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Catalytic conversion of polyethylene into aromatics
with Pt/ZSM-5: insights into reaction pathways and
rate-controlling step regulationf
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Catalytic pyrolysis of polyethylene (PE) can produce benzene, toluene, and xylene (BTX) as important
building-block chemicals, and selectivity control is key to its economic and ecological efficiency. Here,
we report a synergistic effect between Pt and ZSM-5 for selective production of BTX from catalytic
pyrolysis of PE by providing mechanistic insights into reaction pathways of key intermediates and
regulation of the rate-controlling step. A high yield (52%) of BTX was obtained at 450 °C under
atmospheric pressure using a Pt/ZSM-5 catalyst, where Pt mainly exists in the metallic state with
a cuboctahedral crystal structure. In contrast, thermal pyrolysis of PE produced linear alkenes/alkanes of
wide carbon number distribution, and catalytic pyrolysis of PE over ZSM-5 led to a low BTX yield of 21%
with C;—C,4 alkenes/alkanes being the major products even at a higher temperature (500 °C). It was
found that the introduction of Pt into ZSM-5 significantly decreased the aromatization onset
temperature, suggesting a reduction of apparent activation energy for the aromatization of alkene
intermediates during catalytic pyrolysis of PE. Density functional theory calculations reveal that the
aromatization of intermediate ethylene proceeds via oligomerization, cyclization, and dehydrogenation,
and the energy barrier of the rate-controlling step, i.e., dehydrogenation of CGHL, on Pt/ZSM-5 is much
lower than that on ZSM-5. As a result, Pt enhanced the aromatization rates of light alkenes formed by PE
cracking over the acid sites in ZSM-5, the synergistic effects of which contributed to the high BTX yield
on Pt/ZSM-5.
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1 Introduction

Global plastic production was 390.7 million tonnes in 2021,
90% of which was derived from fossil resources.* The abundant
use of plastics has led to a concern for finite natural resources.
About half of the annually produced plastic is disposed world-
wide each year with landfills and incineration being the major
disposal methods, which cause a severe global environmental
crisis.””® Approximately 13% of all plastic ever produced has
been reused or recycled, and only 1% has undergone high-value
chemical recycling.*” Polyethylene (PE) is the largest contrib-
utor among plastics, making up ~36% of global plastic
production.® Notably, the PE waste generated each year
accounts for ~85% of annually produced PE.” Nowadays, the
accumulation rates of waste PE are far beyond the industrial
processing capacity. Therefore, development of an efficient
recycling method to tackle the rapidly accumulated PE is
essential both economically and environmentally.

At present, there are ~20 commercialized plants for catalytic
processing of waste PE globally, where 70% of the identified
processes are based on catalytic pyrolysis."®'* Difficulty in
control of product distribution and costly subsequent separa-
tion processes severely hindered its commercialization, and the
proliferation of companies requires subsidizing policies for
plastic waste valorization. The targeted products of these
commercial plants can be divided into two categories: (1)
benzene, toluene, and xylene (BTX) as basic building block
chemicals; (2) oils that include naphtha, gasoline, diesel, etc.*>**
The current work focuses on the catalytic pyrolysis of PE into
aromatic products.

