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lytic cracking of n-decane over
microwave-synthesized hierarchical core–shell
nano-Beta@SBA-15 composite zeolite

Hailong Ma, a Hui Gao, *a Jieyin Ma,a Jiajun Zhao,a Chen Zhangb

and Dongsheng Wenac

Catalytic cracking of endothermic hydrocarbon fuels offers a promising regenerative cooling strategy for

hypersonic propulsion systems, yet conventional microporous zeolite catalysts suffer from severe

diffusion limitations and rapid coke deposition under supercritical conditions. This study develops

a hierarchical core–shell Beta@SBA-15 composite zeolite via a microwave synthesis method, integrating

microporous nano zeolite Beta as the catalytic core with ordered mesoporous SBA-15 as the transport

shell. Comprehensive characterization confirms the core–shell structure and the intimate integration of

both components. Such core–shell catalyst exhibits 14.9% higher acidity-normalized activity than nano

zeolite Beta. Its exceptional enhanced stability and reduced coke formation were also demonstrated,

with only 25.39% conversion loss over 15 hour time-on-stream tests compared to 47.45% for nano

zeolite Beta, while substantially reducing coke deposition from 6.3% to 3.8%. These results are attributed

to the core–shell structure, where the mesoporous shell improves active site accessibility, facilitates

rapid product and coke precursor removal, and effectively mitigates diffusion limitations in catalytic

processes. These findings reveal the structure–performance correlation of microporous core-ordered

mesoporous shell zeolite catalysts, offering insights for hydrocarbon conversion under extreme conditions.
1. Introduction

The development of hypersonic scramjet propulsion systems is
critically constrained by unprecedented thermal loads that
exceed conventional cooling capacities.1–3 Regenerative cooling
utilizing onboard endothermic hydrocarbon fuels (EHF) has
emerged as a promising strategy, exploiting both physical and
chemical heat sinks to dissipate thermal loads and protect
propulsion systems.4–6 However, practical implementation faces
signicant challenges including insufficient heat sink capacity,
inadequate heat transfer efficiency, and severe coke deposi-
tion.7 Catalytic cracking offers a promising solution by modu-
lating cracking pathways, managing product distributions, and
controlling reaction kinetics to enhance heat absorption while
simultaneously mitigating coking issues.8,9 Consequently,
developing high-performance catalysts capable of enhancing
endothermic capacity and suppressing coke formation has
become a critical research priority, particularly under practical
constraints of high fuel ow rates and limited residence time in
cooling channels.10,11
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Among various catalytic materials, zeolites have attracted
considerable attention for hydrocarbon conversion due to their
well-dened microporous structures, tunable acidity, and supe-
rior hydrothermal stability.12,13 Their uniform pore dimensions
and shape-selective properties enable controlled reaction path-
ways, while adjustable acid site characteristics optimize cracking
activity and product selectivity.14,15 However, conventional
microporous zeolites face signicant challenges in long-chain
hydrocarbon cracking applications. The exclusive microporous
structure, despite enabling high catalytic activity, creates
extended diffusion pathways that compromise mass transfer
efficiency. Moreover, coke precursors generated during cracking
may undergo secondary reactions within conned micropores,
forming carbonaceous deposits that ultimately block channels
and cause catalyst deactivation. These limitations necessitate the
development of hierarchical zeolites with integrated mesopores
to signicantly reduce diffusion resistance.16,17

The hierarchical architecture introduces secondary meso-
porous transport pathways that enhance active site accessibility,
facilitate product and coke precursor removal, and simulta-
neously improve mass transfer efficiency while maintaining
catalytic performance.18,19 These structural benets have proven
particularly valuable in hydrocarbon cracking, where optimized
micropore–mesopore integration balances reactant diffusion
with cracking depth, enabling efficient conversion of bulky
long-chain hydrocarbons while suppressing deactivation.20,21
RSC Adv., 2026, 16, 13559–13571 | 13559
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Most critically for regenerative cooling applications, hierar-
chical structures exhibit substantially lower deactivation rates
than conventional microporous materials during supercritical
hydrocarbon cracking, attributed to enhanced mass transfer
that effectively mitigates coke accumulation.22,23 Our previous
work demonstrated that hierarchical nano-sized zeolite Beta
with balanced acidity effectively mitigated diffusion limitations
during high-pressure catalytic processes, achieving enhanced
catalytic performance and superior coke resistance.24

However, these hierarchical zeolites typically possess
randomly distributed mesopores that, despite improving mass
transfer, still suffer from tortuous diffusion pathways and non-
uniform pore accessibility that limit catalytic efficiency. In
contrast, architectures with ordered mesoporous structures
demonstrate superior performance by providing well-dened
geometry that creates uniform diffusion pathways, minimizes
transport resistance, and ensures consistent active site acces-
sibility.25,26 Studies on FAU and Beta zeolites with ordered 2D-
hexagonal or 3D-cubic mesoporous architectures conrm that
such structural precision effectively mitigates diffusion limita-
tions, optimizes reactant-product transport, and substantially
reduces internal coke formation.27,28 Among ordered meso-
porous congurations, core–shell architectures represent
a particularly elegant design that spatially segregates catalytic
and transport functions within a unied framework. The
microporous zeolite core concentrates strong acid sites for
rapid cracking reactions, while the ordered mesoporous shell
provides molecular highways for efficient reactant delivery and
product evacuation, creating synergistic effects unattainable in
conventional structures.29,30 Core–shell composites such as
FAU/SBA-15 and HZSM-5@MCM-41 demonstrate effective
functional compartmentalization in hydrocarbon conversion,
with a mesoporous shell serving as a pre-cracking zone and
enhancing molecular accessibility to the acidic core while
facilitating product and coke precursor removal. This results in
improved product selectivity and substantially mitigates cata-
lyst deactivation.31,32 Despite the promising results, there are
still critical knowledge gaps concerning how core–shell archi-
tectures affect mass transfer dynamics, catalytic stability, and
coking resistance in supercritical hydrocarbon cracking. This
understanding is crucial for the rational design of catalysts in
regenerative cooling applications.

