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ABSTRACT

Zeolites are three-dimensional, microporous, crystalline solids with well-defined structures that contain aluminum, silicon, and oxygen in their form. Cations and
water are located in the pores of zeolites. They have a framework structure, in which interconnected cavities are occupied by large metal cations (positively charged
ions), and water molecules. The formation of specific zeolites can occur by more than one crystallization pathway. Control in the crystallization pathway can lead to
the formation of different species. In this study, two new zeolite nanocomposites were synthesized using fixed raw materials including solvent, reagent (which acts
as a template in the formation of zeolite morphology), silica source, and sodium hydroxide alkali. “MCM-22" mesoporous was first synthesized and then a new
morphology of “MCM-22” was synthesized by changing the temperature, time, and amount of water. Also, two nanocomposites “ZSM-12 & 35 Composite” and
“Zeolite Al-mordenite & ZSM-39 Composite” were synthesized with very different properties in terms of surface to volume ratio, acidity, specific surface area, ratio
of Si to Al, and three-dimensional crystal structure. Various characterization techniques were used to provide information to better understand the structural properties
of crystalline zeolites. They were then characterized, and analyzed using X-Ray Diffraction (XRD), Field Emission Scanning Electron Microscopy (FESEM), Fourier-
Transform Infrared Spectroscopy (FTIR), Energy-Dispersive X-ray Spectroscopy (EDS), Mapping, and BET/BJH (Brunauer-Emmett-Teller (BET) and Barret-
Joyner-Halenda (BJH)) techniques. The results showed that the synthetic zeolites, despite having the same precursors, differed in terms of surface to volume ratio,
acidity, specific surface area, Si/Al ratio, and three-dimensional crystal structure.

Keywords: Aluminosilicate, Catalyst, MCM-22, ZSM-12 & 35 Composite, Zeolite Al-mordenite & ZSM-39 Composite, Zeolite Crystallization.

1. INTRODUCTION

Many processes in different industries are performed through catalysts. Thus,
the use of catalysts with mild conditions and low costs is very important [1].
Since homogeneous catalysts have the problem of separation in successive
reactions, and heterogeneous catalysts have a lower level of contact between the
catalyst and the reactant, the strategy of using porous solid catalysts was
proposed. This series includes zeolite membranes and zeolites [2] (silicates or
aluminum silicates, crystalline mesopores [3,4]), where tetrahedral aluminum
and silicon atoms usually surround oxygen atoms. [5]), sulfated oxides such as
TiO,, SnO,, and ZrO; [6,7], heteropoly acids [8], and sulfated carbon [9], which
have been developed over the past decade. Porous solids, in which a large volume
of the structure is formed by voids and cavities, have a high surface-to-volume
ratio, great acidity property, high surface area/specific surface, three-dimensional
crystalline structure with uniform nano-channels, high permeability, shape
selectivity, high thermal/chemical stability, adjustable acidity, and high
selectivity. Also, they have low corrosion and are easy to disassemble as
heterogeneous catalysts [10-12]. Porous solids [13] are divided into 3 categories
based on the radius of the cavities:

* Micropores (radius of cavities less than 2 nm, such as zeolites),
o Mesopores (radius of cavities between 2-50 nm, such as MCMs),
e Macropores (radius of cavities more than 50 nm) [14,15].

Unlike non-zeolite catalysts, the catalytic performance of zeolites depends not
only on the acidity of the catalysts but also on the porous structure of the zeolites
[16]. Today, more than 170 different zeolite structures have been reported to
enable the engineering of pores and provide seemingly endless possibilities for
adapting these materials to chemical reactions [17,18]. In some cases, mixed
zeolites or composites are preferred because of their special performance. For
example, the ZSM-5/ZSM-11 composite [19,20] showed high activity,
selectivity, and good stability for the reaction of benzene alkylation with dilute
ethylene as a mediator [20,21]. ZSM-5/Y composite consisting of a mechanical
mixture of ZSM-5 and Y effectively catalyzed methanol conversion and aromatic
alkylation [22,23]. Using Ag/CuO/MCM-48 catalyst, symmetric and asymmetric
polyhydroquinoline derivatives with good properties as well as catalyst recycling
ability were synthesized [24]. Recently, the synthesis of some
microporous/mesoporous composites such as ZSM-5/MCM-41, Beta/ MCM-41,
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Y/MCM-41, and Ti-Beta/SBA-15 has aroused much interest in catalytic
applications as they can combine the benefits of using small materials with high
activity plus the stability and scattered materials with large pores [25,26].

