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ABSTRACT

Template-free ZSM-5 zeolites with the SiOZ/AI203 ratios of 28, 50, and 80
were synthesized and compared with template preparation. The resulting
zeolites were characterized by IR, XRD, XRF, SEM, and BET analyses. The
template-free and SDA (synthetic directing agent, or with template)
zeolites manifested similar physical and chemical characteristics. In
addition, their catalytic performances were tested for methanol to
hydrocarbon (MTH) as an industrial process in which methanol produced
from any source can be converted to a wide range of hydrocarbons (from
olefins to gasoline and aromatic hydrocarbons) in a fixed-bed reactor.
The zeolites showed methanol conversions of 93.5 and 92.6% for the
Si0,/ALO, ratio of 50 with the template HZ-50T and template-free HZ-
50, respectively. Further, their product selectivity was also similar;
nonetheless, eliminating the templates in the preparation of the zeolites
had little effect on the conversion and selectivity of the products. The
ratio of aromatic to aliphatic decreased with an increase in the SiO,/AlO,
ratio. Furthermore, raising the S.iOZ/AIZO3 ratio (from 28 to 80) reduced
the gaseous product from 54.1% to 52.1%.
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INTRODUCTION

ZSM-5 zeolites are a group of aluminosilicate
compounds with a pentasile structure [1],
having significant applications in agriculture
[2], medicine [3], and oil industries [4,5]. It is
generally acknowledged that the strong acidity and
distinctive porous structure of HZSM-5 zeolite
results in its wide use in the methanol to aromatic
(MTA) process [6-9]. Due to the increasing
demand for BTX ( Benzene, Toluene, and Xylenes)
in the preceding decades, improving the selectivity
toward aromatic products has been the objective
of much research [6,10]. Various strategies have
been investigated for achieving this goal such as
post-treatment, direct synthesis, impregnation,
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and many other methods [7,11]. The strong acid
sites of ZSM-5 are recognized as their active sites
for producing aromatic hydrocarbons and coke.
In addition, acidic sites in zeolite are essential
for their reactivity, especially in MTH and MTA
processes. However, further dehydrogenation
of hydrocarbons on the acidic site is one of the
mechanisms for coke formation. ZSM-5 with
hierarchical canals and an appropriate pore size is
a suitable catalyst for aromatic formation; however,
coking the catalyst is a challenging issue due to
its efficiency. Attempts have been made to adjust
the acidic character of the catalysts by altering the
SiO,/Al O, ratio or by adding metal promoters for
preventing coke formation [12]. Many efforts have
been undertaken to determine the relationship
between the ZSM-5 structure and its performance
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in the MTA process [13]. According to Gao et al.
[14], ZSM-5 with SiO,/Al,O,= 100 demonstrated
the highest selectivity to BTX due to its adequate
acid density and strength. Further, Yang et al.[15]
studied the relationship between HZSM-5 crystal
size and the synthesis of aromatic hydrocarbons,
and they found that nano-sized HZSM-5 exhibited
notable selectivity toward aromatics.

Alex Cronsted synthesized zeolites for the first
time in 1756 [16]. Since then, a variety of synthetic
methods have been proposed, with hydrothermal
synthesis being the most popular [17]. Two base
materials are usually used as the source for Al
and Si to synthesize zeolites [16]. Furthermore, a
cation such as Na or K and a synthetic directing
agent (SDA) are necessary for the formation
of zeolites [18-20]. Although employing a
template has drawbacks such as greater costs
and bio-environmental contamination, which
is required for producing hierarchical zeolites
with high crystallinity rates such as ZSM-5 [21].
Therefore, much research has been conducted
in the last decades for minimizing organic
templates, replacing traditional SDA with cheaper
alternatives, recycling templates, and eventually
removing SDA by using the seed pattern [19,22-
24]. Due to their simple crystal structures, some
of zeolites can be synthesized in large quantities
using the common synthetic method, without the
need for organic templates [25]. However, ZSM-
5’s hierarchical structure makes the process a bit
more challenging [26,27]. Hence, in the absence
of templates, using zeolite seeds may be a logical
solution to the problem [19]. In order to produce
a beta zeolite, Xie and his colleagues (2008) made
the first attempt at synthesizing without a template
by using seeds [28]. In 2012, Okubo and his team
managed to conduct this process for synthesizing
ZSM-5 and ZSM-11 zeolites [29,30].

