published by Ural Federal University
eISSN 2411-1414
chimicatechnoacta.ru

Ghlmlca
CC no
cta

ARTICLE
2026, vol. 13(1), No. 9253

DOI: 10.15826/chimtech.9253

[=
AT

[
ey

Check for
updates

Comparative study of medium-pore zeolites (ZSM-5, ZSM-23,
ZSM-48) and SAPO-11 in the hydroisomerization

of n-hexadecane

Dmitry Serebrennikov 2 Artur Malunov ?

Denis Sabirov 2| Alfira Khazipova? ¥, Vladimir Gus'kov ®

, Nadezhda Filippova 2"+,
, Marat Agliullin @

a: Institute of Petrochemistry and Catalysis, Ufa Federal Research Centre of the Russian Academy of Sciences @, Ufa

450075, Russia

b: Faculty of Science and Technology, Ufa University of Science and Technology &, Ufa 450076, Russia

* Corresponding author: d25c25@yandex.ru

Abstract

The high selectivity of bifunctional catalysts in the hydroisomerization of
long-chain n-paraffins is a key factor for producing high-quality fuels. How-
ever, it is directly dependent on a complex balance between the topology,
acidity, morphology, and crystal size of the zeolite support. To address this
challenge, this work presents a comparative study of medium-pore molecular
sieves (ZSM-5, ZSM-23, ZSM-48, and SAPO-11) with different structural and
acidic properties. The physicochemical characteristics of the materials were
investigated using a set of analytical techniques, including XRD, SEM, low-
temperature N, adsorption, and NH,-TPD. It was shown that the pore topolo-
gy (3D in ZSM-5 vs. 1D in the others), chemical composition, and crystal mor-
phology (ranging from ~50 nm nanoprisms for ZSM-48 to 200-300 nm nee-
dles for ZSM-23-80 and 1 pm needles for ZSM-23-100) determine both the tex-
tural properties and the strength and concentration of acid sites. In the hy-
droisomerization of n-hexadecane, the Pt/ZSM-5 catalyst, with its high con-
centration of strong acid sites and 3D channel pore structure, exhibited the
highest activity but an extremely low isomer selectivity (<7%) due to intense
cracking. The best results were demonstrated by the Pt/SAPO-11 and Pt/ZSM-
48 samples, which provided isomer yields of 80% and 73%, respectively.
Their high efficiency is attributed to the combination of a one-dimensional
pore structure, moderate acidity, and nanocrystalline size, which minimizes
diffusion limitations and suppresses side reactions. Thus, controlling the to-
pology and acidity in combination with nanocrystalline morphology is an ef-
fective strategy for the rational design of highly selective hydroisomerization
catalysts.

Key findings

e The highest isomer yields (80% and 73%) were achieved with Pt/SAPO-11 and Pt/ZSM-
48, which is attributed to the combination of moderate acidity, nanocrystalline size, and
one-dimensional pore channels.

e The three-dimensional pore structure of Pt/ZSM-5 leads to intense cracking and low iso-
mer selectivity (<7%) due to its high acidity and lack of spatial constraints.

e The Pt/ZSM-23-80 catalyst, featuring the strongest acid sites, is effective for low-
temperature isomerization; however, its needle-like crystal morphology limits selectivity
compared to nanocrystalline analogues.
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1. Introduction

The modern oil refining industry faces the necessity of
simultaneously improving the quality of diesel fuels and
reducing their environmental impact. A key challenge is
the enhancement of low-temperature properties through
the catalytic hydroisomerization of long-chain n-paraffins
(C14—C20). Despite their high cetane number, these com-
pounds exhibit unacceptably high pour and cloud points
[1,2]. An effective solution to this problem is the selective
conversion of linear paraffins into branched isomers—
preferably monomethyl-substituted ones—which retain a
high cetane number while demonstrating significantly
lower pour points [3-5].

The central scientific challenge remains the minimiza-
tion of undesirable hydrocracking, which reduces the yield
of the target diesel component and negatively impacts
process economics [6]. The most promising catalysts for
this task are bifunctional systems that combine a noble
metal (typically Pt) with an acidic support based on 10-
membered ring (10-MR) molecular sieves. Their mi-
cropores (with a diameter of ~5 A) are comparable to the
size of higher paraffin molecules, enabling a shape-
selective effect, suppressing the formation of bulky, multi-
branched carbenium ions that lead to cracking, and favor-
ing the formation of less bulky monobranched isomers [7-
9l.

The most frequently discussed 10-MR materials for hy-
droisomerization in the literature are ZSM-23 (MTT),
ZSM-48 (RFE), ZSM-22 (TON), and SAPO-11 (AEL). All of
them are characterized by a one-dimensional (1D) system
of non-intersecting micropores, which theoretically en-
sures high selectivity. Differences in their catalytic behav-
ior are traditionally explained by subtle variations in chan-
nel topology, pore geometry (ranging from elliptical 3.9x6.5
A in SAPO-11 to the more isometric 5.3x5.6 A in ZSM-48),
and the nature of the acid sites—strong Brgnsted acids in
aluminosilicates and moderate ones in silicoaluminophos-
phates [10-14].