One of the most popular catalysts in the mesopore category is the MCM-22
from the MWW family, which is 2D and has separate channels [27]. A positive
feature of two-dimensional zeolite structures is that each layer has holes layered
on top of each other, making it easier to access the depth of the holes, as there is
an empty space between the holes. [28]. The MCM-22 consists of two
independent cavity systems, one formed by 2D sinusoidal channels, and the other
by large super cages with an inner radius of 0.71 nm and an outer radius of 1.8
nm. Both systems are available through 10 MR (Member Rings). This cavity
system has acidic properties. Undoubtedly, the acidic outer surface of zeolite
MCM-22 plays an undeniable role in catalytic reactions [29,30].

ZSM zeolites, which belong to the pentasil family Framework Inverted
(MFI-type), are very popular among scientists as petrochemical catalysts [31].
The ZSM-12 is a silica-rich zeolite composed of a one-dimensional 12-ring
channel system and the openings of unique pores (6.1*5.7) A° [32]. As its pores
are slightly larger than the ZSM-5, it can be a great choice for converting larger
molecules that cannot easily penetrate the MFI (microfinance). Further, due to
its acidic properties, it can be used as a useful catalyst in many reactions such as
isomerization [33], hydroisomerization [34], and hydrocracking [35].

The ZSM-35 belongs to the FER topology, consisting of a two-dimensional
intersection channel system, that is, the 10-member 10-channel ring channel 10
MR (0.42*0.54 nm) and the 8-member 8-channel ring channel 8 MR (0.35 nm),
in parallel with the direction [001] and [010]. It is widely used in catalytic
processes, such as the cracking of hydrocarbons, and the skeletal isomerization
of n-olefins to iso-olefins [36,37].

ZSM-39 zeolite crystals (with MTN topology) from the Clathrasil family and
analog silicate hydrate gas 17 A° [38], as with some other zeolites, can be used
as adsorbents, optical materials, and especially advanced nonlinear optical
materials [39], as well as catalysts [40-43]. The optical properties of ZSM-39 are
due to the presence of heteroatoms [44] such as Ge and Al substituted in systems
containing different amines [38,45-47]. Pure silica ZSM-39 zeolites consist of
eight 5'%6* packaged cages with a diameter of 7.44 A°, plus 8 packaged cages 5
[45], and very narrow channels with a diameter of 2.61 A°, which are synthesized
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usually via methods such as hydrothermal [48-52], vapor phase transfer [53], as
well as in non-aqueous conditions [50,54-56]. The structural features of the
ZSM-39 make it capable of low absorption [55], but instead are very suitable for
guest-host interactions [39].

High silica mordenite (MOR) zeolites are very popular because of their great
thermal stability, high physical and chemical potentials, good chemical
resistance, large pores, both Brgnsted and Lewis acid sites, and high specific
surface area [57]. This popular solid acid catalyst is considered one-dimensional
for large molecules and has a two-dimensional molecular sieve for smaller
molecules [58]. Mordenite properties include: a framework density of 17.2
T/1000 A°, and Cmcm, (a=18.3 A°,b=20.5 A", c=7.5 A") [59,60]. Similar to
chains in the MFI structure, pentasil units form chains containing oxygen bridges
through the common edges. Mordenite grooved plates have 12-ring and 8-ring
channels [61-63].

The catalytic performance of zeolites depends not only on the acidity of the
catalysts but also on the porous structure of the zeolites. Thus, it is logical to
conclude that the relationship between the structure and property of a zeolite is a
key factor in productivity and selectivity for further improvement in catalyst
performance [16]. Therefore, the identification of nucleation processes and
crystallization of zeolites has been considered by many researchers and scientists
[64]. Crystallographically, the formula of a zeolite cell unit can be shown as Eq.
1.

Myn [(AIO,)y (SiO2),] W.H,0 (1)

Where n is the capacity of the metal, w is the number of water molecules per
unit cell, and x and y are the sum of the quadrilaterals in the unit cell. In most
zeolites, the main building blocks, the four-sided AlO, and SiO,, aggregate to
form the Secondary Building Units (SBU); Which may be a few simple faces
such as a cube, a hexagonal prism, or an octagonal cube. The zeolite structure
consists of a collection of secondary units [64].

