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Synthesis, characterization, and catalytic
performance in 1-butene cracking of ZSM-5
zeolites prepared with different cross-linked
silicon species

Zhen Chen, (2 *2 Jingfei Geng,? Xiaofang Chen,” Na Li,? Richuan Rao,? Xiongzi Dong,?
Haiping Zou®® and Weihang Ou®

ZSM-5 zeolites were prepared via a hydrothermal synthesis approach, wherein the alkalinity of the synthesis
system was precisely regulated to achieve directional control over the cross-linked configuration of silicon
species. XRD, XPS, and ZAl MAS NMR techniques were employed to conduct comprehensive
characterization of the synthesized ZSM-5 zeolite, followed by a systematic evaluation of its catalytic
performance in the conversion of 1-butene to propylene via catalytic cracking. The results demonstrated
that low alkalinity conditions favored the formation of silicon species with low cross-linking, whereas high
alkalinity conditions facilitated the generation of highly cross-linked silicon species. Leveraging this insight,
C-series and T-series ZSM-5 zeolites were successfully synthesized using highly cross-linked and low
cross-linked silicon species as silicon sources, respectively. Compared to T-series ZSM-5 zeolites, C-series
zeolites exhibited lower acid strength, reduced Brgnsted acid site density, fewer structural defects, and
a more uniform distribution of framework aluminum. These inherent properties conferred superior catalytic
selectivity. Notably, when employed in the catalytic cracking of 1-butene to propylene, C-series zeolites
achieved an impressive 55% propylene selectivity, demonstrating significant potential for industrial applications.

1. Introduction

Propylene and its downstream derivatives exhibit considerable
industrial application value, with the development of high-
selectivity propylene production technologies representing
a current frontier focus in international research.™ Currently,
the principal industrial processes for propylene production
encompass steam cracking, methanol-to-olefins (MTO) and
fluid catalytic cracking (FCC).>* Nevertheless, these conven-
tional production methods are commonly constrained by
technical limitations, including the substantial co-production
of C, olefins and relatively low propylene yields.>® As an
advanced integration of steam cracking and catalytic cracking
technologies, catalytic cracking offers distinct advantages,
including broad feedstock flexibility, superior product selec-
tivity, streamlined process configuration, reduced reaction
temperature requirements, and enhanced olefin production
efficiency.” This technology has been widely adopted in large-
scale low-carbon olefin cracking for propylene production,
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including processes such as KBR's Superflex,"* UOP's Olefin
Cracking Process (OCP),** Asahi Kasei's Omega process,* and
Sinopec's OCC process."*® The primary challenge currently
confronting low-carbon olefin catalytic cracking technology lies
in minimizing non-olefin by-products while simultaneously
enhancing olefin yield—particularly the target product
propylene—without compromising high raw material conver-
sion rates. The development of highly efficient catalysts
constitutes a pivotal factor in solid acid catalytic reactions.
Owing to its distinctive three-dimensional pore architecture
and outstanding thermal and hydrothermal stability, ZSM-5
zeolite has emerged as a benchmark catalytic material for the
cracking of 1-butene to yield low-carbon olefins.'*"” During the
catalytic reaction, its performance is primarily governed by key
parameters including the acid strength, acid density, and spatial
distribution of acid sites on the zeolite."*'®*'® Lin et al.*® synthe-
sized a series of ZSM-5 zeolites (Z-1 to Z-5) featuring comparable
acid densities but systematically varied acid strength gradients,
and conducted a comprehensive investigation into the effects of
acid strength on the catalytic cracking of 1-butene. The findings
revealed that an increase in acid strength led to a significant
reduction in propylene selectivity, accompanied by a notable
enhancement in the yields of both alkanes and aromatic
hydrocarbons. Zhu et al.*® investigated the influence of acid site
density in ZSM-5 zeolites with varying Si/Al ratios on the product
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selectivity of butene cracking. Their findings revealed that while
increasing the Si/Al ratio (corresponding to a decrease in acid site
density) led to a slight reduction in butene conversion, it
simultaneously resulted in a significant enhancement in the
combined selectivity of ethylene and propylene. Zhang et al.*
synthesized a series of ZSM-5 zeolites with varied acid distribu-
tion properties through calcium nitrate modification, demon-
strating that preserving the acid sites on the external zeolite
surface significantly enhanced the reaction selectivity for
propylene production during 1-butene cracking. Current
research primarily employs post-treatment methods—such as
phosphorus (P) modification,** alkali metal modification,**
alkaline earth metal modification,> and rare earth element
modification®**—to regulate the acidity of zeolites for the
development of 1-butene cracking catalysts with enhanced olefin
selectivity. However, these modification strategies remain largely
empirical, lacking a systematic framework and relying predom-
inantly on trial-and-error optimization.