In this study, we tried to synthesize ZSM-5
zeolites in different SiO,/AL O, ratios without a
template and by using zeolite seeds. We successfully
synthesized ZMS-5 zeolites with different ratios of
SiO,/ ALO; up to 80. However, in the absence of a
template, attempts to make the zeolite with higher
silicon to aluminum ratios were unsuccessful. Huimi
Luan et al. have recently reported the synthesis of
high silica ZSM-5 by applying a combined method
of seeding and aluminum silicate precursor in
which water is replaced with ethanol in the absence
of organic templates except alcohol [31]. However,
the detail comparison of catalytic efficiency need to

be investigated further. In this work, the template-
free zeolites and template-synthesized zeolites were
both employed in a fixed-bed reactor to compare
their performances in the MTH process.

EXPERIMENTAL METHOD
Material and Methods

All the materials were supplied by chemical
companies mentioned below and used as received:
tetra propyl ammonium bromide (Merck), silica sol
40 wt% suspensions in water (Sigma), ammonium
nitrate NV 98% (Chem-Lab), aluminum sulfate
(Merck), industrial ZSM-5 with SiO,/ ALO,: 28
(Petroleum Industry Research Institute of Iran),
sulfuric acid 98% (Mojallali), activated carbon
(Heycarb). BOMEM, MB-Series FTIR was
employed for IR spectroscopy characterization,
and sample crystallinity was measured from (1).
IR crystallinity is calculated using Eq. 1. In this
equation, I and I represent the absorption
intensities of vibration bands with the wave
numbers of 550 and 450 cm™, respectively.

Iss0/ 1450 £ 100% (1)

IR Crystallinity =
The powders X-ray diffraction were used
by STOE X-Ray diffractometer tube anode: Cu,
wavelength 1.5406 A (Filter Ni) with Cu Ka
radiation (40 kV, 40 mA) over 26 range between 0°
and 80° to identify the crystalline phase. The relative
crystallinity and average crystallites size were
calculated using Equations 2 and 3, respectively.

initv(9%) = —1¢
Crystallinity (%) Gori 100 )
KA
b= B Cos6 (3)

Where I denotes the integrated area of all
crystalline peaks; (I + I) represents the total
integrated area under the XRD peaks (I = Integrated
area of amorphous peaks); D is the crystallites size
(nm), K= 0.9 (Scherer constant), 4 = 0.15406(nm)
is the wavelength of X-Ray sources, § = FWHM
(radians), 0 = peak position (radians). The final
results are shown in Table 2. The morphology
and size of particles were observed by scanning
electron microscopy (SEM) (ZEISS, ETH=15.00
KV, WD = 6.5 mm, Mag = 500 x). The pore size,
pore volume, and surface areas were determined
by the BET method through nitrogen adsorption
and desorption (Micromeritics Instrument
Corporation, TriStar II 3020 V1.03). The samples
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Table 1. Name of the synthesized sample.

Sample Name
Si02/ALOs = 28 HZ-28
Si02/AL,O3 = 50 HZ-50
Si02/Al,03 = 80 HZ-80
Si0,/Al,03 = 50 with Template HZ-50T
Si02/Al,03 = 50 with mesoporgen HZ-50C

were placed at 30 °C for 10 minutes and then at 300
°C for 120 minutes under a nitrogen atmosphere.
Subsequently, nitrogen adsorption and desorption
isotherms were obtained at nitrogen boiling
temperature (77 K) and a relative pressure range
of 0.05-0.99. Each product was measured by XRF
(PHILIPS, PW1410) to get its bulk SiO,/AL O, ratio
to compare it with the ratio of starting gel (Table 2).

