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CHEMISTRY

Plastic waste to fuels by hydrocracking

at mild conditions

Sibao Liu'™*, Pavel A. Kots'*, Brandon C. Vance'?¥, Andrew Danielson'?, Dionisios G. Vlachos

Single-use plastics impose an enormous environmental threat, but their recycling, especially of polyolefins, has
been proven challenging. We report a direct method to selectively convert polyolefins to branched, liquid fuels
including diesel, jet, and gasoline-range hydrocarbons, with high yield up to 85% over Pt/WO3/ZrO, and HY zeolite
in hydrogen at temperatures as low as 225°C. The process proceeds via tandem catalysis with initial activation of
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the polymer primarily over Pt, with subsequent cracking over the acid sites of WO3/ZrO, and HY zeolite, isomerization
over WO3/ZrO, sites, and hydrogenation of olefin intermediates over Pt. The process can be tuned to convert
different common plastic wastes, including low- and high-density polyethylene, polypropylene, polystyrene, ev-
eryday polyethylene bottles and bags, and composite plastics to desirable fuels and light lubricants.

INTRODUCTION
Plastics are an indispensable part of modern life. Global plastic pro-
duction reached 314 million tons in 2014 and is projected to increase
to over 1200 million tons by 2050 (1, 2). This growth is alarming
when considering the current plastic waste management. In the
United States, >75% of plastics are disposed in landfills and < 16%
are incinerated, and only <9% are recycled (3, 4). Unrecycled plas-
tics generate large economic loss and emissions and harm the envi-
ronment (2, 4-7). Current repurposing routes, such as mechanical
processing, require substantial amounts of virgin material and lead
to lower-value products. Chemical conversion is the most versatile
and robust approach to combat plastics waste. Figure 1 depicts various
existing approaches to fuel-range hydrocarbons. Thermal or catalytic
pyrolysis alone at 400° to 600°C or pyrolysis followed by catalytic
hydrotreatment has been exploited (Fig. 1) (8-13). Over SiO,-ALO5 and
zeolites, e.g., HY and HZSM-5 (14-19), the selectivity to monomers,
gasoline-range hydrocarbons (20, 21), or diesel is low (22). Instead,
undesired high fractions of light C;-C4 hydrocarbons, tar, and coke
form (13). High temperatures are required to cleave the resilient C—C
bonds, especially of polyethylene (PE) and polypropylene (PP), which
give polymers their mechanical stability. High temperatures require sig-
nificant energy and lead to low selectivity of valuable products (23).
Recently, several reports highlighted the potential of metal-catalyzed
hydrogenolysis for PE breakdown (24-26). Wax and lubricant-range
hydrocarbons were produced over a Pt/SrTiOs catalyst at 300°C,
96 hours with a yield of 42 to 97% depending on the PE material
(24). Pt/SiO; catalyst covered with a mesoporous SiO; shell showed
ca. 38% yield of diesel from high-density PE (HDPE) in 24 hours at
250°C and 13.8-bar H, (25). Hydrogenolysis coupled with Pt-catalyzed
aromatization was used to convert PE to long-chain alkyl aromatics
without external H, (26). Because noble metal catalysts could not
catalyze carbon backbone isomerization, most of these products are
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probably solid at room temperature and unsuitable for many
applications because of the lack of chain branching. Also, hydroge-
nolysis requires relatively long reaction times and high tempera-
tures, as well as high catalyst-to-plastic ratios. Hydrocracking over
bifunctional metal/acid catalysts is an attractive option, as the acid
catalyst can crack C—C bonds and the metal catalyst can hydroge-
nate the intermediates and eliminate catalyst coking. However, only
a limited number of works have been reported using this technolo-
gy. Ni-, Co-, and Pt-based catalysts, combined with zeolites, exhibit
unselective hydrocracking to gas products at temperatures higher
than 330°C (27-30). To date, available methods do not meet practi-
cal implementation because of relatively low yield, long processing
times, high temperatures and high energy demand, and the inability
to tune product distribution for different applications. The develop-
ment of a catalytic technology that is tunable, low-temperature,
energy-efficient, and mixed-feedstock-agnostic can revolutionize the
economical (re)use of commodity plastics while substantially re-
ducing the environmental footprint of modern plastics.