Thermal pyrolysis of PE proceeds via a radical chain transfer
mechanism to generate a broad range of hydrocarbons.**** To
narrow the product distribution and lower the reaction
temperature, catalytic pyrolysis has been used mainly with
zeolites, such as ZSM-5, ZSM-11, Hf, HY, USY, REY, FCC, etc.,
where catalytic cracking mainly proceeds through carbocation
intermediates.**" It was proposed that PE is first cracked by the
Bronsted acid sites on the external surface of zeolites, and then,
the resulting intermediates may enter the zeolite micropore for
further reactions over its confined strong Brgnsted acid sites to
generate light alkenes/alkanes and aromatics.”” A significant
amount of BTX production from catalytic pyrolysis often
requires 500 °C or higher temperatures.”®*>* Among the zeolite
catalysts, ZSM-5 was reported to facilitate BTX formation from
hydrocarbon intermediates, due to the unique shape selectivity
and hindrance of coke growth derived from its pore struc-
ture.”**” Low BTX yields (~20%) were obtained from catalytic
pyrolysis of PE regardless of ZSM-5.*° Although Zn and Ga
modified zeolites have been reported to promote BTX produc-
tion from PE, the role of metal and its synergy with zeolites were
not studied.?®° Furthermore, there is a lack of mechanistic
insights into reaction pathways of key intermediates for cata-
lytic conversion of PE into aromatics over zeolite catalysts.
Aromatization of light alkenes over zeolites was proposed to
proceed via condensation, cyclization, and dehydrogenation
reactions, among which dehydrogenation was regarded as the
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slow step.”**** Therefore, BTX production from catalytic
pyrolysis of PE over zeolites may be hindered by the slow
dehydrogenation rates of aromatic precursors. In this regard,
incorporating metals that are capable of dehydrogenation (for
example, Pt) into ZSM-5 may be desirable to promote dehy-
drogenation and thus enhance the BTX yield from PE.

Here, we report a synergistic effect between Pt and ZSM-5 for
selective production of BTX from catalytic pyrolysis of PE by
providing mechanistic insights into reaction pathways of key
intermediates and structures of rate-controlling transition
states. Catalyst characterization reveals that Pt mainly exists in
the metallic state with a cuboctahedral crystal structure and
loading Pt onto ZSM-5 did not apparently change the nature of
acid sites in zeolites. Thermal pyrolysis of PE produced linear
alkenes/alkanes with a wide distribution of carbon number.
Catalytic pyrolysis of PE over ZSM-5 at the same temperature
(500 °C) mainly generated C;-C, alkenes/alkanes (65.5%, total
yield) and BTX (21.1%, total yield), while the BTX yield markedly
increased to 52.4% even at a lower temperature (450 °C) at the
expense of light alkenes after introduction of Pt into ZSM-5. The
onset temperature of aromatization also decreased for Pt/ZSM-
5, suggesting a reduction in apparent activation energy for the
aromatization of light alkene intermediates. Density function
theory (DFT) calculations reveal that the aromatization of
ethylene, a key intermediate in catalytic pyrolysis of PE over
ZSM-5 and Pt/ZSM-5, proceeds via oligomerization, cyclization,
and dehydrogenation, where a much lower energy barrier for
the proposed rate-controlling step (dehydrogenation) was ob-
tained for Pt/ZSM-5 compared to ZSM-5. This difference is
presumably due to the different nature of sites for the -
hydrogen abstraction in Pt/ZSM-5 and ZSM-5. As a result, Pt
enhanced the aromatization rates of light alkenes formed by PE
cracking over the acid sites in ZSM-5, the collective effects of
which contributed to the high BTX yield. The insights reported
here may pave the way for the design of “metal-zeolite” catalysts
for efficient conversion of polyolefins into BTX.

2 Methods

2.1 Catalyst preparation

The PE in this work was purchased from Sigma-Aldrich in
a powder form. ZSM-5 catalysts with different SiO,/Al,O; ratios
were purchased from Jiangsu Xianfeng Nanomaterial Tech-
nology Co., Ltd. All the supported metal catalysts were prepared
by the incipient wetness impregnation of metal on the ZSM-5
(38) support. After impregnation, the samples were aged at
room temperature for 2 hours, and then dried at 120 °C over-
night. Finally, the samples were calcined at 550 °C in air for 3
hours.

