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g the pore size and acidity of
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Catalytic hydrocracking of plastics is one of the appealing strategies for converting waste plastics into high-

value chemicals and fuels, featuring environmental friendliness and economy. Zeolites are considered to be

promising catalysts for plastic hydrocracking. But there is still a distance from practical applications due to

obstacles, such as the unsatisfactory catalytic efficiency and unclear influences of the active sites of zeolites

on the catalytic performance. Herein, we synthesized a series of Al-MCM-41 catalysts with regulable

specific surface area, pore size, and acidity by a sol–gel method, which were used for catalytic

hydrocracking of polypropylene (PP) to clarify the structure–performance relationship. The results

showed that the specific surface area and pore size of the zeolite were positively correlated with the

catalytic performance of PP hydrocracking. Additionally, it was found that the acidity of the zeolite

exhibited a peak distribution. Al-MCM-41 has a high liquid fuel yield (70.23%) at a lower hydrocracking

temperature (220 °C) and is an efficient catalyst for PP hydrocracking. Furthermore, it was observed that

zeolites with larger pore size and specific surface area can prolong the life of zeolites. The research can

give a better understanding of how to design higher-performance and long-life catalysts for chemical

upcycling of waste plastics.
Introduction

The rapid growth of plastic waste has brought about serious
environmental pollution problems. The traditional disposal
process has shown huge environmental issues, such as the
incineration of plastic waste producing large amounts of carbon
dioxide and landlls containing hard-to-biodegrade plastics
encroaching on large areas of land, that push the research
toward more efficient processing.1–4 Plastic waste can be trans-
formed into micro- or nanoplastic particles, which may enter
our drinking water or food systems and jeopardize human
health.5–7 Recycling plastic waste not only solves the
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f Chemistry 2025
abovementioned environmental pollution problem but also
promotes economic benets and contributes to achieving
carbon neutrality.8–11 To date, a huge amount of plastic waste is
generated every year, but only a small portion of the plastic is
recycled, and the treatment and recycling of plastic waste has
attracted global attention.12,13 Catalytic hydrocracking of plas-
tics can convert waste plastics into higher value-added chem-
icals and fuels, which is an environmentally friendly and
economical method of recycling plastic waste.14,15 At present,
plastic hydrocracking focuses on the development of efficient
catalysts to improve the product yield and selectivity, as well as
optimize pyrolysis parameters and reduce reaction costs.16,17

Polyolens, such as high-density polyethylene (HDPE), low-
density polyethylene (LDPE), and polypropylene (PP), are the
most abundant of the waste plastics, accounting for more than
half of the total plastic demand.18,19 Among them, poly-
propylene has high spatial site resistance, and its diffusion is
easily limited, making catalytic hydrocracking more
difficult.20–22 MCM-41, a mesoporous zeolite with relatively large
pore volume, high specic surface area, and shape selectivity for
value-added hydrocarbons, is commonly used in the catalytic
hydrocracking of polypropylene.23–25 However, MCM-41 itself is
weakly acidic, which is not conducive to the catalytic hydro-
cracking reaction. Aer adding Al to the structure of MCM-41,
the Si4+ atoms of MCM-41 are replaced by Al3+ atoms,
J. Mater. Chem. A, 2025, 13, 2875–2883 | 2875
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resulting in Brønsted and Lewis acid sites, which effectively
enhance the acidity of MCM-41.26,27

Aer the process of plastic cracking, active intermediates are
generated. These intermediates then enter the zeolites through
their pores, where they are adsorbed to the acid sites of the
zeolites and protonated. This results in the production of car-
bocation ions, which further lead to the generation of short-
chain hydrocarbons. Therefore, the pore size and acidity of
the zeolites play crucial roles in determining their catalytic
performance.28–30 The specic effects of the acidity and pore size
of zeolites on the catalytic pyrolysis of plastics have been
studied in a number of related areas. For example, Pyra et al.31

