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Efficient conversion of polyethylene to light
olefins by self-confined cracking and
reforming

Zhongwen Dong1,6, Bo Peng 2,6, Nantian Xiao 1, Wenjun Chen1, Tingyu Lei 3,
Meng Wang 4, Cheng Li 1, Rongxin Zhang2, Zhengxing Qin5,
Xingchen Liu 3 , Xiaodong Wen 3, Mingfeng Li2 , Ding Ma 4 &
Fan Zhang 1

The production of light olefins from polyethylene (PE) has significant indus-
trial potential. Zeolites have been widely used in petroleum refining for their
ability to cleave C–C/C–H bonds and facilitate light olefins selectivity, thanks
to their adjustable acidity and pore structure. However, the interaction
between zeolites and conventional hydrocarbons or polymer reactants is quite
different, a distinction frequently overlooked but has great influence on their
reaction. Based on this, we describe a PE self-confined cracking mechanism
that can produce C3-C8 olefins with exceptional yields, surpassing 70% under
mild conditions (300 °C). Interestingly, the product distribution is only
dependent on thedegreeof self-confinement andmeltmass-flow rate (MFR) of
PE, regardless of the porous structure, metal content, and internal acid
properties of zeolite. Most importantly, this process allows for flexible tandem
catalytic reforming to yield more than 67% C2–C4 light olefins and 23%
separable BTX, demonstrating great potential to promote chemical recycling
of waste polyolefin plastics.

The rapid growth of polyolefin (PO) plastic waste represents a sig-
nificant economic and environmental challenge1–4. While energy
recovery and mechanical recycling have been widely practiced, che-
mical recycling has gained increasing attention in recent research as it
offers a promising solution by reducing CO2 emissions and providing
the potential to upcycle polyolefins into valuable products such as
plasticizers, detergents, and functional materials5–10. However, with
global POwaste production reaching ~53million tons (Mt) in 2022, and
themarket demand for these byproducts (~16Mt in 2022) falling short
of addressing the entire waste polyolefin stream, the issue remains
largely unresolved11,12. Light olefins, which are considered a

cornerstone of modern chemistry, are produced and consumed in
ever-increasing volumes (~170 Mt in 2022)13. Directly converting waste
PE into light olefins, rather than relying on fossil-based feedstocks, not
onlymitigates the plastic waste crisis but also optimizes the utilization
of hydrocarbon-rich waste plastics, contributing to a truly circular
economy14–16.

Current technologies for converting waste PE to light olefins
predominantly rely on high-temperature pyrolysis due to the endo-
thermic nature of C–C bond cleavage17. However, conventional pyr-
olysis processes produce significant quantities of gasoline and diesel
fractions and require temperatures exceeding 800 °C to achieve a
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product distribution dominated by light olefins, thereby exacerbating
energy consumption and CO2 emissions18. Catalytic cracking, which
lowers the required temperature and enhances olefin selectivity, has
been shown in recent studies to convert PE to a broadly distributed
range of C3-C7 iso-olefins under milder conditions (280 °C), although
the isolation and utilization of these mixed olefins remain
challenging19,20. Recent advancements in tandem catalytic strategies
for PO depolymerization have significantly improved the selectivity of
light olefinproducts, exemplified by the selective conversionof PE and
polypropylene (PP) with C2H4 to C3H6 and i-C4H8 through dehy-
drogenation, olefin isomerization, and olefinmetathesis21–23. However,
this process consumes large amounts of C2H4 andmetathesis catalysts
are environmentally sensitive and easy poisoned by impurities of real-
life plastics, hindering their widespread use larger scale.

Enlightened by petroleum cracking and refining processes, PE
cracking tandem reforming shows promise for the production of light
olefins and BTX (benzene, toluene, and xylene). This approach is par-
ticularly attractive for industrial applications, as it typically employs
inexpensive zeolite catalysts and does not require co-feeds (e.g., H2,
C2H4)

3. While petroleum refining technologies can be adapted for
polyolefin upgrading due to their similar atomic compositions, sig-
nificant differences must be addressed. In the conventional fluid cat-
alytic cracking (FCC) process24, a gas-solid reaction system is
employed, with zeolite channel constraints playing a key role in pro-
duct distribution (Fig. 1a)25,26. However, a crucial distinction is that
polyolefins do not fully vaporize during the reaction, unlike petroleum
feedstocks. Instead, a molten layer often forms on the zeolite surface
due to Van der Waals forces and capillary effects (Fig. 1b). Recent
studies have highlighted the potential impact of this molten layer,
which constrains the interface between the zeolite and substrate27,28.
This phenomenon is unique to polymer chemical recycling, yet its
influence on the reaction remains insufficiently explored.

Herein, we elucidate the role of this self-confined space in PE
cracking through experiments and molecular dynamic simulations.
Due to this self-confinement, PE directly breaks down into light olefin
products without a stepwise cracking path and prevents the conver-
sion of olefin intermediates into aromatics. Interestingly, the dis-
tribution of products is determined solely by the degree of self-
confinement and the melt mass-flow rate (MFR) of polyethylene (PE),

irrespective of the zeolite’s porous structure,metal content, or internal
acid properties. Most importantly, this process facilitates flexible
tandemcatalytic reformingwithout any co-feeds, yielding over 67%C2-
C4 olefins and 23% separable BTX (benzene, toluene, xylene), estab-
lishing an efficient chemical recycling pathway for waste polyolefins.