Synthesis of H-ZSM-5
Template free synthesis of H-ZSM-5

H-ZSM-5 zeolites with SiO,/Al O, ratios of 28,
50, and 80 were synthesized by the hydrothermal
method. Solution A was obtained by adding 51.6
g water glass (a suspension of 40% by weight of
silica sol in water), to 64.5 g deionized water and
0.5 g seed, and the mixture was stirred for 10 min.
Solution B was prepared by mixing X g of Al
(80,),.18 H,0O with 4.2 g concentrated sulfuric acid
in 84.1 g water and stiring for 30 min (X=5.4¢,3.0g,
1.9 g, respectively). Solution B was added dropwise
to solution A and stirred at room temperature at
300 rpm for 1 hour. The molar composition of the
mixture was 1.35 Na,O: 50 SiO: X ALO,: 2199 H O
where X was 1, 1.78, and 0.625: Seed to SiO, mass

ratio was 5%. The resulting gel was transferred
to a Teflon lined autoclave and remained there at
180 °C for 48 hrs for hydrothermal treatment. The
resulting crystals were filtered off, washed with
deionized water three times, and dried at 110 °C
overnight. The ion exchange with 1M ammonium
nitrate was performed twice and filtered. Finally,
the filtrate was calcined at 550 for 5 hrs to obtain
H-ZSM-5.

Synthesis of H-ZSM-5 zeolites with Mesoporgen or
Template

For preparing the zeolite in the presence of
mesoporgen (carbon active), the same procedure
as before was followed; however, when the gel was
formed, 0.5 g of carbon active was added to it. The
gel composition was: 1.35 Na,O: 50 SiO,: ALO,:
2199 H,O and the carbon active to SiO, mass
ratio was 5%. For template synthesis of the zeolite,
tetra propyl ammonium bromide was added to
the Si source with the mole ratio of 1.35 Na O:
50 SiO,: 1ALO,: 2199 H,O: 4.5 TPABr. Prior to
the ammonium ion exchange, the products were
calcined at 550 °C for 5 hrs. The prepared H-ZSM-5
samples were named in Table 1.

Table 2. The relative crystallinity & crystal size of zeolites (Chemical composition of the starting materials for the synthesis
of zeolites determined by XRF).

Sample Relative Crystallinity Relative Crystallinity Crystal size Si0x/Al,0;
Product (XRF)
(XRD) (IR) (nm)

HZ-28 67.5% 69.9% 27.5 26.7

HZ-50 83.8% 78.4% 28.9 47

HZ-80 67% 68.7% 18.4 70.6
HZ-50C 77.6% 72.1% 27.9 -

HZ-50T 100% 87.85% 28.6 -
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Fig. 1. FTIR spectra of the different ZSM-5 zeolites.

RESULTS AND DISCUSSION
The XRD and FTIR patterns

Fig. 1 illustrates the FT-IR spectrum of the
prepared samples in the range of 400-4000 cm.
The formation of the MFI framework of H-ZSM-5
was confirmed by 450, 550, 1100 and 1200 cm
bands. The IR of the samples prepared with the
seeds, the template, and the mesoporgen matched
with the reported ZSM-5 [20]. In the absence of
the template, many attempts were made to prepare
H-ZSM-5 with a SiO,/AlL O, ratio of higher than
100; nonetheless, they failed to produce a pure
zeolite. It seems that a template is required for the
synthesis of the ZSM-5 with a high SiO,/Al, O, ratio.
The X-ray diffraction pattern for the ZSM-5 zeolite
structure in Fig. 2 exhibits all the feature picks at
20 = 8.0°,9.0°, 14.8°, 22.9°, 24.0°, 29.8° as expected
[32]. In addition, XRD confirmed the successful
synthesis of template-free ZSM-5 samples with
SiO,/ALO, ratio below 80 [33]. The structure,
purity, and high crystallinity of the synthesized
samples were demonstrated by XRD and FTIR
spectroscopy, and by comparing with the HZ-50T
sample. In general, the XRD patterns of carbon-
template zeolites, HZ-50C, are of lower intensity
than conventional ZSM-5 (without carbon), which
could be accounted for in terms of a lower density
of mesoporous in ZSM-5 zeolite crystals [33].