used a series of FAU zeolites and mesoporous HAlMCM-48
catalysts with different silica–aluminum ratios and meso-
porosities to study the effect of the presence of mesopores on
the hydrocracking of polypropylene. Dai et al.32 obtained ZSM-5
zeolites with a range of BAS concentrations and microporosities
by post-processing ZSM-5 and investigated the effect of BAS and
pore size on the service life of ZSM-5 zeolites in plastic hydro-
cracking. Most existing studies focus on adjusting the acidity
and pore size of zeolites through post-treatment methods, such
as desilication, dealuminization and dissolution recrystalliza-
tion, which are time-consuming and costly. Furthermore, the
correlation between the structure and properties in the catalytic
cracking process of waste plastics has not been clearly eluci-
dated. Therefore, it is expected to develop a simpler and faster
method to study the structure–performance relationship of
zeolites. Besides, how to prolong the life of the catalyst and
adjust the product distribution efficiently and accurately to
obtain high-value products is one of the important goals of
developing new plastic cracking catalysts.

Herein, a series of Al-MCM-41 catalysts with varying specic
surface areas and acidity were designed and synthesized by
a sol–gel method for hydrocracking polypropylene, and then the
effects of acidity and pore size on the cracking of PP by zeolites
were investigated. In addition, the effect of mesopores on the
Fig. 1 Schematic diagram of the preparation of Al-MCM-41 catalysts (a

2876 | J. Mater. Chem. A, 2025, 13, 2875–2883
catalyst life was also studied. The relationship between the
physical and chemical properties of the catalyst and the reac-
tion performance was determined by various characterization
techniques. The experimental results indicated that there was
a positive correlation between the specic surface area and pore
size of the catalyst with the liquid fuel yield. Moreover, it was
observed that acidity levels exhibited a peak distribution in
relation to the liquid yield. Additionally, it was found that larger
pore sizes could effectively prolong the life of zeolites.
Results and discussion
Catalyst characterization

Powder X-ray diffraction (XRD) was used to characterize the
microstructure of the synthesized products. As can be seen from
Fig. 1, all the samples have similar diffraction peaks, indicating
that changing the raw material ratios did not change the crystal
phase of the zeolites, and the peaks appearing around 2°
correspond to the (100) diffraction peaks of MCM-41 (JCPDS 49-
1712). The introduction of aluminum into MCM-41 leads to
a change in the Al–O–Si bond angle, resulting in a wider (100)
diffraction peak and a shi of the XRD peak towards a higher 2q
value. Moreover, the diffraction peaks (110) and (200) disappear
in all samples except for L3.33,34

The TEM images with particle size distribution (PSD)
frequency histograms of H1, H2, and H3 are shown in Fig. 2,
and all zeolites showed regular porous nanosphere structures.
By adjusting the NaOH/Si content in raw materials, the average
diameter of nanospheres changed. The average diameter of H1,
H2, and H3 samples was 43.98 nm, 55.67 nm, and 81.98 nm,
respectively, indicating that the diameter of nanospheres
gradually elevated with the increase of alkali content. This is
due to the formation of large micelles during the sol formation
process. According to the HAADF-STEM images and EDX
elemental maps of H1, H2, and H3 shown in Fig. S2,† the ex-
pected elements including O, Si, and Al are evenly distributed.
). XRD patterns of different Al-MCM-41 catalysts (b–d).

This journal is © The Royal Society of Chemistry 2025
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Fig. 2 TEM images and particle size distribution (PSD) frequency histograms of H1 (a–c), H2 (d–f), and H3 (g–i).
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Aer adjusting the Al content in the catalyst, TEM images,
HAADF-STEM images, and EDX element maps were recorded,
which are presented in Fig. S3–S8.† The zeolite still exhibits
a porous nanosphere structure with a uniform distribution of
Fig. 3 N2 adsorption–desorption isotherms with pore size distribution cu

This journal is © The Royal Society of Chemistry 2025
various elements. However, with the decrease of Al content, the
edges of the nanospheres gradually dissolve and connect with
each other, resulting in an increase in irregularity, especially for
H3, M3 and L3 samples, and the same observation has been
rves (a–c) and NH3-TPD curves (d–f) of different Al-MCM-41 catalysts.

