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AbstractThree-step high temperature programmed hydrothermal preparation of ZSM-5 was investigated by using
different crystallization times and temperatures. The synthesized nanostructured catalysts were analyzed by XRD,
FESEM, EDX, BET-BJH, FTIR, TPD-NH3 and TGA techniques. According to the obtained characterization results,
synthesis of ZSM-5(250-30,300-15,350-5) by short time temperature programmed showed a significant effect on the
crystallinity, phase purity, morphology, textural properties and acidity of the nanostructured catalyst. Furthermore, this
sample had small crystals with higher intercrystalline porosity and also proper distribution of acid sites. The synthe-
sized catalysts were applied in the methanol to propylene (MTP) process under the operating conditions of T=460 oC
and GHSV=10,500 cm3/gcat·h in a fixed-bed reactor. The ZSM-5(250-30,300-15,350-5) catalyst exhibited high selectiv-
ity toward propylene (73%) with slow deactivation rate. Also, the possible reaction pathway for pure MFI preparation
via three-step short-time temperature-programmed was presented.
Keywords: ZSM-5, High Temperature, Short Time, Three-step, Methanol, Propylene

INTRODUCTION

Methanol transformation to more useful hydrocarbons is one of
the most important topics of natural gas utilization. In an alterna-
tive process, methane is first transferred to synthesis gas by partial
oxidation or reforming [1,2], followed by conversion to methanol
employing a Cu/ZnO/Al2O3 catalyst [3] and then converted to hy-
drocarbons using the methanol to gasoline (MTG) [4,5], methanol
to olefins (MTO) or methanol to propylene (MTP) pathways [6,7].
These provide an indirect route for creating valuable products by
converting fossil fuels [2,8,9]. The MTO reaction is an innovative
way for the production of olefins from natural gas [10-12]. It offers
yield flexibility that can deliver propylene as well as ethylene and
can be designed for an ethylene-to propylene ratio between 0.75
and 1.5 with ethylene formation favored at higher severity [13-15].
But, the future demand of propylene is much larger than that for
ethylene, and this gap can probably only be bridged by application
of the MTP reaction [16,17].

A highly siliceous ZSM-5 catalyst with a medium pore alumino-
silicate framework is a zeolite that is employed as a catalyst in vari-
ous processes [18,19]. It also represents a group of crystalline mi-
croporous aluminosilicates that has been employed as the acidic
framework in the MTP reaction [20-22]. The efficiency of the MTP
process has been improved through modifying the reaction condi-
tion, the catalyst structure and also the shape selectivity of the zeo-
lite [11,17,23]. For a specific ZSM-5 molecular sieve, there are still

spaces and challenges in using different synthesis conditions that
affect the nature and physicochemical properties of molecular spe-
cies, which dictate the final product distribution [24,25]. High-qual-
ity ZSM-5 zeolite can be synthesized via the hydrothermal method
[22,26,27]. The characterization indicates that the hydrothermal
synthesis mechanism of the MFI framework has three steps [28,29].
First, the formation of amorphous particles occurs by mixing the
reactants. Second, the nuclei appear with aggregation of amorphous
particles into larger units as secondary particles. Finally, the second-
ary particles convert to the ZSM-5 molecular sieve by zeolitization
[6,24,30]. Therefore, ZSM-5 zeolite may be prepared from the ini-
tial reaction gel by strictly controlling the crystallization condition.
Different crystallization conditions, like SiO2/Al2O3 ratio in the gel
mixture, the reaction materials, time and temperature of crystalli-
zation, can influence the structure, property, type and morphology
of products [23,31]. In this manner, a certain time and appropriate
temperature of crystallization lead to the formation of products.
On the other hand, the dense phases can be synthesized without
the appropriate ranges of temperature and time for crystallization.
In the work done by Oleksiak and Rimer [32], increasing the crys-
tallization time led to a change of mordenite framework inverted
(MFI) structure to mordenite (MOR) due to the unstable nature
of the MFI phase in this certain synthesis condition. Moreover, the
high crystallization temperature resulted in the decreasing of crys-
tallization time. In this regard, Dargahi and et al. [33] showed that
when the crystallization temperature of SAPO-34 was increased from
468 to 673 K, the hydrothermal crystallization time was decreased
from 24 h to 45 min.

The high temperature crystallization conditions can accelerate the
dissolution of the nutrients with controlled size, shape, morphology
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of particles and the structure of which phase composition is obtained
during the crystallization [34,35]. It also allows thte production of
the proper topology of the MFI structure of ZSM-5 with a cost-
effective and high-throughput procedure [24]. On the other hand,
the hydrothermal method contains many simultaneous reactions
that occur in an aqueous system to form specific materials. The
hydrothermal synthesis of MFI frameworks with regular arrays of
channels and voids architecture is emerging as the key due to their
structural advantages [23,30,33]. To take advantage of the hydro-
thermal synthesis method, it is significant to choose a hydrother-
mal system that can be reactive and cost-effective. The reactivity of
the hydrothermal approach can only be dependent on modifying
the processing variables (such as reagent concentrations, tempera-
ture, pH, and pressure), which can be affected the crystallization
process, as well as physicochemical properties of synthesized mate-
rials [11,24]. In this case, multi-step hydrothermal synthesis is a
more suitable novel method, as specific structure design and cor-
responding controllable synthesis, which offers the possibility to
fabricate for efficient use of energy [36]. The multi-step hydrother-
mal synthesis with a temperature program has the advantage of
combining the one-step methods and creating an efficient route to
the synthesis of zeolites [37-39]. Through step-by-step hydrother-
mal synthesis, the crystallization process frequently operates at dif-
ferent temperatures for different crystallization times. Along with
the variation of crystallization temperature during hydrothermal syn-
thesis, the concept of nucleation is modified. The multi-step hy-
drothermal synthesis has several advantages, such as an enhance-
ment of crystallization rate, homogeneous nucleation, uniform mor-
phology, specific pore geometry and rapid analog synthesis. On the
other hand, compared to the single-step hydrothermal synthesis,
the multi-step approach for ZSM-5 synthesis can control nucle-
ation and crystal growth, which is favorable for the formation of
particles with narrow size distribution [38]. Furthermore, the one-
step hydrothermal method with long periods of crystallization time
may increase energy consumption. The use of a multi-step tem-
perature programmed hydrothermal synthetic method instead of
conventional heating often results in good yields in a short time
and decreases the consumption of energy, so contributes efficiently
to the low cost of synthesis [36]. Wang et al. compared the perfor-
mance of chabazite (CHA) structures of SAPO-34 prepared by con-