However, despite the extensive literature [15-19],
comparative studies of these materials often suffer from a
lack of a systematic approach. Firstly, many studies utilize
commercial or standardly synthesized samples without
detailed characterization of their morphology. This is a
significant omission, as even when using "standard" pro-
tocols, the crystal size and shape can vary substantially
depending on the gel composition, crystallization tempera-
ture, synthesis time, and other factors. Secondly, even
when the materials exhibit high dispersity, differences in
morphology are rarely considered as a significant parame-
ter influencing the catalytic properties. Instead, the focus
is placed exclusively on topology, pore size, and acidity,
leading to an incomplete or distorted understanding of the
reasons behind the differences in activity and selectivity.
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Meanwhile, according to modern understanding of het-
erogeneous catalysis in microporous materials, crystal
morphology plays a decisive role in the process efficiency
[20]. Even with identical porosity and acidity, the size and
shape of the crystallites determine the length of the diffu-
sion pathways, and, consequently, the uniformity of the
reaction distribution, the residence time of intermediates
within the pores, and the likelihood of secondary trans-
formations, including hydrocracking [21-23]. Thus, two
catalysts with identical topology and acidity but different
morphology can exhibit fundamentally different catalytic
behavior.

It is precisely this systematic shortcoming that we aim
to address in the present work. We do not resort to exotic
or poorly reproducible synthesis methods but instead em-
ploy well-known, standard protocols, which ensure high
reproducibility and practical relevance of the obtained
results. However, unlike most publications, we deliberate-
ly select a set of materials that allows for a clear demon-
stration of the influence of morphology on catalytic prop-
erties, while maintaining control over other variables.

The study includes a series of molecular sieves of dif-
ferent structural types: ZSM-5 (MFI), ZSM-23 (MTT), ZSM-
48 (RFE), and SAPO-11 (AEL). All of them were synthe-
sized using established literature methods, which ensure
the production of highly dispersed materials. However, as
our characterization has shown, the crystal morphology
differs significantly, ranging from isometric particles of
SAPO-11 to elongated needles of ZSM-23. In contrast, ZSM-5
with a three-dimensional pore system but with acidity simi-
lar to ZSM-23 was selected, allowing for the assessment of
the contribution of topology independently of the acid prop-
erties.

An equally important aspect of our approach was the in-
clusion of two ZSM-23 samples for comparison: one with
high dispersity and moderate acidity, and the other with
significantly larger crystals and a reduced concentration of
acid centers (achieved by increasing the SiO./Al.O; ratio
and the dilution of the reaction gel with water). This al-
lowed us to decouple the influences of morphology and
acidity.

Thus, the present work is dedicated to a systematic,
balanced comparative analysis that clearly reveals the
contribution of crystal morphology to the catalytic per-
formance in the hydroisomerization of n-hexadecane—a
model compound representing the diesel fraction. We
demonstrate that even when using standard syntheses and
in the presence of high dispersity, differences in crystal
shape and size can be decisive for selectivity, and that ig-
noring this factor leads to erroneous interpretations.

All the catalysts were characterized using a unified set
of techniques (X-ray diffraction, scanning electron micros-
copy, ammonia temperature-programmed desorption, ni-
trogen adsorption) and tested under identical reaction
conditions.
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2. Materials and methods

2.1. Synthesis of ZSM-5 zeolite

ZSM-5 zeolite with an SiO./Al.O3 ratio of 50 was synthe-
sized from a reaction gel of the following molar composi-
tion: 0.03Na20-0.04TBAB-0.02A1,03-1.00Si02-:30H20. So-
dium hydroxide (NaOH), silica sol (40% SiO., Prom-
Steklo), sodium aluminate (Sigma-Aldrich) as sources of
silicon and aluminum, respectively, with tetrabutylammo-
nium bromide (TBAB, Sigma-Aldrich) as the template.

The reaction gel was prepared by adding an aqueous
NaOH solution and distilled water to a calculated amount
of silica sol under vigorous stirring. Subsequently, aque-
ous solutions of the template (TBAB) and aluminum ni-
trate were added sequentially to the resulting mixture.

After mixing all components, the resulting gel was trans-
ferred into a Teflon-lined autoclave and subjected to hydro-
thermal crystallization at 160 °C for 48 h. The solid product
was recovered by centrifugation and repeatedly washed with
distilled water until the washings reached neutral pH. Final-
ly, the samples were dried at 150 °C for 8-10 h.

2.2. Synthesis of ZSM-23 zeolite

ARTICLE

The reaction gel was prepared by adding NaOH and
distilled water to a calculated amount of silica sol under
vigorous stirring. A calculated amount of the template and
sodium aluminate was added to the resulting solution.
Subsequently, HMB was added sequentially to the result-
ing mixture.

After mixing all components, the resulting gel was
transferred into a stainless-steel autoclave and subjected
to hydrothermal crystallization at 160 °C for 96 h. The
solid product was recovered by centrifugation, thoroughly
washed with distilled water until neutral pH was reached,
and dried at 110 °C.

2.4. Synthesis of silicoaluminophosphate SAPO-11

ZSM-23 zeolite with a SiO./Al.O; ratio of 80 was synthe-
sized from a reaction gel of the following molar composi-
tion: 0.35Na20-0.0125A1-03:1.008Si02-0.7DMF-35H-0. Sodi-
um hydroxide (NaOH), silica sol (40% SiO2, Ludox AS-40),
aluminum nitrate nonahydrate (AI(NOs3)3-9H20, 99%,
Acros Organics), and dimethylformamide (DMF, 99%,
Acros Organics) were used for its preparation.

The reaction gel was prepared by adding NaOH and
distilled water to a calculated amount of SiO. sol under
vigorous stirring. A calculated amount of the template and
Al(NO3)3-9H,0 was added to the resulting solution. Subse-
quently, DMF was added sequentially to the resulting mix-
ture.