Zeolite membranes consist of two parts, a dense layer and a porous base. The
porous base causes the mechanical strength of the membrane. The porous bases
that are mainly used are ceramic and metal. Zeolite membranes can be
synthesized on porous alumina bases, carbon materials, and porous glass. There
are obstacles to understanding the crystallization of zeolites [64,65], including
heterogeneity of the precursors [66], condensation steps leading to the
aluminosilicate frameworks’ formation, the existence of more than one path of
crystallization in some cases and uncertainty about them, and disturbance of
some techniques in the theory of crystallization [64,65].

For obtaining a clear perspective of crystallization process, we need a detailed
information about various events which are taking part when the precursor
particles transform from the amorphous phase to the complete crystal phase. One
of the most common approaches for achieving this goal is a careful monitoring
of various steps of crystallization process by using different characterization
techniques in both molecular and micron scales [64]. In this method, for better
understand the properties of the precursor and the final crystalline zeolite,
different spectroscopy techniques such as MAS NMR, SAXS, XRD, SEM are
using [67,68]. By analyzing the obtained results from these spectroscopic
methods, it was understood that there are two main steps in the crystallization
process. The first step in the crystal growth process, which occurs after the
formation of viable nuclei, is the reorganization of amorphous aluminosilicate
phase. Usually, this step takes place when the initial precursors are mixing.
During this process, the bond angles of Si-O-Al related to the Si(OAl), units are
reorganized and create some crystals with rugged surface by operating on
aggregates of the constant volume. In the second step, the crystallization process
will be completed and the well shape zeolite will be produced. During the second
step, the growth in crystallin system is governed by the solution-mediated
transport which resulted to obtain higher quality crystals [64,69,70].

Accordingly, in this study, two new zeolite nanocomposites were synthesized
using fixed raw materials including solvent, reagent (which acts as a template in
the formation of zeolite morphology), silica source, and sodium hydroxide alkali.
MCM-22 mesoporous zeolite was first synthesized by modifying the US patent
method [71]. MCM-22 was then synthesized with a new morphology by
changing the temperature, time, and amount of water. Also, two nanocomposites
ZSM12 & 35 and ZSM-39 / Al mordenite with very different properties in terms
of surface to volume ratio, acidity, specific surface area, ratio of Si to Al, and
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three-dimensional crystal structure were synthesized. Various characterization
techniques were used to provide information to better understand the structural
properties of crystalline zeolites.

2. EXPERIMENTS
2.1. Materials

Ammonium nitrate (NH4NO;), Hexamethyleneimine (HMI), Silicic acid
(H404Si), Sodium aluminate (NaAlO,), and sodium hydroxide (NaOH) were
purchased from Merck Germany. All of the chemicals were used without further
purification.

2.2.1. Synthesis of MCM-22

First Morphology: In a beaker and on a stirrer, 1.55g of NaOH was dissolved
in 2ml of deionized water and then 1.87g of NaAIO, was added. Next, 13.5ml of
HMI was added dropwise to the resulting mixture and rotated for 30min. After
this period, 23.38g of silicic acid was slowly added to the mixture for at least 3h
with 18ml of deionized water. The resulting relatively wet cake was moved into
the autoclave and sealed well. The autoclave was placed on a heater stirrer at
45°C for 24h. After the end of the day, the autoclave was transferred to the oven
at 150°C for 12 days. After this period, the hot autoclave was immediately
plunged from the oven into a mixture of water and ice to cool. The product was
filtered with centrifuge and deionized water and washed at least three times. The
resulting precipitate was poured into a tile with a temperature tolerance of over
600°C and placed in the furnace according to the following temperature program
as Table I.

Table 1. Temperature Schedule Table for MCM-22(1st morphology).

Step Rate Last temperature Hold in the last
(°C) temperature (h)
A 15 100 20
B 15 550 20
C 10 25 4

The solid was then refluxed twice in a row with 125ml NH,NO3z; 1M at 80°C
for 6h. Between the two refluxes, the product was immediately washed once with
centrifuge and deionized water. Upon completion of the second reflux, the
product was allowed to remain in the acid for 12h without movement and
temperature. It was then filtered with centrifuge and deionized water and washed
at least three times. The resulting precipitate was poured onto a tile with a
temperature tolerance of over 600°C and placed at room temperature for 24h and
then placed in the furnace at 500°C for 4h. In the end, the product inside the oven
was allowed to reach room temperature [29].