ventional one-step hydrothermal crystallization and also a novel
two-step varying-temperature hydrothermal crystallization synthe-
ses [38]. They explained that the two-step hydrothermal treat-
ment led to the largest surface area and allowed the fast diffusion
of materials to the reaction media. However, compared with the
amount of literature investigated about the single-hydrothermal syn-
thesis of zeolites, little experimental evidence has been published
on the multi-step hydrothermal synthesis method. Also, we have
not been able to find any literature publications on multi-step high
temperature programmed and short time hydrothermal synthesis
of MFI molecular sieve used for olefins production.

The main goal of the present work was to investigate a novel
three-step high temperature programmed hydrothermal crystalli-
zation to achieve the short synthesis time required for obtaining the
pure ZSM-5 phase. For this purpose, three kinds of ZSM-5 mate-
rials were prepared with various crystallization times at any high tem-
perature (250, 300 and 350 oC) programmed for hydrothermal prep-
aration. The samples were analyzed by X-ray diffraction (XRD), field
emission scanning electron microscopy (FESEM), energy dispersive
X-ray (EDX), Brunner, Emmett and Teller-Barrett, Joyner and Hal-
enda (BET-BJH), Fourier transform infrared (FTIR), temperature-
programmed desorption of ammonia (TPD-NH3) and thermo-grav-
imetric analysis (TGA) techniques. Finally, the catalytic performance
of synthesized zeolites in the MTP process was also tested.

EXPERIMENTAL

1. Chemicals
ZSM-5 catalysts were synthesized by a three-step short time tem-

perature programmed hydrothermal method with tetra-propylam-
monium bromide (TPABr, 99.9%, Merck) as a structure-directing
agent. Sodium hydroxide (NaOH, 97%, Merck), sodium aluminate
(NaAlO2, 99%, Riedel-deltane Haën) and fumid silica (SiO2, 99.8%,
Aldrich) were employed as Na, Al and Si sources, respectively.
Ammonium nitrate (NH4NO3, 99%, Merck) and deionized water
(Kasra Company) were also used as an ion-exchanged aqueous
solution and synthesis medium, respectively.
2. Preparation of Materials

A Three-step hydrothermal procedure with different crystalliza-
tion times was used for the synthesis of ZSM-5 catalysts. The syn-

Table 1. Structural properties of three step high temperature short time synthesis of ZSM-5

Catalyst
Temperature programmed steps

(ToC-Duration min) Impurity
phase

SBET

(m2/g)a
VTotal

(cm3/g)b
VMicro

(cm3/g)c
VMeso

(cm3/g)d
Relative

crystallinitye
Crystallite
sizef (nm)

First Second Third
ZSM-5(250-60,300-30,350-15) 250-60 300-30 350-15 SiO2 051.2 - - - 10.2 52.0
ZSM-5(250-45,300-20,350-10) 250-45 300-20 350-10 SiO2 110.7 - - - 38.5 34.7
ZSM-5(250-30,300-15,350-5) 250-30 300-15 350-50 - 399.0 0.220 0.102 0.118 100 11.6

aTotal surface areas were obtained by the BET method.
bTotal pore volumes were estimated from the adsorbed amount at P/P0=0.99
cMeasured by t-plot method.
dVmeso=VtotalVmicro
eRelative crystallinity: XRD pattern relative intensity at 2=23.2o

fCrystallite size estimated by Scherre’s equation at 2=23.2o.



1196 P. Sadeghpour and M. Haghighi

May, 2022

thesis route corresponds to our previous publication [24]. Initially,
the appropriate amount of sodium hydroxide was mixed with deion-
ized water at room temperature. Then, sodium aluminate and tetra-
propylammonium bromide (TPABr) were added to the mixture
and stirred for 1 h. Finally, fumid silica was added gradually to the
above solution and aged for 24h. The resulting gel with composition
of 0.0025Al2O3 : 1SiO2 : 0.1Na2O : 0.1TPABr : 35H2O was obtained.
In the next step, the resultant gel was located inside a stainless-steel
autoclave, which was heated by different three-step temperature
programmed as listed in Table 1. For example, the first sample pre-
pared by three-step temperature programming was denoted as
ZSM-5(250-60,300-30,350-15). For treatment, the samples were
filtered, washed with deionized water and dried at 110 oC for 12 h.
The calcination temperature of 550 oC, which is higher than the
maximum temperature needed for decomposition of an organic
template (TPA+ ions) [40], and also calcination time of 15 h were
used for the calcination process. This calcination condition was opti-
mized to ensure both the complete elimination of the organic tem-
plate and the formation of the perfect MFI network. It is in agree-
ment with the literature for the calcination condition for ZSM-5
synthesis [41,42]. So, the dried powders were calcined at 550 oC for
15 h to eliminate the structure-directing agent. Subsequently, the
obtained solids were ion-exchanged at 80 oC for 12 h for two times,
using 1 M NH4NO3 solution, followed by drying at 110 oC and
calcination at 500 oC for 4 h.
3. Characterization of Samples