2.2 Catalyst characterization

Metal loadings on the catalysts were determined in the catalyst
by using an inductively coupled plasma-optical emission spec-
trometer (ICP-OES, Agilent 725). Textural properties of the
catalysts, including specific surface area, pore volume, and pore
size distribution, were measured via N, adsorption-desorption
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using a Micromeritics Tristar 3Flex with the Brunauer-Emmet-
Teller (BET), t-plot and Barrett-Joyner-Halenda (BJH) methods.
The crystallographic structures of metal/ZSM-5 catalysts were
analyzed by X-ray diffraction (XRD) using a Bruker D8 XRD.
Scanning electron microscopy (SEM, FEI Nova NanoSEM 450)
and high-angle annular dark-field scanning transmission elec-
tron microscopy (HADDF-STEM, Thermo Fisher Talos F200X),
with energy dispersive spectroscopy (EDS), were used to deter-
mine the morphology of ZSM-5 (38) and the size of Pt on Pt/
ZSM-5 (38). Aberration-corrected STEM (AC-STEM) analysis
and fast Fourier transform (FFT) analysis were performed with
a Thermo Fisher Themis Z microscope to obtain lattice infor-
mation of ZSM-5 and Pt. The acid properties of the catalysts
were evaluated via NH; temperature-programmed desorption
(NH,-TPD, Micromeritics Auto Chem II 2920) and pyridine
adsorption FT-IR (Py-IR, Bruker ALPHA, Germany). X-ray
photoelectron spectroscopy (XPS) analysis was performed with
a Thermo Fisher Nexsa spectrometer to characterize the states
of Pt species on ZSM-5. The metal dispersion on ZSM-5 was
determined by CO-chemisorption using a Micromeritics Auto
Chem II 2920. Thermogravimetric analysis (TGA) was per-
formed using a PerkinElmer Pyrisl thermal gravimetric
analyzer. Details of the characterization are given in the ESI
Methods.}

2.3 Catalytic reactions

A scheme of the micropyrolyzer (Frontier Laboratories, Japan)
used for the current thermal/catalytic pyrolysis is shown in Fig.
S1.7 For a typical catalytic reaction, physical mixtures of PE and
the catalyst were loaded into a deactivated stainless cup and
then dropped into a preheated furnace. The products of the
catalytic pyrolysis were analyzed online by GC/MS-FID-TCD
(Agilent 7890B/5977B). He was used as the carrier gas with
a flow rate of 55 mL min~". The products were split into two
streams after entering the GC. One stream flowed through
a capillary column (GC-GasPro, 60 m x 320 pm x 0 um, Agilent,
USA) to reach a thermal conductivity detector (TCD), and the
other stream flowed through a capillary column (HP-5, 30 m X
320 um X 0.25 pm, Agilent, USA) to reach a mass spectrometer
(MS 5977B, Agilent, USA) or a flame ionization detector (FID).

2.4 DFT calculations

All density functional theory (DFT) calculations were performed
using the Vienna Ab initio Simulation Package (VASP) with the
Perdew-Burke-Ernzerhof (PBE) functional and projected-
augmented wave (PAW). The generalized gradient approxima-
tion (GGA) was utilized to accurately describe the exchange-
correlation functionals.®® Furthermore, empirical dispersion
correction (DFT-D3) was included in all calculations to account
for van der Waals interactions.>* ZSM-5 zeolite is a widely used
catalyst in the petrochemical industry due to its MFI framework
topology and three-dimensional pore structure. According to
the literature, two Si atoms at T8 and T12 sites can be replaced
by two Al atoms to establish a ZSM-5 zeolite model.** A Pt13
cluster was placed on the optimized ZSM-5 surface to construct
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a Pt/ZSM-5 model. The dimer method was utilized to locate the
transition states of elementary steps.

The adsorption energy (E.qs) of the adsorbed species on the
catalyst was calculated using the equation:

Eads = Etotal - Esurface - Eabsorbate

where Eiyaly Esurface aNd Eapsorbate Tepresent the total energy of
the surface and absorbate, the energy of the clean surface, and
the energy of the isolated absorbate, respectively.

The reaction activation energy (E,) was calculated by using
the equation:

E,=Ers — Eis

where Ets and Ejs are the total energies of the transition state
(TS) and initial state (IS), respectively.

