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ABSTRACT: Upcycling of waste plastics into value-added chem-
icals and fuels represents a promising orientation toward a more
sustainable chemical industry. We present a selective process for
hydrocracking waste polyolefins into a spectrum of branched
gasoline-range C;_,, hydrocarbons, utilizing a cerium-promoted Pt/

, Catalytic hydrocracking

HY as a metal—acid bifunctional catalyst. The HY zeolite was - N 4;‘;3:syiem
engineered with a hierarchical meso/microporosity and moderated o7 Egm
acidity to alleviate the overcracking of intermediate hydrocarbons to 2 T
light C,_, gas products. The cerium presented as a surface cerium e o~ = —l

. . o . 1 L . W S | [E1Ca
oxide phase, which mitigated acidity and significantly improved Pt ‘ S, m
dispersion. Upon a proper metal—acid balance, an optimized yield of o 3
Cs_1» up to 85 wt % was achieved from the low-density polyethylene — EUMES PtnCe/HY ol=m Sm

Run1 Run2 Run3

over a cerium-promoted Pt/HY catalyst at 280 °C and 2 MPa H, for

2 h. The tandem catalysis was proposed to proceed with an initial dehydrogenation of the polymer chain over Pt sites, with
subsequent isomerization and cracking over the Bronsted acid sites and hydrogenation of the olefin intermediates over Pt sites. The
strong Pt—O—Ce bridging structure inhibited the migration and agglomeration of Pt atoms, affording good stability and no distinct
performance loss over three sequential runs. This process is applicable to the hydrocracking of other polyolefins such as high-density
polyethylene, polypropylene, and daily plastic bags to gasoline-range fuels in desirable yields (60—80 wt %).

KEYWORDS: polyolefin, hydrocracking, bifunctional catalyst, platinum, cerium oxide, gasoline

B INTRODUCTION catalysts and process conditions. Thermal or catalytic pyrolysis,
as well as catalytic hydrogenolysis and hydrocracking, are the
main methods for the chemical recovery of PO. Representative
literature studies on the chemical conversion of polyethylene
are summarized in Table 1. Wax, benzene, toluene and xylene
(BTX), and light olefins could be produced from PO pyrolysis
at 400—900 °C."'™"* Amorphous SiO,—ALO; and zeolites
(e.g, HY and HZSM-S) are often used as catalysts for
pyrolysis,"®™>* which gave certain yields of gasoline or diesel-
range hydrocarbons, as well as high fractions of light C,_,
hydrocarbons, tar, and coke (cf. entries 1—7 of Table 1). High
temperatures (>400 °C) are required for the pyrolysis in order
to supply sufficient energy for the cleavage of the C—C
bonds,”*** which tend to cause a low selectivity of the desired

Plastics play an essential role in modern life due to their low
cost and desirable physiochemical properties. In 2021, the
global plastic production reached 390.7 million tons and is
projected to increase to 1200 million tons by 2050." The large
plastic production and usage has led to enormous plastic waste,
of which only 8.8% is currently recycled (physically), while the
rest is mainly disposed in landfills or directly incinerated,™
causing severe economic loss and environmental problem.
Considering also the depleting fossil reserves and the
popularity of exploiting sustainable alternative resources (e.g.,
lignocellulosic biomass),*”” upcycling of waste plastics, e.g.,
polyolefins (PO), which takes up the largest fraction of the
waste plastics, into value-added chemicals and fuels represents
a promising direction toward a greener chemical industry and
circular economy and thus has received significant research Received: July 12, 2023 §§%}?H‘gﬁf!‘g
attention.S ™ '° Revised:  February 23, 2024

Compared to mechanical recycling, which usually leads to Accepted:  February 26, 2024
lower-value products, chemical conversion of waste PO is a Published: March 15, 2024
more versatile and promising approach, with which a spectrum
of fuel-range hydrocarbons could be produced upon proper
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Table 2. Composition, Textural, and Surface Chemical Properties of Catalysts

surface
total content” content
(wt %) (mol %) ¢
St Spery Vi Vi l , Dl dof
catalysts Pt Ce Pt Ce (m*gh) (m*g') (m’g™?) (am’®g™?) P/ (P +P)” Ce¥/(Ce* + Ce*)” (%) nm)
HY (pristine) 653 575 0.37 0.22
HY 809 656 0.44 0.26
(hierarchical)
Pt/HY 0.46 0.67 662 501 0.40 0.20 35.0% 19.5 2.6
Pt-1Ce/HY 0.48 1.1 0.59 0.13 694 640 0.38 0.25 38.9% 25.9% 134 3.7
Pt-3Ce/HY 0.45 3.0 0.57 0.20 680 604 0.37 0.24 50.7% 32.4% 23.9 2.1
Pt-5Ce/HY 0.46 S.1 0.51 0.31 599 542 0.32 0.21 64.0% 40.1% 41.6 1.0
Pt-11Ce/HY 0.47 11.0 0.56 0.92 574 500 0.32 0.20 86.9%" 43.1% 78.9 0.4

“Determined by ICP-AES analysis. YDetermined by XPS. “Sgpr and V., denote the BET specific surface area and total pore volume; S, and

V,

micro

denote the surface area and volume of micropores, respectively. dDispersion of active Pt sites, which is determined by CO-pulse

chemisorption; the calculation details are given in Section S1.3. °Pt crystallite size, which is determined from Pt dispersion (Dp,) according to the

literature.>>> /Determined by (P + Pt*)/(Pt° + P> + Pt*).