The phase composition and crystalline structure of synthesized
materials were characterized by a Bruker D8 Advance diffractom-
eter, which employed CuK radiation in a scanning range of 2=
5-55o. The relative crystallinity was estimated from the intensity of
the diffraction peak at 2=23.2o used as reference peak and assum-
ing a nominal 100% crystallinity. Applying the Scherrer equation
to the broad superlattice peak gives an estimate of the crystallite size.
The samples were examined under a scanning electron microscope
(FESEM) using HITACHI S-4160 analyzer to study the morphol-
ogy and particle sizes of zeolites. The X-rays produced from the
collision of electrons with the sample were used in energy disper-
sive analysis (EDX-dot mapping) by a Scan MV 2300 Cam for
determining the chemical composition. The specific surface area
and pore volumes were obtained by adsorption-desorption of N2

at 78 K using a Micromeritics ASAP 2020 BET-BJH analysis. Fou-
rier transform infrared spectroscopy (FTIR, UNICAM 4600) was
used in the range of 500-4,000 cm1 wave number K-Br pellet
method for detecting the surface functional groups. The acid site
density and acidic strength of catalysts were determined by TPD/
TPR 2900 analyzer. The sample was first degassed at 500 oC under
a helium flow rate (50 ml min1). After the reactor cooled to 50 oC,
the sample was saturated with ammonia. For removing the adsorbed
ammonia, the sample was then purged with helium flow for about
30 min. Afterward, the sample was heated again at a rate of 10 oC
min1 to 800 oC. The thermal conductivity detector (TCD) was used
as a function of temperature for measuring the amount of adsorbed
ammonia. Finally, thermo-gravimetric analysis (TGA) was per-
formed using a NETZSCH TG 201 F1 machine which was equipped
with a mass spectrometer to determine the amount of coke depo-
sition on the deactivated zeolite. The deactivated catalyst was loaded

and heated from room temperature to 250 oC in the N2 flow. Then,
the used catalyst was heated to 800 oC in flowing air with a rate of
15 oC/min.
4. Catalytic Performance Test

The catalytic performance test of nanostructured ZSM-5 cata-
lysts in the methanol to propylene reaction was done in the exper-
imental setup [24]. The performance test was carried out in a U-
shape fixed bed reactor (i.d.=8mm, L=32cm), using 0.4g of crushed
zeolite packed between quartz frits. Before the reaction, the nano-
structured ZSM-5 catalysts were preheated with Ar flow at 500 oC
for 1 h. The liquid mixture of CH3OH : H2O (50 vol% CH3OH and
50 vol% H2O) was placed in a saturator with a constant-tempera-
ture water bath. Therefore, the vapor pressure of methanol and
water was calculated at 15 oC, using the Antoine equation (PCH3OH=
73.9 mmHg and PH2O=13.5 mmHg). According to Raoult’s law for
an ideal mixture of methanol/water, the concentration of these
feeding gases was determined at constant value by Dalton’s law
(84 vol% CH3OH and 16 vol% H2O). Ar stream with a constant
flow rate was also used as carrier gas which bubbled through a satu-
ration evaporator and was co-fed into the reactor with gaseous
space velocity (GHSV) of 10,500cm3/gcat·h. The products were ana-
lyzed via a gas chromatograph (GC Chrom, Teif Gostar Faraz, Iran)
equipped with a flame ionization detector (FID) and Plot-U capil-
lary column (Agilent). The methanol conversion and products selec-
tivity were calculated as follows:

Conversion (%)

Selectivity (%)

RESULTS AND DISCUSSIONS

1. Characterizations
1-1. XRD Studies

The XRD patterns of nanostructured ZSM-5(250-60,300-30,
350-15), ZSM-5(250-45,300-20,350-10) and ZSM-5(250-30,300-
15,350-5) catalysts are shown in Fig. 1. The formation of the MFI
crystal structure during hydrothermal synthesis consists of differ-
ent stages: aging, nucleation and crystal growth [28]. During the
hydrothermal synthesis, a high degree of crystallinity for zeolites
can be obtained by complete progress on the hydrothermal stages.
Nucleation occurs from supersaturation with the transformation
amorphous phase into a crystalline structure. In this stage, the
chemical aggregation of species can lead to the formation of differ-
ent kinds of germ nuclei [30]. Due to crystal growth, the nuclei
need to enlarge to a certain size. In this condition, the crystals of
the framework start to grow and so result in the appearance of
XRD characteristic peaks related to the faces of the crystal. The
diffraction peaks exhibit two different types of structures prepared
by temperature programmed hydrothermal approach. The peaks
at 2=8.0, 8.9, 9.1, 14.9, 20.9, 23.2o are characteristic diffraction
peaks of tetragonal MFI phase (JCPDS 00-044-0002) [43,44], and
the peaks at 2=20.9, 26.7, 36.7, 39.6, 42.6, 50.3o are related to

 
Initial moles of MeOH     Unreacted moles of MeOH 

Initial moles of MeOH 
------------------------------------------------------------------------------------------------------------------------------------- * 100

Mole of specific product in reactor outlet
Total moles of whole products

-------------------------------------------------------------------------------------------------- * 100
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hexagonal SiO2 particles (JCPDS 01-085-0794) [22,45]. The ZSM-
5(250-30,300-15,350-5) sample prepared with short time tempera-
ture programmed synthesis has a typical MFI-structure with no
impurity phase reported in the literature [8]. Meanwhile, the two
other aluminosilicate materials, which were synthesized at longer
time temperature programmed, demonstrate the formation of the
SiO2 impurity phase along with the ZSM-5 framework. This is mainly
due to the MFI structure transforming to the thermodynamically
stable dense oxide phase (SiO2) occurring during the three-step long
time temperature programmed. At shorter crystallization time tem-
perature programmed synthesis, the results are indicated the forma-
tion of ZSM-5 phase with low signs of the SiO2 structure. Moreover,
the intensities of peaks differ based on the applied crystallization
time. The intensity of the XRD peaks for ZSM-5 molecular sieve
synthesized at short crystallization time correlated with the high
number of crystal nuclei that appears into the crystalline structure.