Second Morphology: In a beaker and on a stirrer, 1.55g of NaOH was dissolved
in 2ml of deionized water and then 1.87g of NaAlO, was added. Next, 13.5ml of
HMI was added dropwise to the resulting mixture and rotated for 30min. After
this time, the beaker was transferred into a bath ultrasonic with 23.38g of silicic
acid slowly added to the mixture for at least 3h with 78ml of deionized water.
The resulting relatively wet cake was moved into the autoclave and sealed well.
The autoclave was placed in the oven for 1.5 days at 45°C and 13.5 days at
150°C. Subsequently, the hot autoclave was immediately plunged from the oven
into a mixture of water and ice for 1.5h to cool. The product was filtered with
centrifuge and deionized water and washed at least three times. The resulting
precipitate was poured onto a tile with a temperature tolerance of over 600°C and
placed in the furnace according to the following temperature program as Table
1.

Table 2. Temperature Schedule Table for MCM-22(2nd morphology).

Step Ratg Last temperature Hold in the last
(°C/min) (°C) temperature (h)
A 15 120 24
B 15 25 2
C 15 550 24
D 4 25 4
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After this timetable, the product was left in the oven for 1 day to cool. The
solid was then refluxed twice in a row with 250ml 1M NH4NO; at 80°C for 6h.
Between the two refluxes, the product was immediately washed once with
centrifuge and deionized water. Upon completion of the second reflux, the
product was allowed to remain in the acid for 6h without movement and
temperature. It was then filtered with centrifuge and deionized water and washed
at least three times. The resulting precipitate was poured onto a tile with a
temperature tolerance of over 600°C and placed at room temperature for 5 days
and then placed in the furnace at 500°C for 4h. Eventually, the product inside the
oven was allowed to reach room temperature [29].

2.2.2. Synthesis of ZSM-12 & ZSM-35 Composite

In a beaker and on a stirrer, 1.55g of NaOH was dissolved in 2ml of deionized
water to which 1.87g of NaAlO, was then added. Next, 13.5ml of HMI was added
dropwise to the resulting mixture and rotated for 30min. After this period, 23.38g
of silicic acid was slowly added to the mixture for at least 5h with 78ml of
deionized water. The resulting cake was moved into the autoclave and sealed
well. The autoclave was placed on a heater stirrer for 2 days at 45°C. After the
end of the day, the autoclave was transferred to the oven at 150°C for 12 days.
After this period, the hot autoclave was immediately plunged from the oven into
a mixture of water and ice to cool. The product was filtered with centrifuge and
deionized water and washed at least three times. The resulting precipitate was
poured onto a tile with a temperature tolerance of over 600 °C and placed in the
furnace according to the following temperature program as Table II1.

Table 3. Temperature Schedule Table for ZSM-12 & ZSM-35 Composite.

Rate (°C/min) Last temperature (°C) | Hold in the last temperature (h)
A 4 120 10
B 15 550 24
C 10 25 4

The product was allowed to reach room temperature in the off furnace. Then,
the solid was refluxed twice in a row with 375ml NH,NO; 1M at 80°C for 6h.
Between the two refluxes, the product was immediately washed once with
centrifuge and deionized water. Upon completion of the second reflux, the
product was allowed to remain in the acid for 12h without movement and
temperature. It was then filtered with centrifuge and deionized water and washed
at least three times. The resulting precipitate was poured onto a tile with a
temperature tolerance of over 600°C and placed at room temperature for 4 days
and then placed in the furnace at 500°C for 4h. Ultimately, the product inside the
oven was allowed to reach room temperature [29,72].

2.2.3. Synthesis of Zeolite Al-mordenite & ZSM-39 Composite

In a beaker and on a stirrer, 1.55g of NaOH was dissolved in 2ml of deionized
water and then 1.87g of NaAlO, was added. Subsequently, 13.5ml of HMI was
added dropwise to the resulting mixture and rotated for 30min. After this period,
23.38g of silicic acid was slowly added to the mixture for at least 3h with 18ml
of deionized water. The resulting relatively wet cake was moved into the
autoclave and sealed well. The autoclave was placed on a heater stirrer at 45°C
for 24h. After the end of the day, the autoclave was transferred to the oven at
150°C for 12 days. After this period, the hot autoclave was immediately plunged
from the oven into a mixture of water and ice to cool. The product was filtered
with centrifuge and deionized water and washed at least three times. The
resulting precipitate was poured onto a tile with a temperature tolerance of over
600°C and placed in the furnace according to the following temperature program
as in table IV.

Table 4. Temperature schedule table for Zeolite Al-mordenite & ZSM-39
Composite.