Herein, this study developed a Beta@SBA-15 core–shell
catalyst and systematically evaluated its performance in super-
critical n-decane cracking for regenerative cooling applications.
The core–shell architecture integrates nano zeolite Beta's cata-
lytic activity with SBA-15's ordered mesoporous structure to
enhance mass transfer and suppress coke deposition. System-
atic characterization elucidated the structural, textural, and
acidic properties of the material. Catalytic performance was
comprehensively evaluated through supercritical n-decane
cracking, focusing on conversion, product selectivity, and long-
term stability. Results demonstrated that the core–shell archi-
tecture signicantly improved mass transfer efficiency,
enhanced catalytic stability, and markedly increased coking
resistance during supercritical cracking. Compared to the
parent zeolite Beta, the core–shell catalyst exhibits substantially
13560 | RSC Adv., 2026, 16, 13559–13571
reduced coke formation and extended catalytic retention, while
maintaining comparable cracking activity. These ndings
provide critical insights into rational design principles for
hierarchical zeolite catalysts with ordered mesoporous struc-
ture in hydrocarbon applications under extreme conditions.
2. Experimental section
2.1. Materials

Tetraethyl orthosilicate (TEOS), sodium aluminate (NaAlO2) and
magnesium sulfate anhydrous (MgSO4) were purchased from
InnoChem Science & Technology Co., Ltd. Tetra-
ethylammonium hydroxide (TEAOH, 25 wt%) was supplied by
J&K Scientic Ltd. Polyvinylpyrrolidone (PVP, average Mn ∼ 58
000) and Pluronic P123 (EO20PO70EO20, average Mn ∼ 5800)
were obtained from Macklin Biochemical Technology Co., Ltd.
Hydrochloric acid (HCl, 37%) was purchased from Lanyi
Chemical Co., Ltd. All reagents were used without further
purication.
2.2. Catalyst preparation

Nano zeolite Beta was synthesized via a microwave crystalliza-
tion method assisted with the surfactant, following a procedure
described in a previous study.24 In a typical synthesis, TEOS was
used as the silicon source, NaAlO2 as the aluminum source, and
TEAOH as the structure directing agent. PVP was employed to
modify crystal growth and achieve nanoscale particle size. The
synthesis gel was subjected to microwave heating at 180 °C for
3 h, followed by centrifugation, washing with deionized water to
neutral pH, and drying overnight at 80 °C. The dried sample was
calcined at 600 °C for 5 h to remove organic templates and
impurities, producing the sample designated as Beta.

SBA-15 was synthesized using P123 as the structure-directing
agent under microwave conditions. P123 (1.0 g) was dissolved in
a mixture of 5.25 mL hydrochloric acid (37%) and 26.3 mL
deionized water at 45 °C with constant stirring. Tetraethyl
orthosilicate (2.14 g) was subsequently added dropwise, and the
mixture was vigorously stirred at 55 °C for 5 min. The resulting
gel was transferred to a Teon-lined autoclave and subjected to
microwave heating at 55 °C for 3 h, followed by crystallization at
100 °C for 3 h. The solid product was recovered by centrifuga-
tion, washed with deionized water, dried at 80 °C overnight, and
calcined at 600 °C for 5 h to remove the organic template. The
sample was designated as SBA-15.

Beta@SBA-15 core–shell composites were synthesized by
incorporating pre-synthesized nano-Beta zeolite into the SBA-15
synthesis system. P123 (0.5 g) was dissolved in a mixture of
2.6 mL HCl (37%) and 52.6 mL deionized water at 50 °C and
stirred for 1 h. Aer complete dissolution, 1.0 g of MgSO4 was
added and stirred for another hour to enhance the interaction
between inorganic and organic species, facilitating the regular
coating of ordered mesoporous silica on the zeolite surface.30

Beta zeolite (1.0 g) was dispersed in the solution under ultra-
sonication for 30min. TEOS (1.0 g) was added dropwise, and the
mixture was vigorously stirred at 55 °C for 5 minutes. The gel
was then transferred to a Teon-lined autoclave and subjected
© 2026 The Author(s). Published by the Royal Society of Chemistry
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to microwave heating at 55 °C for 3 h, followed by crystallization
at 100 °C for 3 h. Solid products were recovered and post-
treated, yielding samples denoted as Beta@SBA-15. In
comparison, a physical mixture of Beta and SBA-15 with a mass
ratio of 1 : 1 was prepared and designated as Beta/SBA-15.

