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Abstract: This paper proposes a method for synthesizing granular ZSM-23 zeolite with a high degree
of crystallinity and hierarchical porous structure. This method is based on crystallizing granules
composed of powdered ZSM-23 zeolite and a specially prepared amorphous aluminosilicate. It has
been shown that these granules have superior mechanical strength compared to granular zeolite-
containing materials, which are made from a mixture of ZSM-23 zeolite crystals and Al2O3. It has
been demonstrated that when 0.5% of Pt granular ZSM-23 zeolite is used, with a high degree of
crystallinity and a hierarchical porous structure, it exhibits higher activity and selectivity in the
hydroisomerization of n-hexadecane compared to a bifunctional catalyst, which is a mechanical
mixture of ZSM-23 zeolite crystals and Al2O3, with the metal deposited on the granules.

Keywords: ZSM-23 zeolite; micro-mesoporous materials; catalysts for hydroisomerization of
n-paraffins

1. Introduction

The most promising technology for producing low-freezing diesel fuels, biofuels, and
base synthetic motor oils of Group III is catalytic isodewaxing [1]. This process is based
on the selective hydroisomerization of the higher n-paraffins C16+ found in fuel or oil into
isoparaffins using bifunctional catalysts. These catalysts contain an active phase, such as
NiS, CoMoS, Pd, or Pt, which is applied to acidic molecular sieves that are granulated
with a binder [2]. Among the most selective molecular sieves for this process are SAPO-
11 and ZSM-23 [3,4]. There has also been recent work on SAPO-31 molecular sieves for
the hydroisomerization of long-chain n-paraffins (i.e., n-hexadecane) [5]. Currently, in
industrial processes for the hydroisomerization of n-paraffins, catalytic systems based on
ZSM-23 zeolite are primarily used. These systems, due to their stronger Brønsted acid
sites compared to SAPO molecular sieves, enable the catalytic process to occur at lower
temperatures. Chevron and ExxonMobil have already developed several generations of
isodewaxing catalysts based on ZSM-23 zeolite for the production of Group III synthetic
base oils [6–9].

ZSM-23 zeolite is a member of the MTT structural type with a one-dimensional pore
structure and a pore diameter of 5.4 Å [10]. This unique microporous structure allows for the
conversion of n-paraffins into monomethyl- and dimethyl-substituted isomers, significantly
reducing the contribution from hydrocracking, which is characteristic of paraffins with
three or more methyl paraffins [11].

To further reduce the contribution of hydrocracking of higher n-paraffins, various meth-
ods have been developed for the synthesis of nanoscale and hierarchical ZSM-23 [12–17].
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Unfortunately, most of these methods rely on crystal growth modifiers. The main draw-
backs of these methods are their high cost and the reduced crystallinity of the resulting
materials, which makes them unsuitable for use on an industrial scale.

In the industrial processes of isodewaxing fuels and oils, bifunctional catalytic systems
based on ZSM-23 molecular sieves with binders are used [18–20]. Aluminum hydroxide
with a boehmite structure is used primarily as a binder. During the heat treatment process,
it transforms into γ-Al2O3. The content of the binder is at least 20% by weight. The resulting
catalyst granules are a mechanical mixture of zeolite crystals and binding particles. At the
same time, the activity of the granular ZSM-23 zeolite is reduced compared to that of the
powdered form due to dilution and changes in the relative surface area, itself influenced by
synthesis and heat treatment, possibly allowing pores in some zeolite crystals to become
blocked by binding particles [18,19,21].

In [22], the creation of granular binder-free ZSM-5 zeolite was proposed. The method
of synthesis is based on crystallizing a dried aluminosilicate gel into granules using sodium
silicate as a temporary “binder”. The prepared granules are then crystallized at 180 ◦C
for 24 h in a 0.01 M NaOH solution. It has been demonstrated that this method allows for
the synthesis of granular binder-free ZSM-5 zeolite. However, it should be noted that this
study does not provide information on the mechanical strength of granules, which is a
crucial parameter for industrial catalysts.

A method of crystallization of dried aluminophosphate gels containing an ionic liquid
and a secondary amine at 200 ◦C in solvent-free autoclaves was proposed for the synthesis of
AlPO4-11 molecular sieves in the form of granules [23]. This approach allowed researchers
to synthesize AlPO4-11 in the form of binder-free granules. In their work, they used an
ionic liquid as the solvent and template, which makes this technology more complicated
for industrial applications.