Results
PE self-confined catalytic cracking behaviors and their affecting
factors
Webegan our studies by exploring the differences in catalytic cracking
between PE and conventional light hydrocarbon. As illustrated in
Fig. 2a, the yield of C1-C12 fractions increased significantly with chain
length, from ~18% (C18) to ~90% (C1000). More interestingly, an increase
in the chain length of the substrate resulted in a shift in product dis-
tributions towards smaller carbon numbers, while significantly
improving the selectivity for olefin products. PE (C1000) stood out by
producing the highest amount of C3-C8 olefins at 66wt.%, indicating its
potential as a feedstock for direct conversion to light olefins. The
reaction temperature is crucial for the high yield of olefin products for
PE cracking over zeolites. At higher temperatures, the yield of olefins
decreased significantly while the yields of aromatics and paraffins
increased (Fig. 2b and Supplementary Fig. 5). We have also ruled out
the possible contribution fromdirect pyrolysis of PE at 300 °C, and the
high yield of olefin products can be confidently assigned to catalytic
cracking on zeolites. (Supplementary Fig. 6).

Next, we explored the effect of the mass ratio of catalyst to PE (C/
P) under 300 °C. Figure 2c and Supplementary Fig. 7 illustrate that as
the C/P ratio decreased, the yields of paraffins and total aromatics in
the products significantly decreased, while the yields of olefins sig-
nificantly increased. In the reaction network of hydrocarbon catalytic
cracking29, olefin intermediates need to be adsorbed again onto the
Brønsted acid sites (BAS) for aromatization30. Consequently, a low C/P
ratio may hinder the re-contact between olefin intermediates and
some BAS, thereby preventing aromatization. To investigate the
accessibility of these BAS during PE cracking, chemisorption experi-
ments using C3H6 as a probe molecule are conducted. As shown in
Fig. 2d, the pure ZSM-5 catalyst exhibited the highest cumulative
amount of C3H6 adsorption, indicating the greatest accessibility of
active sites to C3H6, while PE hardly adsorbed any C3H6. As the C/P
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Fig. 1 | Differences in reaction systems between catalytic cracking of heavy oil
and PE. aGas-solid phase catalytic cracking of heavy oil: The diffusion of substrate
and product molecules is relatively free and limited only by the structure of the

catalyst. b Polyolefin catalytic cracking system: The catalyst is encapsulated by a PE
molten layer, and diffusion of products will be constrained by PE molten layer.
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ratio decreased from 2 to 0.5, the adsorption capacity of C3H6 gra-
dually decreased. It indicates that mixing PE and zeolite catalyst at
temperatures sufficient for the molten layer formation hindered the
accessibility of acid sites. N2 physisorption results for mixtures of
molten PE and catalysts with different mass ratios further evidence
that the micropores are more challenging to access as the PE layer
around the outer surface of the zeolite thickened (Supplementary
Fig. 8 and Supplementary Table. 2).

Considering that the cleavage of PE is accompanied by decreases
in both molecular weight and mass, we monitored the product evo-
lution during the reaction. As shown in Fig. 2e, theproduct distribution
during the entire cracking process appears to be divided into 3 stages:
1) In the first few minutes, only light alkane products were detected,
with almost no olefins (Supplementary Figs. 9, 10). This is in agreement
with the non-classical alkane cracking mechanism with the five-
coordinated carbonium ions as a transition state followed by the

Fig. 2 | Comparisonof catalytic crackingof long-chain alkanesandPEat300 °C,
and affecting factors of PE self-confined cracking. a Cracking product distribu-
tion of reactant with different chain lengths (C18 and C30 represent conventional
FCC feedstocks, and C160 and C1000 represent PE). Reaction conditions: 250mg of
commercial ZSM-5 zeolite, 500mg of reactants, 100% Ar feed gas at a flow rate of
40mL/min, 300 °C for 2 hours. Error bars represent standard deviation (SD).
b Yields of different fractions products of pyrolysis and catalytic cracking of PE
(C1000) at different temperatures (300, 400, 500 °C) for 2 h. c Yields of different

hydrocarbon fractions varywithC/P ratio from5 to0.2 during PE cracking at300 °C
for 2 h. Error bars represent standard deviation (SD). d Adsorption of C3H6 on
mixed samples of commercial ZSM-5 and PE with different mass ratios (∞, 2, 1, 0.5,
0) at 200 °C, with 4.48mmol of C3H6 injected per pulse. Mixtures were hold at
200 °C under Ar flow to ensure complete melt mixing. e Yields of paraffins, olefins,
and aromatics after varying times of PE cracking under different C/P of 1 (top) and
0.5 (bottom) at 300 °C. Error bars represent standarddeviation (SD). f Schematic of
PE self-confined cracking process.
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formation of alkanes (in gas phase) and carbenium ions (absorbed on
BAS)31. 2) As the concentration of carbenium ions increases, C3

+ olefins
are observed as the primary product, possibly due to the β-cleavage in
the classical pathway where carbenium ion is the critical reaction
intermediate32,33. 3) Then, aromatic fractions start to appear in the
productmainly because of a secondary reaction involving light olefins.
This includes hydrogen transfer from light olefins to aromatics and
alkanes30. Over time, the selectivity of these reactions gradually
increases until the polyethylene is fully consumed. Notably, the aro-
matics generation stage exhibits a significant time lag when the C/P
shifts from 1 to 0.5 (Fig. 2e, Supplementary Figs. 11 & 12).