2.3. Catalyst characterization

The crystalline phase and structure of the synthesized materials
were characterized by powder X-ray diffraction (XRD) using Cu
Ka radiation. Small-angle XRD patterns were collected in the 2q
range of 0.5–5° to identify the ordered mesoporous structure of
SBA-15, while wide-angle patterns were recorded from 5–50° to
analyze the *BEA zeolite framework crystallinity. Scanning
electron microscopy (SEM) and transmission electron micros-
copy (TEM) were employed to examine morphological features,
particle size distribution, and crystal structures. Energy-
dispersive X-ray spectroscopy (EDX) was performed with SEM
analysis to determine elemental composition and conrm the
silicon-to-aluminum ratio of the synthesized materials. Textural
properties were characterized by nitrogen adsorption–desorp-
tion isotherms at 77 K. Specic surface areas were determined
using the Brunauer–Emmett–Teller (BET) method, and pore
size distributions were analyzed via the Barrett–Joyner–Halenda
(BJH) method applied to the desorption branch. Catalyst acidity
was assessed through ammonia temperature-programmed
desorption (NH3-TPD) to quantify both weak and strong acid
sites. The samples were pre-treated under helium ow at 300 °C
for 1 hour, then cooled to 50 °C and exposed to a 10% NH3/He
mixture (30 mL min−1) for 1 hour to achieve complete satura-
tion. Physisorbed ammonia was removed by purging with
helium for 1 hour. The temperature-programmed desorption
was then performed by heating from 50 °C to 600 °C at
a controlled rate of 10 °C min−1 while monitoring NH3

desorption with a thermal conductivity detector. Thermogravi-
metric analysis (TGA) was performed under air atmosphere to
examine the thermal stability of fresh catalysts and determine
coke content of spent catalysts aer reaction.

2.4. Catalytic activity evaluation

Catalytic performance was evaluated by catalytic cracking of n-
decane using a high-pressure xed-bed reactor under
Fig. 1 Experimental setup for catalytic cracking of n-decane under sup

© 2026 The Author(s). Published by the Royal Society of Chemistry
supercritical conditions, as shown in Fig. 1. Experiments
employed 0.5 g of catalyst in a stainless-steel reactor tube, with
nitrogen carrier gas maintained at 50 mL min−1 and n-decane
feedstock delivered at 0.2 mL min−1. Reactions were conducted
at 3.5 MPa under different temperatures, with a xed weight
hourly space velocity of 17.64 h−1. Aer a 30 min stabilization
period, the effluent stream was cooled and phase-separated.
Gas-phase products were analyzed using a Shimadzu GC-
2014C with ame ionization and thermal conductivity detec-
tors, while liquid-phase components were examined by Perki-
nElmer 2400GCMS gas chromatography-mass spectrometry.

The catalytic performance was evaluated by n-decane
conversion rate XC10H22

and selectivity to specic product SCi
, as

represented by eqn (1) and (2).

XC10H22
ð%Þ ¼ FC10H22 ;in � FC10H22 ;out

FC10H22 ;in

� 100% (1)

SCi
ð%Þ ¼ YiP

products

Yi

� 100% (2)

where FC10H22,in and FC10H22,out are the molar ow rates of n-
decane at the reactor inlet and outlet, respectively, and Yi is the
yield of product i.
3. Results and discussion
3.1. Structural and physicochemical characterization

XRD patterns of the synthesized materials reveal distinct
structural characteristics. In the low-angle region, the charac-
teristic diffraction peak at 0.9° for SBA-15, Beta/SBA-15, and
Beta@SBA-15 samples corresponds to the hexagonal meso-
porous SBA-15 structure. Notably, Beta@SBA-15 exhibits a well-
resolved shoulder peak at approximately 1.5°, with intensity
comparable to pristine SBA-15, conrming that the SBA-15
framework remains highly ordered despite the encapsulation
process. In the wide-angle region, Beta, Beta/SBA-15, and
Beta@SBA-15 samples display diffraction peaks at 7.5°, 21.4°,
22.4°, and 43.5°, consistent with the *BEA zeolite framework
topology. In contrast, pure SBA-15 shows a broad diffraction
hump in the 20–30° range, characteristic of amorphous silica
walls. The coexistence of SBA-15 mesoporous features and Beta
ercritical conditions.

RSC Adv., 2026, 16, 13559–13571 | 13561
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Fig. 2 XRD patterns of SBA-15, Beta, Beta/SBA-15, and Beta@SBA-15 samples in low-angle (0.5–5°) and wide-angle (5–50°) ranges.
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zeolite crystalline phases in the Beta@SBA-15 sample conrms
the successful synthesis of a hierarchical composite material
combining ordered mesoporous SBA-15 with the microporous
crystalline Beta zeolite framework (Fig. 2).

The morphological characteristics of the synthesized mate-
rials were investigated by SEM and TEM, as depicted in Fig. 3.
For the physically mixed Beta/SBA-15 reference, SEM/TEM
analysis reveals no distinct features beyond those of the
parent materials. Therefore, the discussion focuses on SBA-15,
Beta, and the designed core–shell Beta@SBA-15 sample. SEM
imaging revealed distinct morphological features for each
sample. The Beta zeolite (Fig. 3b) exhibited particulate
morphology with particles measuring approximately 100 nm,
whereas SBA-15 (Fig. 3a) displayed spherical particles with
diameters of approximately 1 mm. Notably, the Beta@SBA-15
core–shell composite (Fig. 3c) maintained a similar particle
Fig. 3 SEM and TEM images of SBA-15 (a and d), Beta (b and e), and Be

13562 | RSC Adv., 2026, 16, 13559–13571
size to the Beta sample while demonstrating clearly dened
mesoporous surface features, indicating successful encapsula-
tion of Beta nanoparticles within the SBA-15 shell structure.
TEM analysis provides further insight into the internal structure
of these materials. The Beta zeolite (Fig. 3e) exhibits well-
dened lattice fringes, indicating high crystallinity consistent
with XRD analysis. In contrast, SBA-15 (Fig. 3d) displays regular
alternating regions corresponding to ordered mesoporous
channels with approximately 10 nm spacing, characteristic of
its mesoporous structure. The Beta@SBA-15 composite (Fig. 3f)
demonstrates the coexistence of both structural features:
distinct lattice fringes of the Beta zeolite framework are
observed in the core region, while ordered mesoporous struc-
tures are visible around the particle periphery. This morpho-
logical evidence conrms the successful construction of
ta@SBA-15 (c and f) samples, and EDX of synthesized zeolites (g).

