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Conversion of polyethylene (PE) into ethylene and propylene will enable
closed-loop recycling of plastics. Conventional catalytic cracking of PE is
restricted by kinetic entanglement between the formation of main products
and by-products, limiting ethylene and propylene yields to less than 25%.
Here we address this challenge with a kinetic decoupling-recoupling
(KDRC) strategy, achieving yields of ethylene and propylene up to 79% from
PE conversion using a tandem reactor with dual zeolite catalysts. Reaction
kinetics analysis, synchrotron-based vacuum ultraviolet photoionization
mass spectrometry and in situ neutron powder diffraction reveal that KDRC
decouples kinetics of PE cracking to intermediates (butenes and pentenes)
inthe first stage and synchronizes this process with dimerization-f-scission
reactions in the second stage. This synchronization minimizes by-products
and enhances ethylene and propylene production substantially. Combined
with high catalytic stability, this KDRC strategy represents a robust pathway

to combating plastic pollution viaacircular economy.

Large quantities of plastic products are used and discarded every year.
Waste polyolefin plastics, primarily polyethylene (PE) and polypro-
pylene (PP), pose increasing environmental and health risks due to
their widespread distribution, durability and resistance to degrada-
tion'. Chemical recycling emerges as a promising solution to mitigate
the increasing plastic wastes?”. Polyolefins account for over 50% of
plastic wastes, and extensive research has been conducted to convert
polyolefinsinto fuels®* ' and valuable chemicals” .

The conversion of polyolefinsinto bulk chemicals of high demands
(for example, ethylene and propylene) is essential to the closed-loop
recycling of plastics®*. However, such conversion is extremely chal-
lenging. Several strategies have been explored. For example, it was
discovered that the reaction of PE or PP with excess ethylene (15-20 bar)
could efficiently enhance the yield of propylene or iso-butene using
suitable catalysts**?. Direct cracking of polyolefins yields awide range

of products, with yields of ethylene and propylene of approximately
23% (Fig.1a and Supplementary Table 1)***. Recent studies using elec-
trified spatiotemporal heating techniques have cracked polyolefins
to ethylene and/or propylene with yields of 36-45% by optimizing the
transient heating time*** (Fig. 1b and Supplementary Table 1). Direct
cracking of polyolefinsinvolves a series of reactions—including crack-
ing, dimerization, oligomerization, isomerization, hydride transfer
and aromatization—and the reaction pathway is difficult to control,
makingitchallenging toachieve highselectivities®* . Further research
isneededto elucidate theimpact of reaction kinetics on product selec-
tivity in plastics conversion.

Here, wereportakinetic decoupling-recoupling (KDRC) strategy
to manipulate the kinetics of reaction pathways, and in the absence of
noble metals, external H, or olefins, this strategy has afforded yields
of ethylene and propylene up to 79% (carbon molar yield) from PE
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Fig.1| Representative routes of direct cracking of polyolefins to ethylene and
propylene. a, Conventional catalytic cracking of polyolefins to light olefins.
b, Previous work using pulsed heating techniques to crack polyolefins to ethylene
and/or propylene with or without catalysts***. ¢, Current work applying the
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conversion over zeolite catalysts (Fig. 1c and Supplementary Table 1).
Direct observation of theimportant Cgintermediate and the location
of acid sites of catalysts have been achieved using synchrotron-based
vacuum ultraviolet photoionization mass spectrometry (SVUV-PIMS)
and neutron powder diffraction (NPD), respectively, revealing molecu-
lar details of the KDRC strategy.

Results

KDRC strategy for selective production of ethylene and
propylene

Thelayered self-pillared zeolite (LSP-Z100) features anMFI/MEL (frame-
work type code of zeolite) intergrowth layered structure with a high
external surface areaand awell-developed mesoporous network’ (Sup-
plementary Table 2 and Supplementary Fig.1a,b). This structure gener-
ates numerous open-framework tri-coordinated Al sites, which serve
as strong Lewis acid sites’. Owing to its combination of strong acidity
and mesoporosity, LSP-Z100 exhibits higher activity in PE conversion
than both conventional mesoporous and microporous zeolites (Sup-
plementary Fig. 2 and Supplementary Table 3). We recently reported
that LSP-Z100 can effectively crack PE to gasoline via hydride abstrac-
tion, B-scission, isomerization and hydride transferinabatch reactor’.

Here, to terminate the reaction before hydride transfer toyield ethylene
and propylene, we used a fixed-bed reactor with a N, flow to reduce
the catalyst contact time. As a result, a notable amount of alkenes
(carbon molar yield of 94%) was observed on the LSP-Z100 zeolite at
260 °Cfor2 h, with a PE/catalystratio of 8:1 (Extended Data Fig.1aand
Supplementary Table 4). However, the alkenes produced are mainly
butenes and pentenes (combined 46%) with only 5% of desired ethyl-
ene and propylene (Fig. 2a). Despite optimization of various reaction
conditions, butenes and pentenes remained predominant products,
withyields stabilizing at around 40-50% (Extended Data Fig.1a,b and
Supplementary Tables 4 and 5). To further convert these intermedi-
ates, weintroduced asecond catalyst, phosphorus-modified HZSM-5
(P-HZSM-5) (Fig. 2b and Supplementary Table 3), which possesses a
microporous framework (Supplementary Table 2 and Supplementary
Fig.1c,d) and moderated acidity (Supplementary Fig. 3), making it
suitable for converting butenes and pentenes into smaller molecules
such as ethylene and propylene***. Indeed, this dual catalyst system
achieved higher yields of ethylene and propylene (24%) and lower yields
of butenes and pentenes (23%) at 540 °C (Fig. 2b, Extended Data Fig.1c
and Supplementary Table 6). However, increased amounts of by-prod-
ucts, such as alkanes and aromatics, were observed (Fig. 2a,b).
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Fig. 2 |Selective conversion of PE to ethylene and propylene viathe KDRC
strategy. a, Conversion of HDPE over LSP-Z100 in a single-stage reactor. C,"C;”
represents ethylene and propylene. C,”Cs” represents butene and pentene. C.,
bar includes both alkanes and alkenes with carbon numbers greater than or
equal to six. C,°-C;° represents C,-Cs alkanes. ‘Arom. represents aromatics.
Reaction conditions: 100 mg of HDPE and 12.5 mg of LSP-Z100 at stage I, reaction
temperature, 260 °C; reaction time, 2 h; N, flow rate, 10 sccm. b, Product
distributions of HDPE conversion in a dual-catalyst, single-stage system (HDPE,
100 mg; LSP-Z100, 12.5 mg; P-HZSM-5,100 mg). ¢, Rate constants of PE cracking
on LSP-Z100.d, Concentrations of products from PE cracking on LSP-Z100