Rate (°C/min) Last temperature (°C) | Hold in the last temperature (h)
A 15 120 12
B 15 25 36
C 15 550 20

Once the timing was completed, the product reached room temperature at the
off stove. The solid was then refluxed twice in a row with 400ml NH,NO; 2M at
80°C. The first reflux lasted 6h and the second reflux 4h, and there was no
washing between the two refluxes. Upon completion of the second reflux, the
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product was allowed to remain in the acid for 1.5 days without movement and
temperature. It was then filtered with centrifuge and deionized water and washed
at least three times. The resulting precipitate was poured onto a tile with a
temperature tolerance of over 600°C and exposed to room temperature for 3 days,
and then placed in the furnace at 500°C for 4h. In the end, the product inside the
oven was allowed to reach room temperature [32].

3. RESULTS AND DISCUSSION
3.1. XRD Analysis

XRD (Rigaku, Ultima IV) technique is a suitable method for evaluating the
crystallinity of the synthesized crystal structure. The measured angle in this
method ranged within 2-70° with a rate of 1°/min. The crystallinity phases of
MCM-22 (1st & 2nd morphology), ZSM-12&35 Composite and Zeolite
Al-mordenite & ZSM-39 Composite are shown in Figure 1 (a, b, and c) in order.
The synthesized crystal structures were analyzed by XRD with Cu-Ka radiation
(A = 0.154 nm) operating at 40 kV and 30 mA. The crystallinity size of the
aluminosilicates was obtained using Scherrer Eq. 2.

D=kA/Bcosb(2)

Where D denotes the mean of the crystalline dimension, k is the crystal
constant (the X-ray wavelength corresponding to CuKa)[73] which is 0.89, 6
represents the Bragg angle, X is the wavelength of X, and fB=FWHM (Full Width
at Half Maximum) with radian unit for XRD desired peaks. The other method
for obtaining the crystallinity size is the Williamson-Hall Eq. 3 [74,75]; where,
unlike the Debye-Scherrer Equation that worked with the sharpest peak, 5-6
sharp peaks are used. Also, for its computation, the diffraction vector (K), Eq. 4,
is first calculated, where ¢ is the strain. The mean size of the crystals and particles
are well illustrated by XRD results (Figure 1) and FESEM images (Figure 2),
respectively [76].

BcosO/L=k/D+ (4e) xsin0 /A (3)
K=2sin0/x(4)

Figure 1. Graphical abstract for this research.
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Figure 2. XRD Analysis for a) MCM-22 (1st, & 2nd Morphology), b) ZSM-12
& 35 Composite, and c¢) Zeolite Al-mordenite & ZSM-39 Composite.

The crystallinity in MCM-22 was determined based on its characteristic peaks
[76], especially the peaks of the inner layer 7.1, 14.2, 25, and 26°, as well as the
other two peaks at about 8 and 10°. The size of the MCM-22 crystals was



determined using the Debye-Scherrer model within 13.84-55.31 nm with the
average crystallinity of the particles calculated to be about 30.51 nm.

In ZSM-12 & 35 Composite, the crystallinity was determined according to the
sum of three intense reflections (2 6 = 9.2, 23.2, and 25.7°). Since the sharp peak
for pure ZSM-35 is about 26=90° and the weaker peaks are around 23.2-25.7°
[78,79] and the index peak for ZSM-12 is shared with ZSM-35 at about
23.2- 25.7° [80,81], it can confirm the possibility of simultaneous growth of both
substances. This suggests that the synthesized ZSM-12&35 composite is not a
separate crystal mechanical mixture from the ZSM-12 and ZSM-35, but maybe
part of the growth of the ZSM-12 and ZSM-35 layers. The size of the ZSM-12
& 35 crystals was determined using the Debye-Scherrer model between
44.8-91.5 nm where the average crystallinity of the particles was calculated to be
about 69.48 nm.

The crystallinity in Zeolite Al-mordenite & ZSM-39 composite was also
determined by its index peaks (26 = 6.4, 9.8, 13.3, 15.9, 22.5, 25.7, 26.3, and
27.8°). The index peaks for Zeolite Al-mordenite are in the range of 26 = 13.5,
19.6, 22.3, 25.7, 26.3, 27.5, and 30.9° [40] and for ZSM-39, in the range of
20 = 20-30° [41], which may confirm the simultaneous growth of both
substances. This means that the synthesized Zeolite Al-mordenite & ZSM-39
composite is not a separate crystalline mechanical mixture from the ZSM-39 and
Al-mordenite. The size of the Zeolite Al-mordenite & ZSM-39 composite
crystals was determined using the Debye-Scherrer model between 22.44-89.79
nm with the average crystallinity of the particles calculated to be about 64.22 nm.