After mixing all components, the resulting gels were
aged at 60 °C for 24 h and then crystallized at 170 °C for
72 h. The solid products were separated by centrifugation
and washed with distilled water until the washings
reached neutral pH.

ZSM-23 zeolite with a SiO2/Al.O3 ratio of 100 was syn-
thesized using an analogous procedure from a reaction gel
of the following molar
0.35Na20:0.01A1203:1.008i02-0.7DMF-45H-0.

composition:

2.3. Synthesis of ZSM-48 zeolite

Silicoaluminophosphate molecular sieves of the SAPO-11 type
were synthesized from reaction gels with the following molar
composition: 1.0Al>03:1.0P205-0.1Si02:1.0(DPA)-40H-0. Alu-
minum isopropoxide (IPA, 99%, Acros Organics) was used
as the aluminum source. The sources of phosphorus and
silicon were orthophosphoric acid, H3PO, (85%, Reakhim),
and a silica sol prepared from tetraethyl orthosilicate
(TEOS, 99%, Ekos) according to the procedure described
in [24]. Di-n-propylamine (DPA, 99%, Acros Organics)
was used as the template.

After the addition of all components, the mixture
was stirred vigorously for 1 h until a homogeneous gel
was obtained, which was then aged in a thermostat at
90 °C for 24 h. The resulting aged gels were loaded into
a stainless-steel autoclave with a special PTFE liner and
crystallized at 200 °C for 24 h. After crystallization, the
SAPO-11 samples were washed with distilled water to
neutral pH, separated by centrifugation, and dried at
90 °C for 24 h.

2.5. Catalyst preparation

ZSM-48 zeolite with a Si02/AlO3 ratio of 150 was synthe-
sized from a reaction gel of the following molar composi-
0.08Naz0-0.0067 Al203:1.00Si02-0.06HMB-25H-0.
Sodium hydroxide (NaOH), silica sol (40% SiO2, Prom-
Steklo), sodium aluminate (Sigma-Aldrich),
amethonium bromide (HMB, Sigma-Aldrich) were used as
the template.

tion:

and hex-
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The H-form of the zeolite samples was obtained after crys-
tallization via ion exchange of Na* cations with NH,4* cati-
ons in an aqueous solution of ammonium nitrate (NH4NOs3,
98%, Reakhim) at 70 °C for 1 h under stirring. The result-
ing suspension was then dried at 120 °C and calcined at
550 °C for 4 h in an air atmosphere. The samples in the H-
form were assigned an H-index.

The calcined and powdered molecular sieve samples
(in the H-form) were first pressed into pellets, then
crushed and sieved to collect the 0.1-0.2 mm fraction. This
fraction was calcined in an air atmosphere at 600 °C for 6
h. The calcined support was impregnated by the incipient
wetness method with an aqueous solution of H.PtCls-6H20
to achieve a Pt loading of 0.5 wt.% relative to the support
mass. The impregnated sample was dried at 100 °C for
24 h and then calcined at 550 °C for 5 h. Prior to the reac-
tion, the catalyst was reduced in a hydrogen flow at
400 °C and 30 bar for 14 h. The Pt-containing samples
were subsequently assigned a "Pt"- index.

DOI: 10.15826/chimtech.9253
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2.6. Material analysis methods

The chemical composition of the synthesized molecular
sieves was determined by energy-dispersive X-ray fluores-
cence spectroscopy using a Shimadzu EDX-7000P spec-
trometer (Shimadzu Corporation, Germany) and the fun-
damental parameters method.

The phase composition of the zeolites was analyzed us-
ing a Shimadzu XRD-7000 diffractometer with Cu Ka radi-
ation. Scanning was performed over a 26 range from 3° to
40° with a scan rate of 1°/min. The X-ray diffraction data
were processed using Shimadzu XRD software with the
PDF2 database for phase analysis. Crystallinity was as-
sessed based on the content of the amorphous halo, which
was measured in the 26 range of 20 to 30 degrees using
the Shimadzu XRD Crystallinity software. The degree of
crystallinity was calculated as the ratio of the total inte-
gral intensity of the crystalline phase to the sum of the
total integral intensities of the crystalline and amorphous
phases.

The morphology and crystal size of the synthesized mo-
lecular sieves were determined by field-emission scanning
electron microscopy (FE-SEM) using a Hitachi Regulus
SU8220 scanning electron microscope. Images were ac-
quired in secondary electron mode at an accelerating volt-
age of 2 kV.

The textural characteristics of the samples, previously
calcined in air (600°C, 6 h), were investigated by low-
temperature nitrogen adsorption-desorption at 77 K using
an Altamira Instruments QUICK-200 analyzer. The specific
surface area was calculated using the Brunauer-Emmett-
Teller (BET) method. The micropore volume was evaluated
using the t-plot method, and the mesopore size distribu-
tion was determined using the Barrett-Joyner-Halenda
(BJH) model applied to the desorption branch of the iso-
therm.

The acidic properties were evaluated by temperature-
programmed desorption of ammonia (NH5-TPD) using an
Altamira AMI-400TPx instrument. The calcined samples
were subjected to pre-treatment at 550 °C in a helium
flow for 2 h. Subsequently, a 10 vol.% mixture of NH; in
helium was introduced to the samples at 100 °C for
30 min. The samples were then purged with helium to
remove physically adsorbed ammonia. The desorption of
NH; was monitored over a temperature range from 100 to
600 °C with a heating rate of 10 °C/min. The resulting
TPD profiles were deconvoluted into individual Gaussian
peaks, and the acid site concentrations were determined
by integrating the areas of the deconvoluted components.
Peaks exhibiting maxima within the temperature ranges of
100-250 °C, 250-400 °C, and 400-600 °C were assigned
to weak, medium, and strong acid sites, respectively. De-
sorption activation energies (225, 215, and 208 kJ/mol)
were calculated using Catalyst Characterization Instru-
ments software (v1.0.0.183) based on the dependence of
the peak maximum temperature on the heating rate, in
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accordance with the Redhead analysis for first-order de-
sorption kinetics [25].