Table 2 indicates the relative crystallinity and
crystal sizes of ZSM-5 compared to that of the
HZ-50T sample by IR and XRD measurements.
Increasing the SiO,/ALO, ratio from 28 to 50
resulted in increasing the crystallinity and crystal
size of the samples. However, by raising the SiO,/
AL O, ratio from 50 to 80, the crystallinity of the
samples and the size of the crystals decreased. With

Intensity(a.u.)

26
Fig. 2. XRD patterns of the different ZSM-5 zeolites.

a higher SiO,/ALO, ratio, zeolites could not be
purely prepared. HZ-50T prepared in the presence
of a template demonstrated a slightly better
crystallinity. It has been noted in some articles that
when the SiO2/A1203 ratio rises, the crystallinity
of zeolites ZSM-5 increases [34]. This may be true
for zeolites prepared in the presence of a structure-
directing agent; however, in the samples prepared
in this study, the maximum crystallinity was
observed in the ratio of 50.

According to Table 2 (rows 1-3), the crystal
size of ZSM-5 gradually increases with increasing
the SiO,/ALO, molar ratio in its synthetic gel.
Although the crystal size is estimated by Scherer’s
approximation and should be considered with
caution, it is directly related to crystallinity. The
sample with lower crystallinity shows a smaller
crystal size, resulting from weaker diffraction
peaks [35]. Based on the results obtained from
the XRF analysis in Table 2, the SiO,/AL O, ratio
of the final samples is lower than that of the initial
gel. The gap between SiO_/Al O, ratios increased
by raising SiO,/Al,O, ratio. This difference was
not unexpected considering the issues with the
synthesis of non-template zeolites. As the SiO,/
AL O, ratio increases, the entrance of Al atoms in
the zeolite structure becomes more difficult.

NH,-TPD

The type, density, and distribution of acidic
sites on the investigated catalyst is one of the most
significant and determining parameters on the
performance of catalysts in the MTH process, and
this can be studied by using the NH,-TPD analysis.

The acid sites on the surface of ZSM-5 samples
mainly consist of three types: weak (100-220 °C),
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Fig. 3. NH,-TPD profiles of the hierarchical HZSM-5 zeolites with different Si/Al ratios.

medium (220-390 °C), and strong (390-600 °C).
However, due to their overlap, only two of these
types appear as peaks in the NH,-TPD test.

Asshown in Fig. 3 and Table 3, the amount of the
total, weak, and strong acidities in HZ-50 and HZ-
50T are close to each other, showing the similarity
of the template and seed samples. Moreover, it can
be observed that the total acidity reduces as SiO,/
Al O, ratio increases ( HZ-28 > HZ-50 > HZ-80).
This reduction indicates, as predicated, that by
increasing the amount of Al in the structure, more
acidic sites are produced [14,36]. These findings
may be consistent with those obtained from the
catalytic performance of samples in the MTH
process. Based on the NH,-TPD results, Fig. 6
demonstrates similarity in the conversion, liquid,
and gas products for HZ-50 and HZ-50T, which
can be attributed to their similar acidity.

The more acidity the catalyst has, the more

aromatic compounds can be produced; however,
the catalyst’s higher acidity leades the formation
of more coke. Therefore, a catalyst with high
acidity should be used to produce more aromatic
compounds, however coke formation should also
be considered [14,37]. According to NH,-TPD,
HZ-50 has high acidity, although it’s not as high as
HZ-28, which can yield more aromatic products
with a lower liklihood of coke formation.