3.2. FESEM Analysis

The surface morphology of the samples was studied using FEI
NOVANANOSEM 450 electron microscope.

Figure 2 a (1% & 2"), b, and c displays the results obtained from the FESEM
analysis of the synthesized structures. The overall shape of the particles can be
deduced from the larger image by 10um and the crystal plates from the image by
lpm.

Figure 3. FESEM Analysis for a) MCM-22 (1st, & 2nd Morphology), b) ZSM-
12 & 35 Composite, and c) Zeolite Al-mordenite & ZSM-39 Composite.

In the first morphology of MCM-22, the particles are layered and have platelet
aggregation or donut-like platelets. In the second morphology, the particles are
in the form of flowers or shells with layers stacked on top of each other.

The image of the oil droplets on the surface of the water seems similar to that
of the ZSM-12 & 35 composite sample. Also, the size of the primary
nanoparticles is 45-91 nm. Note that the additional absorption of organosilicon
surfactants on the precursor levels of aluminosilicates can eventually lead to the
destruction of the order of their structures [78].

According to Figure 2, it seems that the morphology of Zeolite Al-mordenite
& ZSM-39 composite has a mix of spherical and pyramidal structure with the
size of the primary nanoparticles between 147-180 nm.

3.3. FTIR Analysis

The vibrational pattern of the samples was determined using an FTIR
spectrophotometer (Bruker, Tensor 27, and Equinox 55).

Figure 3 &, b, and c depict the FTIR spectra to describe functional groups and
chemical bonds of MCM and the composites.
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Figure 4. FTIR Analysis for a) MCM-22, b) ZSM-12 & 35 Composite, and c)
Zeolite Al-mordenite & ZSM-39 Composite.

In the MCM-22 (1st morphology) sample, the presence of sharp peaks at
454.78, 560.25, 811.70, 1097.10, 1382.88, and 2926.60 cm™ are related to
Si-O-Si bending vibration, double ring, Si-O-Si (external asymmetric stretching),
Si-O-Si (internal asymmetric stretching), Si-O-Si (external asymmetric
stretching), and the silanol group, respectively [29]. Also, two strong adsorption
bands can be seen at 3464.46 and 1639.00, which can be associated with the
stretching vibration -OH of the absorbed water and the vibration of the Si-O-Si
band, respectively [82,83].

In the case of ZSM-12 & 35 composite, the absorption peaks at 796.77,
1093.99, 1384.00, 1636.97, 2927.93, and 3456.31 cm™ are related to Al-O bond,
Si-O bonds, NO3™ groups, the absorbed water during the synthesis process, the
CH band, and the hydroxyl groups, respectively.

And finally, in the case of Zeolite Al-mordenite & ZSM-39 composite, the
absorption peaks at 796.55, 1102.44, and 1639.18 cm™* belong to the Al-O bond,
Si-O bonds, water absorbed during the synthesis process, and so on. The
absorption peak at 3456.21 cm™ belongs to the hydroxyl groups. The adsorption
peaks of the Al-O bond, and the Si-O bonds indicate the organization, and the
frequency of the Si-O-Al bond angle in the crystal structure of the zeolites.

3.4. EDX, and Mapping Analysis

The elemental analysis of the nanocomposites was accomplished by an X-ray
dispersive microanalyzer (Bruker, X Flash 6110).

EDX analysis was used to evaluate the chemical purity of the samples and to
assess the percentage of available elements, while mapping analysis was applied
to investigate how the elements were dispersed at the crystal lattice level, as
shown in Figure 4 (a, b, and c). The data showed the presence of elements for
MCM-22 and the composites.
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Figure 5. EDX, and Mapping Analysis for a) MCM-22), b) ZSM-12 & 35
Composite and c¢) Zeolite Al-mordenite & ZSM-39 Composite.
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3.5. BET/BJH Analysis

The surface area of nanoparticles and nanocomposites was assessed using a
BET analyzer (BELSORP Mini Il). Also, the pore size distribution was studied
using the BJH methodology concerning nitrogen adsorption/desorption isotherm.
Figure 5 a, b, and c reveals the nitrogen adsorption/desorption isotherms of the
samples.
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Figure 6. BET/BJH Analysis for a) MCM-22), b) ZSM-12 & 35 Composite and
c) Zeolite Al-mordenite & ZSM-39 Composite.

