]. Therefore, in the presence of ZnOH+ species, the H2 

activation and hydrogenation reactions are promoted, immediately 
increasing the selectivity to paraffins while reducing the selectivity for 
aromatics. Hence, the paraffin formation and aromatization are com
petitive reactions. 

Importantly, at TOS (time on stream) = 5 h (WHSV = 2.7 h−1), 
there is no noticeable decrease in the activity of the catalyst. This is 
evident from the DME conversion values, which are 99–100%. The drop 
in conversion and yield with increasing WHSV is due to a decrease in 
residence time rather than the formation of coke deposits. In addition, it 
is important to note that the use of nanosized catalytic systems facil
itates increased resistance to coke formation, since the larger mesopore 
volume of nanosized zeolites effectively promote the diffusion rate and 
thus inhibit the carbon production. We carried out lifetime testing the 
HNZ5 and Zn2Al8NZ5 at WHSV = 2.7 h−1 for 48 h, whereafter these 
samples were analyzed by TPO for coke content. As can be seen from 
Fig. S6, decline in the DME conversion and aromatics selectivity on the 
HNZ5 are more greater than those on the Zn2Al8NZ5 with TOS of 48 h. 
On the HNZ5, the DME conversion steadily reduces from 100 to 96.7%, 
all while the selectivity to aromatics drops from 39.1 to 35.5% (by 
10%). The product selectivity is more stable on the Zn2Al8NZ5 and 
reduces by merely 3% after 48 h (from 33.0 to 32.0%), with the DME 
conversion over time no falling below 98.5%. This may be attributed to 
the high hydrogenation activity of well-dispersed ZnOH+ species ex
hibiting the lower aromatization ability. Therefore, the formation of 
carbon precursor aromatics is suppressed, which further inhibits the 
formation of graphite carbon [18]. 

Fig. S7 demonstrates the TPO profiles of the zeolites after 48 h ar
omatization performance. Fig. S7(a) depicts the weight loss during the 

TPO, wherein the coke combustion was assumed to start at 350 °C. Fig. 
S7(b) reflects the corresponding heat effects. The weight loss lower 
350 °C was caused by both removing the adsorbed water and loosely 
bound hydrocarbons and burning the hydrocarbons. Appearing a 
marked exo-effect (Fig. S7(b) (the peaks at 445–510 °C on the HNZ5 and 
410–510 °C on the Zn2Al8NZ5) is resulted from the oxidation of the 
high-temperature coke deposits to the formation of gas products. The 
TPO profiles indicate that the nature of coke is very similar for the 
studied catalysts. As is clear from the weight loss curves, the coke 
content on the Zn2Al8NZ5 is approximately 30% lower than that of 
HNZ5. The weight loss in the range of 350–650 °C on the Zn2Al8NZ5 is 
8.0%, whereas on the HNZ5 is 10.5%. This points to the fact that the 
zinc modification slows down the deactivation of the zeolite catalyst. 

Fig. 3 displays the values of HTI (hydrogen transfer index) calcu
lated by Eq. 4 for the catalysts used in the DME aromatization. 

It is seen that all the catalyst samples used are characterized by high 
HTI values, indicating that H-transfer reactions prevail over dehy
drogenation reactions in the DME aromatization. However, in the 
presence of the NZ5 catalytic systems H-transfer reactions are less 
pronounced than those on the conventional samples. Meanwhile, zinc 
introduction into the zeolite results in a decrease in HTI. It is most likely 
attributed to the fact that zinc species form new strong LAS by inter
acting with the zeolite BAS responsible for H-transfer reactions. The 
HTI values of the HNZ5, Zn2Al8NZ5 and Zn6Al4NZ5 samples are 13.4, 

Fig. 2. Hydrocarbon distribution of the DME aromatization products (Т = 400°С, Р = 3 MPа, WHSV = 2.7 h−1).  

Fig. 3. HTI values of the catalysts used in the DME aromatization (Т = 400°С, 
Р = 3 МPа, WHSV = 2.7 h−1). 
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10.8 and 11.3, respectively. The highest HTI value is observed for the 
H-ZSM-5 (37.5) against 21.1 on the Zn/ZSM-5. Based on these data, it 
can be stated that H-transfer reactions are primarily responsible for 
formation of aromatic compounds under the process conditions. 

4. Conclusion 

This work provides an efficient green chemical process for the 
synthesis of nanosized ZSM-5 zeolites, which are widely used in the 
petrochemical industry. In this work, nanosized ZSM-5 zeolites and Zn- 
modified forms thereof were successfully synthesized via various 
methods and their morphological, textural and acidic properties were 
studied by XRD, SEM, N2 adsorption-desorption, NH3-TPD and Py-FTIR 
techniques. Catalytic activities in the DME aromatization over the in 
situ seed-induced samples and the conventional samples prepared by 
ion exchange procedure using ultrasonic treatment were compared. The 
in situ seed-induced zeolite facilitates a higher aromatics yield (39.1%) 
as opposed to that on the conventional sample (35.5%). The prepara
tion method influences the hydrocarbon distribution. Except for arenes, 
the in situ seed-induced zeolites give an increased amount of olefins, 
whereas the conventional ion-exchanged samples produce a greater 
amount of paraffins. Zinc modification of the zeolites reduces the total 
yield of aromatics (by 22%), primarily BTX arenes (by 60%). Aromatics 
yield can be controlled by acidity and B/L ratio that affected by zinc 
introduction. The lifetime testing and TPO analysis has revealed that 
the zinc modification slows down the deactivation of the catalyst by 
suppressing coke formation. It was shown that it is possible to synthe
size aromatic hydrocarbons from DME with a fairly high total yield at 
pressures up to 10 MPa. Our studies demonstrated that the nature of the 
parent zeolite and the method of preparing catalytic system have a 
significant impact on DME aromatization. This makes it possible to 
control the yield and distribution of the targeted synthesis products. 
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