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GRAPHICAL ABSTRACT

PUBLIC SUMMARY
■   A pore-engineered ZSM-5 enables hydrogen-free conversion of polyethylene into valuable chemicals.

■   Optimal pore–acidity synergy boosts conversion to 98.8% and aromatics yield to 37.4% at 280 °C.

■   Mesopores enhance diffusion, speeding reactions and preventing over-cracking.

■   The catalyst shows strong stability and works well for real-world plastic waste.

■   Process cuts energy use and reduces emissions by over 55% vs fossil routes.

      Catalysis & Surface     ARTICLE

The Innovation Energy 3(2): 100155, April 23, 2026　　　  1

mailto:linfawei@tju.edu.cn
mailto:kaigewang@zju.edu.cn
mailto:linfawei@tju.edu.cn
mailto:kaigewang@zju.edu.cn
https://doi.org/10.59717/j.xinn-energy.2026.100155
https://doi.org/10.59717/j.xinn-energy.2026.100155
https://doi.org/10.59717/j.xinn-energy.2026.100155
https://creativecommons.org/licenses/by/4.0/


 

Synergistic  pore-acidity  engineering  of  hierarchical  ZSM-5 for  hydro-
gen-free upcycling of Polyethylene to C8–C12 Methylated Aromatics
Bingyan Sun,1 Bo Li,1 Mate Marc,1 Linjia Yin,1 Qihui Song,1 Xiaopeng Shi,1 Dingran Wang,1 Fawei Lin,2,* and Kaige Wang1,*
 

1State Key Laboratory of Clean Energy Utilization, Zhejiang University, Hangzhou 310027, China
 

2School of Environmental Science and Engineering, Tianjin University, Tianjin 300072, China
*Correspondence:  linfawei@tju.edu.cn (F. L.);  kaigewang@zju.edu.cn (K. W.)
Received: December 26, 2025; Accepted: March 10, 2026; Published Online: April 20, 2026; https://doi.org/10.59717/j.xinn-energy.2026.100155
© 2026 The Author(s). This is an open access article under the CC BY license (https://creativecommons.org/licenses/by/4.0/).
Citation: Sun B., Li B., Marc M., et al. (2026). Synergistic pore-acidity engineering of hierarchical ZSM-5 for hydrogen-free upcycling of Polyethylene to C8–C12 Methylated Aromatics.
The Innovation Energy 3:100155.
 
Transforming polyethylene (PE) into high-value chemicals is often hindered
by diffusion barriers. Here, we report a hydrogen-free strategy using pore-
engineered hierarchical ZSM-5. By tuning desilication, we identified a criti-
cal pore–acidity synergy at an optimal Vmeso/Vmicro ratio of ~2.7 within this
specific low Si/Al (25~50) framework. The optimal catalyst achieved near-
complete  conversion  (98.8%)  and  an  aromatic  yield  of  37.4%  at  a  mild
temperature  of  280  °C.  In-situ  FTIR  and  molecular  dynamics  simulations
reveal  that  this  synergy  facilitates  a  cascade  reaction  mechanism.  The
introduced  mesoporosity  enhances  the  effective  diffusion  coefficient  of
C10 intermediates  by  an  order  of  magnitude  (from  0.1  ×10−9 m2s−1 to
2.2×10−9 m2s−1),  thus enabling rapid turnover  and suppressing over-crack-
ing.  The  hierarchical  catalyst  (Hier-Z5-43)  demonstrated  exceptional
stability  and  versatility  for  real-world  plastic  upcycling.  Techno-economic
and  life  cycle  analyses  confirm  substantial  advantages,  reducing  energy
consumption  by  10.9  MJ/kg  and  decreasing  global  warming  potential  by
>55% compared to conventional fossil-based routes. This study highlights
the  importance  of  synergistically  optimizing  pore  structure  and  acidity  to
enhance catalytic performance in polyolefin upcycling.

 INTRODUCTION
PE, encompassing both low-density (LDPE) and high-density (HDPE) vari-

ants,  constitutes  over  60%  of  global  plastic  production.1-3 Its  pronounced
chemical inertness  impedes  natural  degradation,  leading  to  persistent  envi-
ronmental  accumulation  and  complicating  end-of-life  management.4,5

Conventional disposal  methods,  such as landfilling and incineration,  exacer-
bate microplastic pollution and greenhouse gas emissions, underscoring the
urgent  need  for  alternative  recycling  strategies.6-8 As  a  polymer  composed
exclusively  of  carbon and hydrogen,  PE constitutes a  valuable  feedstock for
chemical valorization.9-11 Its conversion into lower-carbon compounds offers
a viable pathway toward establishing a circular economy.12-14 In this context,
chemical upcycling  has  emerged  as  a  compelling  approach  to  simultane-
ously  enhance  resource  efficiency  and  generate  liquid  fuels  and  high-value
chemicals from PE waste.15-19

PE and aromatics share similar carbon frameworks and energy content.20-22

Catalytically  converting  PE  waste  into  aromatics  thus  offers  an  attractive
route  to  enhance  carbon  utilization  and  reduce  dependence  on  fossil
resources.23-25 Methylated aromatics are vital industrial commodities, serving
as versatile building blocks for chemicals and performance-enhancing addi-
tives for advanced fuels, such as sustainable aviation kerosene.26-28 However,
the  primary  approach  for  producing  aromatics  relies  on  naphtha  reforming,
typically requiring temperatures between 500 °C and 600 °C.29 While catalytic
pyrolysis of PE can achieve yields up to ~60 wt%, it also generally demands
high reaction temperatures in the range of  500~700 °C.30-32 Recently,  milder
strategies have gained attention. For instance, Scott et al. developed a novel
approach  employing  a  Pt/Al2O3 catalyst  at  280  °C  to  convert  PE  into  alkyl
aromatics  with  50  mol%  selectivity,  without  requiring  external  hydrogen  or
solvents.33 Leveraging  similarly  mild  conditions,  Chen  et  al.  presented  a
methanol-facilitated cascaded upcycling process at 280 °C, achieving 97.8%
LDPE  conversion  and  an  87%  increase  in  high-value  C9−C12 alkylbenzene
mass yield.34 Zhang et al. introduced a melting-catalysis approach using ZSM-
5  zeolite  to  produce  50.6  wt%  light  aromatics  from  PE  without  H2. Concur-
rently,  Zeng  et  al.  demonstrated  that  Ru/HZSM-5(300)  efficiently  upcycled
HDPE  under  H2- and  solvent-free  conditions,  achieving  44.5  mol%

aromatics.35 Xiao et al. employed s-ZSM-5 and Zn/meso-ZSM-5 catalysts for
the cascade conversion of PE into methylated aromatics, achieving complete
PE conversion to C5+ products with a 60.1% yield.27 These advances establish
zeolites  as  effective  catalysts  for  the  hydrogen-free  conversion  of  PE  into
aromatics, offering improved selectivity and stability.