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Textural properties and acid site amounts of synthesized zeolites

Catalyst Si : Al

Surface area (m2 g−1) Pore volume (cm3 g−1)
Acid density
(mmol g−1)

Total acidity Ac (mmol g−1)SBET Smicro Sext Vtotal Vmicro Vmeso AL AH

SBA-15 N 688 159 529 0.649 0.062 0.587 0.615 0.322 0.937
Beta 20.65 610 579 31 0.278 0.232 0.046 1.086 0.451 1.537
Beta/SBA-15 47.19 647 401 246 0.446 0.166 0.280 0.784 0.309 1.093
Beta@SBA-15 32.24 736 551 185 0.452 0.227 0.225 0.817 0.366 1.183
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a hierarchical core–shell architecture with Beta nanocrystals
effectively encapsulated within the SBA-15 framework.

Energy-dispersive X-ray spectroscopy (EDX) was used to
determine the Si/Al ratios of the calcined catalysts. The results
are presented in Fig. 3g and Table 1, conrming the successful
preparation of materials with distinct aluminum distributions.
Beta zeolite has a Si/Al ratio of 20.65, consistent with its
synthesis conditions and strong acidity. SBA-15 exhibits an
innite Si/Al ratio, conrming its purely siliceous nature as
expected. The mechanical mixture Beta/SBA-15 shows a Si/Al
ratio of 47.19, signicantly higher than pure Beta zeolite due
to the dilution effect of aluminum-free SBA-15. Beta@SBA-15
has a lower Si/Al ratio of 32.24 compared to the mechanical
mixture, indicating a relatively thin SBA-15 shell encapsulating
the Beta core. This core–shell structure maintains the Beta core
as the dominant contributor to the overall composition,
successfully achieving a controlled shell thickness that exposes
the active sites of the Beta component while creating the desired
hierarchical pore structure.

The textural properties of the catalysts were characterized by
N2 physisorption, as depicted in Fig. 4 and Table 1. The isotherms
reveal distinct adsorption behaviors characteristic of different
pore structures. SBA-15 exhibits a typical type IV isotherm with
a hysteresis loop at P/P0 = 0.3–0.7, conrming its mesoporous
nature and ordered pore structure. Beta zeolite displays a type I
isotherm with minimal hysteresis, characteristic of microporous
materials. The mechanical mixture Beta/SBA-15 and core–shell
Fig. 4 (a) N2 adsorption–desorption isotherms, (b) pore size distribution

© 2026 The Author(s). Published by the Royal Society of Chemistry
Beta@SBA-15 both show composite isotherms combining
features of both parent materials, indicating the coexistence of
micro and mesoporous structures. The textural analysis reveals
signicant differences in pore structure distribution. SBA-15
demonstrates the highest external surface area (529 m2 g−1) and
mesopore volume (0.587 cm3 g−1), with a narrow pore size
distribution centered at around 6 nm. Beta zeolite exhibits
predominantly microporous character with high micropore
surface area (579 m2 g−1) and micropore volume (0.232 cm3 g−1),
but minimal mesopore content (0.046 cm3 g−1). The mechanical
mixture Beta/SBA-15 shows intermediate values representing
simple additive effects of the individual components. Notably,
Beta@SBA-15 achieves the highest BET surface area (736 m2 g−1)
among all samples while maintaining substantial micropore
surface area (551 m2 g−1) and moderate mesopore volume (0.225
cm3 g−1). This enhanced surface area in the core–shell structure,
compared to both parent materials and the mechanical mixture,
suggests synergistic effects arising from the intimate integration
of Beta nanocrystals within the SBA-15 framework, creating
additional accessible surface area at the core–shell interface while
preserving the inherent porosity of both components.

Acidity evaluation using NH3-TPD was performed with
quantitative results and desorption proles presented in Table
1 and Fig. 4, respectively. All samples exhibited two desorption
peaks: a low-temperature peak (100–250 °C) corresponding to
weak acid sites and a high-temperature peak (350–550 °C)
attributed to strong acid sites. The acidity distribution inversely
, and (c) NH3-TPD profiles of synthesized zeolites.

RSC Adv., 2026, 16, 13559–13571 | 13563

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5ra10130a


Fig. 5 Illustration of two-step crystallization process.
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correlated with Si/Al ratios, with materials of higher aluminum
content demonstrating greater acid site densities. Beta zeolite
showed the highest total acid amount (1.537 mmol g−1) and
strong acid content (0.451 mmol g−1), consistent with its lowest
Si/Al ratio. SBA-15, with its purely siliceous composition, di-
splayed minimal acidity (0.937 mmol g−1 total, 0.322 mmol g−1

strong). The mechanical mixture Beta/SBA-15 and core–shell
Beta@SBA-15 revealed intermediate acidity values (1.093 and
1.183 mmol g−1 total, respectively), with Beta@SBA-15 exhibit-
ing slightly higher acid content due to its lower Si/Al ratio.