We found that nanoparticle platinum deposited on tungstate-
zirconia Pt/WOs/ZrO, (characterization data provided in fig. S1
and table S1) mixed with FAU-type zeolite (HY) is a very active and
selective catalyst for mild hydrocracking in the melt of low-density
PE (LDPE) producing a mixture of gasoline, diesel, and jet-range
hydrocarbons. A maximum liquid yield of 85% was attained at a low
temperature of 250°C and 30-bar H; in 2 hours. The synergy of cat-
alysts is crucial in achieving high liquid yields at low temperature
with minimal to no solid, as compared to a previous study (30). The
balance between acid and metal sites is essential for fast polymer
conversion via a bifunctional tandem catalysis, compared to the
slower monofunctional hydrogenolysis (24, 25). The catalyst can be
engineered in multiple ways to tune product distribution. The cata-
lyst is active in converting the most abundant plastic waste compo-
nents, including HDPE, PP, polystyrene (PS), layered PP-PE-PS
composites, and everyday plastic bags, bottles, etc.

RESULTS AND DISCUSSION

Pt/WQ3/ZrO, alone shows low activity for LDPE conversion in the
melt phase at 250°C, giving linear and branched alkanes (an average
of 9 and 91%, respectively) (Fig. 2, A and B, and figs. S2 and S3)
with a broad carbon number distribution centered at ca. Cqo. Chain
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Fig. 1. Current and proposed chemical conversion of plastic-waste to fuels. (A) Polyolefin pyrolysis (23) and hydrogenolysis (28) require harsh reaction conditions and
produce low amounts of fuel-range hydrocarbons. The proposed approach exhibits a high yield to gasoline at low temperatures without solvents or diluents. (B) Initial

chopped PE bag before reaction and liquid product after reaction. Photo credit: Pavel Kots, University of Delaware.
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Fig. 2. Catalytic data at 250°C. (A) Depolymerization of LDPE over Pt/WO3/ZrO, with various solid acid catalysts for 2 hours. (B) Product yields and degree of isomerization
by carbon number for pure Pt/WOs/ZrO, (black) and Pt/WO3/ZrO, mixed with HY(30) in a 1:1 mass ratio (yellow). (C) Influence of HY zeolite acidity on product yields in
LDPE hydrocracking in a 1:1 mixture with Pt/WOs/ZrO, for 4 hours. (D) Effect of the HY(30) zeolite mass fraction in a mixture with Pt/WO3/ZrO; on the selectivity of the
main product groups and solid yield for 2 hours. (E) Reaction network highlighting the role of the HY zeolite in accelerating deep cracking.

branching of hydrocarbons, occurring over Pt/WO3/ZrO,, is essen-
tial to impart suitable properties, such as low melting point and pour
point, for everyday fuels and lubricants. Diesel-range hydrocarbons
are attained at a relatively high yield of 35% after 12 hours with ca.
21% of solid residue, probably wax (fig. S3). Mechanically blending
HY(30) zeolite with Pt/WO3/ZrO, substantially increases the catalyst
activity with only 7% unconverted solid residue after 2 hours
(Fig. 2A). Furthermore, the product distribution becomes narrower
and shifts to gasoline-range hydrocarbons (Fig. 2B and fig. S3). Pure

Liu et al., Sci. Adv. 2021; 7 : eabf8283 21 April 2021

HY(30) zeolite, under the same reaction conditions, shows very lit-
tle LDPE conversion with extensive coking, leading to 91% solid residue
(Fig. 2A). The results suggest a strong synergy between Pt/WO;/
ZrO, and HY(30) zeolite (Fig. 2E). Initially, the polymer undergoes
hydrocracking over Pt/WO3/ZrO, into relatively large olefins (C ;5)
or alkanes. These intermediates diffuse into HY zeolite acid sites,
where they crack relatively quickly into smaller Cs_; alkenes because
of the microporous network’s shape selectivity. At the same time,
the cracking of C;_ |, or corresponding alkanes over Pt/WO;/ZrO,
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is slower because of a lower concentration of weaker acid sites and
the absence of shape selectivity. A separate experiment with #n-Cye
alkane as a substrate revealed similar product distribution (fig. S3),
indicating that high alkanes and olefins are potential reaction in-
termediates.