Beyond  the  synergistic  effect  between  metal  sites  and  Brønsted  acid
sites,36-40 the  pore  architecture  of  zeolites  serves  as  a  decisive  factor  in
governing the catalytic microenvironment.

Confinement effects and van der Waals interactions within the framework
dictate the  diffusion  of  bulky  polymer  chains  and  intermediates,  fundamen-
tally shaping the reactivity and product distribution.41-45 For medium-pore MFI
zeolites,  hierarchical  structuring  is  typically  advantageous,  as  evidenced  by
significantly reduced  polyolefin  degradation  temperatures  in  thermogravi-
metric analyses compared to microporous analogues.46 This enhancement is
primarily attributed  to  improved  accessibility  and  diffusion  efficiency.  Tsub-
ota  et  al.  demonstrated  that  initial  PE  cracking  is  initiated  at  the  external
surface and pore mouths, emphasizing that a threshold external surface area
(~90 m2/g) is essential for efficient primary deconstruction.44 Once the chains
are fragmented, the internal mesoporosity becomes critical for the egress of
primary  products.  Specifically,  Ru/MFI  with  tailored  mesoporosity  has  been
shown  to  expedite  the  diffusion  of  primary  fragments,  thereby  mitigating
secondary  overcracking  and  enhancing  liquid  product  yields  by  over  1.3-
fold.47 Similar  trends  have  been  observed  in  no  added  metal  active  sites
systems; for instance, hierarchical MFI and FAU zeolites consistently outper-
form  their  microporous  counterparts  in  conversion  rates  and  branched-to-
linear  ratios,  regardless  of  mesopore  connectivity.48,49 Furthermore,  textural
engineering  via  dealumination  or  desilication  in  Beta  and  Y  zeolites  has
proven  effective  in  optimizing  gasoline-range  product  yields  by  maximizing
active site exposure.50,51 Recent efforts have further optimized this approach,
such as  using  Bayesian  optimization  to  precisely  tailor  ZSM-5 hierarchy  for
light olefin production52 and developing amorphous-crystalline composites to
decouple acidity from micropore confinement.53 Both emphasize site acces-
sibility  for  coke  suppression  and  enhanced  selectivity.  Collectively,  these
advancements underscore that integrating mesopores is not merely a struc-
tural modification but  a  kinetic  necessity  to  overcome mass transfer  limita-
tions in efficient plastic upcycling.

Incorporating  mesopores  into  zeolites  is  a  well-established  strategy.54-57

However,  the  systematic  impact  of  mesopore  geometry,  particularly  pore
size,  on  its  synergy  with  microporous  acid  sites  remains  largely  unexplored
for  the  hydrogen-free  conversion  of  plastics  into  high-value  aromatics.
Herein,  we  report  a  comprehensive  investigation  into  the  pore–acidity rela-
tionship governing LDPE upcycling to methylated aromatics over pore-engi-
neered hierarchical ZSM-5 catalysts. Our methodology involved the system-
atic  synthesis  of  a  catalyst  suite  to  isolate  the  influence  of  the  Vmeso/Vmicro

ratio  on  conversion,  high-value  aromatic  yield,  and  structural  stability  under
H2-free  conditions.  The  optimal  catalyst,  Hier-Z5-43,  featuring  a  Vmeso/Vmicro

ratio  of  ~2.7  within  this  specific  low  Si/Al  framework  (25~50),  achieved  a
liquid yield of 60.7% with 37.4% aromatic yield and exceptional stability over
five cycles. Mechanistic analyses, supported by molecular dynamics simula-
tions, definitively elucidated that the introduced mesoporosity accelerates the
diffusion of bulky aromatic intermediates by an order of magnitude, confirm-
ing a synergy-driven cascade mechanism. Furthermore, a comprehensive life
cycle assessment  was  performed,  demonstrating  that  this  process  is  ener-
getically favorable and environmentally sustainable compared to fossil-based
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production.  This  work  not  only  presents  a  readily  synthesized,  high-perfor-
mance  hierarchical  ZSM-5  catalyst  but  also  deciphers  the  underlying
pore–acidity synergy through the optimization of site accessibility and trans-
port  capacity.  It  provides  fundamental  insights  into  how  mesopore  size
dictates the diffusion of key aromatic intermediates, establishing an effective
and  sustainable  strategy  for  valorizing  polyolefin  waste  into  high-value
chemicals.

 MATERIALS AND METHODS
 Chemicals and materials

Parent  HZSM-5  zeolite  (Si/Al  =  50)  was  obtained  from  Nankai  University
Catalyst Co.,  Ltd. A diverse range of polyethylene feedstocks was employed:
LDPE  powder  (Mw~110,000  melt  index  25  g/10min  (190  °C/2.16  kg),  LDPE
(average.  Mw~4000 by  GPC,  average  Mn~1700 by  GPC),  and  HDPE  (melt
index:  6–9  g/10  min)  were  purchased  from  Sigma-Aldrich  and  Macklin.  To
evaluate  practical  applicability,  real-world  plastic  waste,  including  LDPE
gloves  and  LDPE/HDPE  bottles,  was  sourced  from  Hangzhou  Chentong
Biochemical  Technology  Co.,  Ltd.  These  post-consumer  plastics  were
mechanically shredded into 5 mm × 5 mm fragments using a paper cutting
machine  prior  to  use.  Sodium  hydroxide  (NaOH,  ≥  96.0  %)  and  ammonium
chloride (NH4Cl, ≥ 99.5 %) were supplied by Sinopharm Chemical Reagent Co.,
Ltd. and used as received without further purification.