Therefore, the issues outlined above demonstrate the need for the development of a
binder-free material based on ZSM-23, which has a hierarchical porous structure, i.e., a
structure consisting of microporous (pore diameter < 2 nm), mesoporous (2–50 nm), and
macroporous (>50 nm) [24], while also possessing high mechanical strength.

This work is dedicated to the method of synthesizing granular binder-free ZSM-23
zeolite with a hierarchical porous structure and its application in the hydroisomerization of
higher n-paraffins.

2. Materials and Methods
2.1. Preparation of Powdered Zeolite

Powdered ZSM-23 zeolite with a Si/Al ratio = 38 was synthesized from a reaction gel
with the following composition: 0.35Na2O*1.0SiO2*0.0125Al2O3*0.7DMF*30H2O. It was
prepared using SiO2 sol (40% SiO2, Ludox AS-40, No. CAS 7631-86-9, Sigma-Aldrich, St
Louis, MO, USA), aluminum nitrate (Al(NO3)3*9H2O, 98%, No. CAS 7784-27-2, Sigma-
Aldrich, St. Louis, MO, USA) and dimethylformamide (DMF, 99%, No. CAS 68-12-2, Acros
Organics, Morris Plains, NJ, USA).

The reaction gel was prepared by adding NaOH and distilled water to a calculated
amount of 15 g SiO2 sol while stirring intensively. Then, the calculated amounts of the
template and Al(NO3)3*9H2O were added to the resulting solution.

After mixing all the components, the prepared gels were aged at 60 ◦C for 24 h and
then crystallized at 170 ◦C for 72 h. The resulting products were separated by centrifugation
and washed with distilled water to achieve neutral pH. The powdered ZSM-23 zeolite,
after drying, is designated as ZSM-23PW.

2.2. Preparation of Amorphous Aluminosilicate

An amorphous aluminosilicate with a Si/Al ratio of 39 was prepared by mixing 131.3 g
sodium silicate (Na2SiO3, 99%, No. CAS 6834-92-0, Acros Organics, Geel, Belgium) and
61.3 g aluminum sulfate (Al2(SO4)3*18H2O, 99%, No. CAS 17927-65-0, Acros Organics,
Geel, Belgium), dissolving in distilled water. The resulting mixture was then aged at 30 ◦C
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for 24 h. After that, the precipitate was filtered, washed with water, and dried at 120 ◦C for
5 h.

2.3. Preparation of Granular Samples

ZSM-23 zeolite granulated with amorphous aluminosilicate was prepared by mixing
powdered ZSM-23 zeolite and amorphous aluminosilicate in a MX 0.4 mixer (VINCI
Technologies, Nanterre, France) with the addition of polyvinyl alcohol plasticizer (99%, No.
CAS 9002-89-5, Sigma Aldrich, Saint Louis, MO, USA).

Next, the resulting mixture was molded into granules (diameter of 1.4–1.5 mm, length
of 5–6 mm) using an VTE1 extruder (VINCI Technologies Nanterre, France). Analogous
to the synthesis of granular NaY zeolite with a hierarchical porous structure [25], the
content of powdered ZSM-23 zeolite and binder in the granules was 60% and 40% by
weight, respectively, based on dry zeolite. To prepare 200 g of the granulated sample, a
mixture of 120 g of zeolite and 80 g of amorphous aluminosilicate was wetted to 53% with
a 5 wt % aqueous solution of PVA. The resulting granules were dried in air at 30 ◦C for
24 h and then at 120 ◦C for 6 h. Then, granules were calcined at 600 ◦C for 4 h in order
to remove the plasticizer that was contained in the granules. The calcined pellet samples
were then designated as ZSM-23GR. To prepare highly crystalline granular ZSM-23, pellet
ZSM-23GR was crystallized in an aqueous solution of sodium silicate with the addition of
dimethylformamide (DMF) at 165 ± 5 ◦C for 24–32 h. The reaction mixture was composed
of (0.25–0.36)Na2O·(0.4–0.8)DMF·(0.01–0.02)Al2O3·SiO2·(20–40)H2O. After crystallization,
the granules were separated from the liquid phase, then washed from excess alkali (to pH ~
8.0), and dried at 140–150 ◦C. The resulting granules are further designated as ZSM-23WB.