at different temperatures. e, Simplified reaction scheme proposed for PE

conversion. Full reaction schemes are shown in Extended Data Fig. 2. f, Production
rates of main products (ethylene and propylene) and by-products (alkanes and
aromatics) against concentration of butene and pentene. g, Rate constants of
dimerization-f-scission on P-HZSM-5. h, The yield of ethylene and propylene
obtained from KDRC strategy. The detailed product yields are presented in
Extended Data Table 1. Reaction conditions: 100 mg of HDPE and 12.5 mg of
LSP-Z100 at stage I, 100 mg of P-HZSM-5 at stage II; reaction time, 2 h; N, flow rate,
10 sccm. i, The optimized catalytic results via KDRC strategy. Reaction conditions:
temperature-programmed reaction (TPR) from 260 °Cto 300 °Cin 2 hat stagel;
50 mgeach of P-LSP-Z100 and P-HZSM-5 at stage 11 (540 °C); other conditions are
thesameasinh.

From thermodynamic estimations, the conversion of PE to ethyl-
ene and propylene should occur at about 400 °C and 290 °C, respec-
tively (Supplementary Note 1 and Supplementary Table 7); thus, the

observed low yields of ethylene and propylene originate from the
formation of various kinetically favored by-products. Therefore, athor-
oughanalysis of the reaction kinetics of PE conversion was performed
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Fig. 3 | Insitu study of HDPE conversion by SVUV-PIMS. a, Schematic setup

for the transformation of 1-butene during PE-d, cracking. b, Transformation
of1-butene during PE and PE-d, conversion in a two-stage reactor. The mass
spectrumin the m/zrange of 26-50 from the PE-d, + C,Hg system is zoomed in.
Reaction conditions: 80 mg PE or PE-d, and 10 mg LSP-Z100 at stage I, 30 mg of
P-HZSM-5 at stage II; reaction temperature, 260 °C (stageI), 540 °C (stage I1); 1.5%

C,Hg/N, flowrate, 10 sccm; ionization energy 11 eV. ¢, Schematic setup for the
temperature-programmed reactions (TPR) of 1-butene on P-HZSM-5. d-f, TPR of
1-butene over P-HZSM-5in a single-stage reactor. Reaction conditions: P-HZSM-5,
30 mg; reaction temperature, ramp from 50 °C to 400 °C atarate of 100 °C min™;
1.5% C,Hg/N, flow rate, 20 sccm; ionization energy 11 eV.

using lumped kinetic modeling* (Extended Data Fig. 2a-d, Supple-
mentary Note 2, Supplementary Figs. 4-6 and Supplementary Tables
8-13). The rate constants (k;) and reaction rates (r;) were determined
fromkinetic data using the fourth-fifth-order Runge-Kutta algorithm
(ode45) and a genetic algorithm (ga) implemented in MATLAB***. At
stage I with LSP-Z100, the rate constant k, is higher than k; (Fig. 2c and
Supplementary Table 9), suggesting that butenes and pentenes are
preferentially produced from PE cracking (Fig. 2d). At stage Il with
P-HZSM-5,butenes and pentenes can either undergoroute1, dimerizing
to Cg (or C.g) followed by B-scission toyield ethylene and propylene, as
widely reported in the literature**, or route 2, to form by-products
(alkanes and aromatics) via hydrogen transfer and aromatization
(Fig. 2e).Kinetic experiments further demonstrate that dimerization—
B-scission (route 1) is a first-order reaction where the reaction rate is
linearly dependent on the concentration of butenes and pentenes,
whereas hydrogen transfer and aromatization (route 2) are second-
orderreactions with thereactionrate proportional to the square of the
concentration of butenes and pentenes (Fig. 2f, Extended Data Fig. 2d,
Supplementary Note 2 and Supplementary Tables 12and 13). Thus, to
achieve afaster rate of formation of ethylene and propylene compared
with that of by-products, the concentration of butenes and pentenes
in the reaction system must be controlled within a range of 0.004-
0.008 mol, g7, identified as a ‘kinetic sweet spot’ I (KSS I) (Fig. 2f
and Extended Data Fig. 2e). This was achieved by tuning the reaction
temperature of PE cracking at stage I, and a butene and pentene con-
centration of 0.005 mol,, g ' achieved at 260 °CwithaN, flow rate of 10
standard cubic centimeters per minute (sccm) (Fig. 2d,f). Conversely,
atstagell, the production of ethylene and propylene from butene and
pentene via route 1 requires that the Cg (or C.;) species preferentially

undergo B-scission to form ethylene and propylene rather than the
reversed reaction of dimerization to form butene and pentene. In
other words, a higher k, than k; is essential (Fig. 2e,g). This only be
achieved only at temperatures above 500 °C (KSS ), as shown by the
temperature dependence of the reaction rate of these two competing
reactions (Fig. 2g). The analysis of reaction kinetics clearly indicates
thatthereactionrate k, at stage I should be decoupled forindependent
optimization, in order to synchronize with the reactionrates k;and k,
at stage Il (KDRC strategy), ultimately enabling a high yield of ethyl-
ene and propylene (Figs. 1c and 2e). The reactor has, therefore, been
redesigned by controlling the temperature of the two catalysts sepa-
rately: 260 °C for LSP-Z100 (stage I) and 540 °C for P-HZSM-5 (stage II)
(Extended Data Fig. 3a) to hit the KSS I and Il (Fig. 2f,g), respectively,
andtheyield of ethylene and propylene reached as high as 71% (Fig. 2h,
Extended Data Fig. 3b, Extended Data Table 1, Supplementary Figs. 7
and8and Supplementary Table14). Theyield of ethylene and propylene
canbe further increased to 79% by using a programmed temperature
control at stage I (ranging from 260 °C to 300 °C) and a dual-catalyst
bed (P-LSP-Z100 + P-HZSM-5) at stage Il at 540 °C (Fig. 2i, Extended Data
Fig. 3¢, Supplementary Tables 15 and 16 and Supplementary Fig. 9).
Given that the system operates without noble metals, external H,
or added olefins, this finding is important for polyolefin conversion
(Fig. 1and Supplementary Table 1). The atom and mass balances for
allreactions exceed 95% (Supplementary Table 17).