The platinum dispersion and average particle size in
the Pt-containing samples were determined by pulse
chemisorption of hydrogen using an Altamira AMI-400TPx
instrument. Prior to analysis, the samples were reduced in
a hydrogen flow at 400 °C. Chemisorption measurements
were carried out at 40 °C. Platinum dispersion and mean
particle diameter were calculated from the amount of ad-
sorbed hydrogen using Catalyst Characterization Instru-
ment software, assuming a hydrogen-to-platinum stoichi-
ometry (H:Pt) of 1:1.

2.7. Catalytic testing in n-hexadecane
hydroisomerization

The tests of Pt-containing samples were carried out on a
laboratory setup equipped with a continuous-flow iso-
thermal reactor with a fixed catalyst bed, at temperatures
ranging from 220 °C to 340 °C. The reactor pressure was
maintained at 30 bar. The hydrogen-to-hydrocarbon molar
ratio was 10 mol/mol, and the weight hourly space veloci-
ty (WHSV) was 2 h™.

The reaction products were analyzed by gas-liquid
chromatography using a Chromatek Crystal-5000 chro-
matograph equipped with a flame ionization detector
(FID) and a 50 m glass capillary column (100% dime-
thylpolysiloxane, 50 m x 0.2 mm, 0.5 pm). Product identi-
fication was performed by gas chromatography-mass spec-
trometry (GC-MS) in the electron impact ionization mode
(ion source temperature 200 °C, ionization energy 70 eV)
using a Shimadzu instrument. The chromatograph was
equipped with a 50-meter DB-5ms column (stationary
phase: (5%-phenyl)-methylpolysiloxane), and the Wiley
(NIST 2011) mass spectral database was used for identifi-
cation.

3. Results and Discussion

As can be seen from the presented diffractograms (Figure
1), all the samples exhibit sharp and intense diffraction
peaks characteristic of their respective crystal structures.
The absence of extraneous reflections indicates the high
phase purity of the synthesized materials, while the nar-
row and well-resolved peaks attest to a high degree of
crystallinity.

The positions and relative intensities of the diffraction
maxima for each sample are in excellent agreement with
the reference data from the PDF (Powder Diffraction File)
database: ZSM-5 (PDF No. 00-043-0321), ZSM-23 (PDF No.
00-044-0102), ZSM-48 (PDF No. 00-043-0531), and SAPO-
11 (PDF No. 00-041-0023). The observed match confirms
not only the identity of the synthesized phases with their
theoretical structures but also the absence of significant
lattice distortions or the formation of impurity phases
during synthesis. The crystallinity for all samples exceed-
ed 90% (Table 1).

DOI: 10.15826/chimtech.9253
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Figure 2 shows the morphology and crystal size of the
synthesized molecular sieves according to scanning elec-
tron microscopy (SEM) data. The ZSM-5 sample consists of
well-defined prismatic crystals with characteristic facets
typical of the orthorhombic modification of this zeolite.
The crystal sizes range from 200 to 500 nm, and the parti-
cles show a moderate level of aggregation, indicating con-
trolled growth during synthesis. This morphology is favor-
able for catalytic applications as it combines a developed
external surface area with the preservation of the mi-
croporous structure.

The ZSM-23-80 crystals exhibit a distinct needle-like
(or fibrous) morphology, with a length of 200-300 nm and
a high aspect ratio.

This shape is characteristic of zeolites with a one-
dimensional pore system and can promote the directed
diffusion of reagents along the channels. However, it also
increases the risk of undesirable hydrocracking side reac-
tions due to the prolonged residence time of intermediates
within the channels.

For a more detailed comparison of the influence of
morphology on catalytic properties, a ZSM-23-100 sample
with larger needle-like crystals approximately 1 pm in
length was additionally synthesized. Compared to ZSM-23-
80, the longer diffusion path in the larger ZSM-23-100
crystals may further increase the residence time of inter-
mediates in the channels, thereby additionally enhancing
the likelihood of side reactions such as hydrocracking.

In the case of ZSM-48, small prismatic crystals with a
characteristic size of approximately 50 nm are observed.
The nanocrystals of this phase possess a significantly in-
creased external surface area compared to larger ana-
logues, which can positively affect the accessibility of ac-
tive sites and reduce diffusion limitations.

(a) (b)
5 10 16 20 25 30 35 40 5 10 16 20 26 30 35 40
2Theta, degrees 2Theta, degrees

(c) (d)
6 10 156 20 26 30 36 40 5 10 15 20 256 30 36 40

2Theta, degrees 2Theta, degrees

(e)

5§ 10 16 20 26 30
2Theta, degrees

36 40

Figure 1 X-ray diffractograms of crystalline molecular sieves: (a)
ZSM-5; (b) ZSM-23-80; (c) ZSM-23-100; (d) ZSM-48; (e) SAPO-11.
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Figure 2 SEM micrographs of molecular sieve samples of differ-
ent structural types: (a) ZSM-5; (b) ZSM-23-80; (c) ZSM-23-100;
(d) ZSM-48; (e) SAPO-11.

Table 1 Chemical and phase composition of molecular sieves of
different structural types.