The granular acid carrier, a mechanical mixture of powdered ZSM-23PW zeolite and
γ-Al2O3, was prepared as follows: powdered ZSM-23PW zeolite and boehmite (AlO(OH),
78% Al2O3, No. CAS 1318-23-6, Sasol, Hamburg, Germany) were thoroughly mixed to
form a homogeneous mass (with a 20% content of boehmite by weight in terms of Al2O3),
the resulting mixture was wetted with 5% nitric acid (HNO3, 67%, No. CAS 7697-37-2,
Reachem, Moscow, Russia), and granules were molded using an extruder. Granules with
a diameter of 1.4–1.5 mm and a length of 5–6 mm were dried at 100 ◦C for 24 h and then
calcined at 600 ◦C for 6 h, during which time the boehmite converted to aluminum oxide.
The obtained sample is designated as ZSM-23BD. The sample before calcination at 600 ◦C
is designated as ZSM-23BDp.

The samples of ZSM-23 zeolite in H-form were prepared by ion exchange of Na+

for NH4
+ in a 0.9 M aqueous solution of ammonium nitrate (NH4NO3, 98%, No. CAS

6484-52-2, Sigma Aldrich, Saint Louis, MO, USA) at 70–90 ◦C for 1 h with stirring. The solid-
to-liquid ratio was 1/7 by weight. The samples were then dried at 120–150 ◦C and calcined
at 540–550 ◦C for 4 h in an atmosphere. ZSM-23 samples in the H-form synthesized from
ZSM-23PW, ZSM-23WB, and ZSM-23BD are designated as HZSM-23PW, HZSM-23WB,
and HZSM-23BD, respectively.

2.4. Preparation of Bifunctional Catalytic Systems

From the samples HZSM-23WB and HZSM-23BD, a fraction between 0.1 and 0.5 mm
was obtained by crushing and sifting through sieves. This material was then subjected
to heat treatment at 350 ◦C for 6 h in an air atmosphere. After that, it was impregnated
with an aqueous solution of H2PtCl6 × 6H2O (99%, No. CAS 26023-84-7, Sigma Aldrich,
Darmstadt, Germany) (at a rate of 0.5 weight percent Pt per carrier weight), dried at 100 ◦C
for 24 h, and calcined at 550 ◦C for 5 h.

Before the reaction, the catalyst fraction was reduced under a hydrogen flow at 400 ◦C
for 5 h. The samples promoted with 0.5% Pt are designated as Pt/ZSM-23WB and Pt/ZSM-
23BD, respectively.
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2.5. Methods of Materials Analysis

The chemical compositions of the prepared amorphous aluminosilicate, zeolite powder,
and granules were determined by energy-dispersive X-ray fluorescence spectroscopy using
a Shimadzu EDX-7000P spectrometer (Shimadzu Corporation, Duisburg, Germany).

The phase compositions of the zeolites were analyzed using a Shimadzu XRD-7000
diffractometer (Shimadzu Corporation, Kyoto, Japan) with CuKα radiation. Scanning was
performed in the range of angles 2θ from 3◦ to 40◦, with increments of 1◦/min. X-ray
diffraction data were processed using Shimadzu XRD software (version 7.04) with the
PDF2 database (version 2.2201) for phase analysis. Crystallinity was assessed using the
content of the amorphous halo, which was measured in the range of 20 to 30 degrees 2θ
using Shimadzu XRD Cristallinity software (version 7.04). The degree of crystallinity was
calculated as the ratio of the total integrated intensity from the crystalline phase to the total
integrated intensity from the crystalline and amorphous phases.

The morphology and crystal size of the granular molecular sieves were determined
using scanning electron microscopy (SEM) with field emission from a Hitachi Regulus
SU8220 scanning electron microscope (Hitachi High-Tech Corporation, Tokyo, Japan). The
images were taken in the secondary electron mode at an accelerating voltage of 5 kV.