 Synthesis of Hierarchical ZSM-5 catalysts
Hierarchical  ZSM-5  was  synthesized  by  desilication  of  pristine  HZSM-5.

Initially,  the  pristine  ZSM-5  was  calcined  at  550  °C  for  5  h  in  air  to  remove
adsorbed moisture. Desilication was performed by mixing 5 g of ZSM-5 with
50 mL of NaOH solution (0.1,  0.2,  or 0.4 M) at 80 °C under constant stirring
(500  rpm)  for  varied  durations  (1,  3,  or  5  h).  The  resulting  samples  were
labeled  Hier-Z5-XY,  where  X  represents  the  NaOH  concentration  and  Y
denotes the treatment time. Post-treatment, the suspension was centrifuged,
washed with ultrapure water until neutral pH, and dried at 80 °C overnight. To
obtain  the  H-form,  the  samples  underwent  triple  ion-exchange  with  0.2  M
NH4Cl at 80 °C (2 h each), followed by vacuum filtration and rinsing with ≥500
mL of deionized water.  Finally,  the catalysts were calcined at 500 °C for 3 h
(1  °C  min−1)  in  static  air.  Experimental  screening  (Table  S1)  revealed  that
excessive  desilication  at  0.6  M  NaOH  triggered  framework  collapse  (Figure
S1), reducing PE conversion to 20.5%, whereas insufficient treatment at 0.05
M failed to improve activity (33.6%). Consequently, the 0.1–0.4 M range was
established  to  maximize  accessibility  while  preserving  the  active  crystalline
framework.

 Activity test and product analysis
PE  upcycling  was  conducted  in  a  50  mL  stainless  steel  autoclave  (Anhui

Kemi).  Typically,  1.2  g  of  PE  (or  real  plastic)  and  0.2  g  of  catalyst  were
charged  into  the  reactor.  The  vessel  was  purged  with  N2 (1  MPa)  for  five
cycles and subsequently pressurized to the target pressure (1–4 MPa) using
N2 containing 5 vol% CO2 as an internal standard. The reactor was heated to
the set temperature at 5 °C min−1. Upon completion, the reactor was cooled to
20 °C and equilibrated for 15 min before product collection. The liquid prod-
ucts  were  recovered  from  the  reactor  using  dichloromethane  (DCM).  The
extraction  efficiency  was  validated  by  multi-stage  washing,  where  GC-MS
analysis of the third washing cycle showed no detectable residues, confirm-
ing the exhaustive recovery of the products with the optimized DCM volume
(8 mL).  The gas inside the reactor  was collected using an air  bag.  Gaseous
products,  with CO2 used as an internal standard,  were analyzed using a gas
chromatography  system  (Agilent-8860)  equipped  with  a  flame  ionization
detector (FID) and thermal conductivity detector (TCD). CO2,  N2 and H2 were
detected  using  TCD,  while  C1–C5 gas  products  were  analyzed  on  an  FID
(detailed  information  in  the  Supporting  Information).  8ml  Dichloromethane
was used as a solvent to extract products from the liquid-solid mixtures. The
liquid-solid mixtures  are  separated  through  centrifugation.  The  liquid  prod-
ucts that were collected and then analyzed using an Agilent GC-MS 8860 for
gas  chromatography-mass  spectrometry  analysis  (detailed  information  in
the  Supporting  Information).  The  solid  residue  was dried  overnight  at  80  °C
and weighed to close the mass balance. The mass balance is used to calcu-
late the yield of the collected gas, as shown in the following figure: 

Yg=
Mg

Mp
 

Ys=
Ms

Mp
 

Yl = 100%−Yg−Ys

Where Yg, Ys and Yl represent the yield of gas, solid and liquid respectively.
Mg, Ms and Mp are the mass of gas, solid and LDPE powder, respectively.

 Catalyst characterization
The  crystallinity  and  phase  purity  of  the  catalysts  were  verified  by  X-ray

diffraction (XRD, SmartLab SE-Rigaku) using Cu Kα radiation (λ = 1.541 Å) at
40 kV and 40 mA, with a scan speed of 5 °min−1. Morphological features were
captured via  transmission  electron microscopy (TEM,  Tecnai  12)  at  120 kV.
Textural  properties,  including  surface  area  and  pore  size  distribution,  were
determined by N2 physisorption at 77 K (Autosorb-iQ3). The Vmicro, Smicro, and
Sexternal were  calculated  using  the  t-plot  method (Harkins-Jura  model),  while
Vmeso and  Smeso were  derived  from the  BJH adsorption  branch.  Total  acidity
was  evaluated  by  NH3 temperature-programmed  desorption  (NH3-TPD,
AutoChemII2920) from 100 to 600 °C (10 °C min−1).  The nature of acid sites
(Brønsted  vs.  Lewis)  was  identified  by  pyridine-adsorbed  Fourier  transform
infrared  spectroscopy  (Py-FTIR,  Nicolet  iS50).  Samples  were  evacuated  at
400  °C  for  30  min  before  pyridine  saturation;  spectra  were  subsequently
recorded at  150,  300,  and 350 °C.  The concentrations of  B  and L  acid  sites
were  quantified  by  integrating  the  bands  at 1540 cm−1 and 1450 cm−1,
respectively. Carbonaceous deposits and polymer residues were analyzed via
thermal  gravimetric  analysis  (TGA)  from  50  to  800  °C  (10  °C  min−1)  and
differential scanning calorimetry (DSC, DSC 2500) from 30 to 200 °C.

Details regarding the synthesis of modified catalysts (Hier-Z5-43-TPA, Hier-
Z5-43-DAl,  and  Hier-Z5-43@SiO2),  in  situ  FTIR  protocols,  MD  simulation
parameters,  and  the  comprehensive  TEA  and  LCA  methodologies  are
provided in the Supporting Information (SI).

 RESULTS AND DISCUSSION
 Engineering hierarchical porosity and structural characterization

To  systematically  investigate  the  pore-acidity  synergy,  we  synthesized  a
gradient  series  of  hierarchical  ZSM-5  catalysts  (Hier-Z5-11  to -45)  and
designed  a  suite  of  control  samples  (Hier-Z5-43-TPA, -DAl,  @SiO2).  This
design allows us to decouple the individual contributions of mesopore acces-
sibility and acid site distribution to the upcycling process.