J. Mater. Chem. A, 2025, 13, 2875–2883 | 2877
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Table 1 Chemical composition and textural properties of the Al-MCM-41 catalysts

Samples SBET (m2 g−1) Sexternal (m
2 g−1) Pore volume (cm3 g−1) Average pore size (nm) Si/Al NaOH/Si

H1 1448.46 2031.84 1.898 4.941 5 0.17
H2 1112.01 1455.25 1.158 3.862 5 0.26
H3 991.57 1463.63 0.662 2.053 5 0.34
M1 1009.52 1215.68 1.372 5.231 15 0.17
M2 1025.06 1443.33 1.050 3.888 15 0.26
M3 894.10 1312.16 0.669 2.783 15 0.34
L1 1104.49 1390.04 1.245 4.690 30 0.17
L2 1089.15 1376.78 0.946 3.253 30 0.26
L3 923.85 1390.05 0.768 3.103 30 0.34
M1 used 735.84 907.15 1.312 6.931 15 0.17
M2 used 680.93 820.30 0.744 4.064 15 0.26
M3 used 623.37 740.05 0.714 4.606 15 0.34
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reported already in the published literature.35 The SEM images
of the samples are shown in Fig. S9,† and all the samples are
stratospheric, which is consistent with the TEM images.

Detailed information about the pore structure was obtained
from N2 adsorption–desorption isotherm curves and BJH pore
size distributions. As shown in Fig. 3a–c, the N2 adsorption–
desorption isotherms of all catalysts are type IV, which conrms
that the synthesized catalysts have a typical mesoporous struc-
ture.36 Hysteresis loops appear at a P/P0 value of 0.9–1.0, indi-
cating that capillary condensation occurs here and large
mesopores exist.37 Obvious differences in the size of hysteresis
loops of samples indicate different pore sizes. It can be seen
from Fig. S10† and Table 1 that all catalysts show a high specic
surface area, the specic surface area changes in a gradient
manner, and the pore size is basically positive with the specic
surface area. According to BET results, the pore size and specic
surface area can be effectively adjusted by changing the ratio of
raw materials during synthesis.

NH3-TPD was used to investigate the surface acidity of zeolites,
and the acidity intensity is positively correlated with the NH3

desorption temperature. The NH3-TPD curves of Al-MCM-41 show
two broad peaks corresponding to weak acid sites at 100–200 °C
(Fig. 3d–f), indicating that Al-MCM-41 possesses a large amount of
acidity, but there are no strong acid sites. With the increase of Al
content, the peak position is gradually shied to a high temper-
ature, indicating that the acidity of Al-MCM-41 becomes stronger
gradually. For Al-MCM-41 with a Si/Al ratio of 5, the NH3

desorption peak appears at 230–305 °C, suggesting the presence
of medium-strong acid sites. Samples L2 and L3 exhibit weak NH3

desorption peaks at 250–350 °C and 400–500 °C, indicating the
presence of medium-strong acid sites and strong acid sites, albeit
with a lower acid content. This can be attributed to the incorpo-
ration of NaOH and Al3+ into MCM-41, which enhances the
surface acidity.38 Combining the results of NH3-TPD and BET, it is
concluded that the acid density and pore size can be effectively
adjusted by modifying the ratio of rawmaterials during synthesis.
Catalytic performances for PP hydrocracking

In this section, PP was subjected to hydrocracking at 220 °C
under 2 MPa H2 for 12 h in order to assess the impact of acidity
2878 | J. Mater. Chem. A, 2025, 13, 2875–2883
and pore size on PP catalytic cracking. The reaction scheme and
results are shown in Fig. 4a–e. Among the catalysts employed in
PP hydrocracking, the highest conversion rate of PP was
observed in sample M2, reaching 83.69%, with a corresponding
liquid yield of 64.93% (Fig. 4b). Conversely, sample M1 exhibi-
ted a slight decline in the conversion rate (80.62%), yet achieved
the highest liquid yield (70.23%), indicating that suitable
acidity and specic surface area are crucial to the catalytic
hydrocracking of PP by zeolites. With the decrease of specic
surface area, the conversion rate of PP in zeolite catalytic
hydrocracking exhibited a declining trend, while the liquid
yield decreased more obviously. The effect of pore size was
analyzed from the reaction mechanism. Following the cracking
of PP on the outer surface of the zeolite, the intermediates
diffused into the mesopores. The active site for catalytic reac-
tions is located at the protic acid center of tetrad coordination
aluminum within the wall of Al-MCM-41, where further
cracking of intermediates occurs. The pore size plays a crucial
role in affecting both the adsorption and diffusion of interme-
diates and products. Larger pores can enhance zeolite diffusion,
reduce product molecule residence time, and minimize the
probability of side reactions.39