Sample Chemical composition Phase DR*
ZSM-5 0.019A1,05'1.000Si0, MFI 93
ZSM-23-80 0.013A1,05-1.000Si0, MTT 94
ZSM-23-100 0.010A1,0;:1.0008Si0, MTT 92
ZSM-48 0.007A1,05:1.0008i0, RFE 91
SAPO-11 1.000 Al,05-0.018Si0, AEL 93

* DR - degree of crystallinity, %

The silicoaluminophosphate SAPO-11 consists of crys-
tals ranging in size from 100 to 300 nm with a morpholo-
gy resembling truncated cube-like cones, partially forming
aggregates. This shape can facilitate effective mass trans-
fer in reactions involving bulky molecules, such as in the
hydroisomerization of Cis+ paraffins.

The textural properties of the synthesized molecular
sieves were studied by low-temperature nitrogen adsorp-
tion-desorption. The obtained isotherms (Figure 3) are
classified as type IV according to the IUPAC classification,
indicating a mixed microporous and mesoporous structure

DOI: 10.15826/chimtech.9253
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of the samples. The presence of a distinct hysteresis loop
in the relative pressure range P/P, from 0.4 to 0.9 con-
firms the presence of mesopores.

Pore size distribution calculations performed using the
BJH method revealed the presence of mesopores in the
range of 2-20 nm for all materials. These pores likely rep-
resent intercrystalline voids formed due to the aggrega-
tion of nanocrystals, which is consistent with the scanning
electron microscopy (SEM) data. It should be noted that
the peak in the ~2 nm region on the BJH curves is an artifact
associated with the tensile strength effect of nitrogen and
was not considered in the quantitative porosity analysis.

The quantitative textural characteristics of the samples
are presented in Table 2. Analysis of the parameters relat-
ed to microporosity reveals a clear dependence on the type
of crystal structure.

The ZSM-5 zeolite possesses the most developed mi-
croporous structure, which is reflected in the maximum
values of both the BET specific surface area (Sger) and the
micropore volume (Vmicro). This is an expected result, due
to its three-dimensional system of intersecting channels
(MFI structural type) and high degree of crystallinity.
SAPO-11 (AEL type) is characterized by somewhat lower
but comparable values, whereas the zeolites ZSM-48 and

450 -

+125
400 —

350
4+100

300

250 { +100

i (©)
AAAAAAAALAA
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ZSM-23-80 with a one-dimensional pore system (RFE and
MTT, respectively) exhibit significantly lower Sser and
Vmicro values.

Conversely, the analysis of parameters characterizing
secondary porosity (intercrystalline space) reveals a dif-
ferent trend, which depends more significantly on crystal
morphology and packing mode. The largest mesopore vol-
ume (Vmeso) is observed for SAPO-11 and ZSM-23-80. This
can be explained by their morphology: the SAPO-11 nano-
crystals with a truncated cone shape and the needle-like
ZSM-23-80 crystals tend to form loose packing with signif-
icant intercrystalline voids.

Table 2 Pore structure characteristics of molecular sieves of dif-
ferent structural types.

2o e
H-ZSM-5 416 127 0.11 0.09
H-ZSM-23-80 198 72 0.05 0.16
H-ZSM-23-100 132 39 0.04 0.08
H-ZSM-48 201 75 0.05 0.12
SAPO-11 228 54 0.07 0.17

Sger - specific surface according to BET;
Sex - external specific surface area;
Vmicro - specific volume of micropores;
Vmeso - specific volume of mesopores.

0,06
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BJH
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0,004
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0,02
BJH
0,01
10 20

Pore size, nm

(a)
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(b)

(b)
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0,009

0,006
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(d)
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0,04 BJH
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(e")
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0,005
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10 20 30 40 50 60
Pore size, nm
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Figure 3 Nitrogen adsorption-desorption isotherms (a-e) and pore size distributions (a’-e’) of molecular sieve samples of different
structural types: (a, a’) - ZSM-5; (b, b’) - ZSM-23-80; (c, ¢’) - ZSM-23-100; (d, d’) - ZSM-48; (e, €’) - SAPO-11.
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In contrast, ZSM-5, despite having the highest external
specific surface area (Sex), possesses the smallest meso-
pore volume. This is due to the low degree of intergrowth
between its nanocrystals. ZSM-48, composed of nano-sized
prisms, occupies an intermediate position in terms of
mesopore volume, indicating a moderate packing density
of its crystallites.

It should be noted that among all the studied samples,
ZSM-23-100 exhibits the least pronounced hysteresis loop.
This is consistent with its larger needle-like crystals, ap-
proximately 1 um in length, which form denser packing
compared to the nanocrystalline ZSM-23-80. Accordingly,
the values of the BET specific surface area, external sur-
face area, micropore volume, and mesopore volume for
ZSM-23-100 are the lowest among the studied molecular
sieve samples.

The acidic properties of the synthesized materials were
studied by temperature-programmed desorption of am-
monia (NH3-TPD) (Figure 4)

Analysis of the total acidity revealed a direct correla-
tion between the number of acid sites and the aluminum
content in the zeolite framework (Table 3). The maximum
concentration of sites was recorded for H-ZSM-5 with a
Si02/Al203 ratio of 49. As this ratio increases in the series
H-ZSM-23-80 (Si0./Al05 = 76) and H-ZSM-48 (SiO2/Al.0;
= 143), the total acidity consistently decreases. The lowest
number of acid sites is demonstrated by SAPO-11, which is
expected for silicoaluminophosphates, where acidity aris-
es from the limited isomorphic substitution of silicon in
the phosphate matrix, and the concentration of such sites
is typically lower than in aluminosilicate zeolites.