products (e.g, due to the overcracking) and fast catalyst
deactivation (e.g., by severe coke deposition). Comparatively,
metal-catalyzed hydrogenolysis has been reported to be
effective for PO breakdown at relatively lower temperatures
(ca. 300 °C) with a low generation of the coke precursor in the
hydrogen atmosphere.”””” Due to the structural similarity
between PO and n-alkanes, PO hydrogenolysis may be guided
to some extent by the principle governing hydrogenolysis of n-
alkanes. Iglesia et al. extensively studied the catalytic
hydrogenolysis of C,—C,, alkanes over supported Pt, Ir, Ru,
and Rh metals,”* ™ and the catalytic performance is found to
be related to multiple factors such as the operating conditions
(temperature and H, pressure), the properties of supported
metal particles (size and metal type), and the degree of carbon
atom substitution of n-alkanes. Celik et al. reported the
production of lubricating oil and wax over a Pt/SrTiO; catalyst
at 300 °C, 1.2 MPa H,, and 96 h, with a yield of 42 to >99 wt
% depending on the properties of polyethylene feedstocks.”
Zhang et al. achieved the direct transformation of polyethylene
to long-chain alkylaromatics via Pt-catalyzed tandem hydro-
genolysis/aromatization over a Pt/y-Al,O; catalyst under
hydrogen-free conditions.”* Nakaji et al. reported the hydro-
genolysis of low-density polyethylene (LDPE) to C;_,; liquid
fuel over a Ru/CeO, catalyst with a yield of 88 mol % (carbon
basis) at 240 °C, 6 MPa H, for 8 h.”” Notably, due to the lack
of acid sites for carbon bone isomerization on the monofunc-
tional metal catalysts, most of the hydrogenolysis products are
short of chain branching and have a relatively high melting
point (>room temperature) that limits their direct applications.
In addition, the hydrogenolysis reaction usually requires long
reaction times, high temperatures (>300 °C), or high catalyst
loadings (cf. entries S—7 of Table 1).

Comparatively, hydrocracking over bifunctional metal/acid
catalysts at moderate temperatures and H, pressures have
appeared to be a more promising approach, where the acid
catalyst cracks C—C bonds, and the metal catalyst hydro-
genates the olefin intermediates, suppressing the coke
formation. Most reported PO hydrocracking studies have
focused on the metals (e.g, Pt, Pd, Ni, Co, Ru) supported on
microporous zeolites (e.g, HY, HZSM-S), which however
behave unselective conversion toward C,_, light gas due to the
severe overcracking (cf. entries 8 and 9 of Table 1).2*"#7%
Concretely, most of the reaction intermediates, which were
initially produced from Pt-catalyzed dehydrogenation or

5740

hydrogenolysis, are confined in the zeolite microporous
network, where the larger hydrocarbons face severe diffusion
limitations and thus undergo deep cracking to smaller
products.* Vlachos’ group recently reported the hydrocracking
of LDPE using a blend of Pt/WO;/ZrO, and HY zeolite as the
catalysts.*® In this way, the Pt sites were separated from the
strong acid sites on the microporous HY zeolites, alleviating
the overcracking and increasing the yields of medium- and
high-range fuel products, giving a Cs_,, liquid fuel yield of 85
mol % (carbon basis) at 250 °C and 3 MPa H, for 2 h.
Generally, the hydrocracking of PO proceeds via synergistic
metal—acid catalysis that involves the initial activation of PO
and the hydrogenation of olefin intermediates over the metal
catalysts, and a series of cracking and isomerization reactions
over the acid sites.*® As such, a proper balance between metal
and acid catalysis is required for the efficient PO hydro-
cracking, which should enable a high conversion rate of PO
without overcracking the valuable fuel-range C;_,, products.
Shape selectivity, in addition to metal and acid catalysis, also
plays an important role in the PO hydrocracking, as the slower
diffusion of the reaction intermediates in zeolites with
narrower pores would facilitate their overcracking. Therefore,
engineering the acidity and porosity of the zeolite is crucial for
the selective PO conversion to the desired products. In
addition, the hydrocracking catalysts tend to deactivate due to
the metal migration/agglomeration, zeolite dealumination, or
coke deposit covering metal and acid sites; as such, the stability
and reusability should be well-addressed in the catalyst/process
development.

In this work, a cerium-promoted hierarchical Pt/HY catalyst
was synthesized and applied in the catalytic hydrocracking of
PO. Pt metal was supported on a hierarchically porous HY
zeolite, which was engineered via partial dealumination/
desilication in order to alleviate the acidity and create
additional mesoporosity in the HY framework. Cerium oxide
was added aiming to regulate the acidity, improve the Pt
dispersion, and inhibit the agglomeration of Pt particles via the
formation of a stable Pt—O—Ce bridging structure.”’ ™" The
physiochemical properties of the catalysts were characterized
systematically, and the catalytic performance was evaluated in
the hydrocracking of LDPE under a wide range of reaction
conditions (temperature and H, pressure). Furthermore, the
process/catalyst was extended to other polyolefins such as

high-density polyethylene (HDPE), polypropylene (PP), and

https://doi.org/10.1021/acssuschemeng.3c04163
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Figure 1. (A) XRD patterns of HY, Pt/HY, and Pt-nCe/HY catalysts and (B) magnified view of the XRD patterns at the 20 region of 25—70°.

recycled commercial plastic bags (consisting of HDPE) under
the optimized catalyst and reaction conditions. Mechanistic
insights into the metal—acid tandem catalysis for PO
hydrocracking was elucidated based on the experimental
findings and literature studies, and the stability and reusability
of the catalyst were evaluated.

B RESULTS AND DISCUSSION

The (cerium-promoted) Pt/HY catalysts were synthesized via
a simple incipient wetness impregnation method using a
custom-modified HY zeolite as the support. Briefly, an aqueous
solution of Ce(NO,);-6H,0 and H,PtCls-6H,0 was used to
impregnate the HY zeolites at room temperature for 24 h.
Afterward, the as-prepared catalysts were vacuum-dried at 120
°C overnight followed by calcination in the air at 550 °C for 6
h and reduction in a hydrogen flow at 50 mL/min and 300 °C
for 4 h. The synthesized catalysts were denoted as Pt-nCe/HY
catalysts, where n (= 1, 2, 3, 4, S or 11) denotes the weight
percent (wt %) of the Ce elements. For all catalysts, the Pt
loading is 0.5 wt %. The details regarding the materials, catalyst
synthesis, characterizations, and calculations are given in
Section S1.