The acidity of the HY zeolite plays an important role in the over-
all performance and selectivity of the reaction (Fig. 2C, fig. S3, and
table S2). Decreasing the Al content in the HY zeolite results in a
decrease of the gasoline (Cs_;5) yield from 72 to 32% and an increase
of the diesel (Cy_»;) yield from 11 to 27%. At the same time, the yield
of solid residue over HY zeolites of low acid site density increases.
Fourier transform infrared (FTIR) spectroscopy of adsorbed pyri-
dine shows a correlation between strong Brensted acid site content
and catalyst activity, typical for cracking reactions of hydrocarbons
(table S2). Thus, zeolite acidity can significantly affect the consump-
tion of C,,; intermediates produced by Pt/WO3/ZrO, (Fig. 2E).
This mainly leads to a slowdown of the initial polymer proceeding
with a shift in selectivity toward heavier hydrocarbons. Acidity is an
essential knob for tuning product distribution from gasoline-range
alkanes, at lower Si/Al ratios, to larger-molecular weight jet and
diesel fuel-range alkanes, at higher Si/Al ratios.

Experiments over several microporous acid catalysts indicate that
the LDPE conversion follows the order of the pore size, HY~HBEA >
H-MOR > HZSM-5 (Fig. 2A and Table 1). The product distribution
reflects shape-selective catalysis during hydrocracking; HY favors a
gasoline-range product and HZSM-5 C,_4 gas products. HBEA gives
higher gas products than HY. Shape selectivity arises primarily from
slower diffusion of reaction intermediates in zeolites with narrower
pores, leading to their secondary cracking to smaller products. Given
that HY(30) provides the highest LDPE conversion and maximum
yield to gasoline-range hydrocarbons among HY zeolites, it was se-
lected for follow-up studies.

Other solid acid catalysts, such as WO3/ZrO, (Fig. 2A and Table 1)
and mesoporous Al-MCM-41, blended with Pt/WQ3/ZrO,; exhibit
lower conversion than the Pt/WQO3/ZrO, + HY(30) blend. The prod-
uct distribution in terms of carbon number (Fig. 3) can be tuned by
changing the characteristics of the acid catalyst, such as the acid site
strength and the pore size or shape, with nonmicroporous materials
giving rise to heavier fuels. This trend persists with longer reaction

time, leading to high LDPE conversion over both Al-MCM-41 and
WO3/ZrO, (Table 1). Specifically, Pt/WO3/ZrO, + HY(30) gives
gasoline-range products (Cs_») with ca. 72% yield in a single step,
higher than the best reported yield (55%) achieved in two steps, i.e.,
thermal cracking of LDPE and hydrotreatment of the obtained oil
over Ni/meso-BEA catalysts (31). The jet/diesel fuel (Cg_,; alkanes)
yield is 54 and 73% using Al-MCM-41 and WO5/ZrO; acid catalysts
in 12 hours at 250°C, respectively (Table 1).

The possibility of converting plastic waste to various types of motor
fuels or lubricant base oils can add vital flexibility and increase eco-
nomic feasibility of future plastic-waste conversion plants. Engineer-
ing the zeolite acidity and porosity can be a way to tune the product
distribution. We prepared mesoporous HY zeolite via desilication
by varying the NaOH solution concentration. The results reveal a
complex effect of desilication on performance (table S2 and figs. S4
and S5). As the NaOH concentration increases, the yield to gasoline
products goes through a maximum, and the yield to jet/diesel-range
products and solids increases. This behavior is probably due to the
interplay of increased diffusion in the mesopores (fig. S5), weaker
acidity, and lower crystallinity (table S2) induced by more concen-
trated NaOH solutions. Samples with a high degree of desilication
showed an appreciable increase in yields to light lubricant range
(Ci3-25) hydrocarbons (32) from 0.4 to 12% at the expense of diesel
(fig. S4). The combined enhanced acid site accessibility of the mes-
oporous HY framework and the decrease in acid site strength lead
to the observed product distribution. The tendency of HY zeolite to
crack C,,3 hydrocarbons to small Cs_; products (Fig. 2E) can be re-
versed more effectively by engineering additional mesoporosity
and reducing the impact of microporous confinement on product
selectivity.

Experiments over catalyst blends of varying composition further
confirm the synergy between the two catalysts (Fig. 2D). Pt/WO3/
ZrQO; forms C.;; compounds as well as Cy3_16 and Cg_;; molecules
with slight deep cracking to Cs_; and C;_4 gases but is incapable of
complete conversion of the plastic at mild conditions and short re-
action times. This catalyst is likely responsible for the initiation
steps in the reaction network by converting large paraffins to large
olefins (33). The HY zeolite preferentially cracks the C,;7 and Cy3_16
compounds formed over the Pt/WQO3/ZrO; at first to Cg_;5, then to

Table 1. Catalytic properties of different solid acids mixed with Pt/WO3/ZrO, in LDPE hydroconversion. Reaction conditions: 250°C, 30-bar H,, 2.0-g LDPE,
0.1-g Pt/W0O3/Zr0O,, 0.1-g solid acid, and reaction time of 2 hours [except for data in “*,” which was conducted for 12 hours)].