SEM

The SEM images show the size, morphology,
and aggregation of the synthesized zeolites. As
shown in Fig. 4, the morphology of the zeolites
obtained with various initial SiO,/AlL O, ratios or
by mesoporgen in the absence of SDA was almost
identical; these particles have hexagon plate-like
features. Furthermore, Fig. 4 demonstrates that
they have similar particle sizes while the HZ-50

Table 3. NH,-TPD data and acid amount for the hierarchical HZSM-5 zeolites with different Si/Al ratios .

Acid amount (mmol g”')

Sample

Total acidity Weak acidity Strong acidity
HZ-28 1.56 0.92 0.64
HZ-50 1.03 0.61 0.42
HZ-80 0.94 0.54 0.4
HZ-50T 1.16 0.69 0.47
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Fig. 4. SEM image of the samples after crystallization and calcination.

Nanochem Res 7(2): 93-106 Summer and Autumn 2022
]



A. Saber, M. Jabbarpoor et al. / Aromatic Product Selectivity of Template-Free

sample has a better crystalline shape in accordance
with the IR and XRD data. However, in addition to
having a spherical morphology, the HZ-50T zeolite
synthesized by using the templates has a larger
particle size which may indicate the agglomeration
of particles. Nonetheless, the XRD confirms that
the crystal size of the samples with both template
and template-free zeolites is almost the same
(around 20-30 nm).

BET and pore size distribution analysis

In the BET analysis, the surface area of the
samples was measured, and the volume of the micro
and mesopores was calculated by using the T-plot
method. The adsorption and desorption isotherms
for zeolites are type I [38] (Fig. 5), indicating the

mesoporosity alongside the micropore structure.
The pore size distributions measured by the BJH
method of various ZSM-5 samples are shown
in Table 4. As the results in Table 4 indicate, the
surface area (S,.) of the samples with different
ratios is almost equal and similar to that of the
sample synthesized in the presence of the structure-
directing agent. However, in the SiO,/Al O, ratio
of 80, the mesoporosity of the zeolite considerably
reduced. The decrease in surface area in the HZ-
50C sample can be justified by its increased
mesoporosity, since increasing the volume of the
mesopores will reduce the surface areain most cases.
The activated carbon was employed to produce a
mesoporous structure. The mesoporous structure
of the HZ-50C was confirmed by the formation of

=
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Fig. 5. The N, adsorption and desorption isotherms of zeolites & BJH by the BET method.
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Table 4. The textural properties of different samples.

Sample surface area (m*/g) Pore volume Average
3 Crystal ;
(cm’/g) Size (nm) Pore Size
(nm)
SBE T SMicro S IMesa VT otal VMirra VzMe:a
HZ-28 360.85 274.62 86.23 0.176 0.126 0.049 16.62 1.95
HZ-50 365.03 27242 92.61 0.175 0.125 0.049 16.43 1.92
HZ-80 369.90 352.17 17.73 0.187 0.164 0.023 16.22 2.02
HZ-50C 340.94 212.03 128.9 0.170 0.097 0.073 17.59 2.00
HZ-50T 361.04 305.42 55.62 0.192 0.160 0.032 16.20 2.13

! t-Plot External Surface Area
2 Pmeso = Vads, /Py — Vmicro

the hysteresis lobe at relatively high pressures. In
addition, the structure-directing agent in HZ-50T
led to a higher mesoporosity, which could be an
advantage for this sample; nevertheless, it also has
economic and environmental disadvantages.

CATALYTIC MTH ACTIVITY

The template-free zeolites and SDA samples
have very similar physical natures; therefore, they
are suitable for comparing their applicability. The
function of the synthesized zeolites was checked
by the MTH process. The calcined catalysts were
loaded in a steel fixed-bed reactor, and the catalytic
performances were tested at atmospheric pressure
in WHSV 3h™ and temperature of 400 °C. Crossing
gases were monitored by mass flow controllers.
The liquid products were collected in a cold trap,
while the gaseous products were guided to an on-
line gas chromatograph during the reaction. After
collecting the liquid product and separating the
aqueous and organic phases, the organic liquid
product was also analyzed using a DHA analysis by
Varian 3800 gas chromatograph.