Crystalline Structure, Textural Properties, and Pt
Dispersion. The contents of Pt and Ce in the catalysts were
confirmed by inductively coupled plasma-atomic emission
spectroscopy (ICP-AES) analysis (Table 2), and the results
agree well with the calculated value in the sample synthesis,
suggesting the successful loading of Pt and Ce by the applied
impregnation method. The crystalline structure of the pristine
HY, hierarchical HY zeolite, and Pt/HY and Pt-nCe/HY
catalysts was investigated by wide-angle X-ray diffraction
(XRD), as shown in Figure 1A,B. The pristine HY and
hierarchical HY displayed highly similar XRD patterns,
indicating an almost unchanged crystallinity of the HY zeolite
upon modification. The patterns of all Pt/HY and Pt-nCe/HY
catalysts display the characteristic diffraction peaks of the HY
zeolite, which decreased gradually in intensity with the
increased loading of Pt or Ce. The Pt/HY exhibited three
characteristic peaks of Pt crystalline at 20 = 39.8, 46.2, and
67.5°>" The intensity of these peaks first increased with the
addition of 1 wt % Ce (i.e., Pt-1Ce/HY) and then decreased
gradually with further increase of Ce loading to 3 wt % (Figure
1). The Pt-5Ce/HY and Pt-11Ce/HY catalysts gave no distinct
diffraction peaks for Pt crystalline, indicating an even smaller
Pt particle size that is below the detection limit of XRD. The
decreased peak intensity of Pt crystalline suggested an
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inhibited growth of Pt particles and suppressed formation of
the three-dimensional (3D) bulk Pt crystalline, inferring an
improved Pt dispersion upon the proper addition of Ce (i.e.,
>1 wt %). For all Pt-nCe/HY samples, no distinct diffraction
peak of CeO, (26 = 28.5, 47.5, and 56.3°°") was observed in
the pattern, indicating the absence of CeO, crystalline or an
amorphous nature of cerium oxide (vide infra).

The textural properties of the catalysts were studied by N,
sorption, as shown in Figure S4 and Table 2. All of the samples
exhibited a type I isotherm and an H4-type hysteresis loop
(Figure S4A). The density functional theory (DFT) pore size
distribution indicated the copresence of meso- (2—40 nm) and
micropores (0.5—1 nm; cf. Figure S4B,C), which corroborates
the hierarchical meso/microporosity of the custom-modified
HY zeolite and the synthesized Pt/HY and Pt-nCe/HY
catalysts. Notably, a certain extent of mesoporosity was already
found in the pristine HY zeolite (Figure S4 and Table 2),
which is consistent with the literature findings.*” Upon
modification, the mesoporosity of the HY zeolite was further
promoted; e.g, as shown in Figure S4C, more pores of ca. 2—
30 nm were generated compared to pristine HY zeolite. A
logical decreasing trend was observed in the specific surface
area (Sgpr) and pore volume (V) with the increase of the
loading of Pt or Ce, due to the gradual occupancy of the inner
pores of the catalysts (Table 2). For example, the specific
surface area of the HY zeolite decreased from 809.06 to 737.51
m?/ g after loading with 0.5 wt % Pt, which was further
decreased gradually to 573.64 m?®/g after the increase of Ce
loading up to 11 wt %. Similarly, the pore volume of HY zeolite
decreased from 0.44 to 0.32 cm?®/g after the loading of 0.5 wt
% Pt and 11 wt % Ce (i.e., Pt-11Ce/HY).

The dispersion of Pt in Pt/HY and Pt-nCe/HY catalysts was
evaluated using a CO-pulse adsorption method (Table 2). The
results show that the dispersion of Pt (Dp,) first decreased with
the addition of 1 wt % Ce, which is attributed to the surface
occupancy by CeO,, leading to a reduced free surface area for
Pt dispersion and thus the partial agglomeration of Pt. With
the further increase of Ce addition, more CeO, phase
(together with the oxygen vacancies) was generated, and the
dispersion of Pt improved significantly, e.g., from 13.4% for Pt-
1Ce/HY to 78.9% for Pt-11Ce/HY. The Pt crystallite size
estimated from the Pt dispersion gave an opposite evolution
trend with increasing Ce loading (Table 2). CeO, has been
known with its abundant surface oxygen vacancies, which tend
to adsorb the Pt species and promote the dispersion of Pt
particles on the CeO, surface.”” " In addition, the CeO,

https://doi.org/10.1021/acssuschemeng.3c04163
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phase also acts as a diffusion barrier that prevents the
aggregation of the Pt species on the HY support. As such, Pt
dispersion was largely improved upon a relatively high Ce
addition (e.g, >3 wt %). These findings on Pt dispersion are
consistent with the evolution of the Pt diffraction peak
intensity with increasing Ce loading as revealed by the wide-
angle XRD (Figure 1).

The morphology and dispersion of Pt particles were further
investigated by high-angle annular dark-field scanning trans-
mission electron microscopy (HAADF-STEM) as well as the
corresponding element mapping, using Pt-HY and Pt/3Ce-HY
catalysts as examples (Figure 2). The STEM image of Pt/HY
indicated the uniform distribution of fine Pt particles (<4 nm)
on the surface (Figure 2A,B), giving a relatively wide
distribution of the Pt particle size and an average value (D,,)
of about 2.7 nm (Figure 2C). Similar fine Pt particles were also
observed on Pt/3Ce-HY (Figure 2D,E), which are uniformly
dispersed together with CeO, throughout the support (Figure
2E), affording a narrow distribution of the Pt particle size with
an average value (D,,) of ca. 2.0 nm (Figure 2F). These values
agree well with that estimated from Pt dispersions (being 2.6
nm for Pt/HY and 2.1 nm for Pt-3Ce/HY; cf. Table 2).
Generally, the promoting effect of CeO, on Pt dispersion was
clearly reflected on the STEM/energy dispersive spectroscopy
(STEM/EDS) images, in line with the results of XRD and CO-
pulse adsorption.