ARTICLE

The distribution of sites by strength reveals a more
complex picture. Although H-ZSM-5 leads in the number of
both medium-strength and strong acid sites, and SAPO-11
is at the bottom of the list in terms of the number of
strong sites, an interesting feature is observed: SAPO-11
contains more medium-strength sites than H-ZSM-48, de-
spite its lower overall acidity. This may indicate that at a
very high silica-to-alumina ratio in H-ZSM-48, the remain-
ing acid sites are predominantly weak or partially inacces-
sible to ammonia molecules.

The most important insights are derived from the
analysis of acid site strength, assessed by the temperature
of the ammonia desorption peak maximum. A non-trivial
dependence is observed here: the strongest acid sites were
found not in H-ZSM-5, but in H-ZSM-23-80. This effect can
be explained by the strong diffusion constraints within the
1D-10R channels, caused by the high aspect ratio of the
elongated needle-like crystals, which leads to higher-
temperature ammonia desorption. In H-ZSM-5, despite
their larger total number, the strength of the sites, accord-
ing to NH3-TPD data, appears somewhat lower due to both
its lower silica-to-alumina ratio and better diffusion with-
in the three-dimensional system of 10R channels.

The H-ZSM-23-100 sample, which possesses the largest
crystals among all the studied molecular sieve samples
(length ~1 pm) and an increased molar SiO2/Al.O; ratio of
95, exhibits a lower concentration of acid sites compared
to H-ZSM-23-80 (Si02/Al.03 = 76). Consequently, the total
concentration of acid sites in H-ZSM-23-100 turned out to
be comparable to that of H-ZSM-48—the sample with the
highest Si0./AlO3 ratio of 143 in the series.
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Figure 4 NH;-TPD profiles for molecular sieve
(c); H-ZSM-48 (d); SAPO-11 (e).
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Table 3 Acidic properties of molecular sieve samples of different
structural types according to NH,;-TPD data.

ARTICLE

Table 4 Dispersion and particle size of Pt in Pt-containing sam-
ples obtained by H, chemisorption.

Si0,/ Acidity by NH; TPD, pmol/g
Sample

AlLO; Weak® Moderate® Strong® b
H-ZSM-5 49 256 94 166 516
H-ZSM-
23-80 76 206 85 139 430
H-ZSM-
23-100 95 125 63 60 248
H-ZSM-
48 143 92 61 62 215
SAPO-11 0.1 134 159 45 338

2 the amount of ammonia desorbed in the range of 100-250 °C;
® the amount of ammonia desorbed in the range of 250-400 °C;
¢ the amount of ammonia desorbed in the range of 400-600 °C;

However, unlike H-ZSM-23-80, which exhibits in-
creased acid site strength, the strength of the acid sites
in H-ZSM-23-100 proved to be comparable to H-ZSM-48
and significantly lower than that of H-ZSM-23-80. This is
likely due to the fact that the increased crystal size in H-
ZSM-23-100, while preserving the one-dimensional pore
structure, simultaneously reduces the density of acid
sites and weakens their mutual influence, while also di-
minishing the contribution of diffusion effects to the
shift in ammonia desorption temperature. Thus, despite
having morphology similar to H-ZSM-23-80, H-ZSM-23-
100 exhibits acid properties closer to the "high-silica" H-
ZSM-48 both in terms of acid site concentration and their
strength.

Thus, the acidic properties of the studied molecular
sieves are governed by several factors: the chemical na-
ture of the framework, the concentration of heteroatoms,
their degree of isolation, and the characteristics of the
channel pore system. In this context, H-ZSM-5 stands out
due to its high concentration of acid sites, making it a uni-
versal catalyst for a wide range of processes.

H-ZSM-23-80, while having a lower number of sites,
possesses the strongest ones, which can be critically
important for reactions that require lower process tem-
peratures. H-ZSM-48 is characterized by limited acidity,
both in terms of the number and strength of sites,
whereas SAPO-11 exhibits moderate and relatively weak
acidity. This property is often exploited to achieve high
selectivity in processes where strong acidity leads to
undesirable side reactions, such as in the isomerization
of n-paraffins.

Previous studies have shown that loading 0.5 wt.% Pt
provides a sufficient hydrogenation-
dehydrogenation sites, and the limiting step in the hydroi-
somerization of n-hexadecane becomes the transformation
occurring at the acid sites of the support [26].

Hydrogen chemisorption measurements of platinum
supported on various molecular sieves (Table 4) reveal a
dependence of Pt dispersion and particle size on the prop-
erties of the support. Platinum dispersion ranges from
18% to 37%, corresponding to average particle sizes be-
tween 5.6 nm and 2.7 nm, respectively.

number of
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Sample e Pt particle size,
dispersion, % nm
Pt/ZSM-5 37 27
Pt/ZSM-23-80 30 33
Pt/ZSM-23-100 18 5.6
Pt/ZSM-48 24 41
Pt/SAPO-11 26 3.8

X-ray fluorescence spectroscopy confirmed that the Pt
loading in all samples was close to the target value
(~0.5 wt.%). The highest Pt dispersions were obtained on
ZSM-5 and ZSM-23-80 supports that possess the highest
concentration of acidic sites, which likely contributes to
the stabilization of small Pt particles through enhanced
metal-support In contrast, ZSM-23-100,
characterized by significantly larger crystals compared to
the other supports, exhibited the lowest dispersion and
the largest Pt particles, suggesting that crystal size (and
consequently external surface area and accessibility) plays
an important role in metal distribution.