3 Results and discussion
3.1 Characteristics of the material

Chemical and physical properties of the currently used poly-
ethylene (PE) are shown in Table S1.} Its number average (M,)
and weight average (M,,) molecular weight is ~1700 Da and
~4000 Da, respectively, with a density of 0.92 ¢ mL™" at 25 °C,
suggesting it is low density polyethylene (LDPE). The elemental
analysis of PE shows a very low content of impurities. The ob-
tained contents of C and H are 85.04 wt% and 14.84 wt%,
respectively, which are close to the theoretical values of PE
(Table S1t). Meanwhile, the thermogravimetric analysis shows
that the moisture content of PE is also very low (Fig. S27).

3.2 Characteristics of catalysts

The textural properties of Pt/ZSM-5 (38) and ZSM-5 catalysts
with different SiO,/Al,O; ratios are shown in Tables 1 and S2,}
among which ZSM-5 (38) has the largest specific surface area
that is mainly contributed by micropores. The specific surface
area was reduced after loading Pt, whereas the pore size was
minimally affected. Fig. 1a shows that the N, adsorption-
desorption isotherms of these catalysts are type 1, which
corresponds to the micropore filling phenomenon of the
zeolites.>® The pore size distribution obtained by the BJH
method shows that these catalysts mainly consist of micropores
that are less than 1 nm (Fig. 1b). There are also a few mesopores,
the size of which is mainly in the range of 2-3 nm for ZSM-5
(38), ZSM-5 (70), and Pt/ZSM-5 (38) and 3-4 nm for ZSM-5 (25).

The XRD patterns of these ZSM-5 catalysts show five
diffraction peaks that correspond to the (10 1), (2 00), (3 3 2), (3
0 3) and (1 3 3) planes of ZSM-5 material according to their
standard JCPDS 44-0003 card, the first two of which are in the
range of 7°-10° and the latter three are in the range of 22°-25°
(Fig. 1c).*® Fig. 1d and S3t show that the addition of metals (Pt,
Pd, Ru, and Ni) had no apparent effect on the zeolite structure
as the MFI structure was retained after loading these metals.
The diffraction peaks of Pt (111) and Pt (100) appear for Pt/ZSM-
5 (38), suggesting the formation of Pt nanoparticles.’” In
contrast, the XRD patterns of ZSM-5 (38) loaded with Pd, Ni and
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Catalysts Si0,/AlL, 05 Pt* (wt%) Sper” (m? g Y) Pore volume” (cm® g™ %) Pore size” (nm)
ZSM-5 (25) 25 — 263.9 0.192 3.67
ZSM-5 (38) 38 — 345.7 0.182 2.23
ZSM-5 (70) 70 — 239.5 0.142 2.97
Pt/ZSM-5 (38) 38 1.4 309.8 0.164 2.26

“ Elemental compositions of the catalysts were determined by ICP-AES. ? Textural structure was obtained by N, physical adsorption-desorption.
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Fig. 1 (a) N, adsorption—desorption isotherms and (b) BJH distribu-
tion of Pt/ZSM-5 (38) and ZSM-5 (38) catalysts with different SiO,/
Al,Os3 ratios. (c) XRD patterns of ZSM-5 catalysts with different SiO,/
AlLO3 ratios. (d) XRD patterns of ZSM-5 (38) and Pt/ZSM-5 (38).

Ru did not show diffraction peaks of these metals and their
oxides, indicating that these metals are highly dispersed on
zeolites (Fig. S37).*

NH;-TPD analysis of these catalysts shows wide NH;
desorption peaks in the range of 100-600 °C, where the signals
below and above 350 °C can be assigned to NH; desorption
from weak and moderate-strong acid sites, respectively.***’ The
acid strength increased with the increasing SiO,/Al,O; ratio of
ZSM-5, as suggested by the peaks of moderate-strong acid sites
shifting to higher temperatures (Fig. S47).