The relative crystallinity and crystallite size of the prepared mate-
rials are given in Table 1. The relative crystallinity of the MFI prod-
ucts for ZSM-5(250-60,300-30,350-15), ZSM-5(250-45,300-20,350-
10) and ZSM-5(250-30,300-15,350-5) catalysts was found to be
10.2%, 38.5% and 100%, respectively. The difference in the crystal-
linity of the catalysts can be attributed to different crystallization
times in varied high temperatures during the three-step hydro-
thermal synthesis. In addition, dislodgement of Si from the ZSM-5
framework damaged the MFI structure and resulted in a signifi-
cant decrease in crystallinity of ZSM-5(250-60,300-30,350-15) and

ZSM-5(250-45,300-20,350-10) catalysts. Therefore, the ZSM-5(250-
30,300-15,350-5) molecular sieve exhibited complete crystallinity
with high nucleation density. The average crystallite size of the MFI
structure was about 52, 34.7 and 11.6 nm for ZSM-5(250-60,300-
30,350-15), ZSM-5(250-45,300-20,350-10) and ZSM-5(250-30,300-
15,350-5) catalysts synthesized by three-step hydrothermal condi-
tion with different crystallization times. In particular, the results
showed that the crystallite size was small at the rapid crystalliza-
tion of the ZSM-5(250-30,300-15,350-5) catalyst. With increasing
the crystallization time at varying high temperatures, the crystal-
lite size of ZSM-5(250-60,300-30,350-15) and ZSM-5(250-45,300-
20,350-10) samples significantly increased to 52 and 34.7nm, respec-
tively. This indicates that a long crystallization time leads to the
growth of ZSM-5 crystals at each step of temperature program-
ming and yields larger crystals. However, the three-step high tem-
perature program led to the high rate of nucleation, but the short
crystallization time prevented the growth of crystal faces and so
led to decreasing the crystallinity. The overall results were an in-
crease in nucleation rate and as well as a decrease of crystal growth
to a specific degree, which resulted in small and perfect crystals
without amorphous species.
1-2. FESEM Studies

Fig. 2 depicts the FESEM results of the synthesized materials. It
is observed that the ZSM-5(250-60,300-30,350-15) and ZSM-5
(250-45,300-20,350-10) catalysts present a similar morphology of
SiO2 particles in the size range of 6-8m. There are also some
small ZSM-5 grains around the SiO2 particles. These results can be
attributed to the long crystallization time in temperature pro-
grammed hydrothermal preparation that allows for the competi-
tive structure production between SiO2 and ZSM-5 phases. Hence,
the agglomeration of dense oxide phase can be observed into ZSM-
5 particles in the FESEM images of ZSM-5(250-60,300-30,350-15)
and ZSM-5(250-45,300-20,350-10) materials. This is following pre-
vious XRD results on the structure of ZSM-5 with different crys-
tallization times. On the other hand, the particles of the ZSM-5
(250-30,300-15,350-5) catalyst have similar coffin morphology in
the range of 1-2m. This morphology is similar to the reported
literature for the shape of ZSM-5 particles [14,17]. Moreover, the
formation of smoother particles for the ZSM-5(250-30,300-15,
350-5) catalyst with uniform particle size distribution can be cor-
related with the proper crystallinity of this sample resulting from
the XRD analysis. The resulting crystallization process causes the
formation of a high number of crystal nuclei followed by rapid
crystallization of the ZSM-5(250-30,300-15,350-5) sample and grad-
ual growth of crystallites, implying the completion of crystal growth
and smooth particles with uniform morphology. In particular, the
particle sizes of pure ZSM-5 are smaller compared to SiO2 parti-
cles produced as impurity structures. Therefore, it is expected that
the ZSM-5(250-30,300-15,350-5) catalyst with small and uniform
particles is going to have optimal performance for the conversion
of methanol to propylene.
1-3. EDX Studies

Fig. 3 shows the EDX analysis of nanostructured ZSM-5(250-
30,300-15,350-5) catalyst. According to EDX data, the existence of
Si, Al and O elements indicates the successful formation of alumi-
nosilicate chemical composition into the framework of ZSM-5

Fig. 1. XRD patterns of nanostructured ZSM-5 catalysts synthesized
using three-step high temperature short time method: (a)
ZSM-5(250-60,300-30,350-15), (b) ZSM-5(250-45,300-20,350-
10) and (c) ZSM-5(250-30,300-15,350-5).
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(250-30,300-15,350-5) catalyst synthesized by three-step short time
temperature programmed. On the other hand, the significant dif-

ference in the intensity of Si and Al peaks confirmed the high Si/
Al molar ratio (Si/Al=200) in the final ZSM-5(250-30,300-15,350-

Fig. 2. FESEM images of nanostructured ZSM-5 catalysts synthesized using three-step high temperature short time method: (a) ZSM-5(250-
60,300-30,350-15), (b) ZSM-5(250-45,300-20,350-10) and (c) ZSM-5(250-30,300-15,350-5).
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5) product. Therefore, this sample showed a high content of sili-
con in the ZSM-5 zeolite prepared at short crystallization time and
three-step temperature programmed. However, the EDX images
indicated the proper distribution of all elements on the surface of
the catalyst, which was in good accordance with no amorphous
phase observed by FESEM. On the other hand, the silicon atoms
exhibited a more homogeneous distribution into the ZSM-5 frame-
work. The appropriate distribution of Si can affect the strength
and number of active sites for ZSM-5(250-30,300-15,350-5), caus-
ing an increase in the catalytic activity of this sample. According to
Fig. 3, the weight percentage of Si, Al and O detected on the sur-
face of the ZSM-5(250-30,300-15,350-5) catalyst was proximately
close to those elements used in the gel composition and confirmed
that the Si/Al ratio of the ZSM-5(250-30,300-15,350-5) sample
was almost the same as the synthesis mixture. This result was also
in good agreement with the observations of XRD and FESEM analy-
ses, which confirmed the presence of regular coffin shape materi-
als with no amorphous phase. Furthermore, the low amount of Si
in the surface of ZSM-5(250-30,300-15,350-5) nanostructured cat-
alyst can be attributed to the short crystallization time, which pre-
vented complete silica incorporation into the MFI framework. In
this regard, Al elements were incorporated on the external surface

of crystals and the inner space of the channels. Therefore, a high
percentage of Al was exhibited on the surface of the catalyst com-
pared to the gel. On the other hand, the excess O observed on the
surface of zeolite demonstrated the formation of different oxygen
coordination in the crystalline structure.
1-4. BET-BJH Studies