The wall thicknesses of the samples were calculated based on Eq. 5.
Wall thickness = (20100 / V3) - Desni (5)

Where, 2d1q0 is 20 with the Bragg angle, and Dy, denotes the pore diameter
obtained by the B,y method (nm). The results of BET/BJH Analysis for a) MCM-
22), b) ZSM-12 & 35 Composite and c) Zeolite Al-mordenite & ZSM-39
Composite are summarized in Table V.

After examining the isotherm for MCM-22 (1% morphology), it was observed
that initially at a relative pressure of 0.5, an increase in adsorption occurred,
which is related to the single-layer adsorption on the MWW surface. However,
at relative pressures above 0.5 (P / Po = 0.5), nitrogen adsorption occurs in several
layers, resulting in greater growth and gas adsorption near the standard relative
pressure of P / Py = 1 and by increasing the adsorption and capillary density
between MCM-22 particles and in large pores [84,85]. Based on the information
obtained from the MCM-22 plot, and according to the IUPAC Classification, it
was determined that the MCM-22 isotherm is a standard type 1V isotherm and
the hysteresis ring H1 is observed, which is usually characteristic of mesoporous
materials [86].

The surface area of the ZSM-35 is 280.3 m? / g, while the surface area of the
ZSM-12 is 487m?/g, which is far larger than that of the ZSM-35. For ZSM-12 &
35 mechanical mixes, their BET levels appear to increase according to ZSM-12
content. Another factor influencing the increase in ZSM-12 & 35 levels is the
fact that the adsorption of nitrogen molecules does not occur uniformly in one
layer and takes place in irregular layers. This is because the layers are often
completely filled before they begin to fill another layer. ZSM-12 & 35 isotherms
of type IV with a hysteresis loop, which confirms the simultaneous presence of
microporous and meso/macroporous in the ZSM-12&35 composite product. The
synthesized sample isotherm showed a high absorption at low partial pressures
of less than 0.1, suggesting the presence of micropores in the zeolite sample. On
the other hand, the hysteresis loop in the region 0.45 <P/ P0 <0.95 corresponds
to a narrow or capillary density in the mesoporous material [87,88].

As shown in Figure 5, Zeolite Al-mordenite & ZSM-39 Composite has a
diameter, pores, and adsorption volume matching the result obtained by XRD.
The absorption isotherm observed at a low relative pressure (P / Po <0.01),
according to all zeolites, indicates the presence of micropores. For low relative
pressures, a slow absorption has taken place. This behavior can be interpreted by
the fact that zeolites are filling the microporous of their structure and proving the
existence of microporous.

For high pressures, rapid adsorption occurs, indicating the presence of voids in
the crystalline structure of the zeolite. In addition, the formed zeolites show a
hysteresis loop at relative pressures above 0.4 (0.4<P/P0<0.95) due to the
presence of mesoporous channels. The data show a typical IV absorption
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isotherm with the hysteresis ring H3, which corresponds to the IUPAC
classification [87,88].

Table 5. BET/BJH Parameters of the Synthesized MCM-22, ZSM-12&35
Composite, and Zeolite Al-mordenite & ZSM-39 Composite.

Pore Total pore
sample SBZET diameter by volume Wall thickness
m?/g | Bsn method (p/P0=0.990) diameter (nm)
(nm) cmd/g
MCM-22 398.336 1.30 1.303 7.014
ZSM-12&35 Composite | 7.5197 1.21 0.026922 2.920
Zeolite Al-mordenite &
ZSM-39 Composite 20.878 121 0.141 6.343

3.6. Discussion

As mentioned earlier, many processes in various industries are performed with
the help of zeolites, because of their properties include high surface to volume
ratio, excellent and adjustable acidity, high surface area / specific surface, three-
dimensional crystal structure with uniform nanochannels, high permeability,
shape selectivity, high temperature/chemical stability, high selectivity, low
corrosion, and porous structure. The catalytic performance of zeolites depends
especially on factors such as catalytic acidity and their porous structure.
Temperature, time, molar compound, pH, silica, alumina source, and surfactant
are effective in the synthesis of zeolites [89-91].