The porous structure characteristics (BET specific surface area and volume of micro-
and mesopores) were determined by low-temperature N2 adsorption−desorption on a
Quantachrome Nova 1200e sorption meter (Quantachrome Instruments, Boynton Beach,
FL, USA). The volume of micropores and mesopores in the zeolite samples was calculated
using the t-plot method, while the pore size distribution was determined using the BJH
(Barrett–Joyner–Halenda) model. The macropore volume of the granular zeolite was esti-
mated by mercury porometry using a Micromeritics AutoPore V instrument (Micromeritics
Instrument Corporation, Norcross, GA, USA).

The acid site types and concentrations were determined by IR spectroscopy after
pyridine adsorption (IR-Py). IR spectra of the adsorbed pyridine were recorded using
a Bruker Vertex-70V IR spectrometer (Bruker Optic GmbH, Ettlingen, Germany) with a
resolution of 4 cm−1. The samples were precalcined at 450 ◦C for 2 h in a 10−2 Pa vacuum.
Pyridine was adsorbed onto the molecular sieve samples at 150 ◦C for 30 min. Pyridine was
desorbed at 150 ◦C, 250 ◦C, and 350 ◦C. The concentrations of Brønsted acid sites (BAS) and
Lewis acid sites (LAS) were calculated by integrating the absorbance bands at 1545 cm−1

and 1454 cm−1, respectively, using a previously described method [26].
The mechanical strength of the granular samples was evaluated using the LinteL

PC-21 (Neftekhimavtomatika, Ufa, Russia) apparatus under static conditions through the
compression method in automatic mode. The strength of the granules (length of 5–6 mm
and diameter of 1.4–1.5 mm) was evaluated according to the ASTM D6175 method [27].

2.6. Hydroisomerization of Hexadecane

The hydroisomerization of n-hexadecane (н-C16H34, 99%, No. CAS 544-76-3, Acros
Organics, Morris Plains, NJ, USA) on zeolite-containing catalysts was investigated in a flow
reactor at temperatures ranging from 240 to 320 ◦C and a pressure of 3.0 MPa, with a molar
ratio H2/н-C16H34 = 10, and a mass flow rate of 2 h−1. The liquid products of the catalytic
transformation of n-hexadecane were identified using chromatographic mass spectrometry
on a Shimadzu GCMS-QP2010 Ultra, while the gaseous products were analyzed using
gas-liquid chromatography on a Chromatek-Crystal 5000 chromatograph (Chromatec,
Yoshkar-Ola, Russia) with a flame ionization detector and a glass capillary column of 50 m.

3. Results

It is known that the catalytic properties of molecular sieves depend significantly on the
degree of crystallinity and the content of impurities from foreign phases. Figure 1 shows
the results of the XRD analysis of the crystal structure of the synthesized samples.
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23PW, (b)—ZSM-23GR, (c)—ZSM-23WB, and (d)—ZSM-23BDp.

It can be seen that all the diffractograms show peaks at the following angles: 7.88◦,
8.2◦, 8.9◦, 11.4◦, 19.8◦, 21.0◦, 23.0◦, 24.8◦, and 26.1◦. These peaks are characteristic of the
MTT type of zeolite [28]. Thus, the ZSM-23PW sample is a high-purity zeolite with a
crystallinity of at least 95% (Figure 1a). ZSM-23GR granules are composite materials with a
crystallinity degree of no more than 60%, consisting of ZSM-23 zeolite and an amorphous
binder (Figure 1b). The data on the crystallinity of ZSM-23GR are in good agreement with
the mass content of amorphous aluminosilicate in it. ZSM-23WB granules are a highly
crystalline form of ZSM-23 zeolite with a degree of crystallinity of at least 92% (Figure 1c).
It can be seen that the granules after crystallization have a similar level of crystallinity to
that of the original powdered sample. This indicates a nearly complete transformation of
the temporary binder (amorphous aluminosilicate) into ZSM-23 zeolite. The introduction of
a boehmite-based binder into the granules (ZSM-23BDp sample) results in the appearance
of additional 2θ peaks at 14.2◦, 28.2◦, 38.3◦, 49.0◦, and 72.0◦, which are characteristic of
boehmite AlO(OH) (Figure 1d). After calcination of ZSM-23BDp at 600 ◦C, the boehmite
peaks disappear, and 2θ peaks of gamma aluminum oxide appear at 45.7◦ and 67.0◦ (XRD
pattern is not shown in Figure 1).