The .acid strength remains unchanged after loading Pt on
ZSM-5 (38). To further study the nature of acid sites and their
strength, pyridine-IR (Py-IR) spectra were collected at elevated
temperatures (50 °C, 150 °C, 200 °C, and 350 °C). The bands at
1450 cm™ ' and 1550 cm ™! represent the interaction of pyridine
with Lewis acid and Brensted acid sites, respectively, while the
peaks at 1490 cm ™' are attributed to the sum of Lewis acid and
Brgnsted acid sites.** According to the semi-quantitative anal-
ysis in Fig. 2a, S5 and Table S3,7 signals of both Brgnsted acid
and Lewis acid sites decreased with increasing temperature,
and the one for Lewis acid decreased more rapidly. Therefore,
the NH; desorption in the range of 100-300 °C was mainly
derived from weakly bonded NH; on Lewis acid sites of ZSM-5
catalysts. The relatively stronger Brensted acid sites may be
derived from the Si-O(H)-Al structure.*” The Py-IR analysis also

14936 | J Mater. Chem. A, 2023, 1, 14933-14940

suggests that the introduction of Pt did not apparently change
the nature of acid sites and their strength (Fig. 2b).

As can be seen from the SEM images, ZSM-5 (38) is mainly in
the form of lath-shaped hexagonal crystals, which is a typical
shape of the MFI structure (Fig. 3a).** It was reported that the
Si0,/Al,0; ratio of typical hexagonal clusters is 36, which is
similar to the one of ZSM-5 (38) used in this work. HADDF-
STEM analysis shows that the average Pt particle size of Pt/
ZSM-5 (38) is 2.30 nm with a wide distribution (Fig. 3b).
Therefore, the Pt particles/clusters may exist both on the
external surface and in micropores of ZSM-5. The pore structure
of the ZSM-5 catalyst can be observed by AC-HAADF-STEM
(Fig. 3c), which shows a micropore size of ~0.55 nm. The Pt
nanoparticles shown in Fig. S6F exhibit lattice spacings of 2.23

(a) (b)
ZSM-5 (38) PUZSM-5 (38)

Bronsted acid B+L acid Lewis acid Bronsted acid B+L acid Lewis acid
3 3 |
3 ~ 3 .
i y | 350°C H )\l AI 350°C
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3 o
H | ! ! 8 I | I
| N N1 B Y N R
< 1 A | < 1 A 1

N M N A\soc — N A\ soT_

1600 1550 1500 1450 1400 1600 1550 1500 1450 1400

Wavenumber (cm™) Wavenumber (cm™)

Fig.2 (a) Pyridine-IR spectra of the ZSM-5 (38) catalyst. (b) Pyridine-IR
spectra of the Pt/ZSM-5 (38) catalyst.

d,,=23%+1.0nm
£\
Al

2pm

S

12
& .71~ 77

ZSM-5 (38) ‘B 5nm PUZSM-5 (38) |

Fig. 3 (a) SEM images of ZSM-5 (38). (b) HADDF-STEM images and
particle size distribution of Pt/ZSM-5 (38). (c) AC-HAADF-STEM images
of ZSM-5 (38). (d) AC-HAADF-STEM images of Pt/ZSM-5 (38). (e)
HAADF-STEM images and elemental mappings of Pt/ZSM-5 (38).
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A and 1.97 A, corresponding to the (111) and (100) planes of Pt
on ZSM-5, respectively.**** The fast Fourier transform (FFT)
model of the atomic image shows that the Pt nanoparticles exist
in the form of a cuboctahedron (Fig. 3d).*® EDS scanning results
show that Pt was uniformly dispersed on ZSM-5 (38) (Fig. 3e).

XPS analysis shows that the spectrum of Pt on ZSM-5 consists
of two peaks at 4d;/, and 4ds;,,"” the deconvolution of which
leads to two peaks centered at 314.6 eV and 332.0 eV (Pt° species)
and another two peaks centered at 317.3 eV and 335.2 eV (Pt**
species).”® The areas of the deconvoluted peaks indicate that Pt
on ZSM-5 mainly exists in the metallic state (Fig. S77).