Structural characterization first confirmed the controlled evolution of hier-
archical  porosity.  XRD patterns (Figure  1A)  confirms the preservation of  the
MFI framework  across  all  samples,  while  the  progressive  decline  in  crys-
tallinity from ZSM-5 to Hier-Z5-45 reflects the gradient-controlled etching of
the  framework.  Quantitative  analysis  via  XRD  and  ICP-OES  (Table  S2)
confirms  that  all  hierarchical  catalysts  maintain  high  relative  crystallinity
(>85%)  despite  the  systematic  decrease  in  bulk  Si/Al  ratio  (from  50  to  23),
demonstrating the preservation of the MFI framework during controlled desil-
ication.  Furthermore,27Al  and 29Si  MAS  NMR  spectra  (Figure  S2)  verify  the
preservation  of  tetrahedral  framework  aluminum and the  structural  integrity
of  the  Si(0Al)  environments,  confirming  that  desilication  proceeds  without
significant  framework  amorphization.  N2 adsorption–desorption  isotherms
(Figure  1B) further  delineates  the  textual  evolution,  i.e.,  the  materials  transi-
tioned  from  a  Type  I  isotherm  (purely  microporous)  to  a  Type  IV  isotherm
with  distinct  H4-type  hysteresis  loops,  providing  unambiguous  evidence  for
successful mesopore integration.48,58 Pore size distribution curves (Figure 1C)
and  quantitative  data  (Table  1)  systematically  capture  this  progression,  i.e.,
the  ratio  of  meso-to-micropore  volume  (Vmeso/Vmicro) increased  monotoni-
cally from 0.54 (pristine ZSM-5) to 3.44 (Hier-Z5-45). This textural shift was
accompanied  by  a  targeted  expansion  of  the  average  pore  size  from 3.1  to
5.3  nm,  providing  the  necessary  space  for  large  molecule  diffusion.  TEM
imaging  (Figure  1D)  provided  direct  visualization,  with  Hier-Z5-43  and -45
crystals  exhibiting  abundant  intracrystalline  voids,  corroborating  the
physisorption data.

The control samples achieved manipulation of specific structural variables.
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The  significantly  constricted  hysteresis  loop  and  TEM  of  Hier-Z5-43@SiO2

confirmed effective pore entrance blockage by the silica shell. In Hier-Z5-43-
TPA, mesopore accessibility was reduced due to template residue, while Hier-
Z5-43-DAl  displayed  a  more  fragmented  framework.  Collectively,  these
samples  allow  us  to  systematically  decouple  the  individual  contributions  of
pore accessibility and acid site distribution in the subsequent catalysis.

 Evolution and decoupling of acidic properties
With  well-defined  pore  architectures  established,  we  next  analyzed  the

evolution of acidity.  NH3-TPD profiles (Figure 1E & Table 1) indicate that the

total  acid  density  of  the  desilicated  series  remained  relatively  robust
(0.70–0.79  mmol  g−1),  demonstrating  that  the  hierarchical  restructuring  did
not cause a net, massive loss of acid-generating centers. However, pyridine-
adsorbed FTIR (Figure 1F & G) revealed a significant change in the acid site
quality. The concentration of accessible Brønsted acid sites (BAS) followed a
downward  trend  with  increasing  desilication  intensity  (decreasing  from  442
to  248  μmol  g−1),  primarily  due  to  concomitant  framework  dealumination.
This  systematic  reduction  establishes  a  quantifiable  acidity  gradient  that
mirrors  the  evolution  of  porosity.  To  further  evaluate  the  quality  of  the
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Figure 1.  Structural and acidic characterization of the catalysts (A) Powder XRD patterns. (B) N2 adsorption–desorption isotherms. (C) Pore size distribution curves. (D) TEM
images. (E) NH3-TPD profiles. (F) and (G) Py-IR spectra of the desilicated series.
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remaining  acid  sites,  the  distribution  of  weak  (150–300  °C)  and  strong
(>350 °C) BAS was quantified via Py-IR (Table S3 & Figure S3). Although the
absolute concentration of all acid sites decreased post-desilication, the rela-
tive  proportion  of  strong  BAS  exhibited  a  distinct  upward  trend,  increasing
from 33.4% in parent Z5 to 40.5% in Hier-Z5-43. This suggests that the alka-
line treatment preferentially  removes unstable weak acid sites often associ-
ated with silanol defects,  while preserving the robust framework BAS on the
newly formed mesopore walls to generate a more efficient catalytic interface.
Critically,  the  control  samples  successfully  decoupled  porosity  from  acidity.
Hier-Z5-43-DAl,  subjected  to  an  additional  acid  wash,  exhibited  a  higher
concentration of accessible BAS (332 μmol g-1) than its precursor Hier-Z5-43
(226 μmol g-1).  This phenomenon indicated that the HCl treatment removed
extra-framework  aluminum  debris,  thereby  enhancing  the  accessibility  of
internal BAS by unclogging micropore channels. Conversely, Hier-Z5-43-TPA
showed a markedly lower BAS concentration (167 μmol g-1)  due to physical
blockage by the template, while Hier-Z5-43@SiO2 displayed nearly negligible
acidity  (74 μmol  g-1),  confirming the effective  isolation of  active  sites  by the
core-shell architecture.

In  summary,  this  section  establishes  a  clear  gradient  in  porosity  from
microporous to  hierarchical  structures via  the main catalyst  series.  Further-
more,  the strategic  use of  control  samples effectively  isolates the effects of
"pore  accessibility"  and  "acid  site  distribution."  This  foundational  work  sets
the stage  for  directly  probing  how the  specific  synergy  between pore  archi-
tecture and acid properties governs the catalytic upcycling of PE.