Currently, the synthesis of ZSM-5 zeolite predominantly
employs the hydrothermal synthesis method. During this
process, silicon species form the primary framework of the
zeolite, the polymerization state of silicate anions and their
structural evolution persist throughout the entire gelation and
crystallization stages of ZSM-5 zeolite formation. The structural
characteristics inherently influence the incorporation behav-
iour of Al atoms into the framework. Burkett” systematically
classified the diverse silicate species potentially present in the
precursor suspensions of high-silica zeolites. It is widely
acknowledged that the polymerization and depolymerization of
silicon species exist in a dynamic equilibrium, with the specific
molecular configurations of silicon species in solution being
governed by key parameters including pH value, reaction
temperature, template agent selection, and their respective
concentrations.”®?* From the perspective of regulating silicon
species structure, our research team®*** proposed an efficient
synthesis strategy for heteroatomic zeolites, developing two
distinct synthetic approaches: a “top-down” and a “bottom-up”
route. The synthesized TS-1 zeolite was applied to investigate
the molecular traffic control (MTC) effect in shape-selective
catalysis,** while the ZSM-5 zeolite was employed to study the
methanol-to-olefins (MTO) reaction.®® In this study, silicon
species with varying degrees of cross-linking were synthesized
as silicon precursors via a “top-down” approach, and subse-
quently utilized in conjunction with NaAlO, as the aluminium
source to prepare a series of ZSM-5 zeolites. The influence of the
cross-linking state of silicon species on the acidic properties
and pore architecture of ZSM-5 zeolites was comprehensively
examined employing a range of characterization techniques,
followed by an in-depth investigation into their catalytic
behaviour in the butene-to-propylene cracking reaction.

2. Experimental
2.1. Preparation of silicon species precursor

Firstly, the mixed sol was prepared with a molar ratio of
1.0Si0, : 0.2TPAOH : 34H,0. The detailed synthesis procedure
was conducted as follows: a precisely measured 1.0 g sample of
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S-1 zeolite (preparation methodology detailed in the SI) was
thoroughly homogenized with 2.715 g of a 25 wt% tetrapropyl
ammonium hydroxide (TPAOH) aqueous solution and 8.220 g
of deionized water. The resulting homogeneous mixture was
subsequently transferred to a stainless-steel sealed crystalliza-
tion autoclave, which was then placed in a thermostatically
controlled stirred autoclave reactor system. The process was
performed under dynamic heating conditions at 443 K (170 °C)
for a standardized duration of 3 hours. Upon reaching the
predetermined time, the crystallization kettle was carefully
removed and allowed to cool naturally to ambient temperature,
yielding silicon species A. Meanwhile, another mixed sol with
a molar ratio of 1.0SiO, : 1.0TPAOH : 34H,0 was prepared. The
specific experimental procedure was as follows: A quantity of
1.00 g of S-1 zeolite was accurately weighed and subsequently
combined with 13.557 g of a 25 wt% aqueous TPAOH solution at
ambient temperature, followed by thorough mechanical stirring
to ensure homogeneous mixing. The subsequent operational
procedures—including the transfer to the crystallization kettle,
heating parameters, and cooling methodology—were strictly
identical to those employed in the preparation of silicon species
A. This process ultimately yielded silicon species B. The
synthesized silicon species A and B were then collected for
comprehensive characterization.

2.2. Synthesis of ZSM-5 zeolites

The ZSM-5 zeolite was synthesized using the aforementioned
silicon sources (species A and B) with NaAlO, serving as the
aluminium source. The Si/Al molar ratios of the reaction feed
were controlled at 50 and 100, respectively. After thoroughly
mixing the silicon source and aluminium source, the resulting
homogeneous sol was transferred into a stainless steel crystalli-
zation autoclave, where it underwent dynamic crystallization at
443 K for 48 hours. After the crystallization process was
completed, the crystallization kettle was removed and rapidly
cooled to room temperature using an ice-water bath. Subse-
quently, suction filtration was performed, followed by washing
with deionized water. The resulting filter cake was dried overnight
in a thermostatically controlled oven at 333 K to yield the Na-ZSM-
5 zeolite. Subsequently, the Na-ZSM-5 zeolite underwent an ion
exchange process via the ammonium exchange method (with
a mass ratio of zeolite:NH,Cl:H,0 = 1:1:15), yielding
hydrogen-form ZSM-5 zeolite. Product naming based on silicon
source type and feeding ratio: samples prepared with silicon
species A as the silicon source were labeled as T-50 (the starting
materials molar ratio of Si/Al is 50, actual Si/Al = 50 as determined
by ICP) and T-94 (the starting materials molar ratio of Si/Al is 100,
actual Si/Al = 94 as determined by ICP); the samples prepared
using silicon species B as the silicon source were labeled as C-47
(the starting materials molar ratio of Si/Al is 50, actual Si/Al = 47
as determined by ICP) and C-101 (the starting materials molar
ratio of Si/Al is 100, actual Si/Al = 101 as determined by ICP).