Experimental results show that the first stage of crystallization occurs by
organizing amorphous aluminosilicate units during the mixing of precursors. In
the studied system, the crystallization process can be divided into two stages
during which the crystallization process is controlled by different crystallization
mechanisms. After the formation of living nuclei, the first stage of the crystal
growth process continues with the new formation of a uniform, amorphous
aluminosilicate phase that forms during the mixing of the primary precursors.
This new configuration involves sorting the Si-O-Al bonding angle from the
main constituent units, Si(OAl), [92-94]. The formation steps of zeolites are done
according to the following chemical equation:

NaOH(aq) + NaAI(OH), (aq) +Na; SiOs (aq) — — — [Na, (AlO,) b (SiOy) c.
NaOH. H;0] (gel) — — —Nay [(AlO;) « (SiO,) y]. mH,0

Although the amount and type of solvent are some of the important factors in
molecular changes, this study was done without any change in the solvent [95-
99]. In this study, the MCM-22 catalyst was synthesized by modifying the US
patent method [71]. Then the effect of temperature, time, and amount of water
on catalysts was investigated. The source of silica and sodium hydroxide was
kept constant in all tests. By changing the temperature conditions, increasing the
amount of water, and aging MCM-22 was synthesized with a new morphology.
In all conditions, the process of synthesizing the 3 and 4" catalysts are the same
as the synthesis of the second stage except for time and the amount of water,
which led to the production of the new “ZSM-12&35 Composite”, and “Zeolite
Al-mordenite & ZSM-39 Composite”. The crystallographic results of the XRD
analysis and summary of parameter changes during synthesis are given in Tables
VI and VII, respectively.

Table 6. A Summary of the Synthesis Results from the XRD Analysis.

Compound Chemical Subfiles and quality Primary reference
Name Formula
Inorganic 3undenjs, RAKe(\:/LIIe, E
. . ° uss, Jr., A, Chu, C,
Zeolite MCM-22 | Al> 03.21 Si O2 ﬁeollte o (O Husain, A.. 5 146,029,
ow precision (O) U.S. Patent, (1992)
Naz 15Al Inorganic Rosinski, E., Rubin, M.,
ZSM-12 Simom“ Zeolite 3,832,449., U.S. Patent,
A8 (1974)
Nao.22Al2 Corrosion Inorganic | Plank, C., Rosinski, E.,
ZSM-35 Si20.9064.45 Mineral Zeolite Rubin, M., 4,081,490.,
-9.9H.0 Low precision (O) U.S. Patent, (1978)
ZSM-39 SiO2 Alloy, metal or | Dwyer, F., Jenkins, E.,
intermetalic Inorganic | 4,357,233., U.S. Patent,
Zeolite (1982)
Low precision (O)
Zeolite Al- [ Naz Al Inorganic Chandwadkar, A,
mordenite Si133029.6+x Mineral Abdulla, R., Hegde, S,
Zeolite B-Nagy, J., Zeolites, 13,
470, (1993)




Table 7. Summary of Parameters Comparing in the Synthesis Processes.

J. Chil. Chem. Soc., 66, N°4 (2021)

Silica Source .0 | Temperature | Aging Chemical Formula Nanocatalyst
(ml) Program (day)
Silicic Acid 20 As Table | 13 Naj 16 Al Siz7.4O1sg38 MCM-22 (donut-like platelets)
Silicic Acid 80 As Table 1l 15 Nagz Algz SilOO 0334 MCM-22 (shells)
Silicic Acid 80 As Table 11 14 H2‘37Na3,10(AIo,3585‘11si55‘53)0144 and NaLleAlz Si77{40153{3g ZSM-12&35 Composite
Silicic Acid 20 As Table IV 13 Naz Al; Siyz3 Oz.6:x and Si O, Zeolite Al-mordenite & ZSM-39 Composite

CONCLUSIONS

Considering the application of zeolites in today's life and the necessity of using
them in different industries, the synthesis and characterization of 3 types of
functional zeolites were studied in this study. First, MCM-22 with first
morphology was synthesized by modifying the patent US5362697A [1] and
using the same precursor in that patent. Then, three more zeolites were
synthesized using the same precursor and changing only three agents: one was
the second morphology of zeolite MCM-22, then zeolite ZSM-12 & 35
composite, and the other was zeolite Al-mordenite and ZSM-39 Composite. The
synthesized zeolites were then characterized. The results of characterization
analyses showed the existence of the second morphology of zeolite MCM-22.
These results also confirmed the simultaneous growth of both substances
ZSM-12 and ZSM-35 in ZSM-12 & 35 composite; and the simultaneous growth
of both substances ZSM-39 and Zeolite Al-mordenite in Zeolite Al-mordenite &
ZSM-39 Composite. Comparing the results of the XRD model with the EDX
results, it was proved that the Si/ Al ratio in all cases is about 1 with a very small
value, which is completely consistent with the definition of this ratio for zeolites.
The total volume of cavities and the specific surface area of MCM-22 zeolite
were significantly larger than other synthetic composites.
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