 Catalytic performance: Unveiling the pore-acidity synergy
 Optimal Performance and the Critical  Role of Mesopores. The catalytic

efficacy  of  the  hierarchical  series  was  first  evaluated  for  LDPE  upcycling
(Figure 2A). Parent ZSM-5 exhibited limited activity (42.5% conversion, 33.9%
liquid yield) due to severe diffusion constraints within its purely microporous
framework. In  contrast,  the  introduction  of  mesoporosity  triggered a  signifi-
cant performance leap, with Hier-Z5-43 (optimal Vmeso/Vmicro~ 2.7) emerging
as the premier catalyst by achieving near-complete conversion (98.8%) and a
peak liquid yield (60.7%). This high efficiency is supported by GC-MS and GC
analyses (Figures S4 & S5), which confirm a high-quality liquid fraction and a
specific  gas-phase  distribution  that  is  representative  of  the  entire  series
(Table  S4).  Furthermore,  quantitative  hydrogen  analysis  (Table  S5)  shows
that  Hier-Z5-43  generates  0.34  mmol  of  H2,  over  twice  that  of  ZSM-5
(0.16 mmol), providing direct stoichiometric evidence for enhanced dehydro-
cyclization. This increased evolution, coupled with the formation of light alka-
nes  via  hydrogen  transfer,  confirms  the  accelerated  aromatic  turnover
enabled  by  the  hierarchical  structure.  Excessive  desilication  (Hier-Z5-45,
Vmeso/Vmicro ~3.4),  however,  induced  a  structural  trade-off:  while  its  over-
expanded mesopores facilitate mass transport, they simultaneously promote
non-selective secondary cracking of intermediates into light gases.

 Decoupling Pore Accessibility and Acidity via Control Experiments. The

precisely engineered control samples provided direct evidence for the distinct
roles  of  pore  accessibility  and  acid  sites  (Figure  2A).  Blocking  mesopores
(Hier-Z5-43-TPA) caused  a  significant  drop  in  conversion  (78.1%),  under-
scoring that open transport channels are essential for polymer chain access.
Enhancing acid site accessibility without altering mesoporosity (Hier-Z5-43-
DAl)  led  to  complete  conversion  (99.1%)  but  with  the  highest  gas  yield
(47.8%),  signifying  over-cracking  at  highly  exposed  strong  acid  sites.  Most
conclusively,  physically  insulating  the  active  surface  (Hier-Z5-43@SiO2)
resulted  in  the  lowest  activity  (31.3%),  definitively  proving  that  the  external
surface and mesopore entrances are the primary active zones for initial poly-
mer cleavage.59,60 Detailed product distributions for these probes are provided
in Figure S6 & S7 and Table S4.

 Maximizing C8–C12 Aromatics Yield. The yield of desired C8–C12 aromat-
ics,  a  key  metric  for  upcycling,  mirrored  the  conversion  trend,  peaking  at
37.4%  for  Hier-Z5-43  (Figure  2B).  Detailed  product  analysis  (Figure  2D)
confirms  that  Hier-Z5-43  shifts  the  liquid  product  slate  from  a  complex
mixture  of  light  hydrocarbons (ZSM-5) toward valuable  methylated aromat-
ics,  predominantly  in  the  C9–C10 range.  Selectivity  toward  methylated
aromatics  soared  to  61.5%  (Figure  2E),  as  corroborated  by 1H NMR  reso-
nances  of  methyl-substituted  benzenes  (Figure  2F).  Complementary  DSC
analysis  (Figure  2G)  showed  a  marked  decrease  in  residue  melting  points
(~80 °C vs.  110 °C for  LDPE),  signifying efficient  depolymerization.  System-
atic condition optimization identified 280 °C and 3 MPa as the ideal parame-
ters  (Figure  2B  &  C),  with  higher  temperatures  and  pressures  leading  to
secondary cracking or reduced selectivity (Figures S8–S11).

 Quantifying  the  Pore–Acidity  Synergy. To establish  a  predictive  frame-
work,  we  established  a  quantitative  correlation  between  the  aromatic  yield
and the two key descriptors: Vmeso/Vmicro ratio and BAS density (Figure 3). The
aromatic  yield  exhibits  a  threshold  behavior  (Figure  3A),  rising  sharply  once
the  Vmeso/Vmicro ratio  exceeds  1.0,  marking  the  transition  from  a  diffusion-
limited to an accessibility-enhanced regime. The correlation with BAS density
(Figure  3B)  follows  a  volcanic  distribution,  identifying  "accessible  acidity"
rather than total acidity as the primary performance descriptor. This intrinsic
acidity  dependence  was  further  validated  by  a  series  of  catalysts  with  Si/Al
ratios from 50 to 600 (Table S6). Even when the Vmeso/Vmicro ratio was main-
tained  near  the  optimal  ~2.7,  the  aromatic  yield  declined  significantly  with
decreasing acid density, particularly in high-silica samples where the scarcity
of framework Al hindered both structural modification and catalytic initiation.
This  synergy  is  visualized  in  a  2D  functional  map  (Figure  3C), which  delin-
eates three regimes: (i) a diffusion-restricted zone (high BAS, low Vmeso), (ii) an
acid-deficient  zone  (low  BAS,  high  Vmeso),  and  (iii)  an  optimal  zone  where
moderate, accessible BAS pairs with sufficient mesoporosity. Hier-Z5-43 resi-
des precisely in this optimal zone, achieving maximal aromatic yield by syner-
gistically aligning molecular transport with acid-catalyzed aromatization.

Finally,  a  comprehensive benchmarking against  recently  reported ZSM-5-
based catalysts (2023–2025) was conducted (Figure 2H & Table S7). Hier-Z5-

 

Table 1.  Textural properties and acidity of ZSM-5, hierarchical ZSM-5, and modified catalysts.

Catalysts Surface area (m2 g−1) aVmicro (cm3/g) bVmeso (cm3/g) Vmeso/Vmicro
cDensity of acid sites (mmol g-1)

dAcidity (μmol/g)

Brønsted Lewis

Z5 412 0.13 0.07 0.54 0.77 442 181

Hier-Z5-11 392 0.12 0.07 0.58 0.79 373 271

Hier-Z5-21 355 0.11 0.09 0.82 0.78 240 131

Hier-Z5-41 411 0.11 0.15 1.36 0.72 219 102

Hier-Z5-43 427 0.11 0.30 2.73 0.71 226 205

Hier-Z5-45 435 0.09 0.31 3.44 0.70 248 196

Hier-Z5-43-TPA 439 0.10 0.30 3.00 0.55 167 207

Hier-Z5-43-SiO2 901 0.20 0.48 2.40 0.27 74 153

Hier-Z5-43-Dal 405 0.10 0.32 3.20 0.61 332 198

a t-plot method. b BJH adsorption isotherma. c Determined via NH3-TPD d Determined via Py-IR.
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43 delivered a  superior  C8–C12 aromatic yield  of  37.4%,  significantly  outper-

forming the unmodified ZSM-5 (23.7%) and even exceeding several state-of-

the-art  metal-loaded  systems  (e.g.,  Ru,  Zn,  or  Ga-doped  ZSM-5) that  typi-

cally  require  reaction  temperatures  200–300  °C  higher.  This  comparison
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highlights  the  potential  of  our  pore-acidity  synergy  strategy  for  enabling
energy-efficient plastic upcycling.