Surface Chemical Properties. X-ray photoelectron spec-
troscopy (XPS) characterizations were performed on Pt/HY
and Pt-nCe/HY catalysts to gain insights into the chemical
state of the surface Pt and Ce atoms that is strongly related to
their catalytic performance (Figures 3 and S7 and Tables S1
and S2). For all samples (except Pt-11Ce/HY), the Pt 4f;/,
region is fitted as two peaks at 74.2 and 76.1 eV (Figure 3A—
D), suggesting two different chemical states of the surface Pt
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atoms, i.e., the peak at 74.2 eV corresponds to Pt’, while the
other one at 76.1 eV belongs to Pt**.*° Apparently, the
majority of Pt on the Pt/HY catalyst exists in the form of Pt’,
as the content of Pt® accounts for ca. 65% of the overall surface
Pt atoms on Pt/HY. With the addition of Ce, the portion of
Pt** increased gradually, from 35% for Pt/HY to 64% for Pt-
SCe/HY (Table 2). For Pt-11Ce/HY, a new peak appeared at
ca. 78.3 eV in the 4f;, region, which is assigned to Pt*" and the
portion of electron-deficient Pt atoms (Pt** + Pt**) takes up
86.9% (Figure 3E and Table 2). Similar peak distributions and
intensity evolutions were also observed for Pt 4f,, peaks for all
samples. Such an increased electron-deficient state of Pt is
attributed to an enhanced electron transfer from Pt to Ce (e.g,,
Pt° + Ce** — Pt** + Ce’") via an increased formation of Pt—
O—Ce bridging structure at higher Ce loadings.”” This is
somewhat supported by the evolution of the chemical state of
Ce ions. As shown in Figure S7, among the deconvoluted
peaks of the XPS spectra of Ce 3d;,, the peaks at ca. 897.1 and
901.9 eV are assigned to Ce*, and the remaining several
deconvoluted peaks at 899.6, 905.9, and 915.3 eV are
characteristic of Ce*.>*™" This also indicates that the Ce
element is present as a cerium oxide in the Pt-nCe/HY
catalysts. It is observed that the portion of Ce** increased with
the increase of Ce addition, e.g,, from 32.4% for Pt-3Ce/HY to
43.1% for Pt-11Ce/HY (Table 2), which is indicative of an
increased electron transfer from Pt toward Ce ions, in line with
the increased portion of Pt**. The peaks of Ce 3ds/, gave a
similar peak distribution and intensity evolution (Figure S7
and Table S2). Generally, XPS characterization corroborates
the strong interaction between Pt and Ce via a Pt—O—Ce
bridging structure, which is supposed to have a large impact on
its performance in the catalytic hydrocracking of PO (vide
infra).
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Figure 3. XPS spectra of Pt 4f on the surface of (A) Pt/HY, (B) Pt-1Ce/HY, (C) Pt-3Ce/HY, (D) Pt-5Ce/HY, and (E) Pt-11Ce/HY catalysts.

The corresponding peak fitting parameters are given in Table S1.

The H,-TPR profiles of Pt/HY, 3Ce/HY, and Pt-nCe/HY
catalysts are shown in Figure 4. Pure CeO, supported on HY
(3Ce/HY) gave two reduction peaks: the small and broad
reduction peak at 350—550 °C is due to the reduction of
surface oxygen of CeO,, and the other peak at a higher
temperature >600 °C is assigned to the reduction of bulk
Ce0,."”*% The unreduced Pt/HY displayed a relatively small
wide peak at 100—300 °C and a broad peak before 550 °C.
The former peak is attributed to the reduction of the large-
sized PtO species (Pt** to Pt°) located on the external surface
and interacted relatively weakly with the support. The other
peak at 400—550 °C is assigned to the reduction of highly
dispersed PtO species (of small size) that interacted strongly
with the supports and most possibly located in the inner pores.
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Concretely, this peak was deconvoluted into two reduction
peaks at ca. 440 °C (region I) and 480 °C (region IJ;
somewhat overlapped with the reduction peak of the surface
oxygen of CeQ,), among which the peak at a higher
temperature (>450 °C) is derived from the reduction of the
Pt—(O—SiE)i_y structure formed by the coordination
between Pt and surface silanol groups (=Si—OH) on HY
zeolites.****> Upon reduction to 300 °C, the peak at 100—
300 °C disappeared reasonably for all reduced Pt/HY and Pt-
nCe/HY samples. After the addition of Ce, a new peak
appeared at ca. 600 °C (region III), which is attributed to the
reduction of the bulk ceria.” Compared to 3Ce/HY, this peak
shifted to a lower temperature, indicating an increased
reducibility of Ce* upon interaction with Pt. It was observed
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I, II, or III. The catalyst samples have been prereduced at 300 °C for 4
h before analysis (unless otherwise stated; cf. Section S1.2).

that with the increase of Ce addition, the peak of Pt**
reduction at >450 °C (region II) decreased significantly in
intensity and almost disappeared for Pt-5Ce/HY and Pt-11Ce/
HY. This can be explained by the increased generation of the
surface cerium oxide phase and the Pt—O—Ce structure at
higher Ce addition leading to less formation of Pt—(O—
S1—) 7, in line with the XPS characterization results. The
preferent1al interaction of Pt with Ce also infers the regulating
effect of CeO, on the dispersion and chemical state of Pt and
thus its catalytic performance in PO hydrocracking.