The formation of the Beta@SBA-15 core–shell architecture
involves a two-step crystallization process as illustrated in Fig. 5.
Nano-sized Beta zeolite crystals are rst synthesized via micro-
wave crystallization using polyvinylpyrrolidone (PVP) as
a crystal growth modier. PVP coordinates with primary silica-
alumina nuclei, forming surfactant-nuclei assemblies that
inhibit particle aggregation and yield microporous nano zeolite
cores of approximately 100 nm. In the second step, these pre-
synthesized Beta nanoparticles serve as nucleation sites for
mesoporous shell formation. The copolymer P123 adsorbs onto
Beta particle surfaces through electrostatic and hydrogen
bonding interactions, organizing silica species into micelle
arrays that direct self-assembly. Microwave heating induces
condensation of silica precursors around P123, resulting in the
formation of a hexagonal mesoporous SBA-15 structure that
uniformly encapsulates the Beta core with the assistance of
MgSO4. This stepwise approach achieves intimate integration of
the microporous catalytic core with the ordered mesoporous
transport shell, as conrmed by X-ray diffraction, transmission
electron microscopy, and nitrogen physisorption analysis. The
resulting hierarchical architecture enhances acid site accessi-
bility within the Beta core while maintaining efficient mass
13564 | RSC Adv., 2026, 16, 13559–13571
transfer through the SBA-15 shell, thereby improving catalytic
performance in supercritical hydrocarbon cracking.
3.2. Catalytic evaluation

The catalytic performance of synthesized zeolites was evaluated
through n-decane cracking under supercritical conditions at
temperatures ranging from 400–600 °C, with conversion results
demonstrating distinct activity patterns correlating with cata-
lyst acidity and pore structure characteristics (Fig. 6). SBA-15
exhibits the lowest conversion across the entire temperature
range, increasing from 1.53% at 400 °C to 25.58% at 600 °C,
reecting its purely siliceous composition with minimal acid
sites for catalytic cracking reactions. In contrast, Beta zeolite
demonstrates the highest catalytic activity, achieving conver-
sions from 5.36% at 400 °C to 46.61% at 600 °C. Themechanical
mixture Beta/SBA-15 shows intermediate performance with
conversions ranging from 2.85% to 36.13% across the temper-
ature range, representing essentially additive effects of the
individual components without synergistic enhancement. The
core–shell Beta@SBA-15 catalyst exhibits remarkable perfor-
mance, achieving conversions of 4.34% at 400 °C and 41.23% at
600 °C. Notably, the conversion at 600 °C corresponds to 88.5%
of Beta's conversion (46.61%) despite Beta@SBA-15 possessing
only 77.0% of Beta's total acidity (1.183 vs. 1.537 mmol g−1).
This discrepancy indicates enhanced acid site utilization effi-
ciency in the core–shell structure. The hierarchical pore archi-
tecture enables improved reactant accessibility to acid sites
within the Beta core, while the mesoporous SBA-15 shell facil-
itates efficient mass transfer. Consequently, the core–shell
structure optimizes active site utilization, demonstrating
signicant advantages over conventional microporous catalysts
and physical mixtures.
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 Product distribution (bars) and n-decane conversion (lines) over SBA-15 (a), Beta (b), Beta/SBA-15 (c), and Beta@SBA-15 (d) zeolites at
different temperatures.

Table 2 Acidity-normalized conversion over different zeolites

Catalyst
Total acidity Ac
(mmol g−1)

Normalized conversion
(% per mmol acid)

400 °C 500 °C 600 °C

SBA-15 0.937 1.63 10.51 27.30
Beta 1.537 3.49 15.08 30.33
Beta/SBA-15 1.093 2.61 15.17 33.06
Beta@SBA-15 1.183 3.67 16.37 34.85
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To assess acid site utilization efficiency across catalyst
architectures, conversion rates were normalized by total acidity.
At 400 °C, Beta and Beta@SBA-15 exhibited comparable
normalized conversions, indicating that the core–shell struc-
ture preserves Beta's catalytic effectiveness. As temperature
increased, Beta@SBA-15 progressively outperformed Beta,
achieving 16.37% and 34.85% per mmol acid at 500 °C and
600 °C, compared to Beta's 15.08% and 30.33%, respectively.
This temperature-dependent enhancement reects the superior
mass transfer characteristics of the hierarchical pore network,
which becomes increasingly advantageous under more severe
reaction conditions. The comparison between Beta/SBA-15 and
Beta revealed the importance of introduced mesoporous. While
the mechanical mixture showed lower normalized conversion
than Beta at 400 °C, it surpassed Beta's performance at elevated
temperatures. This demonstrates that ordered mesoporous
channels facilitate enhanced reactant accessibility and product
© 2026 The Author(s). Published by the Royal Society of Chemistry
evacuation under high-temperature conditions, enhancing the
utilization of acid sites that would otherwise be constrained by
pore blockage or mass transfer limitations in purely micropo-
rous frameworks (Table 2).
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As shown in Fig. 6, Beta and Beta@SBA-15 catalysts
demonstrate signicantly higher yields of light hydrocarbons,
indicating more extensive cracking reactions and deeper
conversion of the n-decane feedstock compared to SBA-15 and
the mechanical mixture. The Beta@SBA-15 core–shell catalyst
maintains this deep cracking capability while beneting from
the hierarchical pore structure that enables efficient removal of
primary cracking products before they undergo undesirable
secondary reactions or contribute to coke formation. The
mesoporous SBA-15 shell serves as molecular highways that
facilitate rapid diffusion of both reactants and products, pre-
venting the accumulation of intermediate species within the
microporous Beta core that could otherwise lead to pore
blockage or reduced selectivity toward desired light hydrocar-
bons. This structural advantage allows Beta@SBA-15 to achieve
comparable deep cracking performance to pure Beta while
maintaining better mass transfer characteristics that support
sustained catalytic activity.