2.3. Characterizations of ZSM-5 zeolites

A comprehensive suite of advanced characterization tech-
niques—including X-ray diffraction (XRD), inductively coupled

© 2026 The Author(s). Published by the Royal Society of Chemistry
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plasma atomic emission spectroscopy (ICP), scanning electron
microscopy (SEM), X-ray photoelectron spectroscopy (XPS),
solid-state *°Si magic-angle spinning nuclear magnetic reso-
nance (*°Si MAS NMR), solution-state *°Si NMR, ammonia
temperature-programmed desorption (NH;-TPD), solid-state
>7Al MAS NMR, pyridine adsorption coupled with IR spectros-
copy (Py-IR), Fourier transform infrared spectroscopy (FT-IR)
and nitrogen adsorption-desorption analysis (BET)—was
employed to systematically investigate the cross-linking states
of silicon species and the physicochemical properties of the
synthesized ZSM-5 zeolite. Detailed information on the instru-
mentation used, including instrument types, specifications,
and testing parameters, is provided in the SI.

2.4. 1-Butene catalytic cracking reaction

The 1-butene catalytic cracking reaction was experimentally
investigated using the HPMR-1542 high-pressure microreactor
chromatography system (Beijing Weikendu Technology Co.,
Ltd). The reaction tube consisted of a copper-plated iron core
housed within a stainless steel outer tube with an inner diam-
eter of 10 mm. A thermocouple was inserted into the catalyst
bed through a protective thin-walled tube. The catalyst (1.0 g)
was loaded into the stainless steel reaction tube after being
mechanically treated (compressed, crushed, and sieved) to
a particle size range of 0.250-0.425 mm. Prior to the reaction,
the catalyst was pretreated under a nitrogen atmosphere by
heating at 823 K for 4 h, followed by nitrogen flow activation
(180 mL min~") at 823 K for 3 h. The reaction feedstock con-
sisted of 1-butene with a purity of 99.9%. During the reaction, 1-
butene was diluted with nitrogen at an N,/C,Hg molar ratio of
7.82. Product identification and quantification were performed
using an Agilent GC7890A gas chromatograph equipped with
multiple columns: an Agilent 19095P-M25 (50 m X 530 um x 15
pm) column, Dikma 2 m x 1/85 A column, Dikma 2 m x 1/8
Porapak Q column, as well as two Dikma 1 m x 1/8 Porapak
Q columns and FID detectors for detecting the content and type
of hydrocarbon components, and two TCD detectors for
detecting the content of hydrogen and nitrogen. Although the
feedstock consisted of pure 1-butene, the butene conversion
was calculated based on the total butene isomers (1-, 2-, cis-2-,
and trans-2-butene) presented in the system to ensure an
accurate representation of the cracking mechanism. The rele-
vant calculation formulas are presented in the SI.

3. Results and discussion

3.1. Characterization of cross-linking state of silicon species

Fig. 1 presents the FT-IR infrared spectra of TPAOH aqueous
solution, as well as silicon species A and B. The peaks observed
at 1650 cm ™', 1460-1490 cm ™', and 970 cm ™" correspond to the
vibrational modes associated with chemical bonds in the
TPAOH aqueous solution. The FT-IR spectra of silicon species A
and B exhibit dominant absorption peaks at approximately
1100 cm™ " and 1000 ecm ™, respectively, which are attributed to
the stretching vibrations of the Si-O-Si species.”*** In
conjunction with the relevant literature,* it can be further
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Fig.1 FT-IR spectra of silicon species A, silicon species B and TPAOH
aqueous solution.

elucidated that silicon species A, obtained by dissolving S-1
zeolite under low alkalinity conditions (TPAOH/SiO, = 0.2),
predominantly exists in a low-crosslinked silicon form, whereas
silicon species B, derived from S-1 zeolite dissolution under
high alkalinity conditions (TPAOH/SiO, = 1.0), primarily adopts
a highly cross-linked structural state.