 Mechanistic insights from in-situ IR and molecular simulations
 Accelerated  intermediate  turnover  probed  by  time-resolved  in-situ  IR.

To  gain  molecular-level  kinetic  insight,  time-resolved  in-situ  FTIR  was
performed to monitor  the evolution of  intermediate species at  the PE–cata-

lyst  interface  (Figure  4A).  We  specifically  tracked  the  δs(CH3)  (~1369 cm−1)
and ν(CH3) (~2897 cm−1) features, which serve as fingerprints for the forma-
tion and subsequent turnover of methyl-substituted aromatic intermediates.61-

64 As shown in Figure 4C & F, Hier-Z5-43 exhibits a significant kinetic advan-
tage  over  the  parent  ZSM-5.  The  intensity  of  these  methyl-related  bands
increased steeply on Hier-Z5-43, reaching a maximum at 35 min, followed by
a distinct  decline.  This  "rise-and-fall" behavior  indicates that  aromatic  inter-
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mediates  were  rapidly  generated  and  subsequently  consumed  or  desorbed
as final liquid products. In contrast, ZSM-5 showed a much slower accumu-
lation rate  and  failed  to  show  a  significant  turnover  within  the  same  time-
frame,  suggesting  that  species  were  trapped  within  the  purely  microporous
network.

This  kinetic  discrepancy  directly  correlates  with  the  pore-acidity  synergy
established  in Figure  3C.  The  optimized  Vmeso/Vmicro ratio  in  Hier-Z5-43
provides a dual benefit: (i) accelerated ingress, where the shortened diffusion
path allows bulky PE fragments to rapidly access internal Brønsted acid sites
(BAS) for  aromatization;  and  (ii)  facilitated  egress,  where  the  open  meso-
porous architecture prevents "over-processing" by enabling C8–C12 interme-
diates  to  escape  the  acidic  environment  before  undergoing  non-selective

secondary cracking or coke formation.
 Molecular  dynamics  simulation:  quantifying  enhanced  diffusion. To

rationalize the accelerated kinetic turnover observed by in-situ IR, MD simu-
lations  were  performed  using  1-methyl-3-propylbenzene  (Aro-C10)  as  a
representative  bulky  intermediate.  Models  for  Hier-Z5-43  (Figure  S12)  and
ZSM-5  (Figure  S13) were  constructed  to  reflect  experimental  pore  dimen-
sions,  specifically  matching  the  optimal  mesopore  size  of  ~4.9  nm  (Table
S8).

Molecular trajectory and distribution analysis (Figure 5A&B and Figure S14)
provides immediate visual evidence of the diffusion mechanism. In Hier-Z5-
43,  Aro-C10 molecules  demonstrated rapid  ingress  and substantial  through-
pore  transport,  transitioning  from  the  crystal  face  to  the  entire  4.9  nm
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mesochannel  interior.  In  stark  contrast,  ZSM-5 showed  negligible  displace-
ment,  with  molecules  remaining  sterically  confined  at  the  crystal  exterior,
confirming the  severe  diffusion  bottlenecks  created  by  narrow  MFI  microp-
ores.65

Quantitative  proof  of  this  mass  transport  enhancement  was  provided  by
Mean  Square  Displacement  (MSD)  analysis  (Figure  5B  & E).  In  Hier-Z5-43
(Figure 5C),  Aro-C10 molecules quickly transitioned from initial  accumulation
at the crystal face to populating the entire ~4.9 nm mesochannel interior, with
the  distribution  center  shifting  towards  the  crystal  center  over  time.
Conversely,  the  ZSM-5  model  (Figure  5D)  showed  negligible  ingress,  with
molecules remaining confined primarily to the initial side of the crystal. Quan-
titative  proof  for  enhanced  mass  transport  was  provided  by  Mean  Square
Displacement  (MSD)  analysis  (Figure  5B).  The  effective  diffusion  coefficient
(Deff)  of Aro-C10 was calculated as 2.2×10−9 m2s−1 in the mesoporous model,
which is an order-of-magnitude enhancement compared to 0.11×10−9 m2s−1

in  the ZSM-5 model  (Figure 5E).  This computational  evidence confirms that
the hierarchical  architecture  successfully  overcomes  mass  transfer  limita-
tions for bulky aromatic products.65

 Synergistic  Mechanism  Facilitated  by  Pore–Acidity  Balancing. Based
on  the  in-situ  IR  and  MD  evidence,  we  propose  a  pore-acidity  synergistic
mechanism  (Figure  5F)  that  governs  the  efficient  conversion  of  LDPE.  This
mechanism  represents  the  molecular-level  manifestation  of  the  optimal
balance  between  mass  transport  and  intrinsic  acidity.  The  conversion
proceeds through a  series  of  coordinated steps:  (i)  surface-initiated depoly-
merization: LDPE chains,  softened on the catalyst surface,  undergo initial  β-
scission and hydride/β-H transfer at accessible Brønsted acid sites to gener-
ate  reactive  fragments;  (ii)  cooperative  aromatization:  These  fragments  are
rapidly  processed  into  aromatic  intermediates  within  the  cooperative
meso–micro  domains,  where  the  hierarchical  structure  ensures  maximum
site  utilization;  (iii)  Synergistic  Alkylation:  Interaction  with  C1–C3 olefin  pools
yields  the  final  bulky  C8–C12 methylated  aromatics.  The  quantitative  acid
distribution (Table S3) provides further insight into the reaction cascade. The
increased proportion of strong BAS in Hier-Z5-43 is critical for aromatization,
providing the requisite catalytic intensity for the dehydrocyclization of olefinic
fragments. Unlike parent Z5, where a high density of strong acid sites drives
non-selective deep cracking to light  gases,  the moderated density  of  strong
BAS  in  Hier-Z5-43 enables  precise  catalysis,  favoring  aromatic  ring  forma-
tion  and  effectively  suppressing  secondary  over-cracking.  This  spatial
synergy  dramatically  curtails  the  residence  time  of  reactive  intermediates,
effectively partitioning the carbon flux toward high-value methylated aromat-
ics. By decoupling the residence time from the intrinsic reaction rate, the hier-
archical  structure  bypasses  the  thermodynamic  tendency  toward  non-
selective over-cracking and coke formation that plagues purely microporous
ZSM-5.