Quantitative analysis of product selectivity reveals the supe-
rior performance of the core–shell architecture in promoting
light hydrocarbon formation. As shown in Fig. 7, all catalysts
demonstrate increasing selectivity toward C1–C4 products with
rising temperature, with Beta achieving the highest light
hydrocarbon selectivity of 78.0% at 600 °C compared to 65.1%
for SBA-15. The Beta@SBA-15 core–shell catalyst exhibits
enhanced selectivity toward light hydrocarbons (72.4% at 600 °
C) compared to the mechanical mixture Beta/SBA-15 (67.8%),
demonstrating structural advantages beyond simple mixture
effects. At moderate temperatures at 500 °C, Beta@SBA-15
outperforms the physical mixture by 8.1 percentage points,
indicating that the integrated core–shell design facilitates more
efficient cracking processes. The enhanced selectivity in
Beta@SBA-15 stems from the optimized mass transfer charac-
teristics provided by the hierarchical pore structure, where the
Fig. 7 Selectivity toward light (C1–C4) and heavy (C5+) hydrocarbons of

13566 | RSC Adv., 2026, 16, 13559–13571
mesoporous SBA-15 shell enables rapid evacuation of primary
cracking products from the microporous Beta core before they
undergo secondary reactions that typically favor heavier product
formation. This efficient product removal prevents the accu-
mulation of intermediate species within conned micropores,
reducing the likelihood of consecutive reactions that would
otherwise convert light hydrocarbons back to heavier fractions.
Furthermore, the improved diffusion kinetics in the core–shell
structure minimize residence time effects that oen lead to
product distribution broadening in conventional catalysts,
thereby maintaining high selectivity toward the light hydro-
carbon products while preserving the inherent cracking activity
of the Beta zeolite framework.
3.3. Kinetic study

Apparent activation energies for n-decane cracking over the
synthesized catalysts were determined using rst-order reaction
kinetics, a commonly employed assumption for xed-bed
reactor studies of heterogeneous catalysts.24,33,34 The reaction
rate constant kT and apparent activation energy Ea were calcu-
lated using acid site-normalized methodology as represented by
eqn (3) and (4), which provides a more accurate representation
of intrinsic catalytic performance by accounting for the reaction
occurring primarily at acid sites rather than conventional mass-
based calculations.

ln kT ¼ � Ea

RT
þ ln A (3)

kT ¼ FC10H22

WAc

� ��ln
�
1� XC10H22

��
(4)

where kT represents the reaction rate constant at specic
temperature, FC10H22

is the ow rate of n-decane, W denotes the
synthesized zeolites.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 8 Determination of apparent activation energy for n-decane cracking using SBA-15 (a), Beta (b), Beta/SBA-15 (c), and Beta@SBA-15 (d)
zeolites via Arrhenius plots.
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catalyst mass, Ac represents the total acidity of the catalyst, and
XC10H22

stands for the conversion rate of n-decane.
The apparent activation energies derived from Arrhenius

plots (Fig. 8) demonstrate distinct kinetic behaviors correlating
with catalyst acidity and structural characteristics. As shown in
Table 3, SBA-15 exhibits the highest activation energy as
72.6 kJ mol−1, reecting its limited acid site density and weaker
acidic strength that necessitate higher energy input to initiate
reactions. In contrast, Beta zeolite demonstrates the lowest
activation energy as 59.8 kJ mol−1, consistent with its abundant
strong acid sites that effectively reduce the energy barrier for
cracking reactions. The mechanical mixture Beta/SBA-15 shows
an intermediate activation energy, representing essentially
weighted average effects of the individual components without
synergistic enhancement. Notably, Beta@SBA-15 achieves an
activation energy of 61.0 kJ mol−1, remarkably close to Beta
zeolite, indicating that the core–shell architecture successfully
preserves the intrinsic catalytic activity of the Beta framework.
This similarity in activation energies between Beta and
Beta@SBA-15 conrms that the SBA-15 shell does not introduce
additional kinetic barriers but rather maintains the accessibility
of active sites within the Beta core while providing enhanced
mass transfer properties. The correlation coefficients validate
the applicability of rst-order kinetics for describing n-decane
cracking over these catalyst systems.
3.4. Evaluation of catalyst stability

Catalyst stability was assessed through time-on-stream experi-
ments at 650 °C and 3.5 MPa over 15 hours. Fig. 9a reveals
distinct catalyst deactivation patterns, offering insight into their
long-term performance under reaction conditions. SBA-15
Table 3 Apparent activation energies and coefficients of determina-
tion for n-decane cracking over synthesized zeolites