Table 5 shows product selectivity obtained with
various HZSM-5 catalysts at 400 °C and atmospheric
pressure. The conversion percent of the methanol,
gas, and liquid products are summarized in Fig. 6.
Based on Table 5 and Fig. 6, the HZ-50T sample
has the highest methanol conversion rate among
other samples, which can be related to its higher
crystallinity (100%). It may be concluded from
comparing two synthetic samples with an equal
Si0O,/AL O, ratio (HZ-50, HZ-50T) that the absence
of a template had little effect on the conversion
of the reaction. This could be a sign of functional
similarity between the two catalysts.

Moreover, HZ-50T has the highest selectivity of
liquid products, and HZ-50C gave the highest yields
for gaseous products, probably due to the channel
structure of mesoporous ZSM-5 crystals [39]. In
addition, a decrease in the external surface area
and an increase in the mesopores could enhance
short-chain hydrocarbons (gaseous product) as in
HZ-50C [39] (Table 5).

An important effect of increasing Si/Al ratio
was a decrease in the gaseous product, from 54.1%

Table 5. Conversion percent and selectivity of the products based on the number of carbons in MTH process at P = latm,
T =400 °C, WHSV =3 h'..

Sample = MeOH Conv.% Selectivity, mol%
(+0.2) (+0.2)

Ci G G Cs Ci-CGs GCs C¢ C7 Cg Cor
HZ-28 91.4 5.4 55 408 75 59.2 67 1.7 109 13.6 79
HZ-50 92.6 5.7 54 375 17 56.1 91 13 103 148 83
HZ-80 90.7 6.5 46 356 104  57.1 107 09 87 144 382
HZ-50C 88.6 43 142 27.1 14.1 59.7 11.1 08 86 11.7 8.1
HZ-50T 93.5 3.1 63 369 94 55.7 86 1.8 143 113 83

100
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Fig. 6. Methanol conversion, liquid product, and gaseous
product in HZ-28, HZ-50, HZ-80, HZ-50C, HZ-50T samples
for P = latm, T = 400 °C, WHSV =3 h'.

to 52.1%, as SiOZ/AIZO3 ratio increased from 28
to 80 (Fig. 6). Further, the ratio of aromatic to
aliphatic liquid product decreases with an increase
in the SiOZ/Ale3 ratio. Based on Fig. 7, the lowest
aromatic to aliphatic ratio belongs to the HZ-50C
catalyst (1.9). By comparing the HZ-50T and HZ-
50 catalysts, it can be observed that the amount
of aliphatic product is more in the template-
synthesized catalyst. (HZ-50= 2.6, HZ-50T= 2.2)
The selectivity of the liquid hydrocarbon
products is almost identical in various SiO,/Al O,
ratio catalysts (HZ-28, HZ-50, HZ-80) with a
slight difference in the HZ-50 catalyst, which can
be attributed to better structural properties like
crystallinity. As illustrated in Fig. 7, the main
products in liquid hydrocarbons are aromatics;
however, their selectivity is obviously dependent
on the SiOZ/AIZO3 ratio. To begin with, the liquid
hydrocarbon distribution increased with the SiO,/
AIZO3 molar ratio, which was then followed by a

30 -
55 | 23.9
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X 20 |
g
s 129 14.1
2
3 9.5
S 10 -
“ 6.2
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9
S
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s
S

35.8

40.1
4 373 38.6
29.9 2
] o 26.8 28.6
23.5
11.1 11.8 12.3 12.9
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w
=
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W
=

s

® Liquid Hydrocarbon ™ Aromatic Aliphatic

Fig. 7. Liquid hydrocarbon as aromatic and aliphatic in HZ-28,
HZ-50, HZ-80, HZ-50C, HZ-50T samples for P = latm,
T =400°C, WHSV =3 h'.

gradual decline. The highest selectivity of liquid
products is related to HZ-50T with 41.5%. More
acidic sites in the low SiO,/AL O, ratio lead to the
formation of more aromatics products in HZ-28.
The ratio of aromatic to aliphatic yields is around
4 in HZ-28 and reduces to 2.6 and 2.3 in HZ-50
and HZ-80, respectively. The lowest aromatic to
aliphatic ratio is seen in the sample prepared in the
presence of mesoporgen, HZ-50C=1.9.