Studies of dimerization-f-scission and reaction intermediates
To elucidate the mechanism of the cracking of PE to butene followed
by its dimerizationto Cgand the subsequent 3-scission to ethylene and
propylene, deuterated PE (PE-d,) and 1-butene (1-C,H) were co-fed to
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Fig. 4| Views of crystal structures of pyridine-d; or octene-loaded zeolites. All
models were obtained from Rietveld refinements based on in situ NPD data. Three
distinct binding sites for pyridine-d; and two distinct binding sites for octene have
been observed in the sinusoidal channel (Py' and Oct') and straight channel (Py",
Py"and Oct'). a, Py@HZSM-5 (T,,0,,(CsDsN), 55). b-d, Detailed views of Py' (b),
Py"(c) and Py" (d) in HZSM-5. e, Py@P-HZSM-5 (T ,0,,(CsDsN)o 5¢). f-h, Detailed
views of Py' (f), Py" (g) and Py" (h) in P-HZSM-5. i, Oct@HZSM-5 (T1,0,4(CsH16)0.423)-

j, Detailed views of Oct" in HZSM-5. k, Oct@P-HZSM-5 (T;,0,,(CsH6)0.305)- I, Detailed
views of Oct"in P-HZSM-5. Py and Oct molecules and the functional sites involved
inthe binding are highlighted by the use of an amplified ball-and-stick model
(Al/Si, violet; C, gray; O, red; H, white; N, blue). The O(H)---N interactions and
O(H)---C=Cinteractions are highlighted in cyan and orange, respectively. Owing
to the uncertainty onlocations of protons, all hydrogen bonds in this Article are
described as the distance between the N/C and the O, centers.

the catalyst bed as feedstocks and products detected by SVUV-PIMS
(Fig. 3a and Supplementary Fig. 10). The detected alkene products
showed hydrogen/deuterium (H/D) isotopologues (Fig. 3b), indicat-
ing dynamic intermolecular interactions. C,Dg was identified as a key
intermediate derived from PE-d, cracking, and both C,Dgand C,Hg
are actively involved in the formation of desired alkenes (Fig. 3b and
Supplementary Figs.11and 12).

While dimerization-[3-scission (Fig. 2e, route 1) hasbeen widely
reported as the pathway for ethylene and propylene production
from butene over acidic zeolites, the experimental evidence of the
presence of the Cgintermediate is missing. The SVUV-PIMS technique
hasbeen used owing toits unique advantagesin the detection of tran-
sientreactionintermediates due toits tuneable photon energy, soft
ionization and an exceptional signal-to-noise ratio (Supplementary
Fig.13). Asshownin Fig. 3¢, upon feeding C,Hg to a program-heated
bed of P-HZSM-5 (Extended Data Fig. 4a), negligible C,Hg conver-
sion was observed at 250 °C (Fig. 3d). At 300 °C, a clear signal of
CgH,c appeared with concurrent detection of propylene and pentene
(Fig. 3e, Extended Data Fig. 4b and Supplementary Figs. 14 and 15).
This provides direct experimental evidence to confirm that the

conversion of butene proceeds viathe dimerization-3-scission path-
way. Butene cracking experiments were conducted at 540 °C using
P-HZSM-5 as the catalyst, yielding a propylene-to-ethylene molar
ratio of approximately 2.4-2.8 in the products, further supporting
the dimerization-3-scission pathway (Supplementary Figs. 16-18
and Supplementary Note 3). Asthe reaction temperature was further
increased to 350 °C, abroader product distribution was observed due
to the subsequent 3-scission and oligomerization reactions (Fig. 3f).
Based uponthese results, we further investigated the reaction path-
way starting from C,Hg and C,Dg. The dimerization of butenes could
yield 5-methylheptene and 4,5-dimethylhexene carbenium ions on
acidic zeolites™®, and four Cg carbenium (Cg") isomers were formed
by the dimerization of C,Hg and C,Dg (Supplementary Fig. 19). The
subsequent (3-scissionis categorized according to the type of carbe-
nium ion involved (A-E types)®. B-type and C-type scissions, which
are energetically favorable, predominantly cleave Cg* species into
smaller fragments, such as C; carbenium ion and pentene or C; car-
beniumion (C;") and propylene. Further cleavage of Cs"yields C,H,D,
(x,y=0-4,m/z=28-32) and C;H,D, (a,b = 0-6, m/z = 42-48) species
asthefinal products, in excellent agreement with the observed mass
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Fig. 5| The potential for practical application of the KDRC strategy.

a, Comparison of ethylene and propylene yield over five cycles of reaction.
Reaction conditions:100 mg of HDPE and 12.5 mg of LSP-Z100 at stage 1,100 mg
of P-HZSM-5 at stage II; reaction temperature, 260 °C (stageI), 540 °C (stage I1);
reaction time, 2 h; N, flow rate, 10 sccm. The catalyst recycling process is detailed
inthe Supplementary Information. b, Catalytic conversion of waste polyolefins
and resulting yields of ethylene and propylene in a two-stage reactor. Reaction
conditions for HDPE and low-density polyethylene (LDPE): 100 mg waste HDPE
or LDPE and 12.5 mg LSP-Z100 at stage I, 50 mg each of P-LSP-Z100 and P-HZSM-5
atstage Il; reaction temperature, 260 °C (stage I), 540 °C (stage II); reaction

time, 2.5 h; N, flow rate, 10 sccm. *Reaction condition for waste PP:100 mg PP

Time (h)

and 20 mg LSP-Z100 at stage I, 50 mg each of P-LSP-Z100 and P-HZSM-5 at stage
II; reaction temperature, 280 °C (stageI), 540 °C (stage II); reaction time, 2 h; N,
flow rate, 10 sccm. ¢, Comparison of the CO, emission from the production of 1
metric ton (MT) of ethylene and propylene using PE pyrolysis and KDRC strategy
proposed in this work. d, A continuous process that converts PE to ethylene

and propylene. Reaction conditions: 12.5 mg LSP-Z100 mixing with quartz sand
atstage I, HDPE dosed at arate of 100 mg h™*; 50 mg each of P-LSP-Z100 and
P-HZSM-5 at stage II; reaction temperature, 260 °C (stageI), 540 °C (stage II);
reactiontime, 8 h; N, flow rate, 10 sccm. e, The continuous flow reaction system
and the quartz tube reactor.

spectrometry signals (Fig. 3b, Supplementary Fig. 20, Supplementary
Table 18 and Supplementary Notes 3 and 4).