The specic surface area and pore size of samples H2, M2,
and L2 showed minimal changes, but a signicant difference in
liquid yield was observed, indicating that a moderate degree of
acidity plays a vital role in promoting the catalytic hydro-
cracking of PP. Excessive acidity may result in excessive hydro-
cracking of C–C bonds, which in turn leads to poor selectivity of
liquid fuel and the production of more gaseous products.40 As
a result, the products of H1, H2, and H3 samples are mainly
gaseous products. As illustrated in Fig. 4d and e, with the
increase in pore size, the proportion of olens in the gaseous
product increases, indicating that high olen production is
related to the highly developed mesoporous outer surface of the
catalyst. This is due to the shorter diffusion path, which reduces
the likelihood of alkenes becoming saturated through hydride
transfer reactions. Ultimately, this helps to improve the yield of
light alkenes.41 The proportion of C15–C21 in the liquid product
increases, meaning that more heavy hydrocarbons are gener-
ated. This is attributed to the shape selectivity of the zeolite,
This journal is © The Royal Society of Chemistry 2025
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Fig. 4 The reaction scheme of the PP hydrocracking reaction (a). Conversion and product yield (b) of different Al-MCM-41 catalysts (reaction
conditions: 220 °C, 2 MPa H2, and 12 h). Performance comparison of polyolefin upcycling in this work with the reported catalysts (c). Olefin
selectivity in gaseous products (d), and C15–C21 selectivity in liquid products (e) of different Al-MCM-41 catalysts (reaction conditions: 220 °C,
2 MPa H2, 12 h, 30 mg PP, and 30 mg catalyst).
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where the reaction intermediate diffuses slowly through narrow
pores, leading to secondary cleavage into smaller products.
Above all, the pore size and acidity of Al-MCM-41 can effectively
regulate the distribution of catalytic hydrocracking products.
Given that sample M2 provided the highest PP conversion and
excellent liquid yield among Al-MCM-41, it was selected for
follow-up studies.

Catalytic hydrocracking reactions of PP were performed on
Al-MCM-41 at elevated reaction temperatures and with different
reaction times, to elucidate the potential mechanisms of C–C
bond cleavage on zeolites and identify optimum reaction
conditions. At the elevated reaction temperature (Fig. S11a†),
the conversion rate of PP continuously increases, meanwhile
the liquid yield also increases with the elevated temperature
and reaches the highest at 220 °C, indicating that more gas is
produced at temperatures higher than 220 °C. Then, the time-
dependent experiments were conducted with catalysts at 220 °
C (Fig. S11b†). The PP conversion increased continuously with
extension of time from 4 h to 16 h. The highest liquid yield was
achieved at a reaction time of 12 h, which means that the
selectivity to the gas increases aer 12 h. In summary, the
This journal is © The Royal Society of Chemistry 2025
optimal experimental conditions for the catalytic cracking
reaction of PP over the Al-MCM-41 catalyst are 220 °C and 12 h,
which feature a relatively low reaction temperature compared to
other catalysts used for plastic cracking in the literature (Fig. 4c
and Table S1†).
Effect of pore size on the life of zeolites