The rate of diffusion in zeolite channels strongly depends on the morphology and
size of the molecular sieve crystals [29]. Figure 2 shows the SEM images of the powdered
ZSM-23 molecular sieve and its granules.

The ZSM-23PW sample consists of crystals in the form of elongated prisms, with a
length of 200–300 nm and a thickness of approximately 50 nm. ZSM-23GR granules are
composite materials composed of crystals of the ZSM-23 molecular sieve, which are in the
form of elongated prisms with a crystal size of 200–300 nm and highly dispersed particles
of amorphous aluminosilicate that fill the space between these crystals.

The ZSM-23WB sample contains clusters of nanocrystals with various morphologies,
ranging from cubes to elongated prisms with dimensions between 200 and 300 nm. Elon-
gated prisms appear to be the initial powdered form of zeolite, which is a part of the
granules before crystallization. Nanocrystals in the shape of cubes, on the other hand, are
crystals formed from an amorphous aluminosilicate material. The ZSM-23BD sample is
a composite material that consists of crystals of the ZSM-23 molecular sieve, with crystal
sizes ranging from 300 to 500 nm, and highly dispersed aluminum oxide particles that fill
the spaces between the crystals.

As mentioned above, in order to effectively diffuse reacting molecules into zeolite
micropores within granules, it is essential to create a well-developed secondary porous
structure [28]. Figure 3 illustrates the nitrogen adsorption−desorption isotherms and pore
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size distribution, while Table 1 provides information on the characteristics of the porous
structures of the ZSM-23PW, ZSM-23WB, and ZSM-23BD samples.
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Table 1. Characteristics of the porous structure in granular and powdered ZSM-23 zeolite samples.

Sample SBET, m2/g Vmicro, cm3/g Vmeso, cm3/g HgVmacro, cm3/g

ZSM-23PW 198 0.05 0.11 -
ZSM-23WB 210 0.06 0.25 0.40
ZSM-23BD 221 0.04 0.25 0.38

SBET—specific surface according to BET. Vmicro—specific volume of micropores. Vmeso—specific volume of
mesopores. HgVmacro—specific volume of macropores.

It can be seen that the studied samples exhibit isotherms that are close to type IV, with a
sharp increase in the low-pressure region and a hysteresis loop with type H3 behavior in the
pressure range between 0.8 and 1.0. This type of isotherm is typical for micro-mesoporous
materials. The formation of mesopores in ZSM-23PW is attributed to the partial melting of
the nanocrystals, as can be clearly seen from the SEM images in Figure 2.

The increase in the mesopore volume is attributed to the incorporation of mesoporous
amorphous aluminosilicate into the composition. The ZSM-23WB sample has a higher
specific surface area and mesopore volume compared to the ZSM-23PW sample. This can
be explained by the formation of a secondary porous structure, which occurs due to the
clustering of nanoscale crystals that are smaller than the original crystals of the ZSM-23
zeolite powder used to prepare the granules (Figure 2).

For the ZSM-23BD sample, the volume of micropores decreased by about 50%, and the
specific volume of mesopores increased. These results can be explained by the dilution of
the zeolite with a mesoporous binder, which partially blocked its micropores. According to
the mercury porometry data, the ZSM-23WB sample has the largest volume of macropores
among the granular samples. Therefore, granular ZSM-23WB is a hierarchical material
with a well-developed secondary porous structure consisting of meso- and macropores.

Industrial hydroisomerization catalysts are granular materials that require a high level
of mechanical crushing strength, as the upper layers of the catalyst can collapse under the
weight of large loads in the reactor, damaging the lower layers. Table 2 presents the results
of the study on the mechanical strength of the ZSM-23 granular samples.

Table 2. Mechanical strength of granular ZSM-23 zeolite samples.

Sample
Mechanical Crushing Strength (Radial) Mechanical Crushing

Strength (Uniaxial),
N/mm2N/pellet N/mm2

ZSM-23GR 18.2 ± 3.5 3.1 ± 0.5 3.2 ± 0.6
ZSM-23WB 57.1 ± 12.9 8.8 ± 2.1 9.8 ± 2.3
ZSM-23BD 44.3 ± 9.7 6.9 ± 1.5 7.9 ± 1.8

Results are shown as the mean ± standard deviation, SD (n = 24).