Determination of adsorption domains for reaction
intermediate

The P-HZSM-5 catalyst, with reduced acidity (Supplementary Fig. 3),
produced fewer by-products such as alkanes and aromatics compared
to HZSM-5 (Supplementary Fig. 21). The formation of these by-prod-
ucts is known to occur via bimolecular reactions that require closely
spaced acid sites*®. To further investigate the effect of phosphorus
modification on the spatial distribution of acid sites in HZSM-5, we
conducted in situ NPD using deuterated pyridine (Py) as a probe
molecule (Supplementary Note 5). Upon adsorption of Py, P-HZSM-5
and HZSM-5 showed negligible structural changes and three distinct
binding sites for Py (I, Il and III) were observed within both zeolites
(Fig. 4a-h, Supplementary Figs. 22 and 23 and Supplementary Tables
19-21). Site Ilocated within the sinusoidal channel and showed simi-
lar interactions between Py' and O5(T2) (N--O5(T2) = 2.747(135) A)
for HZSM-5 and (N--05(T2) = 2.899(42) A) for P-HZSM-5 (Fig. 4b,f),
whereas Py" and Py" resided within the straight channel and inter-
acted differently to HZSM-5 and P-HZSM-5 (Supplementary Table 22).
Within HZSM-5, Py" interacted with the bridging O(H) center via
hydrogen bonding (N--021(T11) = 3.255(24) A) (Fig. 4c), but this
interaction was absent within P-HZSM-5, resulting in parallel orienta-
tion of adsorbed Py" molecules within the pore (Fig. 4g). For Py", the

hydrogen bond between the N center of Py™ and the (O)TS8 site was
weaker in P-HZSM-5 (N--016(T8) = 3.210(27) A) than that in H-ZSM-5
(N--015(T8) =2.918(57) A (Fig. 4d,h). These results are in excellent
agreementwith the NH; temperature-programmed desorption analy-
sis (Supplementary Fig. 3), confirming that P-HZSM-5 had areduced
density and strength of acid sites compared with pristine HZSM-5.
The adsorption of the important Cg intermediate in these two
zeolites was also investigated by in situ NPD and two adsorption sites
identified for both systems (Fig. 4i-1, Supplementary Figs. 24-26 and
Supplementary Tables 23 and 24). As shown in Extended Data Fig. 5,
Oct' located in the sinusoidal channel showed similar interactions to
these two frameworks, which is consistent with pyridine-ds adsorp-
tion. Oct"was located near the intersection of straight channelsand a
clear difference was observed between these two zeolites. InHZSM-5,
Oct" interacted primarily with the framework 021(T11) through a
dipole interaction between the C=C bond and bridging O(H) centers
(C=C--021(T11) =3.280(37) A) (Fig. 4j and Supplementary Table 25),
leaving the 015(T8) site (Fig.4d) free tobind other moleculesto promote
hydrogen transfer, which eventually led to the formation of by-prod-
ucts. Meanwhile, in P-HZSM-5, Oct" interacted with 019(T8) through
a weaker dipole interaction (C=C--019(T8) = 3.484(46) A) (Fig. 41
and Supplementary Table 25), and the binding of nearby molecule was
hindered due to the absence of acidity at 021(T11) site (Fig. 4g), thus
overcomingany bimolecular reactions and leading to 3-scission as the
main reaction pathway. The NPD study directly illustrates the observed
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high selectivity of ethylene and propylene over the P-HZSM-5 catalyst
compared with pristine HZSM-5 (Supplementary Fig. 21).

Practical application viability

To further explore the practical prospects of this KDRC strategy, the
stability of LSP-Z100 and P-HZSM-5 was tested through cycling experi-
ments, and theyields of ethylene and propylene remained stable after
five cycles (Fig. 5a). Characterizations of the used catalysts by X-ray
powder diffraction, high resolution transmission electron microscope
(HRTEM), N, sorption, NH; temperature-programmed desorption,
nuclear magnetic resonance spectroscopy and thermal gravimetric
analysis showed negligible changes in structure and acidic sites, con-
firming the excellent stability of these zeolites (Supplementary Note 6,
Supplementary Figs. 27-39 and Supplementary Table 26). The effects
of plasticadditives on PE conversion were systematically investigated.
Oxygen-containing additives had minimal impact, and phosphorus-
containing additives led to moderate catalyst deactivation, while
strongly basic nitrogen-containing additives markedly suppressed
catalytic activity (Supplementary Figs.40-45, Supplementary Table 27
and Supplementary Note 7), consistent with observations reported
by Vlachos et al”’. These results suggest that pretreatment to remove
or neutralize basic nitrogen-containing compounds may be required
when processing such plastics over acid catalysts. The KDRC strategy
applied to real-world plastic waste containing oxygenated additives
(Supplementary Table 28) resulted in only a slight reduction in con-
version efficiency compared with reagent-grade polyolefins (Sup-
plementary Table 29, entries 1, 2, 4, 6, 8 and 10). Upon optimization
of reaction temperature and duration, conversion of all tested plas-
tics approached 100%, with ethylene and propylene yield reaching
approximately 70% (Fig. 5b, Supplementary Table 29, entries 3,7and 11,
Supplementary Table 30 and Supplementary Fig. 46). In addition,
the potential economic viability (Supplementary Note 8) and carbon
emission (Supplementary Note 9) of this process were evaluated and
compared with PE pyrolysis. The data show that promising economical
profitsand carbon emission reduction can be achieved simultaneously
(Fig. 5c, Supplementary Fig. 47 and Supplementary Tables 31-33). We
also ran the continuous flow mode where PE was continuously fed
to the catalyst bed at arate of 0.1g h™ and the selectivity of ethylene
and propylene remained around 75% over an 8-h period (Fig. 5d,e and
Supplementary Fig. 48). Agram-scale reaction was also performed to
evaluate the practical applicability of the system. One gram of PE was
efficiently converted within 4 h, yielding 57% ethylene and propylene
(Supplementary Fig.49). These results support the practical potential
ofthe KDRC strategy for the conversion of PE to ethylene and propylene
as bulk chemicals.