In tandem catalysis for PO hydrocracking, the acid sites, in
addition to the Pt particles, also play a significant role.
Particularly, the Bronsted acid sites (BAS) are primarily
responsible for the generatlon of the carbocation intermediates
and overall catalytic activity.’® The types and amounts of the
surface acid sites on HY, Pt/HY, and Pt-nCe/HY catalysts
were further determined by pyridine-IR (Figures S, S8, and S9
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Figure S. Acid properties of HY, Pt/HY, and Pt-nCe/HY catalysts.

and Tables 3 and S3). Pure HY zeolites afford both Lewis acid
sites (LAS) and BAS, with a Brensted to Lewis acid (B/L)
ratio of 3.51. After Pt loading, the amount of BAS decreased
significantly, while the concentration of LAS remained almost
unchanged, giving a B/L ratio of 1.80 for Pt/HY. Upon the
addition of 1 wt % Ce, both LAS and BAS decreased largely,
which then leveled oft gradually with further increase of Ce
loading, rendering the B/L ratios for the Pt-nCe/HY catalysts
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Table 3. Acid and Pt Densities of HY, Pt/HY, and Pt-nCe/
HY Catalysts

acidity” (umol pyridine/g)

sample Bronsted Lewis B/L nPtb (umol/g)
HY 520.5 148.2 3.51
Pt/HY 279.1 154.9 1.80 5.0
Pt-1Ce/HY 193.5 83.7 2.31 34
Pt-3Ce/HY 152.6 64.8 2.35 6.1
Pt-5Ce/HY 146.7 65.4 2.25 10.7
Pt-11Ce/HY 128.1 50.1 2.55 20.2

Determmed by pyridine-IR (at an evacuation temperature of 200
°C). "Density of the active Pt sites, which is determined by CO-pulse
chemisorption.

falling within 2.25—2.55 (Table 3). Generally, a decreasing
trend was observed in the amounts of weak, moderate, and
strong LAS/BAS as well as the total acidity with the increase of
Ce loading (Figure S and Tables 3 and S3). The
aforementioned variation of the acid properties of Pt-nCe/
HY catalysts was seen as a result of (i) the deposit of Pt and
CeO, over HY zeolites, covering the acid sites therein and
occupying the surface area of the inner pore channels and (ii)
the creation of the new acid sites on the CeO, phase. The
regulating effect of CeO, on the acid properties, in addition to
Pt properties, again inferred its large impact on the metal—acid
tandem catalysis and somewhat justified our strategy of using
CeO, as a promoter of Pt/HY for its enhanced performance in
PO hydrocracking.

Catalytic Hydrocracking of LDPE over HY, Pt/HY, and
Pt-nCe/HY Catalysts. Catalytic performance of HY zeolite,
Pt/HY, and Pt-nCe/HY catalysts in the hydrocracking of
LDPE (M, ~ 24,064 g mol™, cf. Figure S2) was studied using
200 mg of catalyst and 2.0 g of PO at a relatively mild reaction
condition of 280 °C and 2 MPa H, for 2 h (Figure 6). The HY
zeolite exhibited rather limited LDPE conversion with severe
coke formation, leading to a high solid residue yield of 93 wt %
(Figure 6A). Comparatively, Pt/HY afforded a much higher
activity, giving only ca. 10 wt % of unconverted solid residue
but 90.3 wt % of extractable (gas + liquid) products, with a
narrow product distribution and high degree of chain
branching (Figure 6B). Among others, the liquid products
are C;_), gasoline-range hydrocarbons that were attained at a
relatively high yield of 81.4 wt %. Notably, Pt/HY zeolite has
been commonly used in the petrochemical refinery as the
catalyst for the hydrocracking of long-chain alkanes,”” and
recently has also been used in the catalytic hydrocracking of
plastics.*"**® However, the reported Pt/HY catalysts, which
have used standard commercial HY zeolites as the support,
exhibit unselective PO hydrocracking to C,_, light gas
products, as most of the intermediate long-chain hydrocarbons
are confined in the zeolite microporous framework with large
diffusional limitations, thus undergoing severe overcracking to
light gases on abundant acid sites therein.*® In this work, we
have utilized a partially dealuminated/desilicated HY zeolite as
the support for the synthesis of Pt/HY (as well as Pt-nCe/HY)
catalysts with a hierarchical meso/microporous structure and
moderated acidity (cf. Tables 2 and 3), which represents an
effective approach to alleviate the overcracking of medium
Cs_1, hydrocarbons. The far higher activity of Pt/HY
compared to HY is attributed to the synergy of Pt and acid
sites in the tandem catalysis for LDPE hydrocracking.
Concretely, Pt particles are responsible for the activation of
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H,, 2 h, 200 mg of catalyst, and 2.0 g of PO.

the polymer chains by converting the large C,,, paraffins to
olefins, which are then cracked into C,;_;4 over the acid sites.
The produced smaller hydrocarbons then diffused into the
inner meso/micropores undergoing further cracking to Cg_)5,
then to C;_; hydrocarbons, and even to C,_, light gases. In the
meantime, the Pt particles also hydrogenate the olefin coke
precursors, suppressing the coke formation.*” The mechanistic
discussion on PO hydrocracking via tandem catalysis based on
the literature findings and experimental results is given in the
Supporting Information (cf, Scheme S1). Notably, at the
studied mild temperatures and short reaction times, Pt is active
for the dehydrogenation/hydrogenation of alkane/alkene
hydrocarbons, whereas the Pt-catalyzed C—C bond scission,
i.e., hydrogenolysis, which occurs usually at 300—450 °C and
gives high yields of methane and ethane (cf. Table 2),”%7 is
obviously of little contribution, given the low quantities of C,_,
observed in this work. As such, the activity and selectivity for
the tandem catalysis are not solely dependent on BAS or Pt
density but the overall site density and the balance between Pt
sites and acid sites.