It can be seen that after crystallization, the mean mechanical strength of the granules
increased threefold compared to the initial granules. This can be explained by the fusion of
the crystals introduced into the granules with those formed from the binder. As we have
previously shown, such granular materials consist of a single cluster of crystals [25]. A
comparison of the mean strength of the ZSM-23WB and ZSM-23BD samples shows that the
hierarchical one is ~20% stronger due to these features of the formation of these granules.
Student’s t-test showed that the differences are highly statistically significant (p < 0.05).

The catalytic properties of ZSM-23 molecular sieves depend strongly on their acidic
properties. Using infrared spectroscopy of adsorbed pyridine, it has been shown that
zeolite samples of ZSM-23 in the H-form contain two types of acidic sites: Brønsted acid
sites (BAS) and Lewis acid sites (LAS) (Figure 4).
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(a) HZSM-23PW, (b) HZSM-23WB, and (c) HZSM-23BD.

The oscillation bands at 1639 and 1545 cm−1 correspond to the protonated pyridine
from the BAS. The bands at 1624 and 1454 cm−1 are attributed to pyridine, which has
formed a coordination bond with LAS. The band at 1491 cm−1 is associated with both types
of acid sites. Samples HZSM-23BD, which contain a binder in their composition, have the
lowest levels of BAS and LAS (Table 3).

Table 3. Concentrations of acid sites in granular and powdered ZSM-23 zeolite samples according to
IR spectroscopy data with pyridine adsorption.

Sample

Acidity (µmol/g)

BAS LAS

150 ◦C 250 ◦C 350 ◦C 150 ◦C 250 ◦C 350 ◦C

HZSM-23PW 241 224 217 16 10 9
HZSM-23WB 232 221 203 23 17 14
HZSM-23BD 144 138 117 36 17 9

The results obtained, as shown above, can be explained by the dilution of zeolite
with a binder, which blocks the one-dimensional channels of the ZSM-23 zeolite. This
results in the acid sites becoming inaccessible to pyridine molecules. The LAS increases
because aluminum oxide itself contains some Lewis acid centers. The HZSM-23PW and
HZSM-23WB samples have the highest concentration of acidic sites because they do not
contain any binders in their composition.

Thus, it can be seen that the HZSM-23WB granular material is characterized by
significantly higher concentrations of acid sites due to the lack of a binder in its composition
and the presence of smaller nano-sized crystals, which make most of the acid sites accessible.

It has been shown in [30] that when molecular sieves with a one-dimensional channel
porous structure and 10R rings of platinum are impregnated with moisture in amounts of
at least 0.5 wt %, a high dispersion of platinum is achieved, resulting in a high content of
hydrogenating/dehydrating active sites.

In this case, the rate-limiting step in hydroisomerization through a bifunctional mech-
anism is primarily the isomerization step at the acidic sites of the molecular sieves.

A comparison of the catalytic properties of ZSM-23 granular samples with binder
and binder-free in the hydroisomerization of n-hexadecane revealed (Figure 5) that the
granular sample binder-free exhibited higher activity: the conversion of n-C16 at 280 ◦C
was 87.8%, while on the sample with a binder, it was 63.1% (Figure 5a). A higher yield
of C16 isomers is achieved on the sample ZSM-23 zeolite binder-free: 55.8% vs. 45.3% at
270–280 ◦C (Figure 5b). The Pt/ZSM-23WB sample is more active and selective in the
hydroisomerization of n-C16 compared to Pt/ZSM-23BD due to the higher content of the
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active component in this granular sample. At 63.1–65.5% conversion of hexadecane, the
C16 isomer selectivities were 71.9 and 77.8 for ZSM-23BD and ZSM-23WB, respectively
(Figure 5c). This means that the concentration of acid sites (Table 3) is noticeably higher,
while the specific surface area and microporosity are still preserved (Table 1). In addition,
the binder-free granules contain nanocrystals, which ensure good accessibility to acid sites.
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The results obtained from the hydroisomerization of n-hexadecane suggest that in
order to develop more efficient and selective granular catalysts based on ZSM-23 for the
conversion of higher n-paraffins, it is essential to create materials that contain a minimum
amount of binders. These materials must also have sufficient mechanical strength to ensure
the catalyst’s operation for at least one year without degradation.