Discussion

Overall, this study demonstrates an advance in polyolefin recycling,
producing ethylene and propylene from PE direct cracking with high
yields (79%) viathe KDRC strategy in the absence of noble metals, exter-
nal H, or additional olefins. The success of KDRC strategy is attributed
totwovitalfactors: (1) the use of LSP-Z100, which effectively cracks PE at
stagel (Supplementary Fig. 2), and P-HZSM-5, whichefficiently converts
butene to ethylene and propylene at stage II; and (2) the decoupling
of the complex reaction pathway into two separated stages, enabling
independent control and synchronization of reactions at both stages.
This approach minimizes side reactions, ensuring that PE conversion
follows the desired primary reaction pathway. Initially, PE is mainly
cracked into butene and pentene on LSP-Z100 zeolite at stage I. They
subsequently dimerize to Cg (or C.g) intermediates on P-modified
zeolite at stage II, which undergo B-scission to produce ethylene and
propylene. Experimental observations of Cgintermediates and their
interactions with acid sites validated this reaction mechanism. Owing to

Methods
Catalytic conversion of polyolefins
Polyolefin conversion experiments were conducted in atwo-stage reac-
torequipped withindependently temperature-controlled furnaces for
eachstage. Theschematic design of the reactor isillustratedin Extended
Data Fig. 3a. Stage | consisted of a quartz tube reactor containing an
open-ended internal quartz tube with a diameter of 6 mm, which was
used forloading polyolefins and catalysts. A quartztube reactor in stage
IThas adiameter of 6 mm. The two stages were separated by adistance of
180 mm. Inatypical experiment, 100 mg of PE and 12.5 mg of LSP-Z100
catalyst were mixed and placed in theinner quartz tube of stage I, while
100 mg of P-HZSM-5 catalyst was loaded into stage Il (Fig. 2h). Under
anitrogen flow, both stages were heated to their target temperatures
ataramp rate of 10 °C min™, and the reaction was maintained for 2 h.
After thereaction, theliquid products, including those in cold trap and
adsorbed on the quartz reactor wall, were thoroughly extracted with
dichloromethane. The liquid products were identified by gas chroma-
tography (GC)-mass spectrometry (Agilent 7890B-5977A MSD) with a
DB-5ms column. For quantitative analysis of liquid products, n-penta-
decane was used as the internal standard, and GC was performed using
anAgilent 8890 system equipped with an HP-5ms column. Throughout
theentirereaction period, gaseous products were collected ingas bags
and subsequently analyzed using an Agilent 8890 GC system equipped
with the following columns: an HP-PLOT Al,O; column, an HP PONA
column, a5-Amolecular sieve column and two Hayesep Q columns. The
use of multiple chromatographic columns enables effective separation
of individual components and precise detection through dedicated
detectors. Two flame ionization detectors were used for hydrocarbon
analysis, while athermal conductivity detector was used to detect hydro-
genand nitrogen. Gas products were identified using standard gases. For
quantitative analysis of gas products, nitrogen was used as the internal
standard because its molar amount remains constant during the reac-
tion and can be determined from the flow rate and reaction duration.
The mole and mass of each gas product were determined using
the following equation:

A; V A;
n; = nny X A—le X fina = Vir: X A_le X fina ()]
m; =n; X M; 2)

Here, ny,isthe molar amount of N,. n;, m;and M;denote the mole,
mass and molecular weight of gas product i, respectively. 4; and Ay,
are the GC peak areas of productiand N,, respectively. f;, is the rela-
tive response factor of product i to N,. Vy, is volume of N, at standard
temperature and pressure (0 °C and 1 atm). V,, is the molar volume at
standard temperature and pressure.

The mole and mass of each liquid product were calculated
as follows:

nj=Ncisus X o X fjcishz2 (3)

CI5H32
mj = nj X MJ (4)

Here, n;, m; and M; denote the mole, mass and molecular weight
of liquid producty, respectively. nc;sy3, is the molar amount of added
n-pentadecane. A; and Acss, are the GC peak areas of productjand
n-pentadecane, respectively. f;csus; is therelative response factor of
productjto n-pentadecane.

The conversion of PE, yield of products, selectivity, carbon atom
and mass balance were calculated as follows:

Mpgo — Mpg ¢

the high stability of the catalysts, the KDRC strategy offers apromising Conversion = «100% ®)
pathway for the closed-loop recycling of waste plastics. Mpg,0
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. niorj X Niorj

Yiel le) = ———— x100%

ield (Cmole) Toro/14 x 100% (6)
. miorj
Yield (mass) = x 100% 7)
PE,0
Niorj X Niorj

Selectivity (Cmole) = o7 o v 100% (8)

2 X Ni+ 3 ni x N;
Selectivity (mass) = L x 100% 9)

Y Y mi+ Y m ’
Carbon atom balance = Output carbon atom x 100 %
Input carbon atom

10
Mpg /14 + 30 X Nj+ 2 n ;XN (10}

= > x 100 %

mpE,t/14
Mpg + >, M; + Y. m;
Mass balance = Output mass x 100% = M x 100%.

Input mass Mpg o

(11)

Here, mpg gand mpg . stand for the masses of the PE before and after
thereaction, respectively. N, ;denotes the carbon number of molecule
iorj.Asthe mass balance exceeded 95% in each experiment, the yields
calculated using the internal standard method were normal-
ized accordingly.