Based on the above findings, we propose a scenario where the PE
molecules encapsulate the catalyst (Fig. 2f). Here, we tend to avoid
using the word “cover” as it might be confused with the general con-
cept of “coverage” in catalysis. When such encapsulation is sufficient
under a low C/P ratio, the highly constrained space will limit the dif-
fusion of any hydrocarbon molecules no matter how the catalytic
reactionproceeds. The only exception is light hydrocarbonswith small
enough carbon numbers. In addition, not only does the molten-layer
encapsulation hinder the product diffusion, but it also limits it to the

secondary reactions. These findings suggest the presence of the
polymer molten-layer encapsulation that can be considered as a
spatial-limiting area and serves as the basis of self-confined effects of
PE catalytic cracking over zeolite.

Distinct features of PE self-confined cracking
The above-stated encapsulation hinders the accessibility of active
sites. From this point of view, it is naturally speculated that the
reactants/products hardly diffuse into the zeolitic bulk so that acid
sites at the outer surface would perform superior to those in the
bulk. To investigate this, we prepared ZSM-5@SiO2 catalysts with
passivated outer surface acid sites via chemical liquid deposition
(Supplementary Fig. 13)34. As shown in Fig. 3a, PE is hardly converted
on ZSM-5@SiO2, indicating that the self-confined cracking of PE
occurs at the outer surface acid sites of the catalyst. However, in the
C30 cracking experiments, we found that passivating the acid sites on
the outer surface resulted in only a slight decrease in conversion,
indicating that the catalytic cracking of low-carbon hydrocarbons
occurs mainly within the zeolite pores. Thus, the structure-
performance relationships of PE self-confined cracking differ from

Fig. 3 | Catalyst screening on the melt flow rate-dependent self-confined
cracking of PE. a Yields of different fractions of products on ZSM-5 (with external
acid sites) and ZSM-5@SiO2 (without external acid sites). Reaction conditions:
300 °C, 100% Ar gas, 40mL/min flow rate, 250mg catalyst, 500mg HDPE or C30,
100%Ar gas, 40mL/min flow rate, 2 h. b Yields of different fractions of products on
various modified ZSM-5 zeolites. Reaction conditions: 300 °C, 100% Ar gas, 40mL/
min flow rate, 250mg catalyst, 500mg HDPE, 2 h. c Distribution of PE catalytic
cracking products of zeolites with three different topologies at C/P = 2 and 0.5.
Reaction conditions: 300 °C, 100% Ar gas, 40mL/min flow rate, 250mg catalyst,

500mg HDPE, 2 h. d PE conversion and olefin selectivity for all catalysts. Reaction
conditions: 300 °C, 100% Ar gas, 40mL/min flow rate, 250mg catalyst, 500mg
HDPE, 2 h. e Yields of different fractions of products of PE with different MFRs and
structures. Reaction conditions: 300 °C, 100% Ar gas, 40mL/min flow rate, 250mg
commercial ZSM-5, 500mg PE, 2 h. f olefin yield and selectivity of PE with different
MFRs and structures. Curves were plotted based on visual trends. g Reaction rates
of PEwith differentMFRs and structures. Reaction conditions: 300 °C, 100%Ar gas,
40mL/min flow rate, 250mg commercial ZSM-5, 500mg PEs with different MFRs,
0–20min.
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those observed in the catalytic cracking of classical low-carbon
hydrocarbons.

For the cracking of light hydrocarbons, optimizing diffusion
within the zeolite crystal or reducing acid density can improve the
selectivity for light olefins25. Hence, we tested PE-self-confined crack-
ing over a series ofmodified ZSM-5 zeolites with varying acid densities,
crystal sizes, and mesoporous structures (Supplementary Figs. 14–17
and Supplementary Tables. 2 & 3). Interestingly, all the catalysts show
very similar product distributions with light olefin yield over 65wt.%
(Fig. 3b and Supplementary Fig. 18). In addition, for light hydrocarbon
cracking, the incorporation of metal ions is effective in yield
enhancement and product distribution adjustment35. For PE cracking,
although the metal modification reduced the reaction rate (Supple-
mentary Fig. 19), which was associated with a decrease in the Brønsted
acid density36, the effect on the distribution of the final product was
negligible as the reaction is only dependent on the acid properties at
the outer surface, regardless of the porous structure, metal content,
acid properties inside the micropores, etc.