Catalyst SBA-15 Beta Beta/SBA-15 Beta@SBA-15

Ea (kJ mol−1) 72.6 59.8 67.6 61.0
R2 0.983 0.984 0.972 0.987

© 2026 The Author(s). Published by the Royal Society of Chemistry
exhibits the lowest initial conversion (24.56%) and maintains
relatively stable performance with minimal deactivation,
declining to 17.42% aer 15 hours. This behavior reects its
limited acidic sites and consequent low catalytic activity. In
contrast, Beta zeolite demonstrates the highest initial conver-
sion (45.25%) but undergoes signicant deactivation, with
conversion decreasing to 23.78%. The Beta/SBA-15 mixture
shows intermediate initial activity (33.78%) but experiences
similar deactivation, declining to 13.85% (59.00% relative
decrease), suggesting that physical mixing does not enhance
catalyst stability. Aer 11 hours, Beta/SBA-15 exhibits lower
conversion than pure SBA-15, indicating that inadequate inte-
gration of microporous and mesoporous components compro-
mises catalytic performance. This behavior reects the
disordered mass transfer environment in the physical mixture,
where randomly distributed Beta particles disrupt the ordered
mesoporous channels of SBA-15, creating tortuous diffusion
pathways. Compared to the well-dened hexagonal mesoporous
structure of pure SBA-15, this chaotic pore network intensies
diffusion limitations, resulting in substantial activity loss
despite the presence of acidic sites from Beta. The comparison
between Beta and Beta@SBA-15 reveals the critical advantage of
the core–shell architecture. While Beta initially demonstrates
higher conversion (45.25% vs. 41.87%) due to its greater
accessible acid site concentration, this advantage rapidly
diminishes as extensive coke formation occludes micropores
and deactivates acid sites. In contrast, Beta@SBA-15 exhibits
remarkable stability throughout the reaction period, main-
taining 31.24% conversion aer 15 hours (a relative decrease of
only 25.39%). Notably, Beta@SBA-15 achieves the highest
conversion among all catalysts aer 15 hours, surpassing the
initially superior Beta zeolite. The core–shell architecture
enables sustained catalytic performance by facilitating efficient
mass transfer through the mesoporous SBA-15 shell, mitigating
coke accumulation that compromises conventional micropo-
rous catalysts. This combination of high activity and excep-
tional stability renders Beta@SBA-15 particularly promising for
industrial applications requiring prolonged catalyst
performance.
RSC Adv., 2026, 16, 13559–13571 | 13567
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Fig. 9 (a) Time-on-stream performance of synthesized zeolites under 650 °C and 3.5 MPa, (b) TGA curves of spent zeolites, (c) XRD patterns of
spent zeolites, and SEM images of spent SBA-15 (d), Beta (e), and Beta@SBA-15 (f) zeolites.
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TGA results of the spent zeolites reveals signicant differ-
ences in coke deposition, with weight losses of 2.6%, 6.3%,
5.5%, and 3.8% for SBA-15, Beta, Beta/SBA-15, and Beta@SBA-
15, respectively (Fig. 9b). The minimal coke formation on SBA-
15 reects its purely siliceous nature with limited acidic sites
for coke-forming reactions, while Beta zeolite exhibits the
highest coke content due to the strong acidity and severe
diffusion limitations within its microporous framework. The
substantially reduced coking on Beta@SBA-15 compared to Beta
and the mechanical mixture Beta/SBA-15 provides direct
evidence for the mass transfer advantages of the core–shell
architecture. In Beta zeolite, coke precursors generated at
micropore-conned acid sites undergo extensive polymeriza-
tion and condensation due to restricted diffusion, leading to the
formation of bulky aromatic species that block pore channels.
The weight loss prole extending beyond 400 °C conrms the
presence of coke species requiring elevated temperatures for
oxidative removal. In contrast, the core–shell structure of
Beta@SBA-15 allows coke precursors to rapidly diffuse through
the mesoporous SBA-15 shell before undergoing irreversible
condensation reactions. This enhanced mass transfer is evi-
denced by the weight loss stabilization below 400 °C, indicating
that carbonaceous deposits are predominantly located in the
13568 | RSC Adv., 2026, 16, 13559–13571
accessible mesoporous regions rather than trapped within
micropores. The core–shell design thus effectively decouples
the catalytic function from the diffusion limitation, enabling
efficient removal of reaction intermediates and signicantly
mitigating coke formation while maintaining high catalytic
activity.

XRD analysis of spent catalysts aer TOS experiments reveals
remarkable structural stability during reaction conditions
(Fig. 9c). The comparison with fresh samples shows well-
preserved characteristic diffraction patterns, indicating that
the hexagonal mesoporous SBA-15 structure and *BEA zeolite
framework maintain their crystallinity and structural integrity
during harsh conditions. The Beta@SBA-15 catalyst maintains
the structural features of both the Beta core and SBA-15 shell
components, ensuring the integrity of the hierarchical pore
architecture crucial for enhancing mass transfer. This stability
provides a strong basis for potential catalyst regeneration.

SEM analysis of spent catalysts reveals morphological
insights into coke deposition effects on surface structure.
Comparison between fresh (Fig. 3a–c) and spent (Fig. 9d–f)
samples demonstrates that overall particle size and macro-
scopic morphology remain well-preserved across all catalysts,
indicating structural robustness under reaction conditions.
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Surface textures, however, exhibit distinct changes depending
on coke formation extent and location. SBA-15 shows minimal
morphological alteration, with spherical particles maintaining
smooth surfaces and ordered mesoporous channels.
Conversely, Beta zeolite displays pronounced surface rough-
ening, with initially well-dened cubic crystallites developing
irregular surface features due to extensive coke accumulation
on external surfaces and pore mouths. Beta@SBA-15 exhibits
intermediate behavior, retaining spherical morphology while
presenting slightly less dened surface textures. The preserva-
tion of particle integrity, coupled with surface modications,
suggests that deactivation occurs through reversible coke
deposition rather than structural collapse, supporting potential
catalyst regeneration through controlled oxidation procedures.