The catalyst based on H-ZSM-5 exhibited the highest
overall activity in the hydroconversion of n-hexadecane

interactions.

(Figure 5). This is explained by the combination of its high
concentration of acid sites, significant specific surface
area, and developed microporosity of its three-
dimensional MFI structure. Furthermore, the prismatic
ZSM-5 crystals, 200-500 nm in size, provide sufficient
external surface area and higher accessibility to the acid
sites.

However, this very combination of properties—
especially the high concentration of strong acid sites and
the three-dimensional channel pore structure—leads to the
rapid secondary cracking of the formed branched isomers.
As a result, despite the high conversion, the yield of the
target isomers is the lowest, and the selectivity drops
sharply even at moderate conversion levels. The main re-
action products over the Pt/ZSM-5 catalyst are cracking
products, predominantly Cs-Ci3 hydrocarbons.

The main reaction products for catalysts based on 1D-
10R molecular sieves are mono- and dimethyl-substituted
Ci6 predominantly 2-, 3-, and 6-
monomethylpentadecanes, as well as 2,12- and 2,6-
dimethyltetradecanes. As the temperature increases, the
conversion of n-hexadecane rises, but the selectivity to-

isomers,

wards Cie isomers decreases due to the enhanced side re-
action of hydrocracking. Consequently, the yield of the
target isomers passes through a maximum (Figure 5).

It is particularly noteworthy that among the alumino-
silicate zeolites, ZSM-48 demonstrated the best perfor-
mance, achieving an isomer yield of 73%. This result sig-
nificantly surpasses both ZSM-23-80 (55%) and especially
ZSM-5, for which the maximum isomer yield was only 7%.
This behavior of ZSM-48 can be explained by the unique
combination of its structural and acidic characteristics.
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Figure 5 Hydroisomerization of n-hexadecane over molecular sieves of different structural types: (a) n-hexadecane conversion as a
function of reaction temperature; (b) C,sisomer yield as a function of reaction temperature; (c) cracking product yield as a function of
reaction temperature; (d) hexadecane isomer selectivity as a function of n-hexadecane conversion.

Firstly, its crystals are nanosized—approximately
50 nm—which drastically shortens the diffusion paths for
bulky molecules like n-hexadecane and minimizes the
probability of secondary transformations within the pores.
Secondly, the extremely high SiO./Al.O5 ratio (140) results
in a very low concentration of acid sites, most of which
are weak or moderate. This "moderate" acidity is suffi-
cient to initiate isomerization but insufficient to activate
cracking reactions, which require stronger acid sites. In
combination, the nanocrystalline nature and weak acidity
allow ZSM-48 to efficiently direct the conversion of n-
hexadecane predominantly toward the target isomers,
avoiding excessive hydrocarbon chain cleavage.
ZSM-23-80, despite its one-dimensional pore structure
and moderate acidity, demonstrated a more modest iso-
mer yield. Its needle-like crystals, 200-300 nm in size,
although creating a developed intercrystalline porosity,
still possess a significantly longer diffusion path compared
to that in the ZSM-48 nanocrystals. Furthermore, as
shown by the NH3-TPD data, the strength of its acid sites

is even higher than that of ZSM-5, which, at temperatures
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above 280 °C, promotes not only isomerization but also
partial cracking, thereby reducing the overall selectivity.

The maximum yield of Cis isomers over the larger-
crystal ZSM-23-100 (37%) was significantly lower than
that over ZSM-23-80 (55%), which is consistent with its
reduced specific surface area, decreased micropore vol-
ume, and, consequently, reduced accessibility to acid sites.
Thus, increasing the crystal size in the ZSM-23 series neg-
atively impacts the catalytic performance, underscoring
the critical role of nanoscale morphology in the efficient
hydroisomerization of heavy paraffins.

SAPO-11, isomer yield
(80%), exemplifies the classic model of an "ideal" catalyst
for heavy paraffin hydroisomerization: its nanocrystals of

demonstrating the highest

~200 nm size with a truncated cone morphology and a
developed secondary porous structure significantly im-
prove mass transfer, the one-dimensional channels of the
AEL structure limit the degree of branching, and the weak
acid sites characteristic of silicoaluminophosphates ensure
high selectivity without excessive cracking activity.
ZSM-23-80, with the strongest acid sites (ammonia de-
sorption activation energy of 225 kJ/mol), achieves the
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maximum isomer yield already at 280 °C, whereas ZSM-48
(215 kJ/mol), ZSM-23-100 (215 kJ/mol), and SAPO-11
(208 kJ/mol) reach their peak activity only at higher tem-
peratures of 310-320°C. This indicates that high acid
strength facilitates the efficient activation of long-chain
paraffins under milder conditions, making ZSM-23-80 a
preferable catalyst for low-temperature hydroisomeriza-
tion.

The differences in the ratios of monomethylpentade-
canes to more branched hexadecane isomers (M/B), ob-
tained at similar conversions of 85-90% (Table 5), are
due to the combined influence of the molecular sieve to-
pology, acidic properties, and crystal size and morphology.
The three-dimensional structure of ZSM-5 (M/B = 1.1) en-
sures high mobility of intermediates and an absence of
steric constraints, which promotes the formation of multi-
branched isomers and cracking. In the one-dimensional
(ZzSM-23, ZSM-48, SAPO-11),
intersecting channels suppress the formation of bulky car-
bocation intermediates, thereby increasing the M/B ratio.
The highest value (2.70) observed for SAPO-11 is explained
by the combination of its inherently moderate and weak
acid sites, characteristic of silicoaluminophosphates,
nanocrystalline size (~100-300 nm), and developed sec-

sieves narrow, non-

ondary porosity, which minimize secondary transfor-
mations.