 Structural robustness, practical versatility, and system-level sustainabil-
ity

Building  upon  the  identified  pore-acidity synergy,  we  evaluated  the  struc-
tural robustness of the optimal catalyst, its efficacy in real-world applications,
and the overall sustainability of the proposed upcycling process.

 Thermal  analysis  and  operational  stability. The intrinsic  activity  advan-
tage of  Hier-Z5-43,  rooted in  its  optimized structure,  was first  confirmed by
TG /DTG analysis (Figure 6A & B). Under isothermal conditions at 280 °C, an
LDPE/Hier-Z5-43  mixture  achieved  ~60%  conversion  within  1  hour,  vastly
outperforming the parent ZSM-5 (~10% conversion).  The distinct decompo-
sition  rate  peak  observed  exclusively  for  Hier-Z5-43  (Figure  6B)  provides
kinetic evidence of its superior activity at mild temperatures.

More  importantly,  the  catalyst  demonstrated  exceptional  operational
stability  over  five  consecutive  reaction-regeneration  cycles  (Figure  6C  & D).
The  average  liquid  yield  remained  remarkably  stable  at  ~59.6  wt%,  and  the
yield  of  high-value  C8–C12 aromatics  persisted  between  32.5%  and  34.3%.
This remarkable stability underscores the structural robustness of the hierar-
chical framework, confirming that the engineered porosity and active sites are
not compromised by repeated regeneration. The efficacy of the in-situ calci-
nation  regeneration  (550  °C,  air)  was  confirmed  by  digital  photographs
(Figure  S15)  and  textural  analysis  (Table  S9).  These  characterizations
revealed  near-complete  recovery  of  the  BET  surface  area  (from  21  to

425  m2/g)  and  mesopore  volume  (0.31  cm3/g)  after  regeneration.  XRD
patterns  of  the  regenerated  catalyst  (Figure  S16)  further  confirm  the  full
preservation  of  the  MFI  framework,  with  characteristic  diffraction  peaks
matching those of the fresh sample.  Additionally,  SEM imaging (Figure S17)
demonstrates that the Hier-Z5-43 particles retain their well-defined morphol-
ogy and sharp edges after  five cycles,  with no evidence of  fragmentation or
surface  cracking,  confirming  their  mechanical  durability  under  reaction  and
thermal  stress.  Furthermore,  TG/DSC  analysis  of  the  spent  catalyst  (Figure
S18) quantified the carbonaceous deposits (~7 wt%), identifying a mixture of
soft coke  (42%  of  total  residue,  combusting  at  ~360  °C)  and  more  graphi-
tized hard coke (58%, ~415 °C). Complementary FT-IR analysis (Figure S19)
reveals  characteristic  aromatic  C=C  and  C=O  vibrations  (1600–1700 cm-1),
confirming  that  the  deposits  primarily  consist  of  polycyclic  aromatics  and
oxygenated intermediates. The relatively low total coke content and the ease
of its oxidative removal represent critical attributes for practical deployment.

 Upcycling of real-world plastic wastes. The practical utility of Hier-Z5-43
was  rigorously  tested  using  diverse  real-world  polyethylene  waste  streams,
including  bottle-derived  LDPE  and  HDPE  (Figure  6E  & G).  Detailed  spectra
(Figures  S20–S23)  confirm  consistent  aromatic  distribution  across  bottle-
derived feedstocks. Supplementary tests with 3 wt% additives reveal that Hier-
Z5-43 is tolerant toward oxygenated species like BHT (~55% liquid yield), yet
susceptible to nitrogen-containing contaminants (e.g., Antioxidant 3114) due
to Brønsted acid site poisoning. This selective tolerance highlights the cata-
lyst's  versatility  for  common  oxygenated  waste,  while  necessitating  pre-
treatment or modification for nitrogen-rich streams.

Accordingly, even with these inherent variations in crystallinity and additive
content,  all  real-world  feedstocks  were  efficiently  converted,  consistently
yielded  over  50  wt%  liquids  and  ~40  wt%  gases.  Notably,  the  aromatic
productivity for molded bottle plastics (34.8–36.7%) matched the high perfor-
mance  achieved  with  pure  polymer  powders,  demonstrating  the  system's
robustness  against  real-world  complexity  (Figure  6F).  GC–MS  analysis
confirmed  that  C8–C12 aromatics  remained  the  dominant  product  class
across  all  substrates  (Figure  6G).  The  consistently  low  to  moderate  coke
formation (2.3%–6.8%, Figure 6H) provides direct evidence for the mesopore-
assisted turnover mechanism. By facilitating rapid diffusion of reactive inter-
mediates,  the  hierarchical  structure  minimizes  coke  precursors  residence
time, enabling efficient processing of challenging waste streams.

 Techno-economic and environmental impact assessment
A combined Techno-Economic Analysis (TEA) and Life Cycle Assessment

(LCA) was conducted to quantify  the commercial  and environmental  poten-
tial  of this hydrogen-free upcycling strategy involving no added metal active
sites, benchmarking it against conventional routes (Figure 7A). The proposed
route  involves  LDPE  pretreatment,  catalytic  depolymerization  over  Hier-Z5-
43,  and  product  separation.  Process  simulations  were  conducted  using  the
Aspen  Plus  platform,  employing  the  PENG−ROB  equation  of  state  and  an
RYield reactor calibrated with our experimental yields (Figure S24). To evalu-
ate economic robustness, the annual catalyst replacement cost was modeled
across varying daily loss rates (1–5%) and unit prices, revealing a cost range
of  $7.2  to  $65 million  (Figure  S25),  underscoring the  importance of  catalyst
stability.