4. Conclusions

The crystallization of granules consisting of 60% by weight of powdered ZSM-23 and
40% by weight of a binder material, which is a dry amorphous aluminosilicate, was inves-
tigated using a variety of techniques: XRD, XRF, SEM, IR-Py, low-temperature nitrogen
adsorption−desorption, mercury porosimetry, and IR spectroscopy with pyridine adsorption.

Based on the results obtained, we have developed a method for producing a granular
ZSM-23 molecular sieve (d = 1.4–1.5 mm, l = 5–6 mm) with a hierarchical porous structure
and high phase purity. The degree of crystallinity of the material is more than 92%. It
allows obtaining a material with a specific surface area of 210 m2/g, a micropore volume of
0.06 cm3/g, a mesopore volume of 0.11 cm3/g, and a macropore volume of 0.25 cm3/g.

It was found that when applying 0.5% Pt by weight, a bifunctional catalyst is formed
on the H-form of ZSM-23 zeolite, which is a highly crystalline and hierarchical porous
structure. This catalyst exhibited higher activity and selectivity for the hydroisomerization
of n-hexadecane than a catalyst prepared using granular ZSM-23 zeolite without a binder.

Author Contributions: Conceptualization, M.R.A.; Methodology, M.R.A., O.S.T., and B.I.K.; Val-
idation, M.R.A., and O.S.T. Investigation, M.R.A., O.S.T., N.A.F., and A.N.K., D.V.S., and R.Z.K.;
Writing—Original Draft Preparation, M.R.A., and N.A.F.; Writing—Review and Editing, M.R.A.,
N.A.F., O.S.T., and D.V.S.; Resources, R.Z.K., N.A.F., and D.V.S.; Visualization, N.A.F.; Supervision,
M.R.A., and B.I.K. Funding Acquisition, B.I.K. All authors have read and agreed to the published
version of the manuscript.

Funding: This research was funded by the Russian Science Foundation No. 22-13-20058, https:
//rscf.ru/project/22-13-20058/ (accessed on 22 October 2024).

Data Availability Statement: The original contributions presented in the study are included in the
article, further inquiries can be directed to the corresponding authors.

Conflicts of Interest: The authors declare no conflicts of interest.

https://rscf.ru/project/22-13-20058/
https://rscf.ru/project/22-13-20058/


Nanomaterials 2024, 14, 1897 10 of 11

References
1. Deldari, H. Suitable catalysts for hydroisomerization of long-chain normal paraffins. Appl. Catal. A Gen. 2005, 293, 1–10.

[CrossRef]
2. Akhmedov, V.M.; Al-Khowaiter, S.H. Recent advances and future aspects in the selective isomerization of high n-alkanes. Cat.

Rev. 2007, 49, 33–139. [CrossRef]
3. Wang, W.; Wu, W.; Liu, C.-J. Bifunctional catalysts for the hydroisomerization of n-alkanes: The effects of metal-acid balance and

textural structure. Catal. Sci. Technol. 2019, 9, 4162–4187. [CrossRef]
4. Hartmann, M.; Elangovan, S.P. Chapter 4—Catalysis with microporous aluminophosphates and silicoaluminophosphates

containing transition metals. Adv. Nanoporous Mater. 2010, 1, 237–312. [CrossRef]
5. Wu, Q.; Yuan, J.; Guo, G.; Liu, Z.; Li, X.; Liu, Z.; Wang, W.; Wu, W. The hydroisomerization of n-hexadecane over Pd/SAPOs

bifunctional catalysts with different opening size: Features of the diffusion properties in pore channels and the metal-acid
synergistic catalysis. Fuel Process. Technol. 2023, 244, 107692. [CrossRef]

6. Zones, S.; Zhang, G.; Krishna, K.; Biscardi, J.; Marcantonio, P.; Vittoratos, E. Preparing Small Crystal ssz-32 and Its Use in a
Hydrocarbon Conversion Process. US20070048214A1, 1 March 2007.