The literature*”*> demonstrates that in the **Si NMR spec-
trum, the resonance peak with a chemical shift ranging from
—68 to —76 ppm corresponds to a monomeric silicon species
[designated as Q°]. The peak observed at —80 to —81.3 ppm is
attributed to a dimeric silicon species [labeled Q*%]. The signal
at —80.8 to —82.7 ppm is assigned to the terminal silicon
species within a chain-like silicate framework [denoted as Q" ].
The Q* species, characterized by chemical shifts between —82
and —92 ppm, represents silicon atoms bridged to two addi-
tional silicon centers via Si-O-Si linkages. The Q? species, with
resonances in the range of —92 to —100 ppm, corresponds to
silicon atoms linked to three neighboring silicon atoms
through oxygen bridges. Finally, the Q* species, exhibiting
signals at —100 to —115 ppm, constitutes the fully condensed,
three-dimensionally cross-linked silicate framework. The peaks
in the 2°Si NMR spectra of silicon species A and B are labeled in
Fig. 2, meanwhile Table S1 summarizes the ratio of peak areas
for Q'-Q® species relative to the Q° species in their respective
?°Si NMR spectra. Collectively, the data presented in Fig. 2 and
Table S1 reveal that silicon species B—obtained by dissolving
S-1 zeolite under high alkalinity conditions (TPAOH/SiO, =
1.0)—exists in a diverse array of chemical environments,
dominated by Q°, Q', Q% and Q® structural units. In contrast,
silicon species A, obtained under milder alkaline conditions
(TPAOH/SiO, = 0.2), exhibits fewer NMR signals with lower
intensities. This spectral behaviour indicates a simpler struc-
tural architecture and a more constrained range of silicon
chemical environments, which is primarily composed of
monomeric Q° species and Q¢ species.

3.2. Characterization of ZSM-5 zeolites

XRD analysis is employed to investigate the phase composition
of ZSM-5 zeolite synthesized with varying cross-linked silicon
species. The resulting XRD patterns (Fig. 3) reveal that all four
samples exhibit characteristic diffraction peaks at 26 = 7.96°,
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Fig. 2 2°Si NMR spectra of silicon species A and B.
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Fig. 3 XRD patterns of C-series and T-series ZSM-5 zeolites.

8.83°, 23.18°, 23.99°, and 24.45°, which are indicative of the
ZSM-5 zeolite phase.*® These results confirm the successful
synthesis of ZSM-5 zeolites with well-defined MFI topology and
high crystallinity using both highly cross-linked and lowly cross-
linked silicon species as precursors. Fig. 3 also shows that the
relative intensities of the diffraction peaks at angles of 45.09°
and 45.64° are different for C series and T series ZSM-5 zeolites.
As reported in the literature,®” the Crystallographic Preferred
Orientation (CPO) index—a parameter for characterizing and
quantitatively comparing anisotropic growth along distinct
crystallographic axes of MFI-type crystals—is defined as Is™)/
1Y minus L,Y/,Y, and then divided by Is%/Y. Here, P
denotes the reference sample, consisting of finely powdered
zeolite with random crystal orientation, while S represents the
as-synthesized zeolite crystals under investigation, which
exhibit a regular prismatic morphology. The ratio of the inten-
sity for (1000) diffraction peak at (I(X)) 45.64°/26 to the intensity
of (0100) diffraction peak ((Y)) at 45.09°/26°¢ in the XRD pattern
of the reference sample and the investigated sample is used to
calculate the index of CPO(X)/(Y), respectively. The CPO(X)/(Y)
index quantifies the relative growth extent of zeolite crystals
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Fig. 4 SEM images of C-series and T-series ZSM-5 zeolites.

along the a-axis versus the b-axis. A negative CPO(X)/(Y) value
indicates that the MFI-type zeolite crystals exhibit a preferential
orientation along the a-axis. Conversely, a positive CPO(X)/(Y)
value corresponds to a coffin-shaped morphology, where the
crystals are thicker along the a-direction and thinner along the
b-direction, with the (0100) crystal face being significantly larger
than the (1000) face. Sample T-94 or sample T-50, the MFI
zeolite crystallites without preferred orientation is used as the
reference. As shown in Fig. 3, the CPO(X)/(Y) values of zeolites C-
47 and C-101 are 0.21 and 0.32, respectively. These results
suggest that, in contrast to the T-series zeolites, the C-series
zeolites display a preferential orientation along the b-axis.

As illustrated in Fig. 4, ZSM-5 zeolites synthesized with high
and low cross-linking silicon species demonstrate distinctly
different morphological characteristics. Specifically, the T-94
and T-50 =zeolites prepared from low-crosslinked silicon
species exhibit a small blueberry-like morphology. In contrast,
the C-101 and C-47 zeolites derived from highly cross-linked
silicon species display a b-axis oriented flat plate structure.
Notably, the C-101 zeolite demonstrates a relatively larger
crystal size.