Additionally, we investigated the cleavage of PE on zeolites with
varying topologies (Supplementary Fig. 20 and Supplementary
Table. 2). As illustrated in Fig. 3c and Supplementary Fig. 21, under C/
P = 2, both alkanes and aromatics generated on ZSM-5, USY, and Beta
zeolite increased markedly compared to the yields at C/P =0.5,
whereas the olefin yields decreased substantially. These results sug-
gest that the enhancement of the self-confined effect of PE inhibits
hydrogen transfer side reactions, regardless of the zeolite catalyst
used. However, expanding the size of the zeolite pores led to a notable
decrease in olefin yields due to the larger pore size accommodating
bimolecular hydrogen transfer reactions37. This pore-size effect might
not be as impactful for the primary cracking reaction, but it becomes
more apparent for secondary reactions when encapsulation is less
significant. As shown in Fig. 3d, we further conducted PE cracking
experiments using various solid acid catalysts without micropores
(Supplementary Fig. 22). The olefin selectivity in the PE cracking pro-
ducts exceeded that of the zeolite-based catalysts. However, a sig-
nificant decrease in conversion over the same period was observed
due to the lower acid density of these non-microporous catalysts
(Supplementary Fig. 23).

Based on above results, the physicochemical properties of the
catalyst exert minimal influence on olefin yield when the PE molten
layer fully encapsulates the catalyst. In this scenario, the primary
determinant of olefin yield is the in-situ melting of PE and its encap-
sulation of the catalyst, whichwehypothesize is linked to themelt flow
rate (MFR) of the polymer reactant. To investigate this further, we
conducted catalytic cracking experiments on high-density poly-
ethylene (HDPE), low-density polyethylene (LDPE), and linear low-
density polyethylene (LLDPE) with varying MFRs at 300 °C (see Sup-
plementary Table. 4). As illustrated in Fig. 3e and Supplementary
Fig. 24, all PE feedstocks exhibit similar olefin yield when MFR is ≥ 1,
where the PE has thoroughly melted and coated the catalyst (Supple-
mentary Fig. 25). However, when the MFR falls significantly below 1,
there is a marked decrease in olefin yield, accompanied by a sub-
stantial increase in aromatic selectivity. This trend can be attributed to
the insufficient encapsulation of the catalyst by PE at low MFRs.

Moreover, Fig. 3f demonstrates that when MFR is ≥ 1, both olefin
yield and selectivity remain stable within a defined range, showing no
further changes with increasing MFR. In contrast, when MFR is <1, an
increase in MFR leads to a gradual rise in olefin yield, while selectivity
remains relatively constant. Subsequent evaluations of the cracking
reaction rates for these PE feedstocks (see Fig. 3g and Supplementary
Fig. 26) reveal a rapid increase in reaction rate as MFR rises from 0.04
to 1, which can be ascribed to improved contact between PE and acid
sites. Beyond an MFR of 1, the reaction rate increases at a slower pace
with further MFR increments. Additionally, the chain structure of PE
does not significantly impact the reaction rate within the examined

MFR range. These results underscore the critical role of MFR in opti-
mizing olefin production from various PE feedstocks, and in situ
melting of PE and complete encapsulation of the catalyst are a pre-
requisite for high olefin yields.

Insights frommolecular dynamics into PE self-confined catalytic
cracking
To further elucidate the scenario of the aforementioned encapsula-
tion, molecular dynamics (MD) simulations were applied to model the
interactions between the substrates, olefin products, and the zeolite
catalyst (Supplementary Fig. 27 and Supplementary Note. 2). As illu-
strated in Supplementary Figs. 28, 29, compared with light hydro-
carbons, macromolecules ( > C100) form a denser molten layer that
encapsulates zeolite, and few molecules permeate the zeolite chan-
nels. This is due to the strong van der Waals force between the long-
chain paraffin and the zeolite framework and the high affinity among
macromolecule chains38–40.

Then, we investigated the diffusion behavior of C6H12 (model
molecule to represent the olefin intermediates) in different molten
layers created by paraffins of varying chain lengths (see Supplemen-
taryMovie 1 for a detailed illustration of the diffusion process)41–43. The
spatial restriction imposed by the paraffins was assessed by evaluating
hindrance to product diffusion, quantified by mean square displace-
ment (MSD) and diffusion coefficient D. As shown in Fig. 4a, after
simulations over the same time period, C6H12 traveled the greatest
distance in the C20 melt, whereas the diffusion distance decreases as
the carbon chain length increases. This observation is further sup-
ported by the MSD curves (Fig. 4b), where hexene’s diffusion coeffi-
cient showed a marked reduction in melts of paraffin chains longer
than C100. Moreover, in a PE molten layer environment, only products
with chain lengths shorter than C12 can effectively diffuse through the
layer, while longer-chain molecules experience substantial spatial
hindrances (Supplementary Fig. 30). This spatial confinement effect
correlates with the experimental observation that PE cracking pro-
ducts are predominantly distributed around C4–C5. These results
indicate that the polymer substrate exerts a substantial confinement
effect on the intermediate products during PE cracking, resulting in
the direct formation of light olefins on zeolite surface.