The regulating effects of CeO, on the dispersion and
chemical state of Pt species as well as the porosity and acid
properties of the Pt-nCe/HY catalysts, which are all vital
factors for the metal—acid tandem catalysis, implied a large
potential impact of CeO, on the catalytic performance of Pt-
nCe/HY catalysts in PO hydrocracking. The catalytic perform-
ance of a series of Pt-nCe/HY catalysts was evaluated and
displayed in Figure 6A. Both Pt-1Ce/HY and Pt-2Ce/HY gave
a high yield of solid residue of ca. 78 wt %, which is greatly
higher than that of Pt/HY, ca. 10 wt %. Such a by far lower
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activity upon the addition of 1 or 2 wt % Ce is attributed to the
lower Pt dispersion (i.e., lower amount of active Pt sites (np,);
cf. Table 3) caused by surface occupancy by cerium oxide,
which somewhat limits the rate of the initial PO dehydrogen-
ation leading to a low overall activity.

At a higher Ce addition of 3 wt % (i.e., more generation of
Ce0,), more surface oxygen vacancies were provided for
adsorbing the Pt species, leading to higher Pt dispersion and
improved the overall balance between Pt and acid sites (Tables
2 and 3). As a result, the Pt-3Ce/HY catalyst gave a rather high
LDPE conversion, with only 5.1 wt % of solid residue and a
high product selectivity of 96.1% (corresponding to a yield of
84.8 wt %) toward C_j, gasoline-range hydrocarbons, which
represents one of the highest levels compared with the
literature results (cf. Table 1). Nevertheless, at higher Ce
additions (i.e., 4, 5, and 11 wt %), the yield of the solid residue
increased regardless of the improved Pt dispersion (Figure
6A), which is attributed to the limited BAS-catalyzed cracking
reaction over the decreased BAS density, causing a lower
overall activity for metal—acid tandem catalysis. In short of
proper amounts of acid sites, Pt nanoparticles (alone) could
not contribute substantially to C—C bond breaking, which
turned to be the rate-determining step, as the metal-catalyzed
monofunctional hydrogenolysis requires higher temperatures
and longer reaction time (cf. Table 1).>**” Compared to Pt/
HY, Pt-3Ce/HY catalyst gave a product distribution with
similarly high chain branching but shifted to larger hydro-
carbons (Figure 6B,C), which is due to the less significant
cracking reactions over the lower BAS density with lower acid
strength (Table 3 and Figure S9). Given that Pt-3Ce/HY
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Figure 7. Product yield distribution by carbon number over Pt-3Ce/HY catalyst with a reaction time of (A) 0.5 h, (B) 1 h, (C) 2 h, and (D) 3 h.
Reaction conditions: 280 °C, 2 MPa H,, 200 mg of catalyst, and 2.0 g of PO. The solid residue yields of the reactions for 0.5, 1, 2, and 3 h are 38.1,

8.2, 5.1, and 4.5 wt %, respectively (cf. Table S4).

exhibited the highest LDPE conversion and maximum yield to
gasoline-range hydrocarbons, it was selected as the optimized
catalyst for follow-up studies.

Process conditions such as the reaction time, temperature,
and H, pressure for the hydrocracking of LDPE were screened
over the Pt-3Ce/HY catalyst for further process understanding
and optimization (Figures 7—9 and Table S4). The effect of
the reaction time on the product distribution is given in Figure
7 and Table S4 (entries 4—7). It was found that the LDPE
conversion already reached a high level (with a solid residue
yield of only 8.2 wt %) even after a short reaction time of 1 h.
At prolonging reaction times of 2 and 3 h, the solid yield was
further decreased, and the product distribution shifted logically
to lighter hydrocarbons due to the deeper cracking (Figure 7).
Almost no C, s product was observed in all cases, despite the
fact that GC-FID was calibrated with up to Cg. Such a lack of
heavier products is consistent with the literature studies for
example, on a Pt/WO;/ZrO, + HY zeolite catalyst blend for
LDPE hydrocracking,46 and is attributed to a preferential
adsorption of long polymer chains over the intermediate
hydrocarbons on the catalyst,”” leading to a cracking process
that proceeds with one polymer chain adsorbed and
completely reacted without the release of medium-sized C,
products. Given the high LDPE conversion and desirable
product selectivity toward Cs_,, gasoline-range hydrocarbons,
a reaction time of 2 h is selected for the subsequent reactions.

Temperature plays an important role in regulating the
kinetics of the tandem catalysis for PO conversion, i.e., the
relative rates of dehydrogenation/hydrogenation reactions,
cracking reactions to Cs_;, hydrocarbons, and C,_, light gases,
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as well as side reactions such as coking. A general decreasing
trend was observed in the yields of solid residues and relatively
large hydrocarbons (e.g., Ci3_;6) with the increase of reaction
temperature from 250 to 280 °C (Figure 8A and entries S, 8—
10 of Table S4). This is similar to the effect of increasing
reaction time and because of the enhanced consecutive
cracking of LDPE. Nevertheless, further increase of the
temperature to 290 or 300 °C led to slightly higher yields of
solid residue (entries 11 and 12 of Table S4; in line with the
literature**), which is accompanied by a product distribution
shifting to lighter hydrocarbons (e.g., decreased yield of Cs_j,
and increased yield of Cs_;; cf. Figure 8A). This indicates an
enhancement of both the cracking and coking reactions over
HY zeolites at these relatively higher temperatures above 280
°C, which is the characteristic of HY zeolite and regulated by
both the acidity (Si/Al ratio) and diffusion constraints (meso/
microporosity balance) thereof. The proposed higher gen-
eration of coke at a higher temperature >280 °C is supported
by the thermogravimetric analysis (TGA)/differential scanning
calorimetry (DSC) analysis on the recycled solid catalyst,
which revealed a higher weight loss of 35.0% for the catalyst
used at 300 °C vs 23.4% for that used at 280 °C (Figure S10).
Moreover, the majority of the coke formed on the used Pt-
3Ce/HY catalyst is believed to be hydrogen-rich or oxygen-
containing coke, given that they are easily removed in the
lower-temperature region below 300 °C (Figure S10).
Generally, a reaction temperature of 280 °C was found to be
optimal, given the lowest solid yield and desirable selectivity
toward Cs_,, hydrocarbons.
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The hydrogen pressure is also an important factor in the
hydrocracking of PO, as it might affect the dehydrogenation/
hydrogenation reaction eguilibrium and even the acid
properties of the catalysts.” The hydrocracking of LDPE
was carried out under varying hydrogen pressure (Py,), and an