In summary, the characterization results showed that (1)
loading Pt on ZSM-5 did not apparently change the nature and
strength of acid sites on the zeolite where Brensted acid sites
are stronger than Lewis acid sites; (2) the Pt nanoparticles
mainly exist in the metallic state with a cuboctahedral shape.

3.3 Catalytic reactions and results

Thermal pyrolysis of PE at 500 °C resulted in a wide distribution
of hydrocarbon products ranging from C, to Cs, (Fig. 4a, S8 and
Table S4t). In general, at each carbon number the liquid
products (Cs,) consist of the corresponding alkane, olefin and
diolefin, where the olefin is the major component with a total
yield of 51.8%. On the other hand, the gas products consist of
alkanes and alkenes. For catalytic pyrolysis of PE over ZSM-5
(38), the product distribution became markedly narrower (C,
to Cy3), where monoaromatics are the major liquid products
and the gas products mainly consist of alkanes and alkenes
(Fig. 4a and Table S51). Compared to thermal pyrolysis, catalytic
pyrolysis over ZSM-5 (38) facilitated the formation of BTX
(20.3%, total yield) and gas products (60.7%, total yield) (Tables
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Fig. 4 (a) Product distribution from thermal pyrolysis (500 °C) and
catalytic pyrolysis (450 °C) of PE. (b) Total yield of aromatics from
thermal/catalytic pyrolysis of PE at different temperatures. (c) Total
yield of aromatics from catalytic conversion of ethylene at different
temperatures.
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S4, S5 and Fig. S91). It was proposed that the external Brensted
acid sites of ZSM-5 promote the PE cracking into smaller
hydrocarbons. These intermediates then enter ZSM-5 micro-
pores where the collective effects of shape selectivity and rela-
tively stronger Brgnsted acid sites facilitate secondary cracking,
oligomerization, cyclization and dehydroaromatization to form
light alkanes/alkenes and aromatics.>

First, the effect of catalyst loading and reaction temperature
on catalytic pyrolysis of PE over ZSM-5 was investigated. Fig. S10
and Table S6f1 show that the total yield of gas and liquid
products increased with increasing catalyst loading and
reached a maximal value of 98.6% at a PE to ZSM-5 ratio of 1: 6,
suggesting that a sufficient contact time between the catalyst
and feedstock (or intermediates) is beneficial for the formation
of aromatics and gas products. Further increasing the catalyst
loading slightly lowered the liquid/gas product yield and
resulted in more coke, possibly due to enhanced
oligomerization/polymerization and/or hydride transfer reac-
tions.*® Fig. S11 and Table S71 show that the total yield of liquid
products (mainly consisting of monoaromatics) reached
a maximal value of 33.1% when increasing the reaction
temperature from 350 °C to 500 °C, suggesting that aromati-
zation of PE pyrolysis intermediates over ZSM-5 requires a high
temperature. Then, the effect of the SiO, to Al,O; ratio of ZSM-5
on the catalytic pyrolysis of PE was investigated. Compared to
ZSM-5 (25) and ZSM-5 (70), ZSM-5 (38) showed the highest BTX
yield of 21.1% (Fig. S12 and Table S8%), possibly due to its
moderate acid strength and number of acid sites.