We next modeled the space confinement effects of the PE molten
layer on the BAS of zeolite (Supplementary Fig. 31). As shown in Fig. 4c,
in the absence of a PE molten layer, C3H6 can transfer freely between
zeolite particles, easily traveling through the pores, which are the
primary sites where olefins undergo side reactions to form C7-8 aro-
matics. When the PE molten layer encapsulates the zeolite, no C3H6 is
visibly in contact with the zeolite surface. The diffusion distance of
C3H6 gradually decreases as the PE molten layer thickens (Fig. 4d and
Supplementary Fig. 32). To exclude the influence of the carbon chain
length of the diffusing molecule, we also simulated the diffusion of
C6H12 toward zeolite, and similar results were obtained (Supplemen-
tary Fig. 33). Figure 4e presents the mean square z-displacement (z-
MSD) along the b-axis direction of the zeolite for cracking systems of
different P/C ratios. During the initial stage of diffusion, the z-MSD of
C3H6 increases over time, with the slopes of the curves positively
correlated to P/C ratios, implying a difference in initial diffusion rates.
The correlation between diffusion rate and P/C ratio can be attributed
to the increase in density of adsorbed PE with respect to the P/C ratio
(Supplementary Fig. 34), resulting from the long-range PE-PE and PE-
zeolite attractions44,45. Additionally, the diffusion distance decreases in
the thicker PE molten layer. Besides, simulations of longer times were
also conducted, showing the extent of diffusion reached around
100ps (Supplementary Fig. 35). These results suggest that raising the
P/C ratio leads to a thickened PE molten layer, which enhances the
confinement effect, thereby preventing olefin intermediates from re-
exposure to the active sites for side reactions. This alignswith previous
experimental findings on the inhibition of aromatic formation.
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Practical applications of PE self-confined cracking
To assess the applicability of self-confined cracking in polymers, we
conducted cracking experiments on several common PE plastic
commodities. Figure 5a depicts several types of PE waste, including
PE agricultural sheets, PE bags, and bottles. The cracking of these
waste PEs resulted in the isolation of more than 60% of C3-C8 light
olefins (Supplementary Fig. 36). Notably, the cracking experiments
on agricultural sheets and packaging bags achieved C3-C8 olefin
yields of 68wt.% and 71.9 wt.%, respectively—the highest yields
obtained under similar conditions to date. Interestingly, the optimal
reaction temperature varied slightly with themolecular weight of the
waste polyethylene. This variation is attributed to the lowMFR of this
plastic and the different additives used during its synthesis, which
can hinder the formation of the PE molten layer (Supplementary
Fig. 37). Furthermore, over four consecutive cycles, the olefin yield
showed only a slight decrease, and the regenerated catalyst fully
restored both the activity and selectivity observed with the initial
fresh catalyst (Supplementary Fig. 38). Remarkably, the scaled-up
experiment conducted at the 5 g level still achieved an olefin yield
exceeding 65% (Supplementary Fig. 39), demonstrating the out-
standing industrial application potential of this self-confined crack-
ing strategy.

On the other hand, continuous high-yield light olefin production
was achieved when we kept feeding the PE substrate. In contrast to a
decrease of olefin selectivity after 60minuteswithout addingmore PE,
when we added more PE to the reactor after 1 h, the olefin selectivity
remained stable, as high as 80% (Fig. 5b). Thus, collecting olefinic
fractions during the self-confined cracking process of PE is analogous
to distillation in traditional brewing; olefin-rich fractions should be
collected only during the phasewhere the self-confined effect is active.
Since catalytic cracking in a refinery typically involves continuous

feedstock supply, we hypothesize that by carefully controlling the PE
feed rate to match the PE reaction rate, we can maintain the PE’s self-
confinement effect and ensure sustained high olefinic selectivity over
an extended period. This suggests that the self-confined cracking of PE
holds great potential for industrial applications.

Finally, we performed catalytic reforming of the products from
PE self-confined cracking (Supplementary Fig. 40) using two practical
catalysts (Cat-1 and Cat-2), acquired from industrial production lines
of SINOPEC Catalyst Co., Ltd. As illustrated in Fig. 5c, both catalysts
produced approximately 65wt.% C2-C4 light olefins. More impor-
tantly, this process offers the flexibility to adjust the output based on
capacity requirements, yielding either primarily a mixture of C3H6

and C4H8 (Cat-1) or a combination of C2H4, C3H6, and separable BTX
(benzene, toluene, xylene) fractions (Cat-2). Remarkably, over
90wt.% of C2-C4 light olefins and separable BTX were produced
through the PE self-confined cracking process combined with tan-
dem reforming reactions. In contrast, without a self-confined crack-
ing unit, PE yields only about ~ 34% C2-C4 light olefins over Cat-2
under reforming conditions, excluding the potential of product high-
yield C2-C4 light olefins from PE directly (see Supplementary Fig. 41).
Additionally, when C/P = 2, this tandem process yields only ~40% C2-
C4 light olefins, illustrated maintaining PE self-confined cracking is
essential for the efficient production of C2-C4 light olefins in this
tandem process (see Supplementary Fig. 42). Moreover, when eval-
uating various reported pathways for converting PE to light olefins,
as summarized in Supplementary Table. 5, our self-confined cracking
tandem reforming approach yields the highest profit margin,
achieving ~ $248 per ton of waste polyethylene. These findings
underscore the efficacy of this tandem strategy and highlight its
crucial role in developing a chemical recycling framework for waste
polyolefin plastics.