Energy  consumption  analysis,  quantified  in  MJ/kg  LDPE  (Figure  7B),
revealed a substantial energetic advantage for the hierarchical zeolite system.
The  total  energy  demand  for  the  H2-free  catalytic  upcycling  process  using
Hier-Z5-43  is  calculated  to  be  17.0  MJ/kg  LDPE.  This  is  10.9  MJ/kg  lower
than  the  traditional  fossil-based  aromatics  production  route  (27.9
MJ/kg).13,66,67 The significant energy saving stems directly from the mild oper-
ating conditions (280 °C,  H2-free)  enabled by  the  highly  active  and selective
catalyst,  avoiding  the  intense  energy  inputs  required  for  high-temperature
catalysis  or  hydrogen  production.  Strategic  heat  integration  is  incorporated
into the process design (Figure S24 & Table S10) to further optimize energy
efficiency.  The  high-temperature  product  stream  preheats  the  incoming
LDPE feedstock and reaction gas, thus minimizing external utility for reactor
heating. A systematic sensitivity analysis of key operational variables (Figure
S26) validates the energy performance robustness across industrial  operat-
ing  windows.  Reaction  temperature  variations  from  260  to  300  °C  cause  a
gradual rise in total energy duty (13.7 to 24.0 MJ/kg-LDPE) due to increased
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sensible  heat  for  high-temperature  gas-phase  cracking,  while  pressure
adjustments  from  1  to  4  MPa  induce  a  moderate  increase  (14.9  to  17.8
MJ/kg-LDPE)  from extra  compression  work  for  N2 pressurization and feed-
stock  transport.  Notably,  the  optimized  baseline  condition  (280  °C,  3  MPa)
achieves  an  ideal  balance  between  reaction  kinetics  and  energy  efficiency,
ensuring the total energy duty remains highly competitive relative to conven-
tional fossil-based routes across the evaluated operating range. While incin-
eration  remains  a  net  energy  producer  (-5  MJ/kg),  it  forfeits  all  molecular
carbon  value.  Sensitivity  analysis  (Figure  S27)  confirms  a  baseline  MSP  of
$1,684/ton, well below the market price (~$2,200/ton). Even with lower real-
world yields (15–20 wt%), which increase the MSP to $3,200–$4,266/ton, the
process remains viable through potential carbon credits or subsidies.

The  LCA  focused  on  the  GWP,  measured  in  kg  CO2 eq  per  kg  of  LDPE
processed (Figure 7C). Based on a cradle-to-gate boundary (Figure S28) and
mass-based allocation, the environmental impact of the hydrogen-free upcy-
cling  route  was  evaluated.  This  process  demonstrates  a  highly  favorable
environmental profile, achieving a total GWP of 1255 kg CO2 eq. Compared to

conventional hydrocracking (Table S11), which requires substantial hydrogen
input (30–50 kg/t) and higher energy intensity (3.5–5.5 MJ/kg), our approach
offers  a  more  sustainable  pathway  by  eliminating  hydrogen-associated
emissions  and  reducing  operational  complexity.  This  represents  a  >55%
reduction  compared  to  both  the  fossil-based  route  (~2903 kg  CO2 eq)  and
incineration (~3127 kg CO2 eq). Our system’s GWP is also highly competitive
with  other  advanced  plastic  conversion  technologies  reported  in  the
literature.13,17,50,67 This drastically  lowered  carbon  footprint  is  a  direct  conse-
quence of  the process’s dual  advantage,  i.e.,  avoiding emissions from virgin
fossil feedstock production and minimizing its own operational energy inten-
sity through catalytic efficiency.

In conclusion, the Hier-Z5-43 catalyst not only exhibits robust stability and
real-world versatility but also enables an upcycling process that is substan-
tially  more  energy-efficient  and  climate-friendly  than  current  benchmarks.
This holistic assessment confirms that synergistically optimizing pore struc-
ture and acidity translates into tangible system-level benefits for sustainable
plastic waste valorization.
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 CONCLUSIONS
This  study  demonstrates  a  highly  efficient,  hydrogen-free  strategy  for

upcycling waste PE into high-value C8–C12 methylated aromatics over hierar-
chical  ZSM-5  with  no  added  metal  active  sites.  The  key  advance  is  the
precise engineering of hierarchical ZSM-5 zeolite, where a synergistic balance
between  mesoporosity  and  Brønsted  acidity  (optimal  at  Vmeso/Vmicro ~2.73
and  BAS  density  ~226  μmol/g)  overcomes  the  diffusion  limitations  of
conventional zeolites. In-situ spectroscopy and molecular dynamics simula-
tions  reveal  that  the  optimized  ~4.9  nm  mesopores  facilitated  a  synergy-
driven cascade mechanism, accelerating the diffusion of key C10 intermedi-
ates by an order of magnitude to prevent over-cracking. This synergy enables
the optimized catalyst (Hier-Z5-43) to achieve a peak C8–C12 aromatic yield
of 37.4% at mild 280 °C, outperforming several state-of-the-art metal-modi-
fied  benchmarks.  Beyond  its  performance  with  pure  polymers,  Hier-Z5-43
demonstrated  exceptional  robustness  and  versatility  in  upcycling  real-world
plastic waste, maintaining stable aromatic productivity over multiple regener-
ation  cycles  with  manageable  coke  deposition.  Furthermore,  TEA  and  LCA
assessments  confirm  that  our  process  is  both  energetically  efficient  (17.0
MJ/kg)  and  environmentally  superior,  with  a  significantly  reduced  Global
Warming Potential  (1255 kg CO2 eq) compared to conventional fossil-based
routes.  This  work  establishes  a  quantitative  predictive  design  paradigm
based  on  the  Vmeso/Vmicro ratio  for  balancing  mass  transport  and  acidity  in
zeolite  catalysts.  This  paradigm  is  generalizable  to  other  bulky  polyolefin
feedstocks, providing  a  foundational  design  principle  for  polyolefin  valoriza-
tion and paving a sustainable path for the circular carbon economy.
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