As shown in Fig. 8, the highest percentages of
liquid products are xylene and toluene. As the BTX
selectivity fell, the SiOz/Ale3 ratio decreased. The
higher BTX value obtained for HZ-28 may be due
to a higher acidic density in the low SiO,/AL O,
ratio. Comparing the selectivity of BTX between
HZ-50T with other catalysts, it can be said that this
catalyst behavior for BTX formation is different
from other catalysts, in which the lowest amount of
BTX formation ensues. In addition, all the samples
produce more xylene than toluene, while in the

18.5

13.9 14.9

11.1
8.2

6.5 6.8

HZ-50C HZ-50T

Toluene m Xylene

Fig. 8. Selectivity of BTX products in HZ-28, HZ-50, HZ-80, HZ-50C, HZ-50T samples for P = latm, T = 400°C, WHSV =3 h'.
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Table 6. Weight selectivity of hydrocarbon compounds in the liquid product of HZ-28, HZ-50, HZ-80,
HZ-50C, HZ-50T catalysts in P = latm, T = 400°'C, WHSV =3 h'..

Selectivity (WT% )
Sample
Aromatic Iso-Paraffins ~ Naphthenes  Olefins Paraffins

HZ-28 93.87 4.5 0.29 1.01 0.28
HZ-50 93.97 2.23 0.81 2.09 0.91
HZ-80 94.1 3.21 1.34 1.01 0.35
HZ-50C 89.94 3.13 1.97 33 1.67
HZ-50T 91.66 5.67 0.57 1.75 0.36

case of the HZ-50T, which is the sample prepared
in the presence of a template, the main product is
toluene. This difference in selectivity may be related
to different hierarchical structures produced by the
template and template-free route.

The yields for gaseous products C -C, increased
in the order of HZ-50C > HZ-28 > HZ-50 > HZ-80
>HZ-50T (Fig. 9). The main product in the gaseous
mixture is propene. The yield of C, compounds
decreased considerably in HZ-50C at the expense
of C, and C,. Hence, it seems that these catalysts
are highly effective for C,* and aromatic production
processes. By increasing the amount of SiO,/ALO,,
gaseous to liquid products slightly decreased.

During this stage, the selectivity of liquid
products was also studied in order to compare our
results with previous works (Tables 7 and 8). Based
on Fig. 10 and Table 6, the aromatic compounds
are the major products in the liquid phase. The
highest amounts of aromatics compounds belong
to the HZ-80 catalyst, which demonstrates that this
catalyst can be a suitable candidate for the MTA
process.

Several studies were conducted on the
MTH process in the literature, and some of the
summarized results can be seen in Tables 7 and

8. It should be noted that the procedure for the
synthesis of H-ZSM-5 or the conditions used for
reactor analysis may be slightly different. Tables
7 and 8 indicate the fact that the utilized catalysts
can have different results based on synthesizing
conditions, SiO,/Al,O, ratio, and the reactor
design and condition. For example, Saxena [40]
and his colleagues synthesized H-ZSM-5 zeolite
using sodium silicate and aluminum nitrate as the
synthesis source and TPAOH as the template, with
a §i0,/AL O, ratio of 50. They have reported yields
of 50.7 percent for fuel at T= 400 °C and P=1 atm.
Zhao et al. [41] used ZSM-5 zeolites prepared by
seed in the presence of a secondary CTAB template
as a mesopore maker, and they reported a yield of
59.1 for SiO,/Al,0,=50. Wan and coworkers [42]
employed nano size ZSM-5 zeolites using TPABr
as a template, and reported 58.9 yields in the MTG
process in 10 atm. Overall, it can be observed that a
template-free synthesized ZSM-5 catalyst produces
a slightly lower yield of gasoline cut compared to
that of a template synthesized.