The N2 adsorption-desorption isotherms of the ZSM-5(250-30,
300-15,350-5) catalyst are presented in Fig. 4. The sample is stored
as a type-I isotherm and the hysteresis loop is type-H4, which indi-
cates the microporous feature of ZSM-5(250-30,300-15,350-5) cat-
alyst with some extent of mesopores. These findings are in good
agreement with ZSM-5 porous texture as reported in the literature
[17,46]. Also, the isotherms have been used to calculate H-K microp-
ore size distributions as shown in Fig. 4. According to the results,
the H-K pore size distributions of the ZSM-5(250-30,300-15,350-
5) sample are mainly in the range of 4.9-5.5 Å. The results indicate
the presence of a different micropore size distribution centered close
to each other around 5 Å. Therefore, there are narrow micropore
size distributions for ZSM-5(250-30,300-15,350-5) catalyst.

The textural properties of the catalysts are listed in Table 1. The
BET specific surface area of ZSM-5(250-60,300-30,350-15), ZSM-
5(250-45,300-20,350-10) and ZSM-5(250-30,300-15,350-5) mate-

Fig. 3. EDX analysis of nanostructured ZSM-5 catalysts synthesized using three-step high temperature short time method: ZSM-5(250-
30,300-15,350-5).
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rials are about 51.2, 110.7 and 399.0 m2/g, respectively. The low
specific surface area for ZSM-5(250-60,300-30,350-15) and ZSM-
5(250-45,300-20,350-10) catalysts can be attributed to silica exist-
ing as impurity species that appeared on the surface of the ZSM-5
particles. Further, the BET result shows the high specific surface
area (399.0 m2/g) for ZSM-5(250-30,300-15,350-5) catalyst, which
is in accordance with the small and uniform MFI zeolite particles,
as shown by FESEM. The ZSM-5(250-30,300-15,350-5) catalyst also
exhibited the total pore volume of 0.220 cm3/g (Vmicro: 0.102 cm3/g
and Vmeso: 0.118 cm3/g). Therefore, three-step short time tempera-
ture programmed hydrothermal synthesis can increase the pore
volume without destroying the product framework. These obser-
vations are the results of small crystals with higher intercrystalline

Fig. 4. Adsorption/desorption isotherms and pore size distribution
of nanostructured ZSM-5 catalysts synthesized using three-
step high temperature short time method: ZSM-5(250-30,
300-15,350-5).

Fig. 5. FTIR spectra of nanostructured ZSM-5 catalysts synthesized
using three-step high temperature short time method: ZSM-
5(250-30,300-15,350-5).

Fig. 6. TPD-NH3 analysis of nanostructured ZSM-5 catalysts synthe-
sized using three-step high temperature short time method:
ZSM-5(250-30,300-15,350-5).

porosity of the ZSM-5(250-30,300-15,350-5) catalyst.
1-5. FTIR Studies

FTIR spectra of the ZSM-5(250-30,300-15,350-5) sample are given
in Fig. 5. Bands occurring in the range of 500-4,000 cm1 indicate
the formation of MFI structure in the ZSM-5(250-30,300-15,350-
5) catalyst which has a similar trend as reported in the literature
[17,42,47]. Therefore, the crystalline ZSM-5 framework can be syn-
thesized by a three-step short time temperature programmed hy-
drothermal method. The peak in 440 cm1 is related to the charac-
teristic of T-O bending vibration of SiO4 [8], while the stretching
vibration around 540 cm1 is due to five-membered rings as asym-
metric stretching [22]. Furthermore, the linkages in SiO4 or AlO4

of the ZSM-5 lattices caused bands around 790-1,440 cm1 [48].
The band at 1,710 cm1 is attributed to the physically adsorbed water
[24,48]. Also, an additional band was detected in the FTIR results
in the region of 3,700 cm1 that corresponded to bridging hydroxyl
groups (Si-OH-Al) in the MFI cages [17,22,44]. It is believed that
these active sites inside the crystal channels play a major influence
on the formation of light olefins during the MTP process.
1-6. TPD-NH3 Studies

The acidity of a zeolite is an important factor that can refer to
acid strength or acid site density. The acid sites of zeolites are sig-
nificant for catalytic performance; also, understanding the influ-
ence of varying acidity strength and acid site numbers can give
valuable information on the catalytic behavior during the process.
In general, the catalytic activity is affected by the acidic strength
and the acid site density. The density of acid sites is the most influ-
ential factor for olefin production. Moreover, the level of metha-
nol conversion is affected by the number of acid sites. The low
concentration of weak acid sites affects the first step of the reac-
tion path and thereby results in a low interaction of methanol with
weak acid sites to produce the DME intermediate species [6,23].
So, the results indicate that the enhanced catalytic activity and
progress in olefin production, as the second reaction pathway, are
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to a significant extent controlled by the weak acid sites of zeolites.
On the other hand, the high amount of strong acid sites suppresses
the hydrogen transfer reactions and leads to a high rate of coke
deposition, while the very low amount of strong acid sites decreases
the olefins selectivity due to the covering of active sites by coke
deposition [31]. According to the acidic strength, the strong acid-
ity strength can increase the secondary reactions and reduce the
lifetime of zeolite during the MTP process. Therefore, proper dis-
tribution of acid sites with mild acidic strength can enhance the
catalytic properties as well as activity, selectivity and stability [7].