Literature research indicates that BET analysis reveals that
the sample exhibits type IV adsorption-desorption isotherms
and type H3 hysteresis loops, signifying the presence of inter-
particle mesoporous structures formed via nanoparticle aggre-
gation.*® As illustrated in Fig. 5, N, adsorption-desorption
isotherms of T-94 and T-50 zeolites display characteristic type IV
behaviour, accompanied by type H3 hysteresis loops in the
relative pressure range (P/P°) of 0.8-0.9, thereby confirming
their pronounced mesoporous structural features. This pore
architecture substantially enhances nitrogen adsorption
capacity through the -capillary condensation mechanism,
aligning with their high external specific surface area (Sexter. =
68.7-83.1 m” g~ ') and total pore volume (Vioga = 0.48-0.52 cm?®
¢~ ") (detailed in SI, Table S2). In contrast, the BET curve of the
C-series zeolites (C-101, C-47) exhibits a type I pattern, indica-
tive of a micropore-dominated pore structure. As shown in
Fig. S1 and Table S2, the surface area, external specific surface
area, total pore volume, mesoporous volume and pore diameter
of the T-series samples are significantly greater than those of
the C-series, further substantiating that the T-series possesses
a more developed mesoporous framework, thereby reinforcing
its hierarchical pore structure characteristics. It is noteworthy

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 N, adsorption—desorption isotherms of C-series and T-series
ZSM-5 zeolites.

that the micropore volumes of all samples remained within the
range of 0.146-0.152 cm® g~ !, showing minimal variation.

The *°Si MAS NMR spectrum serves as an effective analytical
tool for characterizing the states of silicon species within the
zeolite framework. In the ?°Si MAS NMR spectrum, the main
resonance peak of the chemical shift at —113 ppm and the
resonance peak at —115 ppm are usually attributed to the Q*
(Si(0Si),) structural unit, while the resonance peak at —103 ppm
corresponds to Q* (Si(0Si);OH).>** The Q’ structure is indica-
tive of defect sites in the zeolite framework, whereas the Q*
structure represents silicon species in an isolated four-
coordinated configuration. As shown in Fig. 6, both the C-
series and T-series zeolites exhibit distinct signal peaks at
—103.2 ppm and —113.2 ppm, confirming the coexistence of
both Q* and Q° species in these materials. Specifically, the Q*/Q*
peak area ratios of ZSM-5 zeolites (C-101 and C-47) are 13.8 and
10.2, respectively, while those for ZSM-5 zeolites (T-94 and T-50)
are 8.4 and 7.9, respectively. Compared to the T-series zeolites,
the higher Q*/Q” ratios observed in the C-series samples (C-101
and C-47) suggest that C-series zeolites possess fewer frame-
work defects and demonstrate enhanced hydrophobic
properties.

Literature investigations®*** demonstrate that in XPS anal-
ysis, the characteristic peak at a binding energy of 74.5 eV can
be unambiguously assigned to the Al,, orbital. As outlined in
Section 2.2, the Si/Al molar ratios of the C-series (C-47, C-101)
and T-series (T-50, T-94) samples are quantitatively deter-
mined to be 47, 101, 50, and 94, respectively, via ICP

Q,:-113.2ppm, _+-115.4ppm
Q;:-103.2ppm .
c101 Q/Q.=13.8

Intensity/a.u.

Q,/Q,=10.2

-80 90  -100 110 120  -130  -140
Chemical Shift/ppm

-150

Fig. 6 29Si MAS NMR spectra of C-series and T-series ZSM-5 zeolites.
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spectroscopy. Comparative analysis of the XPS data (Fig. 7) and
Table S2 reveals corresponding measured Si/Al molar ratios of
53, 94, 105, and 254 for these samples. Notably, ICP analysis
provides an assessment of the bulk chemical composition,
whereas XPS characterizes the surface chemical state. The
experimental findings indicate a substantial enrichment of
silicon species on the surface of the T-series samples, as evi-
denced by their significantly higher surface Si/Al molar ratios
relative to the bulk values. Conversely, the C-series samples
exhibit negligible disparity between surface and bulk Si/Al
molar ratios. This discrepancy underscores a pronounced
silicon-rich surface characteristic in T-series ZSM-5 zeolites,
while the C-series samples display an aluminium-enriched
surface. Building upon these observations, further investiga-
tion into the aluminium atoms distribution in C-series ZSM-5
zeolites is conducted in conjunction with literature data. Prior
research from our group*** has conclusively demonstrated that
highly cross-linked silicon species—particularly those exhibit-
ing a “molecular gripper” effect—can effectively facilitate the
homogeneous distribution of heteroatoms within the zeolite
framework. Given that the C-series samples exhibit surface Si/Al
molar ratios comparable to their bulk values, it can be logically
deduced that the aluminium atoms of the C-series ZSM-5
zeolites synthesized using highly cross-linked silicon species
also demonstrate a homogeneous distribution within the
framework.