Although ZSM-5 was reported to be effective in producing
BTX during hydrocarbon processing, the major products from
catalytic pyrolysis of PE over ZSM-5 are C,-C, alkenes with
a total yield of 40.1%, while the BTX yield is only 20.3%.
Therefore, the experimental results suggest that under the
current conditions the rates of aromatization are not sufficient
to convert most C,-C, intermediates into BTX. For the alkene
aromatization over ZSM-5, dehydrogenation was proposed to be
the slow step and speculated to have a high barrier within the
reaction path.** Hence, incorporating metals that are capable of
dehydrogenation into ZSM-5 may be desirable to promote
dehydrogenation and thus enhance the BTX yield from catalytic
pyrolysis of PE. Then, Pt/ZSM-5, Pd/ZSM-5, Ni/ZSM-5 and Ru/
ZSM-5 catalysts were evaluated for the catalytic pyrolysis of
PE, where different degrees of BTX yield increase were observed
compared to the one from ZSM-5 (Fig. S13 and Table S97).
Similar metal loadings were used for the above catalysts, from
which Pt/ZSM-5 showed the highest BTX yield (52.4%),
accounting for 84.1% of the liquid products (Fig. 4a, S14 and
Table S121). Meanwhile, the total yield of light alkenes
decreased significantly from 40.1% to 13.7% after loading Pt on
ZSM-5 (Table S51). The difference in catalytic performance
among different metals may be derived from the distribution of
these metals and/or their influence on the barriers of the rate-
limiting step during aromatization. Then, the catalyst load-
ings and reaction temperature were optimized for the catalytic
pyrolysis of PE over Pt/ZSM-5 (Fig. S15, S16, Tables S10, and
S117). Under optimized conditions, we also performed catalytic
cracking of a PE film (food grade, MIAOJIE) over the Pt/ZSM-5
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catalyst. The results show that the yield of BTX is 53.2%, which
is similar as the aforementioned yield (52.4%) from the PE
powder (Sigma-Aldrich). The small difference in the yield of
liquid, gas, and solid products may be attributed to the pres-
ence of additives in these PE (Fig. S17 and Table S127}). A recy-
clability test for the catalytic pyrolysis of PE over Pt/ZSM-5 was
also performed. The results showed that the BTX yield remained
at a high level during four consecutive runs, and a slight
decrease was observed in the first three runs (Fig. S18 and
Table S137).

We speculated that the addition of Pt on ZSM-5 lowered the
apparent activation energy of aromatization during the catalytic
pyrolysis of PE. For verification, the catalytic pyrolysis of PE was
performed at elevated temperatures over ZSM-5 and Pt/ZSM-5,
respectively, the results of which show that the onset tempera-
ture for aromatics formation decreased from 310 °C (ZSM-5) to
270 °C (Pt/ZSM-5) (Fig. 4b). Since the addition of Pt significantly
increased the BTX yield at the expense of C,-C, alkenes, the
latter was regarded as the intermediate for BTX formation
during the catalytic pyrolysis of PE. In this regard, ethylene was
chosen as the major intermediate and underwent aromatization
over ZSM-5 and Pt/ZSM-5 at different temperatures (Fig. 4c). A
very similar change of onset temperature for aromatics forma-
tion was observed for ethylene, as compared to the one for PE,
further suggesting that Pt lowered the apparent activation
energy for light alkene aromatization and thereby enhanced the
BTX yield during the catalytic pyrolysis of PE.

In summary, the thermal and catalytic pyrolysis of PE
showed that (1) thermal pyrolysis resulted in a wide distribution
of hydrocarbon products (C; to Cs,) consisting of olefins,
alkanes, and diolefins, where the olefins are the major
component (51.8%, total yield); (2) catalytic pyrolysis over ZSM-
5 promoted the formation of BTX (20.3%, total yield) and C,-C,4
alkenes (40.1%, total yield) due to cracking, oligomerization,
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cyclization and dehydroaromatization that were catalyzed by
acid sites of ZSM-5; (3) the introduction of Pt into ZSM-5
markedly enhanced the BTX yield (52.4%) at the expense of
C,-C, alkenes which were intermediates for aromatization; (4)
the lower onset temperature for BTX formation over Pt/ZSM-5
suggested that Pt reduced the apparent activation energy for
light alkene aromatization. It should be noted that carbon
balances over 90% were achieved in most cases.