optimal catalytic performance with the lowest yield of solid
residue was found at a Py, of 2 MPa (Figure 8B). Similarly,
Vlachos et al. reported an optimum Py for LDPE hydro-
cracking over a Pt/WO;/ZrO, + HY catalyst blend, and since
the control experiments indicated an increase in the strength of
the BAS on Pt/WO;/ZrO, upon the hydrogen pretreatment,
the lower LDPE conversion at lower Py is believed to be
possibly due to the lack of strong BAS.*® However, in our case,
a shift of the product distribution toward heavier hydro-
carbons, e.g., a monotonous decrease in the yield of C_, but
an increase in that of Cg_;, and C,3_;4 hydrocarbons, was
observed with the increase of Py within the whole studied
range from 1 to 3 MPa (Figure 8B), which is in contradiction
with the deeper acid-catalyzed consecutive cracking over an
increased strength of the acid sites at higher Py . As such, the

possible variation in the acid property should not be the reason
for the lower activity at lower Py (<2 MPa). Instead, we
believe that the lower Py might lead to a less significant

hydrogenation of the olefin coke precursors, resulting in
somewhat increased coking and thus the yield of the solid
residue. In addition, mass transfer effect might also make a
difference as the lower Py tends to decrease the solubility and
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diffusion rate of H, in the polymer melt, slowing down the
subsequent hydrocracking reactions.
At higher Py (>2 MPa), the increase in the yields of solid

residue and the larger hydrocarbons (Cg_;, and Cy5_y¢), ice, a
decline of the catalytic performance with increasing Py, is

observed. This is attributed to a shift in the reversible
dehydrogenation/hydrogenation (i.e., alkane/olefin conver-
sion) equilibrium and a consequent decrease in the amount
of active olefin intermediates, as dehydrogenation constitutes
the initializing step of PO hydrocracking via the tandem
metal—acid catalysis."” Moreover, saturation of the active sites
on the catalyst with adsorbed hydrogen and suppressed H,
desorption from the active sites under high Py could also

inhibit the deep cracking of the intermediates.

Catalytic Hydrocracking of Other Polyolefins (PP,
HDPE, and Waste Plastic Bag). A notable challenge in the
recycling of waste plastic is that the plastic products are usually
multicomponent, particularly in the packaging industry, and as
such, the development of catalysts and processes that are
capable of treating multiple plastics (mixtures) are of
importance. In this work, the present catalytic system was
extended to the hydrocracking of other polyolefins such as
HDPE, PP, and commercial plastic bags (HDPE) at 280 °C, 2
MPa H, for 2 h (Figure 9A). It was found that the Pt-3Ce/HY
catalyst effectively converted all other plastics into the gasoline-
range Cs_;, liquid fuels in high yields (60—80 wt %; Figure
9B,C). The catalytic performance with PP was comparable to
that with LDPE, with the product distribution falling more in
the lighter products such as C;_4 and C;_; hydrocarbons. This
is attributed to the tertiary carbon environments on PP that are
most capable of stabilizing the positive charge, as such
compounds with ternary carbon are more prone to generate
carbocation intermediates and crack over zeolites.””’" This
explanation also applied to the higher solid yield, i.e., lower
activity with HDPE, which has less chain branching compared
to LDPE. The daily plastic bag (consisting mainly of HDPE)
gave an even lower conversion than HDPE granules, which is
attributed to the presence of additives such as stabilizers and
dyes that have somewhat hindered the activity. However, a
close to full conversion (5.7 wt % solid) was still achieved with
a gasoline (C;_,,) yield of 82.7 wt %, given an extension of the
reaction time to 12 h (Figure 9B). Generally, the slight
difference in the catalytic performance on different plastics is
related to the difference in their C—C bond strength and
polymer backbone structure, and the current catalytic system
over Pt-3Ce/HY represents an efficient process for the
selective conversion of different polyolefin plastics into
valuable Cs_,, gasoline-range liquid fuels.