Textural analysis of spent catalysts reveals the impact of coke
deposition on pore accessibility and structural integrity as
shown in Table 4. Compared to fresh samples, all catalysts
exhibit universal reductions in surface area and pore volume,
with BET surface areas decreasing by 15–19% due to pore
blockage by coke deposition. Micropore volume shows more
severe reduction thanmesopore volume, indicating preferential
coke accumulation within conned micropores where mass
transfer limitations impede coke precursor removal. This trend
is most pronounced for Beta zeolite, with micropore volume
decreasing from 0.232 to 0.172 cm3 g−1 (25.9% reduction), while
Fig. 10 Illustration of synergistic effect between microporous core and

Table 4 Textural properties of spent zeolites

Spent catalyst

Surface area (m2 g−1) Pore volume (cm3 g−1)

SBET Smicro Sext Vtotal Vmicro Vmeso

SBA-15 575 139 436 0.582 0.041 0.541
Beta 517 489 28 0.224 0.172 0.052
Beta/SBA-15 526 332 194 0.335 0.083 0.252
Beta@SBA-15 608 452 156 0.369 0.171 0.198

© 2026 The Author(s). Published by the Royal Society of Chemistry
mesopore volume remains unchanged, conrming coke
formation predominantly occurs at active sites within the
microporous framework. Beta/SBA-15 experiences more
dramatic micropore volume loss compared to Beta, suggesting
the physical mixture conguration provides insufficient
protection for the zeolitic component. In contrast, Beta@SBA-15
demonstrates more balanced textural degradation, with
a 24.7% micropore volume reduction comparable to pure Beta
but signicantly better preservation of overall pore volume. The
maintained micropore-to-mesopore ratio and superior total
pore volume retention in Beta@SBA-15 indicate that the core–
shell structure effectively mitigates pore blockage through
enhanced mass transfer, enabling sustained accessibility to
both microporous active sites and mesoporous transport
channels.

These stability results provide important context for inter-
preting the activation energy. Although Beta zeolite exhibits the
lowest activation energy, this kinetic advantage does not
translate into sustained catalytic performance owing to severe
diffusion limitations within its purely microporous framework.
In contrast, Beta@SBA-15 achieves comparable activation
energy while demonstrating markedly superior stability, with
only 25.39% conversion loss and 3.8 wt% coke deposition. This
hierarchical core–shell architecture preserves the intrinsic
catalytic activity of Beta zeolite while effectively mitigating
transport constraints through the mesoporous shell. The
superior catalytic activity and exceptional resistance to deacti-
vation of Beta@SBA-15 demonstrate that optimal catalyst
design for supercritical hydrocarbon cracking requires
balancing intrinsic activity with long-term stability rather than
solely minimizing activation barriers.

The superior performance of Beta@SBA-15 stems from
synergistic interactions between the microporous Beta core and
ordered mesoporous SBA-15 shell, establishing a hierarchical
catalytic cascade as illustrated in Fig. 10. Large n-decane
molecules initially undergo pre-cracking within mesoporous
ordered mesoporous shell.

RSC Adv., 2026, 16, 13559–13571 | 13569
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channels, generating smaller intermediates that subsequently
diffuse through themesoporous network to access concentrated
acid sites in the microporous core for deep cracking. The
ordered mesoporous shell functions as transport pathways,
enabling rapid product evacuation and minimizing residence
time near active sites, thereby suppressing secondary reactions
and coke precursor formation. This spatial organization
prevents catalytic activity from diffusion limitations by facili-
tating reactant pre-activation and mass transfer in the meso-
porous shell while concentrating acid sites for selective
hydrocarbon conversion in the microporous core, thereby
achieving optimal conversion efficiency and long-term stability
under extreme reaction conditions.

4. Conclusions

This study successfully synthesizes a hierarchical core–shell
Beta@SBA-15 composite zeolite using microwave-surfactant
prepared nano zeolite Beta as the core, demonstrating supe-
rior performance in supercritical n-decane catalytic cracking.
Comprehensive characterization conrms the intimate inte-
gration of microporous Beta nanocrystals within ordered
mesoporous SBA-15 shells, yielding a hierarchical architecture
with an enhanced BET surface area of 736 m2 g−1 that surpasses
both parent materials and mechanical mixtures. Despite con-
taining 23.0% less total acidity than nano zeolite Beta, the core–
shell Beta@SBA-15 achieves 88.5% of Beta's conversion at 600 °
C, exhibiting 14.9% higher acidity-normalized activity and
demonstrating improved active site utilization efficiency. The
core–shell structure preserves Beta's intrinsic catalytic activity,
as demonstrated by similar apparent activation energies of
nano zeolite Beta (61.0 and 59.8 kJ mol−1, respectively), indi-
cating that the SBA-15 shell does not introduce additional
kinetic barriers but maintains the accessibility of active sites
within the Beta core. This structural advantage maintains
enhanced selectivity toward light hydrocarbons and enables
remarkable deactivation resistance, with only 25.39% conver-
sion loss over 15 hour time-on-stream tests compared to 47.45%
for nano zeolite Beta. Thermogravimetric analysis reveals
substantially reduced coke formation on Beta@SBA-15, attrib-
uted to the mesoporous shell facilitating rapid evacuation of
coke precursors before condensation reactions occur. The
synergistic integration of Beta's strong acidity and SBA-15's
efficient mass transfer channels optimizes the spatial organi-
zation of catalytic sites and transport pathways, minimizing
diffusion limitations while suppressing undesired consecutive
reactions. These ndings establish core–shell zeolite compos-
ites as a promising catalyst design strategy for hydrocarbon
conversion processes under supercritical conditions, offering
a generalizable approach to enhance both activity and stability
through hierarchical zeolite utilization.
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