Yield of Selectivity (%) Yield of Yield of
Solid acid Si/Al ratio lid (9 gasoline diesel (Co_5)
solid (%) Cia Cs7 Cs_12 Ci3-16 Co17 (Cs.12) (%) (%)
Zeolites

Al-MCM-41
WO3/ZI‘02
Al-MCM-41*
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Fig. 3. Product yield distribution by carbon number over Pt/WO3/ZrO; mixed
with different solid acids. Reaction conditions: 250°C, 30-bar H,, 2.0-g LDPE, 0.1-g
Pt/WO5/Zr0O,, 0.1-g solid acid, and reaction time of 2 hours.

smaller Cs_; hydrocarbons, and eventually to C,_4 light gases as its
fraction in the catalyst blend increases (Fig. 2D). These Cg_1; and Cs_;
compounds are subjected to over cracking by the HY zeolite with
modest contributions from hydrogenolysis over Pt nanoparticles (34).
The same pattern is visible on time-dependent product distributions
by carbon number (fig. S6). Almost no C,,3 products are present
in the liquid even after 0.5 hours of reaction time, despite the fact
that both gas chromatography (GC) and GC-mass spectrometry
(GC-MS) were calibrated with up to n-Cs;. Heavy reaction products
Cu>23 have small solubility in cold CH,Cl,, and thus, we cannot
conclusively infer larger fractions. Furthermore, the lack of heavier
products could indicate that polymer cracking proceeds with one

Liu et al., Sci. Adv. 2021; 7 : eabf8283 21 April 2021

chain adsorbed and reacting until being completely consumed without
releasing medium-sized products. The similar melting points of the
solid residues at various reaction times corroborate with this point
(fig. S7).

HY up to ca. 60 weight % (wt %) results in nearly complete plastic
conversion, which is essential for practical implementation of a catalytic
technology. Because of low activity of pure HY zeolite at 250°C, the
metal particles likely hydrogenate coke precursors, keeping the zeolite
catalyst active. Intermediate olefins are not observed in the product
mixture, because of the shift in the hydrogenation/dehydrogenation
equilibrium toward alkanes at moderate reaction temperatures (33).

Poisoning of acid sites of Pt/WQO3/ZrO; with pyridine does not
lead to significant changes in selectivity, while the residual solid yield
increases from 1.9 to 30.6% (Fig. 4A). When poisoned HY(30) zeo-
lite is used together with fresh Pt/WO3/ZrO,, the activity decreases
even more, resulting in 76.1% solid yield. At the same time, poisoning
of the zeolite increases the selectivity to higher-molecular weight
products. These data show that the zeolite is a major contributor to
the activity of the catalyst blend and to shifting the selectivity to
lighter products. In an attempt to compare activities of both cata-
lysts, the amount of irreversibly bonded pyridine during poisoning
was counted by thermogravimetric analysis (TGA) in the flow of air.
The results show that Pt/WO3/ZrO, and HY(30) retain pyridine (60
and 410 pmol/g, respectively). This observation is in line with Brensted
acid sites concentrations measured over these samples (tables S1 and
S2). The large difference in acid site concentration could be at least
partially responsible for the remarkable differences in solid yields.

Pyridine-poisoning results indicate that upon initial activation
on the Pt surface, the reaction intermediates could further react
over both HY and WO3/ZrO, acid sites (Fig. 4, B and C). The pre-
cracking of intermediates over WO3/ZrO, before their consecutive
reaction on HY is less kinetically significant. This observation points
to coupling between zeolite acid sites and Pt particles as a prerequisite
for an active catalyst. To test this hypothesis, we synthesized Pt/HY
catalyst and analyzed its performance in a mixture with WOs/ZrO,
(two rightmost bars in Fig. 4A). The presence of Pt near zeolite acid
sites, as attempted in the past, leads to overcracking and the forma-
tion of light products (29). Over the Pt/HY catalyst, most of the in-
termediates are confined in the zeolite microporous network, where
larger hydrocarbons exhibit substantial diffusional limitations. So,
the reaction selectivity shifts to light products. On the other hand,
anchoring Pt nanoparticle on WO3/ZrO, supports leads to a sepa-
ration between the zeolite and the Pt sites, increasing the yields of
medium- and high-range products. In the latter case, the HY zeolite
consumes the C,,3 reaction intermediates, accelerating their pro-
duction over Pt/WO3/ZrO, (Figs. 2E and 4B). The optimal ratio be-
tween the zeolite and Pt/WO5/ZrO, allows maintaining a high-reaction
rate without deep-cracking the valuable Cg_1; products. Thus, site
separation in this technology is crucial for this tandem catalysis.