ZSM-23 (M/B = 1.9), despite its one-dimensional struc-
ture, possesses stronger acid sites and a needle-like mor-
phology that prolongs diffusion paths and promotes par-
tial branching. ZSM-48 (M/B = 1.5) features nanocrystals
(~50 nm), but, likely due to its slightly larger pore size
compared to SAPO-11 coupled with its very low acid site
density resulting from high SiO:/Al.O; ratio, it allows for
the formation of a greater number of dimethyl-substituted
isomers, thereby reducing its M/B ratio relative to SAPO-
11. The mono- to dimethyl-substituted isomer ratio ob-
tained over the larger-crystal ZSM-23-100 (M/B = 1.4)
indicates a somewhat greater tendency for the formation
of branched products compared to ZSM-23-80 (M/B = 1.9).
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This may be attributed to its elongated diffusion paths,
which promote secondary transformations even at low
overall acidity. Thus, the obtained results demonstrate
that the catalytic properties of 10R molecular sieves in the
hydroisomerization of higher n-paraffins are determined
by a combination of their physicochemical characteristics,
including acidity, topology, and crystal morphology. The
conclusions drawn allow for the segmentation of their
application depending on the specific technological objec-
tive.

For instance, the high activity of ZSM-23-80 at rela-
tively low temperatures makes it promising for improving
the energy efficiency of the process. In turn, catalysts
based on SAPO-11 and ZSM-48 are the optimal choice for
achieving maximum selectivity and yield of the target
isomers with a minimal contribution from the hydrocrack-
ing side reaction. At the same time, ZSM-5, possessing the
highest activity, is most effective in cases where the key
task is to achieve maximum conversion of the initial n-
paraffins.

4. Limitations

This comparative study revealed the superior hydroisom-
erization performance of Pt/SAPO-11 and Pt/ZSM-48, at-
tributing it to their one-dimensional pores, moderate acid-
ity, and reduced diffusion path lengths.

A primary limitation of this work is its focus on a mod-
el reaction using pure n-hexadecane. Real-world diesel
hydroisomerization
where the presence of sulfur and nitrogen compounds can
significantly affect catalyst activity. Furthermore, the syn-

involves more complex mixtures

thesis scope was confined to well-established protocols.

Therefore, the logical next step is to investigate these
catalytic systems in the hydroisomerization of industrial
feedstocks like diesel fuel to bridge the gap between model
studies and practical application.

Table 5 Hydroisomerization of n-hexadecane over molecular sieves of different structural types at 85-90% n-hexadecane conversion.

Pt/ZSM-5 Pt/ZSM-23-80 Pt/ZSM-23-100 Pt/ZSM-48 Pt/SAPO-11
Conversion, % 85.0 89.2 88.5 88.4 85.0
Selectivity to i-Cs6, % 4.5 61.46 42.1 81.9 93.6
Selectivity to cracking products, % 95.5 38.5 57.9 18.1 6.4
Composition of C;¢ isomers, %
2M 5.3 11.7 8.4 7.4 10.00
3M 14.5 11.1 8.7 8.5 11.00
4M 5.2 8.0 6.2 7.8 9.6
5M 12.1 9.9 7.5 5.8 7.3
6M+7M+8M 15.8 25.0 27.3 31.0 35.0
B 47.1 34.3 41.9 39.5 27.1
M/B 1.1 1.9 1.4 1.5 2.7
M - monomethylpentadecanes;
B - Dimethyl and higher-branched isomers;
M/B - Ratio monomethylpentadecanes to more highly branched isomers.
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5. Conclusions

A comparative study of bifunctional catalysts based on
medium-pore molecular sieves (ZSM-5, ZSM-23, ZSM-48,
and SAPO-11) in the hydroisomerization of n-hexadecane
demonstrated that their catalytic properties are deter-
mined by the complex interplay of pore topology, acidic
and crystal
dimensional pore structure of ZSM-5 ensures high activity

characteristics, morphology. The three-
but leads to excessive cracking due to its high concentra-
tion of strong acid sites and lack of spatial constraints,
which drastically reduces isomer selectivity. In contrast,
the one-dimensional structures of ZSM-23, ZSM-48, and
SAPO-11 exhibit significantly higher selectivity, attributed
to their unidirectional channel pore systems that suppress
the formation of multi-branched cracking intermediates.
Among them, SAPO-11 and ZSM-48 delivered the best
performance, with maximum isomer yields of 80% and
73%, respectively. This results from the combination of
their favorable acidic properties (inherently moderate for
SAPO-11 and low-concentration for high-silica ZSM-48),
high crystal dispersity, and developed secondary porosity,
which minimize diffusion limitations and suppress side
reactions. ZSM-23-80, possessing the strongest acid sites
among the molecular
achieves high activity already at 280 °C, making it promis-

unidirectional-channel sieves,

ing for energy-efficient low-temperature isomerization.
However, its needle-like morphology limits its selectivity
compared to its nanocrystalline analogues.

Thus, the rational design of hydroisomerization cata-
lysts requires balancing acid site strength and concentra-
tion, unidirectional pore topology, and nanoscale mor-
phology. This balance enables precise tuning of the activi-
ty-selectivity trade-off to meet specific technological ob-
jectives, ranging from maximizing conversion to produc-
ing high-quality, low-pour-point fuels.
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