In this section, M1, M2, and M3 were selected as catalysts. Aer
each reaction, the catalysts were washed and dried to prepare
for the next operation. No new catalysts were introduced to
compensate for any loss of catalysts during previous operations.
In each reaction, the amount of PP injected was the same as the
rst time (30 mg). This was done to investigate the effects of
different specic surface areas and pore sizes on the life of the
zeolites. As illustrated in Fig. 5b–d, when three samples were
introduced into PP for the second time, the conversion rate was
slightly increased; meanwhile, the liquid yield decreased and
more gas was produced. The conversion rate increased aer the
second injection, probably due to the secondary reaction of the
previous residue. Furthermore, it is normal for conversion rates
J. Mater. Chem. A, 2025, 13, 2875–2883 | 2879
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Fig. 5 Comparison of conversion rates of M1, M2, and M3 (a). Conversion and product yield of PP hydrocracking over M1 (b), M2 (c), and M3 (d)
catalysts at different PP injection times. Reaction conditions: 220 °C, 2 MPa H2, 12 h, 30 mg PP, and 30 mg catalyst.
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to uctuate in the cycle, and this phenomenon has also
appeared in the published literature.42,43 Aer the third injec-
tion of PP, both the conversion rate and liquid production rate
decreased because the catalyst was gradually deactivated with
the increase of reaction times. As shown in Fig. 5a, the decline
rate of the conversion rate follows the order of M3 > M2 > M1.
The conversion rate of M1 exhibited the smallest decrease,
indicating that the M1 catalyst demonstrated greater stability,
which may be because the larger specic surface area and pore
size can provide a shorter diffusion channel and more space for
coke deposition, slow the coke accumulation rate, and then
affect the deactivation rate of the zeolite. In order to further
verify this, the amount of coke present in the used catalyst was
assessed through thermogravimetric analysis (Fig. S12†). The
rst phase of weightlessness is due to water desorption and the
second phase is due to organic residues (200–400 °C). The
weight loss observed above 400 °C is primarily attributed to the
presence of coke.44,45 The coke content for sample M1 is
measured to be 2.6%, while that for M2 is 4.6%, and for M3 it
reaches 8.7%. Obviously, the catalyst sample M1 demonstrated
excellent catalytic stability. With the increase of the amount of
PP, the selectivity of catalytic hydrocracking products to gas
increases, and the selectivity of high-value liquid products
decreases. The TEM images, XRD patterns, NH3-TPD curves,
and N2 adsorption–desorption isotherms of the used catalysts
are shown in Fig. S13, S14† and Table 1, and the morphology
and structure of the catalysts did not change signicantly. The
2880 | J. Mater. Chem. A, 2025, 13, 2875–2883
N2 adsorption–desorption isotherms of the catalysts are all still
type IV, and the specic surface area, pore size and pore volume
of the catalysts are seen to decrease slightly. However, the
acidity of the catalyst decreased signicantly. The decrease of
the specic surface area, pore size, pore volume and acidity of
the used catalysts resulted in the decrease of conversion rate. In
summary, the experiment proves that the pore size of zeolites is
very important to the life of zeolites, and the larger pore size and
specic surface area can prolong the life of zeolites.

Conclusions

In summary, a series of Al-MCM-41 catalysts with changeable
specic surface area, pore size, and acidity were synthesized by
a sol–gel method for catalytic hydrocracking of PP to reveal the
structure–performance relationship of zeolites. Our results show
that Al-MCM-41 is an efficient catalyst with a high liquid fuel
yield (70.23%) at a lower hydrocracking temperature (220 °C).
The specic surface area and pore size of the zeolite were
positively correlated with the catalytic performance of PP
hydrocracking. Meanwhile, it was found that the acidity of the
zeolite exhibited a peak distribution. Besides, larger pore size and
specic surface area can prolong the life of the zeolite. The
research has guiding signicance for the design of catalysts with
high-value liquid fuel yield and long life. In addition, this study
highlights the importance of designing zeolites with appropriate
acidity and pore size to improve the performance of zeolites in
plastic hydrocracking.
This journal is © The Royal Society of Chemistry 2025
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Experimental section
Chemicals

Absolute ethanol (99.9%, AR), tetraethyl orthosilicate (TEOS,
99.9%, AR), aluminum isopropoxide (Al(OiPr)3), hexadecyl-
trimethylammonium bromide (CTAB), and mesitylene (99.9%,
AR) were purchased from Beijing InnoChem Science & Tech-
nology Co., Ltd. Sodiumhydroxide (NaOH) and trichloromethane
(CHCl3, $99.0%) were purchased from Sinopharm Chemical
Reagent Co., Ltd. Deionized water was prepared in a laboratory.