Catalyst cycling experiments were conducted in the two-stage
reactor discussed above. After the reaction, the catalyststogether the
internal quartzreactor were transferred to atube furnace and calcined
at 600 °C under anairflow to remove organic residues. The catalystin
stagelwas thenremoved, remixed with fresh PE powder and reloaded
into the internal quartzreactor for the subsequent cycle. The catalyst
in stage Il was directly used for the next cycle after calcination. After
five cycling tests, the used catalysts were characterized to evaluate
their stability.

The schematic of the continuous feeding experiment setup is
shownin Supplementary Fig. 48. The diameter of the reactors instages
landIlis10 mmand 6 mm, respectively. PE was fed continuously using
a motor-controlled funnel. The rotation of motor was regulated by
a programmed system, delivering approximately 50 mg of PE every
30 min, and the catalyst in stage | was mixed with PE under stirring.
The reaction proceeded for 8 h, during which 600 mg of PE, dosed
over 6 h, was fully converted.

Kinetic experiments

Before the kinetic experiments, we conducted experiments to assess
the effects of external and internal diffusion limitations on PE conver-
sion using LSP-Z100 and 1-butene conversion using P-HZSM-5. For
LSP-Z100 particles smaller than 0.075 mm, the mass transfer limitations
were minimal (Supplementary Fig. 4a). However, with larger particle
sizes, PE conversion was hindered due to diffusion limitations of PE
(Supplementary Fig. 4a). Therefore, LSP-Z100 particles smaller than
0.05 mmwere used for kinetic studies. To enhance external diffusion,
PE was premixed with LSP-Z100 before the reaction (Supplementary
Fig.4b).Inthe case of 1-butene conversion on P-HZSM-5, neither inter-
nal nor external diffusion had obvious effects on the reactionunder the
studied conditions (Supplementary Fig. 6).

For the kinetic experiments of PE conversionin stage, the fixed
amount of PE (100 mg) with LSP-Z100 (12.5 mg) was added in the
internal tubereactor andloadedinstagel. The experiments were then
conducted at four different temperatures (-260-400 °C) with differ-
ent reaction times to obtain the conversion of PE and concentration

of product for kinetic calculation. For the kinetic experiments of
hydrocarbon conversion in stage II, the fixed amount of PE (100 mg)
with LSP-Z100 (12.5 mg) was loaded in stage I. The temperature of
stage I was kept at 260 °C to continuously supply hydrocarbons for
stage Il. P-HZSM-5was loaded in stage Il. Each kinetic experiment was
conducted for 40 min to ensure that PE conversionin stage I reached
approximately 60%. Hydrocarbon products from stage | were then
converted in stage Il at different temperatures (-400-540 °C) with
different amounts of P-HZSM-5, so that the reaction contact time
could be changed. The concentrations of products were obtained for
kinetic calculation.

To simplify the kinetic calculation, lumped kinetic modeling®,
which groups chemical compounds into distinct ‘lumps’, was used.
Based onthe catalytic performance of the zeolites, the proposed kinetic
modelincludessix lumped components (Extended DataFig.2a,b). The
feedstock, PE (lump 1), undergoes cracking, producing compounds
categorized as lump 2 (ethylene and propylene), lump 3 (butene and
pentene), lump 4 (C., alkenes and alkanes) and others (hydrogen, C,-Cs
alkanes and aromatics) with interconversion occurring among these
lumps through cracking and dimerization. These intermediates also
participate inhydrogen transfer and aromatizationreactions, generat-
ing by-products classified as lump 5 (butane, pentane and aromatics)
and lump 6 (ethane and propane). Inaddition, cracking of lump 5into
lumps 2 and 6 was observed (Supplementary Fig. 5). Butenes primar-
ily proceed via the dimerization—-scission pathway with minimal
monomolecular cracking®***. Cracking of 1-butene and isobutene
produced a propylene-to-ethylene molar of approximately 2.4-2.8,
supporting the involvement of the dimerization-p-scission pathway
(Supplementary Figs.16-18 and Supplementary Note 3). Pentene can
follow either monomolecular cracking or the dimerization—-f3-scission
pathway***°, as shown in Extended Data Fig. 2a,b and Supplementary
Note 3. For simplicity, the monomolecular cracking of butene and
pentenetoethylene and propyleneis not showninFig.2e. Thereaction
pathways leading to minor productssuchasH,, C,-C;alkanes and aro-
matics were simplified, as these species account for less than15% of the
total yield (Fig. 2a, Extended Data Fig. 1a and Supplementary Table 4)
and have negligible impact on the rate constants k; and k.. In the case
of hydrocarbon conversion on P-HZSM-5, the following assumptions
were made: (1) thereactor ismodeled as having ideal plug flow, where
reaction products move axially with no radial mixing, and all reactants
share the same contact time; and (2) the deactivation of catalysts was
minimal and not considered.

For the PE conversion on LSP-Z100 in stage I, reaction rate r; was
defined as follows:

myp + my dC, n
=Tt GG _ o P
L mcat dt ™~ ( )
X:
Here, C; = —mNZ°+ Imo’ 13)

where m,. is the mass of the catalyst (g); my, is the mass of the nitrogen
carrier gasinthereactor (g); myistheinitial mass of high-density poly-
ethylene (HDPE) in the reactor (g); C;is the concentration of the carbon
molar number of lump i (molcy, g7Y); tis the reaction time (s); nis the
reaction order; n, is the initial carbon mole of HDPE (moly,); X;is the
carbon mole fraction of lump i, based on the organic compounds, in
CH, equivalent units; and k; is the rate constant of each reaction,
expressed in s for first-order reactions or g mol™s™ for second-
order reactions.

Based onthe proposedkinetic scheme and defined reactionrates,
kinetic equations for PE conversionon LSP-Z100 in stage I are as follows:

d¢ m
_1 = — X (—k1C1 - k2C1 - k6C1 - kotherscl)

= 14
de  mny+mg 14
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% - X kG, s)
% - T X G (16)
dcd_t: = et X ks as)

For the hydrocarbon conversionon P-HZSM-5instagell, reaction
rate r;was defined as follows:

19)

(20

Mg,s Where M, is the mass flow rate of total hydrocarbons and
nitrogen (g s™); C;is the concentration of the carbon molar number of
lump i (molcy, g79); me, is the mass of catalyst (g); nis thereaction order;
Foisthe carbonmolar flow rate of total hydrocarbons (moly, s™1); Xis
the carbon mole fraction of lump i, based on the organic compounds,
in CH, equivalent units; k;is the rate constant of each reaction (s™ (first-
order reaction) or g mol™ s (second-order reaction)).