The spatial distribution of aluminium (Al) atoms within the
framework pore system of ZSM-5 zeolites is systematically
examined using >’Al MAS NMR spectroscopy. As documented in
the literature, the characteristic resonance peak at 56 ppm in
the >’Al MAS NMR spectrum is ascribed to framework Al species
residing in the linear (straight) or sinusoidal channels of ZSM-5
zeolite, while the peak at 54 ppm is attributed to Al atoms sit-
uated at the intersection nodes of the pore channels.*** As
depicted in Fig. 8, both the T-series and C-series samples
display distinct signal peaks at 54 ppm and 56 ppm, unequiv-
ocally confirming the coexistence of Al atoms in both the linear/
sinusoidal pore regions and the pore intersection sites of these
two zeolite variants. Specifically, the relative signal intensities at
54 ppm and 56 ppm are quantified as follows: 22% and 28% for
the C-47 sample, 31% and 24% for the C-101 sample, 33% and
16% for the T-50 sample, and 32% and 22% for the T-94 sample.
Comparative analysis reveals that the C-47 and C-101 samples
exhibit a significantly higher proportion of signals at 56 ppm
(28% and 24%, respectively) relative to the T-series samples
(16% and 22%), indicative of a preferential enrichment of
framework Al atoms within the linear or sinusoidal channels.
Conversely, the T-50 and T-94 samples demonstrate a relatively
elevated signal intensity at 54 ppm (33% and 32%, respectively)
compared to their counterparts (22% and 31%), suggesting
a greater accumulation of framework Al atoms at the pore
intersection nodes.

Fig. 9 presents the NH;-TPD characterization results of ZSM-
5 zeolite. As reported in the literature,*>** the NH;-TPD spectra
of typical MFI-structured zeolites generally exhibit a bimodal
distribution, wherein the low-temperature desorption peak (LT,
~200-350 °C) and high-temperature desorption peak (HT,

RSC Adv, 2026, 16, 23651-23661 | 23655
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Fig. 7 XPS spectra of C-series and T-series ZSM-5 zeolites.
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Fig. 8 2Al MAS NMR spectra of C-series and T-series ZSM-5 zeolites.

~350-500 °C) correspond to the adsorption of NH; molecules
on weak and strong acid sites on the zeolite surface, respec-
tively. As illustrated in Fig. 9, both the C-series and T-series
ZSM-5 zeolites display distinct NH; desorption peaks in the
low- and high-temperature regions. Notably, the NH;-TPD
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curves of the T-series samples (T-94, T-50) exhibit prominent
desorption peaks around 400 °C, whereas the desorption peak
positions of the C-series samples (C-101, C-47) are markedly
shifted toward the lower-temperature range (~380 °C). This
observation suggests that the surface acid strength of the C-

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 9 NH3-TPD profiles of C-series and T-series ZSM-5 zeolites.

series ZSM-5 zeolites is relatively weaker than that of the T-
series zeolites.

Pyridine infrared (Py-IR) spectroscopy is employed to further
investigate the acid properties of C-series and T-series ZSM-5
zeolites. Utilizing pyridine as a strong basic probe molecule,
FT-IR adsorption spectroscopy enables effective characteriza-
tion of both the acid density and strength of Brgnsted and Lewis
acid sites within the zeolites.***” The spectral features are as
follows: the pyridine-adsorbed band at 1545 cm™* corresponds
to Brensted acid sites in ZSM-5 zeolites, while the band at
1454 cm ™' is attributed to Lewis acid sites. The desorption peak
intensities at 150 °C correspond to the total contents of
Brgnsted and Lewis acid sites in the ZSM-5 samples, respec-
tively. The strength of Brensted acid centers in the ZSM-5
zeolites is semi-quantitatively evaluated by monitoring the
pyridine desorption peak intensity at 1545 cm™ " (attributed to
Brgnsted acid sites) at different desorption temperatures
(150 °C, 200 °C, 250 °C, 350 °C, and 450 °C), with normalization
to the peak intensity at 150 °C. A more rapid decrease in the
normalized intensity with increasing desorption temperature
indicates weaker Breonsted acid strength in the ZSM-5
zeolite.**” Based on the data from Fig. S2, Tables S3, and S4,
normalization analysis is conducted to assess the population of
Brgnsted acid centers in the C-series and T-series ZSM-5
samples, as presented in Fig. 10. The results reveal that,
compared to the T-series ZSM-5 zeolites, the normalized
intensity of the C-series samples decreases more rapidly with
increasing desorption temperature, suggesting a relatively
weaker Brgnsted acidity in the C-series zeolites. These Py-IR
characterization findings in Fig. 10 are consistent with the

-
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NH;-TPD results in Fig. 9, further confirming the lower acidity
of the C-series zeolites.