Stability and Reusability of the Pt—Ce/HY Catalyst. In
addition to activity and selectivity, the stability and reusability
of the catalysts are also of great importance for the potential
implementation of the large-scale chemical recycling of waste
polyolefins. For comparison, the reusability of Pt/HY and Pt-
3Ce/HY was evaluated by running three consecutive reactions
under optimized conditions (280 °C, 2 MPa H, and 2 h; cf.
Figure 10). The used catalyst after each run was recycled via
filtration, regenerated by calcination at 400 °C in air
(according to the TGA/DSC results shown in Figure S10),
and subsequently reduced in a H, flow (50 mL/min) at 300 °C
for 4 h. The absence of the characteristic peaks of C—H
stretching vibrations at 2800—3000 cm ™" in the IR spectra of
the recalcinated Pt-3Ce/HY samples indicated a complete
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removal of the hydrocarbon residue upon regeneration (Figure
S9). Despite the desirable activity and selectivity at the first
run, the Pt/HY catalyst displayed distinct performance loss,
e.g., the yield of the solid residue increased from 7.1 to 55.5 wt
% after three reaction runs, with a general trend of product
distribution shifting to heavier C4_;, hydrocarbons (Figure
10A). The possible reasons for such an activity loss could be
(i) a declined Pt dispersion due to the migration and
agglomeration of Pt atoms and (ii) decreased crystallinity
and acidity of the HY zeolite caused by the leaching of Al or Si.
Both reasons might impose a negative impact on the balance
between Pt-catalyzed dehydrogenation and acid-catalyzed
cracking reactions. To study the reason for catalyst
deactivation, CO chemisorption and Pyridine-IR have been
performed on the second-regenerated Pt/HY catalysts (Table
SS). It is revealed that the Pt dispersion of Pt/HY decreased by
ca. 50% upon three reaction runs, from 19.5 to 10.3%; and the
BAS density of Pt/HY decreased apparently from 279.1 to
206.1 umol/g (Table SS). Therefore, the main reason for the
deactivation of Pt/HY is the loss of Pt dispersion and the BAS
density; the latter also led to a product distribution shifting to
heavier Cg_;, hydrocarbons (Figure 10). The resulting
insufficiency of Pt sites and BAS might cause not only a
lower initial conversion rate but also a more severe coking that
tends to deposit on the active sites, accelerating the catalyst
deactivation.

Comparatively, Pt-3Ce/HY exhibited by far better stability
and reusability, with a limited increase of solid yield from 5 to
<10 wt % and a similar product distribution (mainly C,_;,

hydrocarbons) after three reaction runs (Figure 10B). The
dispersion of Pt on Pt-3Ce/HY was found to decrease only to
a much smaller extent than that on Pt/HY, from 23.9 to 21.6%,
and the BAS density slightly decreased from 152.6 to 141.2
umol/g (Table S5). Such a higher stability (especially in the Pt
dispersion) is attributed to the strong interaction between Pt
and Ce forming a stable Pt—O—Ce bridging structure, which
inhibited the migration, aggregation, and growth of the Pt
particles during the reaction. The slight decrease in Pt
dispersion could take place during the regeneration, where Pt
atoms might migrate because of the well-known high volatility
of PtO,,”* leading to somewhat increased Pt particle size. The
XRD patterns of the fresh and regenerated Pt-3Ce/HY
catalysts all displayed characteristic peaks of HY zeolites
(Figure S12), indicating no severe structure collapse after
reaction or regeneration, which is also supported by the similar
morphology of the fresh and regenerated samples, as revealed
by SEM (Figure S13). However, a slight decrease in peak
intensity, ie., a decrease of HY zeolite unit cell size, was
observed for the regenerated samples. This is due to a lower Al
content in the framework caused by a partial zeolite
dealumination during regeneration,%’73 which might lead to
a small acidity decrease. Generally, despite the slightly
decreased Pt dispersion and acidity, the regenerated Pt-3Ce/
HY catalyst still afforded a desirable metal—acid balance, as
reflected in similar product distributions among different
reaction runs.
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Figure 10. Evaluation of the reusability of (A) Pt/HY and (B) Pt-
3Ce/HY. Reaction conditions: 280 °C, 2 MPa H,, 2 h, 200 mg of
catalyst, and 2.0 g of PO; regeneration conditions: calcination at 400
°C in air for 3 h and subsequently reduced in a H, flow (50 mL/min)
at 300 °C for 4 h.

B CONCLUSIONS

This work presented a highly selective process for the
hydrocracking of (waste) polyolefins toward a spectrum of
branched gasoline-range Cs_, liquid fuel, using a series of
cerium-promoted Pt/HY (ie., Pt-nCe/HY) as the metal—acid
bifunctional catalysts. A custom-modified HY zeolite was used
as the support, which was engineered with a hierarchical meso/
microporosity and a moderated acidity to avoid the over-
cracking of the intermediate hydrocarbons to light C;_, gas
products. Cerium was present as a surface cerium oxide phase,
which alleviated the acidity of HY zeolite and provided
abundant oxygen vacancies for Pt adsorption, leading to a
significantly improved Pt dispersion. Under optimized reaction
conditions and Pt/Ce loading, i.e., over Pt-3Ce/HY (with 0.5
wt % Pt and 3 wt % Ce) that affords a proper metal—acid
balance, a high yield of C;_;, hydrocarbons up to 84.6 wt %
was achieved from the low-density polyethylene at 280 °C, 2
MPa H, for 2 h. A mechanism was proposed on the
hydrocracking of polyethylene via metal—acid tandem catalysis
over Pt-3Ce/HY, where the reaction proceeds with an initial
dehydrogenation of the polymer chain or large alkane over the
Pt sites to produce a large olefin, which was subsequently
isomerized to branched carbocation reaction intermediates
over the Bronsted acid sites, followed by a rapid f-scission to
produce shorter unsaturated polymer chains or lighter olefins;
meanwhile, these olefin intermediates were hydrogenated in
the hydrogen atmosphere over Pt sites to form the
corresponding alkanes. The strong interaction between Pt
and Ce via the stable Pt—O—Ce bridging structure inhibited
the migration and agglomeration of Pt particles, which
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endowed the Pt-3Ce/HY catalyst with largely enhanced
stability compared to that of Pt/HY, exhibiting minimal
performance loss over three sequential reaction runs. The
present catalyst and process are applicable to the conversion of
other common polyolefin wastes such as high-density poly-
ethylene, polypropylene, and daily plastic bags to gasoline-
range fuels in desirable yields (60—80 wt %).

Generally, engineering the acidity and porosity of the HY
zeolite support, combined with proper cerium promotion as
demonstrated in this work, represents a promising approach to
synthesize bifunctional metal—acid catalysts with enhanced Pt
dispersion, suitable metal—acid balance, and good stability.
The process reported here may serve as a proof of concept for
the upcycling of waste plastics into value-added liquid fuels in a
sustainable way.
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