Fig. 4 |Molecular dynamics simulationofdiffusionbehavior inPEmolten layer.
a Structural models for C6H12 diffusion in molten layers of different paraffins (C20,
C100, C500, and C1000, in gray) after 200-ps simulations. b MSD curves depicting
C6H12 diffusion in various hydrocarbon molten environments within 200ps. Error
bars represent standard deviation (SD). c Structuralmodel illustrating the diffusion

of C3H6 towards a bare zeolite slab after 100-ps simulations. d Final structure in the
diffusion simulation of C3H6 towards zeolite encapsulated by PEmolten layer, with
a ratio of 4.84mg PE/m² ZSM-5. e z-MSD curves of C3H6 diffusion towards zeolite
encapsulated by varying amounts of PE molten layers within 100ps. Error bars
represent standard deviation (SD).
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Discussion
The self-confined cracking process of PE, influenced by the reaction
conditions and the melt flow rate (MFR) of the polymer reactant,
exhibits remarkable selectivity forC3-C8 olefins. Thismethodproduces
over 67% C2-C4 light olefins and 23% separable BTX when integrated
with tandem catalytic reforming, effectively establishing a closed-loop
recycling system for waste polyolefin plastics. A defining characteristic
of this process is the self-confinement of PE, which enhances the
concept of spatial constraints in catalytic reactions of polymeric
reactants. Unlike petroleum reforming, the distribution of products in
the catalytic cracking of PE is determined more by the degree of self-
confinement rather than contact time. Achieving a balance in these
spatio-temporal effects is essential for the efficient operation of a
sustainable refinery capable of adapting to diverse feedstocks.

Methods
Synthesis of hollow ZSM-5 zeolite
Hollow ZSM-5 zeolite was synthesized with alkali etching method46.
Typical procedure was as follow: 0.36 g of NaOH and 30g of water
were mixed and stirred at room temperature for 5min. Then, 3 g of
N-Z5 was added and stirred for another 30min. Then, the mixture was

transferred into an autoclave and thermally treated at 170 °C for 2
days. The solid product was collected by centrifuging, washed with
deionizedwater until the rinse liquids reached apHof 7–8, then heated
in a convection oven at 120 °C overnight, and calcining at 550 °C in air
for 6 h to remove the organic template. After calcining, the solid
product was treated with 1.0mol/L NH4Cl solution at 80 °C for 10 h
and then calcined at 550 °C for 6 h in an airflow.

Synthesis of hierarchical ZSM-5 zeolite
Hierarchical ZSM-5 zeolite was synthesized with reference to Qin
et al.47. First, aluminum isopropoxide was dissolved in an aqueous
solution of tetrapropylammonium hydroxide and potassium hydro-
xide to get a clear solution. Another solution was prepared by mixing
colloidal silica with a proper amount of distilled water and added
slowly into the template-aluminummixed solution under stirring. The
resultant mixture was stirred for another 60min. Then the synthesis 2
gel was loaded to a 100mL Teflon-lined stainless-steel autoclave. The
sealed autoclave was transferred into a preheated air-circulated oven
and heated at 170 °C under static conditions. After 48 h the autoclave
was removed from the oven and quenched immediately with cool tap
water. Solid material was recovered by vacuum filtration and

Fig. 5 | Applicability andstabilityofPE self-confinedcracking. aYields of various
product fractions after cracking different types of real-life PE. Reaction conditions:
167mg of hierarchical ZSM-5, 500mg of PE, 100% Ar feed gas at a flow rate of
40mL/min, 330–350 °C for 4 hours. Note: agricultural sheets and bags were
cracked at 330 °C, while closures and bottles were cracked at 350 °C. b Changes in
olefin selectivity (the products in the gas pocket) as the reaction proceeded.
Reaction conditions: 300 °C, 100% Ar gas, 40mL/min flow rate, 250mg catalyst,

500mg HDPE, 2 hours. Error bars represent standard deviation (SD). c Analysis of
products from PE self-confined cracking tandem catalytic reforming. Left: product
yield from PE self-confined cracking. Medium: selectivity of C2–C4 light olefins,
BTX, and all other products (excluding solid residues) after catalytic reforming.
Right: product yield after catalytic reforming. PE self-confined cracking reaction
conditions: 500mg of HDPE, 167mg of Nano ZSM-5, 300 °C, 40mL/min Ar, 4 h.
Catalytic reforming conditions: 25mg of reforming catalysts, 600 °C.
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subsequently washed with distilled water until the pH of the wash was
~7.0. The solid cake was then recovered and dried at 100 °C overnight,
and the solid productwas calcined at 550 °C for 6 h. After calcining, the
solid product was treated with 1.0mol/L NH4Cl solution at 80 °C for
10 h and then calcined at 550 °C for 6 h in an airflow.

Synthesis of Na+ ion-changed ZSM-5 zeolite
2 g of dry ZSM-5 zeolite was dispersed in 20mLof deionizedwater and
stirred well. After that, the weighed NaCl was added, and the solid was
collected by centrifugation after stirring at 90 °C for 6 h. Finally, the
dried solid powder was calcined in air at 550 °C for 4 hours to obtain
the Na-ion-exchanged ZSM-5 catalyst. The samples were named as x%
Na/ZSM-5, where x stand for the amount of Na+ load.

Synthesis of metal (Fe, Mn, and Ni) loaded ZSM-5 zeolite
Metal loading on ZSM-5 zeolites is accomplished by impregnation. A
typical synthesis procedure is as follows: 2 g of dry ZSM-5 zeolite and
3 g of deionized water were added to a 10ml beaker and stirred
thoroughly. After that, the weighedmetal salt was added and stirred at
room temperature for 6 h and then transferred to an oven for drying.
The dried sample was calcined in air at 550 °C for 4 h to obtain the
metal-loaded ZSM-5 catalyst. The samples were named as x%y/ZSM-5,
where x represents the metal loading and y represents the metal
species.