Kinetics equations for hydrocarbons conversion on P-HZSM-5in
stage Il are as follows:

dc, 1

Aty = @(h&; +k;C5 + koCs —k_4Cy —k_7C, —ksC2)  (21)
d(:nc; - @(’@C“ +hkyG-kaG-kG-kC)  (@22)
d(jri:t = M;s (k_5Cs + k_4Cy — ksCy — ksCy) 23)

d(jnc; - /\i(’(scg —koCs — kioCs) (24)

dc,j,izt = M;s (ksC§ +ki0Cs). (25)

The complete raw kinetic datasets have been compiledin Supple-
mentary Tables 8 and 11. For numerical solutions, we used the Ode45
function in MATLAB to solve the ordinary differential equations,
coupled with a genetic algorithm for global optimization***. Local
fine-tuning was performed using the Isqnonlin function to precisely
estimate the reaction rate constants (k) in the kinetic model.

SVUV-PIMS
SVUV-PIMS experiments were conducted on the mass spectroscopy
beamline (BLO4B) at the National Synchrotron Radiation Laboratoryin
Hefei, China. The experimental setup (Supplementary Fig.10a) included
acatalyticreactor operating under near-vacuum conditions, agasinlet
systemand an orthogonal time-of-flight mass spectrometer with tune-
ablesynchronized vacuumultraviolet light as the ionization source™".
To study the proposed reaction pathway, the PE-d, (or PE) and
LSP-Z100 catalyst were mixed with quartz sand and placed in stage |

(Supplementary Fig.10b). The P-HZSM-5 catalyst was loaded in stage l.
After installing the reactor into the two-stage furnace, the residual
gas was evacuated to maintain a pressure below 2 torr. A mass flow
controllerregulated the 1.5%1-butene/N, feed at arate of 10 sccm. The
reactiontemperatures weresetat260 °C (stagel) and 540 °C (stagell),
respectively. Uponinitiating the catalytic reaction, the two-stage fur-
nace was activated, and the reaction products were directed through
aquartznozzleinto the ionization chamber. There, molecular beams
wereionized by synchrotron vacuumultraviolet light and analyzed by
the orthogonal time-of-flight mass spectrometer.

To detect the Cg intermediates, only the P-HZSM-5 catalyst was
loaded in stage Il, with a mass flow controller regulating the 1.5%
1-butene/N, feed at a rate of 10 or 20 sccm. A programmed tempera-
ture control was set at stage Il (ramp from 50 °C to 400 °C at a rate of
100 °C min™). Thereactionintermediates and products were detected
by in situ SVUV-PIMS.

NPD and Rietveld refinement

Structural determination of the positions of acidic sites and the bind-
inglocation of 1-octene within HZSM-5 and P-HZSM-5 was performed
using WISH, a long-wavelength powder and single-crystal neutron
diffractometer at the ISIS Neutron and Muon Facility, Rutherford
Appleton Laboratory (UK). Thisinstrument features a solid methane
moderator, delivering a high flux of cold neutrons with a wide band-
width, which is directed to the sample via an elliptical guide. The
WISH detectors consist of 1-m-long, 8-mm-diameter pixelated 3He
tubes, positioned 2.2 m from the sample and arranged on a cylindri-
callocus coveringa26scattering angle range of10-170°. Before NPD
measurements, the pyridine-d;@zeolite and 1-octene@zeolite were
prepared by charging activated zeolites with pyridine-d; or 1-octene.
Data collection was performed at a stable temperature of 100 K for
pyridine-ds-loaded sample and of 7 K for 1-octene-loaded sample,
maintained using a helium cryostat. Time-of-flight neutron diffraction
patterns were recorded at these temperatures, spanning five banks
with varied d-spacing ranges.

The crystallographic structures were obtained using Bruker
TOPAS Vé. Initially, Pawley refinements were conducted to extract
nonstructural parameters, including background, peak profile and
unit cell dimensions. These parameters served as the starting values
for subsequent Rietveld refinements. For the Rietveld refinement, the
initial structural model of the zeolite was constructed based on the
crystal structure of orthorhombic ZSM-5, which comprises 12 T sites
and 26 Osites. Bond distance restraints were applied to all T-O bonds
during the refinement process. The Si/Alratiois refined freely during
the refinement and has good consistency with the experimental results
(Supplementary Table 3).

For the pyridine-d;-loaded sample, the initial geometry of the
pyridine-d;molecule was modeled as arigid body, with bond distances
and angles derived from density functional theory calculations using
ORCA 5.0 under the RI-B3LYP-D3(BJ)/def2-TZVP(-f) method. The initial
positions of the pyridine-d; molecules within the pores were deter-
mined using the nuclear residue density map, which identified three
distinct types of pyridine-d; molecule. Subsequently, 10,000 cycles
of simulated annealing were conducted to refine the locations of the
pyridine-d;molecules, with the optimal configuration being selected.
Inthe final stage, the rigid body model of the pyridine-d; molecule was
replaced with constraints on bond lengths and angles. All parameters,
including the unit cell parameters, location, occupancy, atomic dis-
placement parameters of the guest molecules, and the positional and
atomic displacement parameters of the framework atoms, were refined
against the NPD patterns from all five banks, with errors estimated.

For 1-octene, different conformations are expected to exist. To
minimize thermal motion and stabilize the dominant conformation
of adsorbed 1-octene, NPD data were collected at 7 K. Analysis of the
neutron density map revealed the presence of one moleculeineach of
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thestraight and sinusoidal channels. The conformation of 1-octene can
be described as a combination of the conformations of neighboring
C-C pairs. For instance, in long-chain alkanes, the trans conforma-
tion typically has lower energy than the gauche conformation due
to steric hindrance, resulting in a more linear molecular structure.
Given that our catalyst can cleave PE effectively, the proportion of
gauche conformations during the catalytic process is expected to be
low. Therefore, we considered only the all-trans conformation and
those with a single gauche conformation, specifically focusing on
six possibilities (Supplementary Fig. 24). The location of the gauche
conformation in these structures is defined by the corresponding
C-Cbond (with the double bond at the 1-position), and the relative
energy of each conformation was calculated using ORCA 5.0 under
the RI-B3LYP-D3(BJ)/def2-TZVP(-f) method.