Synthesis of samples

118.8 mg of aluminum isopropyl alcohol was dissolved in 32mL
ethanol, then the solution was stirred for 1 hour. 1.944 mL of
tetraethyl orthosilicate was added to the solution and stirred for
30 minutes to prepare solution (A). Solution (B) was prepared by
mixing 153.6 mL of distilled water with 1.12 mL of 2 M sodium
hydroxide solution and 0.32 g of cetyltrimethylammonium
bromide and stirring at 300 rpm in a reux system at 80 °C.
Solution (A) was added to solution (B) in drops, and the
resulting mixture was stirred at 80 °C at 300 rpm for 2 hours.
Aer the solution was cooled to room temperature, the solid
was collected by centrifugation and rinsed with distilled water
until neutral, and then dried at 80 °C. The dried samples were
heated from room temperature at a rate of 3 °C min−1 to 600 °C
and treated at constant temperature for 5 hours. By adjusting
the raw material ratio (Si/Al = (5, 15, 30) and NaOH/Si = (0.17,
0.26, 0.34)) for the synthesis of Al-MCM-41, nine samples with
different specic surface areas and acidity were synthesized.
According to the sample acidity, from strong to weak, it was
denoted as H, M and L. According to the pore size and specic
surface area of the sample, it was denoted as 1, 2 and 3 from the
largest to the smallest, as shown in Table 1.

Characterization

X-ray diffraction (XRD) was used to characterize the crystal
structure of the catalysts on a SmartLab diffractometer, which
collected data using a Cu Ka source (l = 1.5406 Å) in the 2q
range from 1 to 5°. Transmission electron microscopy (TEM)
images, high-angle annular dark-eld-scanning TEM (HAADF-
STEM) images, and EDX elemental maps were acquired using
an FEI Tecnai G2 F20 transmission electron microscope
equipped with HAADF and EDX detectors. The Brunauer–
Emmett–Teller (BET) specic surface area and Barrett–Joyner–
Halenda (BJH) pore distribution were measured by N2 adsorp-
tion–desorption on a Micromeritics ASAP 2020, and all catalysts
were degassed for 4 h before the measurement. Temperature-
programmed desorption of NH3 (NH3-TPD) patterns were
recorded using a mass spectrometer (Pfeiffer OmniStar). The
weighed sample (30 mg) was loaded into the quartz tube reactor
and then heated to 550 °C for 30 min with a He ow rate of 30
mL min−1. Aer that, the temperature was cooled down to
50 °C. NH3–He (10 vol% NH3) at a ow rate of 30 mL min−1 was
introduced into the reactor for 40 min. The sample was then
purged with He for 40 min. And the temperature was ramped
from 50 °C to 600 °C at 10 °C min−1. The thermogravimetric
This journal is © The Royal Society of Chemistry 2025
analysis measurements were performed on a HITACHI STA200
simultaneous thermal analyzer with a heating rate of 10 °C
min−1 from room temperature to 800 °C in an air atmosphere.
Catalytic performance test of the PP hydrocracking reaction

The PP hydrocracking reaction was carried out in a 50 mL
stainless steel autoclave with stirring. Fig. S1† shows the sche-
matic of the reactor. Typically, the catalyst and PP were mixed
evenly and loaded into the autoclave with the ratio of PP to
catalyst kept at 1 : 1. Before the reaction, argon gas was used to
remove the air from the autoclave and check the air tightness.
Then, 2MPa hydrogen was injected into the autoclave and heated
to 220 °C. When it was heated to 160 °C, stirring at 600 rpm was
initiated. Aer the reaction, the autoclave was cooled down to
room temperature. The gaseous products were collected using
a gas bag. To obtain the liquid product, 10mLof CHCl3 and 30 mL
of mesitylene were used as the solvent and internal standard to
recover the solution from the autoclave. Aer themixture became
uniform, a certain amount of solution was taken out and ltered
into a chromatographic bottle through the organic lter head.
The solid residue was separated from the remaining mixture,
which was then washed, dried, and weighed. The gaseous
(C1 to C5) and liquid (C5 to C21) products were analyzed using
a gas chromatograph (GC) equipped with a ame ionization
detector (FID). The PP conversion and product yields were
calculated using the following equations:

PP conversionð%Þ ¼
�
1� mðresidualsÞ �mðcatalystÞ

mðPPÞ
�
� 100%

Product yieldð%Þ ¼ mðCxÞ
mðPPÞ � 100%

Olefins selectivity in gaseous productsð%Þ ¼ mðOlefinsÞ
mðC1 � C5Þ � 100%

C15 � C21 selectivity in liquid productsð%Þ ¼
mðC15 � C21Þ
mðliquidÞ � 100%
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