Synthesis of F/Al2O3 catalyst
2 g calcined γ-Al2O3 was combined with an aqueous solution (2.0mL,
roughly corresponding to the pore volume) of NH4F (5wt.% of Al2O3).
The mixture was dried in air in an oven at 80 °C for 2 h, followed by
ramping the temperature to 550 °C at a rate of 2 °C min-1 and hold-
ing for 5 h.

Synthesis of sulfated activated carbon (SO4
-/AC)

In a round-bottomed flask, 2 g of vacuum-dried activated carbon was
mixed with 50mL of 6mol/L sulfuric acid and refluxed while stirring
overnight at 90 °C. After cooling, the excess sulfuric acid solution was
removed by centrifugation, and the sample was dried and calcined at
600 °C for 4 h under a nitrogen atmosphere to obtain the SO4

-/AC
catalyst.

Synthesis of H3PO4/SiO2

2 gofdried silica3 gof phosphoric acid (85%)was addeddropwise, and
the mixture was ground well in a mortar and pestle, after which it was
transferred to a crucible. The H3PO4/SiO2 catalyst was obtained after
calcination at 400 °C for 6 h in a muffle furnace.

Characterizations
X-ray diffraction (XRD) spectra of the catalysts were collected on a
Shimadzu XRD 6100 with Cu curved monochromator and using Cu-
Kα-radiation (λ = 1.5406Å). Sample scanning 2θ from 5-50 degrees.
Nitrogen sorption isotherms were measured at 77 K using a JBK-200W
to calculate the micropore volume, external, and specific surface area.
The Brunauer-Emmett-Teller (BET) surface areas were calculated from
the adsorption data. Surface areas were calculated using the BET
equation.Micropore volume and external surface area were calculated
using the t-plot method with the Jura-Harkins equation for determin-
ing the thickness of the adsorbed layer. The samples were previously
outgassed at 350 °C for 12 h under vacuum before the measurements.
The size and morphology of zeolite were determined by transmission
electronmicroscopy (TEM) which performed on a JEOL-2000 electron
microscope with an acceleration voltage of 200 kV. Temperature-
programmed desorption of ammonia (NH3-TPD) was carried out on
ICHEM700Pulse Chemisorption System.Theweighed sample (50mg)
was pretreated at 650 °C for 1 h under He, then cooled to 30 °C. The
NH3-Ar (10 vol% NH3) gas was introduced at 80 °C for 1 h to ensure the

saturation adsorption of NH3. The samplewas then purged with He for
1 h until the signal returned to the baseline as monitored by a thermal
conductivity detector (TCD). The desorption curve of NH3 was
acquired by heating the sample from 80 to 650 °C at a rate of 10 °C/
min under Ar with the flow rate of 30mL/min. The internal and
external acid characterization of the catalyst was determined by 2,6-2-
tertbutyl-pyridine IR (py-IR). Each sample was pressed into a self-
supported wafer (ca. 10mg, diameter: 13mm). The wafers were first
pretreated at 400 °C for 1 h under vacuum. After the temperature
dropped to 150 °C, a spectrum was collected as the background.
Subsequently, the samples were exposed to 2,6-2-tertbutyl-pyridine
vapor for 5min at room temperature and outgassed at 300 °C for
30min. When the temperature dropped to 150 °C, py-IR spectra were
recorded.

General procedure for the catalytic cracking of PE and heavy oil
The experiments on catalytic cracking of PE and heavy oil were con-
ducted using a self-built fixed-bed reactor (Supplementary Fig. 1), the
fixed-bed reactor is composed of three sections: a carrier gas supply
section located at the front end of the reaction tube, an infrared
heating tube furnace for heating the reaction tube, and a product
collection section located at the back end of the reaction tube. In a
typical procedure, the catalyst powder and substrate powder were
mixed in a certainmass ratio and packed into the middle of the quartz
reaction tube (φ 10*1mm), and the quartz cotton (10μm) was used to
fill the two ends of the catalyst bed. The reaction tubewas then purged
with argon atmosphere (40mL/min) for 30min to replace the air. The
catalyst bed was heated to the reaction temperature with a ramp rate
of 10 °C/s, and then maintained at 300 °C for 2 h. During the reaction,
the products generated by PE cracking are carried by a carrier gas (Ar),
and a cold trap (cooled with dry ice) and gas bag were used to collect
the liquid and gaseous products, respectively. After reaction, when the
reaction tubes and cold trap were returned to room temperature
(20 °C), they were washed with dichloromethane (DCM) to collect all
liquid products. The solid residue insoluble in DCM in the reaction
tube is in two main parts: the wax product condensed on the reactor
wall and the catalyst bed after the reaction. The wax product was
dissolved in hot hexane, and then the remaining catalyst was collected
and stored separately.

Catalytic cracking of commodity PE
In this paper, four commercial PEs were selected for catalytic cracking
experiments. These commodity plastics are agricultural sheets, plastic
bags, plastic bottles, and bottle cap. These materials were washed
using deionized water and dried, and subsequently crushed into
40–80 mesh pellets at dry ice temperature. Then, 163mg of hier-
archical catalyst powder and 500mg PE powder were mixed and
packed into the middle of the quartz reaction tube. The reaction time
was 4 h, and the reaction temperature was selected between
300-350 °C.