However, based on Table 8, the data reported
in this work, and comparing studies on the MTA
process, it can be stated that these template-free
catalysts seem to be more successful in producing

Table 7. Comparison results with other literature in MTG.

Gasoline

HSV(h! i0>/A T Y R
Selectivity(mole%) p WHSV(h")  SiO:/Al:0; emplate  Catalyst ear ef
50.7 latm 4 50 TPAOH ZSM-5 2014 [40]
ZSM-5
59.1 latm 16 50 Seed/CTAB ZSM-5 2019 [41]
58.9 10atm 1.2 50 TPABr ZSM-5 2014 [42]
ZSM-5 Seed This
43.9/44.3 latm 3 50 or TPABr ZSM-5 2021 work
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Fig. 9. Gaseous hydrocarbon as carbon number in HZ-28, HZ-50, HZ-80, HZ-50C, HZ-50T samples for P = latm, T = 400°C,
WHSV =3h'.

aromatics. Qiao group [44] reported 85 percent
BTX in aromatic products by combining HZSM-
5 with unique species of Zn and P. Furthermore,
Ghanbari and coworkers [43] studied methanol
conversion to aromatic hydrocarbons on a new
family of low silicon mesopore catalyst (SiO,/
AL O, =22) in a fixed bed tabular reactor under
atmospheric pressure and a temperature of 375 °C
and WHSV =2 h'. The catalyst reformed with iron
and zinc, and under the influence of an alkaline
solution had the most selectivity rate to aromatic
products, namely BTX.

Yan and his colleges [14] synthesized ZSM-
5 with a SiO,/ALO, ratio of 60 to 160 using seed
formation and organosilicon. They realized that the
SiO,/AL O, ratio plays a major role in morphology
structure and acidity of ZSM-5 zeolite as well

as the catalyst life span and coke formation in
MTA reaction. On the other hand, high density
and strong acidity results in a higher selectivity
toward aromatic compounds. The ZSM-5 zeolite
with a §iO,/AL O, ratio of 100 showed the highest
selectivity toward BTX. The sample with a lower
ratio of SiO,/AL,O, manifested a greater catalyst
life span due to its lower acid density and great
resistance to carbon sintering. Additionally, there
was a co-relation observed between SiO,/Al,O,
ratio and coke content.

CONCLUSION

Compared to template synthetic zeolites,
zeolites synthesized by the seed-assisted method
without using a template only produced up to a
SiO,/AL O, ratio of 80. It can be concluded that

Hydrocarbon Totals by Group Type

HZ-28 HZ-50

® Aromatics ™ [so-Paraffins

HZ-80
Naphthenes

HZ-50C
m Olefins

HZ-50T

m Paraffins

Fig. 10. Weight selectivity of hydrocarbon compounds in the liquid product of HZ-28, HZ-50, HZ-80, HZ-50C, HZ-50T catalysts in
P = latm, T = 400°C, WHSV =3 h'’.
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Table 8. Comparison results with other literature in MTA.

Aromatic 4 Si02/A410
Yield(wt%) P WHSV(h™') s Template Catalyst  Year  Ref
86 latm 2 TPABr ZSM-5 2018 [43]
61.7 latm 2 TPABr ZSM-5 2020 [44]
ZSM-5 Seed/
84.6 latm 10 100 TPAOH ZSM-5 2016 [14]
organosilicon
94.1 latm 3 ZSM-5Seed  ZSMLS 2021 LS
Work

SiO,/ALO, ratio impacts the properties of the
ZSM-5 catalyst as well as the synthesis conditions.
In the seed-assisted method without SDA, small
cations such as Na* & Al’** were superseded to
retain the charge balance of the system. In general,
there is not much of a difference in the methanol
conversion and selectivity of the products using
catalysts synthesized by seed-assisted method
or catalysts synthesized with a template. In other
words, without a template, the same results can be
obtained from the synthetic zeolite.
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