Considering the 6 x 6 possible conformations of adsorbed
1-octene, 36 refined models were generated. The initial positions were
carefully selected to avoid interference with the framework atoms, and
the models were treated under rigid body conditions, focusing solely
on the position and orientation of the entire molecule. Following the
initial refinement, a 2,000-cycle simulated annealing process was
conducted to optimize the locations of the 1-octene molecules. The
conformation combination featuring 2-3 gauche conformation in
the straight channels and 6-7 gauche conformation in the sinusoidal
channels exhibited the best agreement factors for both HZSM-5 and
P-HZSM-5. To confirm that the refinement process had achieved a
global minimum, an additional 2,000-cycle simulated annealing was
performed. Inthefinalstage, C-C and C-Hbond lengths were refined
with softrestraints, while the dihedral angles were maintained as fixed.
All parameters, including unit cell parameters, the location, occu-
pancy, atomic displacement parameters of the guest molecules, and
the positional and atomic displacement parameters of the framework
atoms, were refined against the NPD patterns from all five banks, with
associated errors estimated.

Data availability

All data are available in the Article or its Supplementary Informa-
tion. Source data are provided with this paper, including the atomic
coordinates of the optimized computational models. The crystallo-
graphic coordinates for structures reported in this study have been
deposited at the Cambridge Crystallographic Data Centre (CCDC),
under deposition numbers 2380347-2380350. These data can be
obtained free of charge via The Cambridge Crystallographic Data
Centre at www.ccdc.cam.ac.uk/data_request/cif.
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Extended DataFig. 1| Catalytic performance of HDPE conversion in aone-stage reaction temperature, 260 °C; reaction time, 2 h; N2 flow rate, 10 sccm. Note that
reactor. a, Product distribution of HDPE conversion at different temperatures atthel6:1ratio, the HDPE conversion was 76.4% in two hours, while the rest of the
inaone-stage reactor. Reaction conditions: HDPE, 100 mg; LSP-Z100, 12.5 mg; ratios had PE conversion of 100%. ¢, Product distribution of HDPE conversion at
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Reaction condition: HDPE, 100 mg; LSP-Z100, 50 mg/25mg/12.5 mg/ 6.25 mg; P-HZSM-5inthe second bed; reaction time, 2 h; N, flow rate, 10 sccm.
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a, Kinetic scheme proposed for PE conversions over LSP-Z100 in Stage I.
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derived from Fig. 2f. The y-axis represents the difference between the formation
rates of the main products and the by-products.

Nature Chemical Engineering


http://www.nature.com/natchemeng

Article

https://doi.org/10.1038/s44286-025-00290-y

a lNZ

Diameter 10 mm «—

Internal tube ——
Diameter 6 mm —

+«—— Stage |
HDPE |
LSP-Z100
Quartz wool—> |
180 mm
P-modified |
Zeolites Stage Il

|
Quartz wool —T

Diameter 6 mm «

l Product outlet

60
Alkanes
B Alkenes ethylene + propylene
& 40 {mm Aromatics yield 71%
o
$ 20
0 _
¢, C C C, C; C_g Arom.
c
60 Alkanes
B Alkenes ethylene + propylene
& 40-{mm Aromatics yield 79%
k)
$ 20-
0- —

c, C, C, C, C, C., Aom

¢, Product distribution of PE conversion at optimised reaction conditionsin a

Extended Data Fig. 3 | Catalytic performance via KDRC strategy in a two-stage
two-stage reactor. Reaction conditions: 100 mg of HDPE and 12.5 mg of LSP-Z100

reactor. a, Schematic structure of atwo-stage reactor. b, Product distribution

at Stage I; temperature programmed reaction (TPR) from 260 °C to 300 °C

of PE conversion in a two-stage reactor. Reaction conditions: 100 mg of HDPE
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Extended Data Fig. 4 | Studies of temperature-programmed reaction of programmed reaction of 1-butene on P-HZSM-5. Reaction conditions: P-HZSM-5,
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reaction of 1-butene on P-HZSM-5. b, Product distribution of temperature- rate, 10 sccm; ionization energy 11eV.
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Extended Data Fig. 5| Views of crystal structures of octene-loaded zeolites. a, Detailed views of Oct'in HZSM-5. b, Detailed views of Oct' in P-HZSM-5.
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Extended Data Table 1| Product yields from the two-stage reaction under varying conditions

Temperature Yield
(°C) (%)

Stage | Stage Il C,°C;” C,;°Cs C.s C,0-C;° Arom.
260 260 6.54 37.49 24.83 17.66 13.48
260 300 10.24 28.46 15.07 30.72 15.52
260 400 24.82 30.33 11.96 19.31 13.53
260 500 56.37 23.54 4.41 8.34 7.13
260 540 70.66 18.00 2.12 6.27 2.45
300 260 7.22 48.92 16.22 15.31 12.33
300 300 8.99 40.58 13.03 26.20 11.21
300 400 23.57 24.99 10.85 29.01 11.54
300 500 51.78 22.84 4.23 11.94 8.96
300 540 54.82 18.72 2.30 11.65 11.91
400 260 5.33 40.28 25.09 15.49 13.80
400 300 6.73 35.65 16.40 22.10 19.12
400 400 14.89 20.95 9.93 33.59 20.57
400 540 40.96 19.10 2.12 20.61 16.73
540 260 5.96 45.61 22.71 13.25 12.43
540 300 7.26 31.82 25.85 18.06 16.96
540 400 19.89 27.56 6.53 24.97 20.96
540 540 29.73 24.25 4.97 24.24 16.55

Reaction conditions: 100 mg of HDPE and 12.5mg of LSP-Z100 at Stage |, 100 mg of P-HZSM-5 at Stage Il; reaction time, 2h; N, flow rate, 10 sccm.
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