For investigation of catalyst acidity, the TPD-NH3 results of
ZSM-5(250-30,300-15,350-5) zeolite are depicted in Fig. 6. The
MFI zeolite was found to have three desorption peaks which were
about different strengths of acid sites. On the other hand, the area

under these desorption peaks was attributed to the number of acid
sites. The peaks occurring in the temperature range of 50-275 oC,
275-475 oC and 475-800 oC for ZSM-5(250-30,300-15,350-5) cata-
lyst were assigned to three kinds of acid sites with weak, moderate
and strong acid strength, respectively. The recorded desorption
peaks are consistent with reported results for the acidity of ZSM-5
materials [24,49]. The cation concentration and ion exchange capac-
ity decrease by increasing the Si/Al ratio [22,31]. Therefore, the
acidity of the ZSM-5(250-30,300-15,350-5) catalyst tends to increase
in strength due to the high Si/Al ratio (Si/Al=200). In addition,
the different T-atoms can increase the number of possible acid sites
for ZSM-5 zeolites. In this regard, TPD measurements revealed
that the number of weak acid sites (0.1106 mmol NH3/g) from the
first peak area is lower than the moderate acid site density (0.1375

Fig. 7. Reaction pathway for the three-step formation of nanostructured ZSM-5 catalysts synthesized using three-step high temperature short
time method.
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mmol NH3/g) and also the concentration of strong acid sites
(0.1392mmol NH3/g). It is believed that the Al-OH hydroxyl groups
cause the formation of weak acid sites, which correspond to the
conversion of methanol to DME [7,44]. Therefore, the first step of
the reaction pathway for methanol to propylene reaction is pro-
gressively favored over weak acid sites of ZSM-5(250-30,300-15,
350-5) zeolite. Moreover, the moderate/strong acid sites have an
important role in the formation of C-C bonds with the conversion
of intermediate DME products to light olefins [34]. These active
sites are the most important type of acidity (Brønsted sites) in the
MFI structures generated by the incorporation of Si into the MFI
structure. It is found that the high content of Si in the crystalline
structure of ZSM-5(250-30,300-15,350-5) relates to a higher con-
centration of strong/moderate acid sites, and so these observations
are favorable to what is observed in the EDX analysis. However,
the rates of deactivation are dependent on the number of strong
acid sites. But higher acidity can also lead to a lower energy bar-
rier and make the product-forming reactions go faster. This sug-
gests that there is an optimum acidity that has a great influence on
the activity of ZSM-5 sample as well as olefin production. Thus,
the ZSM-5(250-30,300-15,350-5) catalyst with appropriate distri-
bution of acid sites, plus a higher acidic strength is expected to be
an active catalyst in the MTP process.
2. Reaction Pathway of Three-step Synthesis of ZSM-5 at High
Temperature

Fig. 7 explains the reaction route for the three-step formation of
ZSM-5 zeolites at high temperatures. The temperature and time
have important effects on the ZSM-5 catalyst formation, which
occurs via a three-step temperature programming at very long reac-
tion times, longer reaction times and short reaction times. In gen-
eral, the crystallization temperature and duration time of heating
were found to be the significant ways for controlling the crystallin-
ity, purity, crystallite size, morphology, pore geometry and acid site
distribution of the final product [30,33,36]. The pressure of water
as solvent pressure can directly affect the crystallization and frame-
work of catalysts that strongly relate to the crystallization tempera-
ture and as well as the duration of the heating [24]. Furthermore, the
variation of these parameters may affect the synthesis factors like
dissolution, the nucleation process, crystal growth and the phase tran-
sition to producing the zeolites with specific pore structures [30].

Among these, the nucleation process and crystal growth have a
crucial role in the framework of the synthesized materials. In this
regard, the proper temperature should be coupled with optimum
crystallization time to obtain the complete chemistry of crystalliza-
tion and formation of pure crystalline structure. The nucleation
and also the linear growth rate can be significantly increased by
raising the temperature. Therefore, the crystallinity of the materials
is normally improved with time. Also, the morphology of the crys-
tals and as well as the activation energy of the crystal faces can relate
to the crystallization temperature. Beyond the proper temperature
and time range, the nucleation centers that subsequently grow to
create the crystalline structure are disordered under unsuitable
crystallization condition [33,34]. Furthermore, the variation in chan-
nel dimensions, zeolite pore system and distribution of Si into the
zeolite crystalline structure are strongly dependent on the crystalli-
zation condition. Therefore, the hydrothermal temperature and

time can alter the textural properties and acidity of synthesized
materials. By increasing the crystallization temperature and dura-
tion for the resultant gel heating, the pore openings and pore vol-
ume of zeolites may be decreased, due to the pore blocking with
extraframework species formed during this condition [17,24].

The hydrothermal preparation of aluminosilicate materials con-
tains a few elementary stages by which the mixture of Si and Al
elements, organic agents and water are converted to a porous crys-
talline framework by an alkaline supersaturated solution. A typical
nucleation mechanism and growth of crystals occur at supersatu-
ration conditions. Therefore, the initial crystalline aluminosilicate
products with Si-O-Al linkages are formed for all samples during
the first crystallization times. After a certain period, ZSM-5 molec-
ular sieve preparation is governed via an occurrence of efficient
phase transformations (Ostwald’s law) [24,30]. Phase transforma-
tions are attributed to the changes in the stability of the synthesized
phase under hydrothermal conditions and can be determined as a
competition between two different phases resulting in the produc-
tion of the thermodynamically most stable phase. For ZSM-5(250-
60,300-30,350-15) and ZSM-5(250-45,300-20,350-10) catalysts with
long reaction times compared to the ZSM-5(250-30,300-15,350-5)
zeolite, the thermodynamically least favorable phase can crystallize
first (MFI phase) and then can be replaced by thermodynamically
most stable dense oxide SiO2 structure during the time. The sili-
cate species condensation at this condition at a high temperature
can be maximal. Under these conditions, cooperative self-assembly
of the silicates may occur. Therefore, the silicate phase condensed
further and the formation of the most stable dense oxide SiO2 in-
creased with increasing hydrothermal time and temperature. So,
the reaction time is an effective factor that affects the type of pro-
duced phases during the three-step temperature programmed hydro-
thermal synthesis. Therefore, ZSM-5(250-30,300-15,350-5) catalyst
exhibited the pure MFI stable phase synthesized at short crystalli-
zation times.
3. Catalytic Performance Studies
3-1. Influence of Catalyst on Methanol Conversion