7. Maesen, T.; Krishna, K. Dewaxing Process Using Zeolites MTT and MTW. US20070029230A1, 8 February 2007.
8. Christine, N.; Wenyih, E.; Lai, F. Dewaxing Catalysts and Processes. US8298403B2, 17 June 2010.
9. McCarthy, S.J.; Lai, W.F.; Darryl, L.; Kay, E. Dewaxing Catalysts. US8840779B2, 11 August 2011.
10. Baerlocher, C.; McCusker, L.B.; Olson, D.H. Atlas of Zeolite Framework Types; Elsevier: Amsterdam, The Netherlands, 2007; 404p.
11. Zhang, M.; Chen, Y.; Wang, L.; Zhang, Q.; Tsang, C.W.; Liang, C. Shape Selectivity in Hydroisomerization of Hexadecane over Pt

Supported on 10-Ring Zeolites: ZSM-22, ZSM-23, ZSM-35, and ZSM48. Ind. Eng. Chem. Res. 2016, 55, 6069–6078. [CrossRef]
12. Molino, A.; Łukaszuk, K.A.; Rojo-Gama, D.; Lillerud, K.P.; Olsbye, U.; Bordiga, S.; Svelle, S.; Beato, P. Conversion of methanol

to hydrocarbons over zeolite ZSM-23 (MTT): Exceptional effects of particle size on catalyst lifetime. Chem. Commun. 2017, 53,
6816–6819. [CrossRef]

13. Mohamed Ahmed, H.M.; Oki, M.; Adnan, M.A.-A.; Yamani, Z.H. Investigation of crucial synthesis parameters of rich Al-MTT
framework zeolite: Toward more determination for synthesis zone of SSZ-32. Microporous Mesoporous Mater. 2016, 227, 48–56.
[CrossRef]

14. Pirutko, L.V.; Parfenov, M.V.; Lysikov, A.I.; Gerasimov, E.Y. Synthesis of Micro-Mesoporous ZSM-23 Zeolite. Pet. Chem. 2021, 61,
276–283. [CrossRef]

15. Bai, D.; Meng, J.; Li, C.; Zhang, M.; Liang, C. Mesoporosity and Acidity Manipulation in ZSM-23 and their n-Hexadecane
Hydroisomerization Performance. ChemistrySelect 2022, 7, e202200839. [CrossRef]

16. Sun, J.; Xiong, S.; Wu, Q.; Wang, W.; Wu, W. The Preparation of Nanosized Pd/ZSM-23 Bifunctional Catalysts for n-Hexadecane
Hydroisomerization by Employing PHMB as the Growth Modifier. Trans. Tianjin Univ. 2023, 29, 482–491. [CrossRef]

17. Zhai, M.; Li, L.; Ba, Y.; Zhu, K.; Zhou, X. Fabricating ZSM-23 with reduced aspect ratio through ball-milling and recrystallization:
Synthesis, structure and catalytic performance in N-heptane hydroisomerization. Catal. Today 2019, 329, 82–93. [CrossRef]

18. Asgar Pour, Z.; Abduljawad, M.M.; Alassmy, Y.A.; Cardon, L.; Van Steenberge, P.H.M.; Sebakhy, K.O. A Comparative Review of
Binder-Containing Extrusion and Alternative Shaping Techniques for Structuring of Zeolites into Different Geometrical Bodies.
Catalysts 2023, 13, 656. [CrossRef]

19. Bingre, R.; Louis, B.; Nguyen, P. An Overview on Zeolite Shaping Technology and Solutions to Overcome Diffusion Limitations.
Catalysts 2018, 8, 163. [CrossRef]

20. Asgar Pour, Z.; Abduljawad, M.M.; Alassmy, Y.A.; Alnafisah, M.S.; El Hariri El Nokab, M.; Van Steenberge, P.H.M.; Sebakhy, K.O.
Synergistic Catalytic Effects of Alloys of Noble Metal Nanoparticles Supported on Two Different Supports: Crystalline Zeolite
Sn-Beta and Carbon Nanotubes for Glycerol Conversion to Methyl Lactate. Catalysts 2023, 13, 1486. [CrossRef]

21. Liu, H.; Chen, W.L.; Pan, R.K.; Shan, Z.T.; Qiao, A.; Drewitt, J.W.E.; Hennet, L.; Jahn, S.; Langstaff, D.P.; Chass, G.A.; et al. From
Molten Calcium Aluminates through Phase Transitions to Cement Phases. Adv. Sci. 2020, 7, 1902209. [CrossRef]
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