Catalyst stability testing
In the continuously running PE cracking experiments, the catalyst was
removed from the reaction tube after reaction. Then without any
treatment, it was mixed with the next batch of PE feedstock and con-
tinued the cracking experiment. After four single runs, the catalystwas
removed and then calcined in flowing air at 800 °C for 2 h. The
regenerated catalyst will be reused in PE cracking experiments.

Evaluation of reaction rates
For the evaluation of reaction rates, the typical procedure is as follows:
250mg of commercial ZSM-5 catalyst powder and 500mg PE powder
weremixed andpacked into themiddle of the quartz reaction tube and
purged with argon atmosphere (40mL/min) for 30minutes to replace
the air. After that, the catalyst bed was heated to 300 °C at a ramp rate
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of 10 °C per second and then held for 5, 10, 15, and 20min. Then, the
heating was stopped, and the upper lid of the heater was opened to
allow the reaction tube to cool down rapidly and quench the reaction.

Continuous feeding experiment
In order to verify the potential of the PE self-limiting domain cracking
strategy for industrial applications, we made up the HDPE feedstock
halfway through the reaction, which was carried out as follows: when
the PE cracking reaction was carried out for 60min, the heating was
stopped and the upper lid of the heater was opened to allow the
reaction tube to cool down rapidly and quench the reaction. After that,
0.5 g of HDPE was added to the reaction tube and mixed well with the
residual solids in the reaction tube. The reaction tube was purged
using argon at room temperature for 60min, after which the tem-
perature was slowly increased to 200 °C under the protection of the
argongas streamandmaintained for 1 h to ensure that the addedHDPE
could be completely melted and mixed well. Afterwards, the tem-
perature was raised to 300 °C to continue the reaction, and the gas-
eous products were collected and analyzed.

Tandem cracking reforming experiment
The experimental setup for PE self-confined cracking tandem catalytic
reforming is shown in Supplementary Fig. 38. In a typical procedure,
0.5 g of HDPE and 0.167 g of Nano ZSM-5 were mixed well and loaded
into a reaction tube, and 0.025 g of reforming catalyst was added to
the U-shaped quartz tube. Connect the tubing of the tandem reactor,
ensure that the gas tightness is intact, and insulate the transfer line at
160 °C. The reformed bed was heated to 600 °C under argon purge to
activate the catalyst. After that, the PE cracking reactor was heated up
to 300 °C and kept for 4 h. After reaction, when the reaction tubes and
cold trap were returned to room temperature (20 °C), they were
washedwithdichloromethane (DCM) to collect all liquidproducts, and
the gas product was collected in gas bag.

Propene adsorption experiment
The propylene pulse adsorption experiments with catalyst and PE
mixtures were carried out on a ICHEM 700 Pulse Chemisorption Sys-
tem. Typical experimental operation was as follows: firstly, the mixed
catalyst and PE powder were loaded into U-shaped sample tubes and
then purged in Ar gas stream (30mL/min) for 1 h. Then, in order to
melt and adsorb the PE onto the zeolite, the reaction tube was heated
to 200 °C under argon atmosphere and kept for 2 h, during which the
signal from the TCD detector proved that no cracking of the PE
occurred. Subsequently, 200μL of propylene was injected into the
U-tube every 3min until saturation of propylene adsorption.

N2 adsorption experiment for Cat/PE
Typical experimental operation of the N2 adsorption experiments with
catalyst and PE mixtures was as follow. First, ZSM-5 was kept under
vacuum at 350°C for 6 h for degassing, and after the sample tube was
cooled to room temperature, weighed HDPE powder was quickly
added to the sample tube and mixed well. The mixture was then kept
under vacuum at 200 °C for 2 h to ensure that the PE was completely
melted and the catalyst was encapsulated. Then, the nitrogen sorption
isotherms were measured at 77 K using a JBK-200W to calculate the
micropore volume, external and specific surface area.

TGA with FTIR analysis
The TGA-FTIR analysis was performed using simultaneous TGA (TGA
STA8000, PerkinElmer) coupled with FTIR spectrometer (Perki-
nElmer). Approximately, 10mg of the ZSM-5 zeolite and 10mg of was
mixed and thenheated underN2 gasflow rate of 30mL/min from30 °C
to 300 °C and then held for 1 h at the heating rate of 20 °C/min. The
evolved gases were transported to the FTIR spectrometer through a
connecting line (heated at 280 °C to prevent the evolved gases from

condensing). The FTIR spectra were recorded at a resolution of
4.0 cm−1 from 4000 to 550 cm−1, and 16 scans were conducted for each
spectrum. The thermogravimetric (TG) curve and the FTIR spectra
were recorded. The chemicals from decomposed samples were ana-
lyzed by FTIR.

Product analysis
The methodologies for product analysis are given in the Supplemen-
tary Note 1.

Molecular dynamics (MD) simulations
Details on molecular dynamics simulations are given in the Supple-
mentary Note 2.

Data availability
All data are available within the article and its Supplementary Infor-
mation files and from the corresponding authors upon request. Source
data are provided in this paper. Source data are provided with
this paper.
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