Fig. 8 shows the methanol conversion over nanostructured ZSM-
5(250-60,300-30,350-15), ZSM-5(250-45,300-20,350-10) and ZSM-

Fig. 8. Methanol conversion over nanostructured ZSM-5 catalysts
synthesized using three-step high temperature short time
method.
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5(250-30,300-15,350-5) catalysts at 460 oC. The conversion of metha-
nol was about 61.1%, 81.3% and 93.2%, respectively. In particular,
ZSM-5(250-30,300-15,350-5) catalyst was found to show the high-
est methanol conversion in comparison with ZSM-5(250-60,300-
30,350-15) and ZSM-5(250-45,300-20,350-10) catalysts synthesized
at longer crystallization times. The high catalytic conversion of meth-
anol is due to the MFI crystalline framework, specific pore struc-
ture and proper acidity distribution of ZSM-5(250-30,300-15,350-5)
catalyst. As crystallization time increased, it was found to decrease
in methanol conversion for ZSM-5(250-60,300-30,350-15) and
ZSM-5(250-45,300-20,350-10) catalysts comparable to that observed
in ZSM-5(250-30,300-15,350-5) sample. This is possible since SiO2

impurities can be detected in the diffraction patterns along with
the MFI framework. The impurity species influence the acidity of
synthesized materials, thereby decreasing the conversion of metha-
nol. On the other hand, ZSM-5(250-60,300-30,350-15) zeolite
showed lower methanol conversion (61.1%) compared to ZSM-
5(250-45,300-20,350-10) catalyst (81.3%); this observation along
with the physicochemical properties, clearly indicates the large
amount of SiO2 dense phases produced during the long crystalli-
zation. As a result, the crystallization rates for any steps of tem-
perature programmed hydrothermal synthesis have a significant
effect on the methanol conversion.
3-2. Influence of Catalyst on Products Selectivity

The influence of temperature programmed synthesis on the
selectivity of products over nanostructured ZSM-5 zeolites is shown
in Fig. 9. Under certain conditions (T=460 oC and GHSV=10,500
cm3/gcat·h), ZSM-5(250-30,300-15,350-5) catalyst showed the highest
selectivity towards ethylene (12%) and propylene (79.5%) com-
pared to ZSM-5(250-45,300-20,350-10) and ZSM-5(250-60,300-
30,350-15) zeolites. A remarkably higher olefin selectivity of the
ZSM-5(250-30,300-15,350-5) zeolite afforded the low undesired
products, which resulted from its physicochemical properties in
terms of proper crystallinity, uniform morphology, specific pore
structure, and acidity strength. Therefore, the selectivity was very
low towards C4

+ (4%) and also it was negligible towards DME
(1%). It can be observed that approximately the same amount of
methane was formed for all ZSM-5 nanostructured catalysts. Meth-

ane is one of the decomposition materials of the DME produced
from cracking and hydrogen transfer reactions [10,12]. For ZSM-
5(250-30,300-15,350-5) catalyst, the low selectivity of methane is
related to increasingly favorable conditions for olefin production.
During long crystallization times, ZSM-5(250-45,300-20,350-10)
and ZSM-5(250-60,300-30,350-15) samples produce nearly the
same amounts of CH4 and C4

+, whereas the ZSM-5(250-60,300-
30,350-15) catalyst is more selective to DME than the other zeolite.
Therefore, ZSM-5(250-30,300-15,350-5) catalyst has high amounts
of light olefins, especially propylene. Also, it can be seen a higher
selectivity of DME than C2-C3 olefins for both ZSM-5(250-45,300-
20,350-10) and ZSM-5(250-60,300-30,350-15) catalysts. This can
be ascribed to the extra-framework of Si species from the ZSM-5
framework that decreases the concentration of strong acid sites
which are responsible for the production of light olefins from DME.
As a result, ZSM-5(250-30,300-15,350-5) catalyst with an improve-
ment in selectivity to light olefins up to 91.5% at nearly complete
methanol conversion was used to investigate the influence of time
on stream. During the MTP reaction, the small crystallite size of
the ZSM-5(250-30,300-15,350-5) sample can compensate for the
poor crystallinity of the MFI structure due to affecting the inter-
crystalline diffusion of molecules and enhancing the catalytic per-
formance. Furthermore, the uniform morphology of particles, proper
distribution of acid sites and specific pore geometry for synthe-
sized ZSM-5(250-30,300-15,350-5) zeolite resulted in an active cat-
alyst in the MTP reaction.
3-3. Influence of Time on Methanol to Propylene Reaction

Fig. 10 shows the effect of time on stream performance of ZSM-
5(250-30,300-15,350-5) catalyst toward methanol to propylene reac-
tion. ZSM-5(250-30,300-15,350-5) catalyst had maximum metha-
nol conversion (93%) after 200 minutes, while the methanol con-
version decreased monotonically and reached 60% after 2,100
minutes on stream. Increasing the reaction time led to the reduc-
tion in the availability of active sites by blocking pores and also
affected the methanol conversion. In addition, the selectivity towards
light olefins (C2-C3) was higher than 93% after the first hour. As
reaction the proceeded, coke deposition was connected to deacti-
vation and then the selectivity to olefins decreased, reaching a

Fig. 9. Effect of temperature program on products selectivities over
nanostructured ZSM-5 catalysts synthesized using three-step
high temperature short time method.