3.3. ZSM-5 zeolites catalyzed 1-butene cracking reaction

The catalytic performance of ZSM-5 zeolite samples in the 1-
butene cracking reaction is systematically investigated, with the
experimental results comprehensively presented in Table 1. The
findings demonstrate that, irrespective of whether considering
the C-series or T-series products, an increase in the Si/Al ratio of
the ZSM-5 zeolite leads to a notable reduction in both acid
strength and acid density, consequently resulting in a decreased
conversion rate of 1-butene. Notably, the C-series ZSM-5 zeolite
exhibits a relatively lower 1-butene conversion rate compared to
the T-series products, primarily attributable to its inherently
weaker acid strength properties. This conclusion exhibits a high
degree of consistency with the characterization results obtained
from Py-IR and NH;-TPD analyses.

Regarding the mechanism of the 1-butene cracking
reaction,'®***° the process primarily follows a typical bimolec-
ular cracking pathway. Specifically, the reaction initiates with
the double bond isomerization and skeletal isomerization of 1-
butene, subsequently leading to the formation of a Cg-carbo-
cation intermediate via butadiene dimerization. This key
intermediate then wundergoes further cracking reactions,
predominantly yielding target products such as ethylene and
propylene. Additionally, the primary cracking products partici-
pate in a series of complex secondary reactions, generating
various by-products. Among these, C; alkanes are principally

formed through hydrogen transfer reactions involving
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Fig. 10 Normalized area relative to Bronsted acid sites versus evacuation temperature over C-series and T-series ZSM-5 zeolites.
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Table 1 Product distribution of butene cracking reaction catalyzed by ZSM-5 zeolite”
Sel. (mol%)

Zeolites Conv. (C3) (mol%) Cy oy Cs Cs Ccy+CY c+C H, Arom P/E
C-101 69.88 12.28 55.09 12.92 5.64 0.31 11.75 0.61 1.21 4.49
T-94 77.01 17.32 50.14 7.73 4.22 0.82 14.96 1.24 3.33 2.89
C-47 82.10 19.39 38.79 5.84 4.01 1.52 22.34 2.10 5.70 2.00
T-50 88.93 19.18 26.25 3.01 4.30 3.25 28.97 4.96 9.78 1.37

“ Reaction conditions: cat., 0.8 g; temperature, 500 °C; pressure, 0.1 MPa; 1-butene flow rate, 40 L min~'; N, flow rate, 360 mL min'; WHSV, 7.50

h™*;, TOS, 1 h.

corresponding carbon-number cations; aromatic hydrocarbons
and hydrogen are produced via the dehydrogenation-aromati-
zation reaction pathway; methane and ethane originate from
the side-chain cleavage reactions of isoparaffins and alkyl
aromatic hydrocarbons; while Cs olefins are generated through
olefin oligomerization reactions or deprotonation processes of
the corresponding carbocations.

Based on the product selectivity analysis (Table 1 and
Fig. 11), it is observed that for both the T-series and C-series
products, an increase in the Si/Al ratio of ZSM-5 zeolite results
in a progressive decline in ethylene selectivity, concomitant
with a corresponding rise in propylene selectivity. In the
cracking process of C, olefins, ethylene is primarily derived
from two pathways: (1) the direct cracking of Cg carbocations,
and (2) the subsequent cracking of shorter-chain carbocations
(e.g., Cs and Cg carbocations) generated from the initial Cg
carbocation cleavage. This indicates that the formation effi-
ciency of ethylene is strongly influenced by the cracking activity
of carbocations. As the Si/Al ratio of ZSM-5 zeolite increases, the
reduced acidity leads to diminished carbocation cleavage
activity, thereby decreasing ethylene selectivity with rising Si/Al
ratio. In contrast, propylene generation depends not only on
carbocation cracking but also on the deprotonation of C; car-
bocations, which likely plays a pivotal role in the enhanced
propylene selectivity. Consequently, the combined effect of
declining ethylene selectivity and increasing propylene selec-
tivity leads to a marked elevation in the propylene-to-ethylene
(P/E) ratio.