3.4 Mechanistic study

To provide mechanistic insights into how Pt affects the
aromatization of alkene intermediates over ZSM-5, we theoret-
ically investigated the pathways of ethylene (a key intermediate)
oligomerization, cyclization, and dehydrogenation to form
benzene. The transition state of the dehydrogenation step and
the corresponding energy barrier were studied since dehydro-
genation was proposed to be the rate-controlling step during the
alkene aromatization over zeolites.*>*® For both ZSM-5 and Pt/
ZSM-5, the adsorbed ethylene molecule undergoes two consec-
utive oligomerization reactions to form alkyl fragments of
“Si — OH + C¢H},” and “Pt — H + C¢Hj,”, followed by a cycli-
zation step to generate “Si— OH+6MR-C¢H;,” and
“Pt — H + 6MR-C4H,,”, respectively (Fig. 5). Then, the cyclic
intermediates go through dehydrogenation via formation of
hydrocarbon carbocations, where the B-H abstractions need to
overcome Dbarriers of 2.79 eV and 1.39 eV to form
“Si — OH + C¢H,, + H*” and “Pt — H + CgH), + H*", respec-
tively, according to the located structures of the corresponding
transition states (Fig. 5 and S19-S23%). Benzene would be
formed after further step-by-step dehydrogenation through
a similar process.

These theoretical calculations demonstrate a much lower
energy barrier for the dehydrogenation of C¢ cyclic intermedi-
ates over Pt/ZSM-5, as compared to that over ZSM-5, which is
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Fig.5 Reaction energy diagram of ethylene oligomerization, cyclization and dehydrogenation to the benzene precursor over (a) ZSM-5 (38) and
(b) Pt/ZSM-5 (38). (Pink: AL, yellow: Si, red: O, grey: C, white: H, and blue: Pt.)
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Fig. 6 Proposed scheme showing the synergistic effect in Pt/ZSM-5.

consistent with the markedly improved BTX yield and reduced
onset temperature for BTX formation from catalytic pyrolysis of
PE over Pt/ZSM-5. The difference may be derived from the
different nature of sites for f-hydrogen abstraction in Pt/ZSM-5
and ZSM-5. As a result, Pt enhanced the aromatization rates of
light alkenes formed by PE cracking over the acid sites in ZSM-5,
leading to the high BTX yield (Fig. 6).

4 Conclusions

In summary, we report a synergistic effect between Pt and ZSM-5
for efficient production of BTX via catalytic pyrolysis of PE by
providing mechanistic insights into reaction pathways of key
intermediate species and regulation of the rate-controlling step.
Catalyst characterization reveals that the Pt particles mainly
exist in the metallic state with a cuboctahedral shape and their
loading on ZSM-5 did not apparently change the nature of acid
sites. Different from the thermal pyrolysis of PE that produced
linear alkenes/alkanes with a wide carbon number distribution,
the catalytic pyrolysis with ZSM-5 at 500 °C mainly generated
C;-C, alkenes/alkanes (66%, total yield) and BTX (21%, total
yield). The BTX yield markedly increased to 52% at the expense
of light alkenes after introduction of Pt to ZSM-5, even at a lower
temperature of 450 °C. The onset temperature of aromatization
also decreased, suggesting a reduction of apparent activation
energy for the aromatization of light alkene intermediates over
Pt/ZSM-5. DFT calculations reveal that the aromatization of
intermediate ethylene proceeds via oligomerization, cyclization
and dehydrogenation, and the introduction of Pt into ZSM-5
significantly lowered the energy barrier of the rate-controlling
step (dehydrogenation). This difference is presumably due to
the different nature of sites for f-hydrogen abstraction in Pt/
ZSM-5 against ZSM-5. Therefore, Pt boosted the aromatization
rates of light alkenes produced by PE cracking over the acid sites
in ZSM-5, resulting in the markedly improved BTX yield. The
insights provided here open a new avenue for the design of
“metal-zeolite” catalysts for selective conversion of PE into BTX.
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