Fig. 10. Time on stream performance of nanostructured ZSM-5
catalysts toward methanol to light olefins: ZSM-5(250-30,
300-15,350-5).
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minimum of 84%. However, the selectivity to propylene decreased
from 80% to 73% after long time on stream. But, the graph indi-
cates that approximately the same amount of ethylene (11%) was
formed regardless of time. On the other hand, lowering the rate of
reaction for methane production resulted in less methane forma-
tion under the present conditions. In this regard, the existence of
strong Brønsted acid sites was favored for light olefins along with
hindering undesirable reactions, which caused the reduction of
methane selectivity. In general, the reaction path of the methanol
to propylene reaction consists of consecutive reaction steps. First,
the dehydration of methanol leads to the formation of an equilib-
rium mixture of methanol, water and DME. The light olefins (C2-
C3) are then produced from the above mixture in the subsequent
step. In the next step, the light olefins are converted to side prod-
ucts via oligomerization and hydrogen transfer reactions. The first
step of the reaction path, DME formation from methanol, takes
place on the weak acid sites. A methanol molecule reacts with these
acid sites to produce a surface methoxy and then undergoes attack
by another methanol molecule. Moreover, the moderate/strong
acid sites (Brønsted active sites) have an efficient role in the forma-
tion of C-C bonds with the conversion of intermediate DME
products to light olefins. In this regard, the active sites adsorb cer-
tain species as the reaction centers and a surface pool of “-CH2” is
produced via contribution by methanol [40]. By increasing TOS,
there was an increase in DME selectivity when the olefins selectiv-
ity started to decrease. This observation can be explained by stop-
ping the progress in the second step of the reaction and also the
absence of complete DME conversion, due to the reduction in the
availability of active sites. Over a long lifetime, the MFI channels
were partially blocked by coke deposition and limited access to the
acid sites inside the pores. In this regard, the cracking of lighter
olefins and hydrogen transfer reactions led to the deposition of coke
on the ZSM-5(250-30,300-15,350-5) surface. Therefore, the selec-
tivity towards undesired DME increased substantially with a decrease
in the light olefins. Table 2 represents the methanol conversion and
propylene selectivity for synthesized ZSM-5(250-30,300-15,350-5)
catalyst and typical ZSM-5 samples prepared by the single-step
hydrothermal method reported in the literature. As shown, the
use of three-step short-time temperature-programmed hydrother-
mal synthesis instead of the conventional heating method for
ZSM-5 preparation led to an enhancement on propylene produc-
tion, due to the controllable crystallization process which favors
the formation of MFI structure with specific textural properties

and proper acidity. On the other hand, the multi-step hydrother-
mal synthesis approach exhibited comparable methanol conver-
sion as the single-step approach but at different reaction times. As
a result, compared to the one-step hydrothermal approach, the pro-
posed three-step approach could enhance the catalytic performance
of ZSM-5(250-30,300-15,350-5) material compared with those cata-
lysts studied in the literature.
3-4. Deactivation Study

TGA analysis provides important data about the hydrophobic-
ity, dehydration and amount of coke deposition on the used ZSM-
5(250-30,300-15,350-5) sample. As shown in Fig. 11, this sample
exhibits two distinct steps of weight loss: the first weight loss (25-
250 oC) is related to dehydration and the second step (250-800 oC)
is related to the coke amount formed during the 2,100 minutes on
stream. The low weight loss between 25 and 250 oC is due to the
hydrophobic structure of the ZSM-5(250-30,300-15,350-5) catalyst
with a high Si/Al ratio. Furthermore, coke formation of the MTP
zeolite catalyst is less than 3.0% depending on the lifetime of the
ZSM-5(250-30,300-15,350-5) catalyst. This low coking tendency
results in excellent catalytic efficiency for ZSM-5(250-30,300-15,
350-5) zeolite employed in the MTP reaction.

CONCLUSIONS

Nanostructured ZSM-5 zeolite was successfully prepared by a

Table 2. Methanol conversion and propylene selectivity of ZSM-5 catalysts synthesized via single-step and multi-step hydrothermal methods

Catalyst
Hydrothermal method Reaction

temperature
(oC)

Reaction
time
(h)

Methanol
conversion

(%)

Propylene
selectivity

(%)
Ref.Single-step

 (ToC-Duration h)
Multi-step

(ToC-Duration min)
ZSM-5 150-144 - 370 33 62 65 [22]
ZSM-5 170-480 - 460 40 70 29 [50]
ZSM-5 180-168 - 400 14 58 40 [51]
ZSM-5 190-480 - 400 1.5 98.7 31 [52]
ZSM-5 160-120 - 500 1 100 33.2 [53]
ZSM-5(250-30,300-15,350-5) - 250-30, 300-15, 350-5 460 35 60 73 This work

Fig. 11. TGA analysis of nanostructured ZSM-5 catalysts synthe-
sized using three-step high temperature short time method:
ZSM-5(250-30,300-15,350-5).
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three-step short time high temperature programmed hydrother-
mal method. From the obtained results, it is found that the MFI
structure transformed to the more thermodynamically stable SiO2

phase with prolonging the crystallization times. When the sample
was synthesized at 250 oC for 30 min, subsequent 300 oC for 15
min and subsequent 350 oC for 5 min, coffin particles of pure ZSM-
5 with uniform particle size distribution were obtained. The low
crystallization time for ZSM-5(250-30,300-15,350-5) catalyst could
also lead to a high specific surface area (399.0m2/g) and proper con-
centration of strong/moderate active sites. The performance of pure
ZSM-5(250-30,300-15,350-5) zeolite synthesized at a short crystal-
lization time was tested in the MTP process. The ZSM-5(250-30,
300-15,350-5) catalyst exhibited the maximum propylene produc-
tion and also maximum total olefins yield. Therefore, this kind of
zeolite prepared at a short time temperature programmed with its
proper physicochemical properties would be proposed for the MTP
reaction.
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