TTITIT]

ITITIT

80

60

40

Product Selectivity/%

20 c2=

c-101
Sample

Fig. 11 Product distribution map of ZSM-5 zeolites catalyzed butene
cracking reaction.
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Further experimental observations indicate that with an
increasing Si/Al ratio, the yields of alkanes, aromatics, and
hydrogen exhibit a decreasing trend, whereas the selectivity
toward C; alkenes demonstrates a notable enhancement. This
phenomenon can be elucidated through the following mecha-
nistic pathways: firstly, the overall acidity of the zeolite dimin-
ishes as the Si/Al ratio rises, accompanied by a reduction in the
acid density of strong acid sites. Consequently, hydrogen
transfer activity is significantly suppressed, leading to a decline
in the selectivity of hydrogen transfer products (e.g., C3-Cs
alkanes). Secondly, methane and ethane primarily originate
from side-chain cleavage reactions of branched alkanes or alkyl-
substituted aromatic hydrocarbons. The decreased formation of
aromatic products directly reduces the availability of these
precursor species, thereby accounting for the observed reduc-
tion in methane and ethane selectivity. Thirdly, the diminished
selectivity for aromatic hydrocarbons and hydrogen may stem
from the reduced acid concentration resulting from the elevated
Si/Al ratio. This decrease lowers the probability of interaction
between intermediate species and acidic sites, consequently
attenuating the activity of dehydrogenation-aromatization
reactions. Lastly, the reduced acidity of the zeolite also weakens
the cracking capability of carbocations, facilitating their direct
conversion into olefinic products. This mechanistic pathway
ultimately contributes to the enhanced yield of Cs olefins.

In comparison to the catalytic performance of T-series ZSM-5
zeolites, C-series products demonstrate superior propylene
selectivity and a higher propylene/ethylene (P/E) ratio in the 1-
butene cracking reaction. Notably, the C-101 sample exhibits
the optimal propylene selectivity and P/E ratio, underscoring
the significant advantages of low Si/Al ratio ZSM-5 zeolites
synthesized using highly cross-linked silicon species in cata-
lyzing 1-butene cracking. These materials effectively enhance
propylene selectivity while simultaneously suppressing
aromatic and hydrogen formation. Characterization analysis
indicates that this enhanced performance stems from the
synergistic effects of several key factors: the C-series ZSM-5
zeolites possess moderate acidity, an Al-enriched surface, pref-
erential distribution of framework Al atoms within the straight
and sinusoidal channels, and an overall improved hydrophobic
character.

As a widely recognized benchmark catalyst, ZSM-5 zeolite
exhibits exceptional stability during the cracking of 1-butene
(C%), a performance attribute directly attributed to its unique

© 2026 The Author(s). Published by the Royal Society of Chemistry
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three-dimensional microporous framework structure. Pio-
neering studies by Liu et al.>* and Praserthdam et al.>> have
experimentally validated this stability, demonstrating that
ZSM-5 maintains sustained catalytic activity for over 350 hours
without noticeable deactivation during 1-butene cracking.
Temperature-programmed oxidation (TPO) characterization
further reveals that the primary cause of deactivation in ZSM-5
under these reaction conditions is the deposition of carbona-
ceous coke species, which gradually block the zeolite's pore
channels and active sites over prolonged operation. This
article proposes that ZSM-5 zeolite constructed with different
cross-linked silicon species as structural elements should have
significant structural specificity in terms of the evolution of
catalytic life and deactivation mechanism. The structure—
activity relationship of the C-ZSM-5 zeolite system in the C
series is particularly noteworthy. Given the current research on
the deactivation pathway analysis and lifetime regulation
mechanism of ZSM-5 zeolite, there is an urgent need for in-
depth exploration of related scientific issues.

4. Conclusions

This study systematically investigates the synthesis of ZSM-5
zeolites with distinct crosslinking degrees by modulating the
alkalinity conditions during the dissolution of S-1 zeolite.
Specifically, low and high alkalinity regimes are employed to
prepare low-crosslinked and high-crosslinked silicon species,
respectively, which serve as silicon sources for the subsequent
synthesis of T-series and C-series ZSM-5 zeolites. Comprehen-
sive characterization analyses reveal that, compared to the T-
series counterpart, the C-series ZSM-5 zeolite demonstrates
enhanced hydrophobicity and a higher surface aluminium
content. The aluminium species in the C-series sample exhibit
a preferential distribution within the straight and sinusoidal
channels, accompanied by relatively weaker acid strength and
reduced Brensted (B) acid site density. These structural features
collectively influence the catalytic performance in 1-butene
cracking reactions: while the C-series zeolite shows a slightly
lower 1-butene conversion rate, it delivers superior propylene
selectivity, a higher propylene/ethylene (P/E) ratio, and mini-
mized by-product formation. The findings provide valuable
insights and theoretical guidance for optimizing industrial
processes aimed at the highly selective conversion of 1-butene
to propylene.
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