The reactivity trends discussed above are characteristic for HY(30)
zeolite. The intrinsic propensity of zeolite to crack reaction interme-
diates to smaller Cs_; products is predetermined by the concentration of
acid sites (Si/Al ratio) and by diffusion constraints (mesoporosity/
microporosity balance). So, usage of a zeolite with a higher Si/Al
ratio and/or increased content of mesopores should lead to less se-
vere cracking of reaction intermediates toward Cs_;.

Experiments with both components of the catalyst blend being
poisoned by pyridine lead to nearly zero activity. Pt nanoparticles
alone could not provide any substantial C—C— bond breaking, because
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metal-catalyzed monofunctional hydrogenolysis requires longer re-
action time and higher reaction temperature (24, 25).

Appreciable reaction occurs even at 225°C; however, increasing
the reaction temperature at constant reaction time enhances the yields
of light Cs_7 products via consecutive cracking reactions from Ci3.
to Cs_1 to Cs_y products (table S3, visualized in the two-dimensional
contour plots in fig. S8). Increasing reaction times at constant tem-
perature has a similar effect. High-molecular weight products are
attainable at short reaction times and/or low temperatures (table S3)
with some compromise toward solid residue. This observation indi-
cates the strong tendency of the catalyst blend to crack Cy,_3 alkanes
to smaller products. The hydrogen pressure (Py,) exhibits an optimum
catalyst performance at 30 bar (Fig. 5). At lower Py,, the rate of hydro-
cracking decreases, resulting in lower LDPE conversion. FTIR spec-
troscopy of adsorbed pyridine (fig. S9) showed that hydrogen
pretreatment does not affect the concentration of stable Brensted
acid sites on Pt/WO3/ZrO, but significantly increases their relative
strength. Lack of strong Bronsted acid sites at low Py, is a possible
reason of low activity. The reduction in performance at higher Py,
and the concomitant higher selectivity toward C;_4 products and drop
in C,,7 selectivity may be associated with a shift in the alkane-olefin
equilibrium and a consequent loss of active olefin intermediates and/
or saturation of the Pt/WOj3/ZrO, active sites with adsorbed hydrogen.

In comparison to pyrolysis, we estimated significant energy savings,
nearly twofold or more in heating due to low operating temperatures

Liu et al., Sci. Adv. 2021; 7 : eabf8283 21 April 2021
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Fig. 5. Effect of hydrogen pressure on LDPE conversion over Pt/WO3/ZrO, mixed
with HY(30). Conditions: 250°C, 1 hour. Weights are in Table 1.

in the melt and two- to fourfold for carrying out thermal cracking
versus hydrocracking chemistry due to making hydrogenated products
of larger molecular weight (see discussion in the Supplementary
Materials).

On the basis of TGA results (fig. S10), a relatively high calcina-
tion temperature is required to remove both the coke deposits and
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solid residue. Thus, the catalyst was calcined at 500°C in air and subse-
quently reduced at 250°C with hydrogen to regenerate activity. The
catalyst blend can be fully regenerated with only a minor increase in
the yield of solid residue and C;_4 products (Fig. 6). Across the re-
generated samples, Cs_1; selectivity remains constant, while the solid
yield increases from 1.9 to 9.0%. CO chemisorption was used to elu-
cidate possible changes of Pt dispersion during regeneration. Results
show that after regeneration, the catalyst adsorbed 1.9 times more
CO than the fresh Pt/WQ3/ZrO, and HY(30) mixture. This fact in-
dicates that Pt dispersion increases during regeneration from ca. 57%
close to 100%. At high temperature in an oxidizing atmosphere, Pt
atoms could migrate from the WO3/ZrO; surface to zeolite micro-
pores because of the well-known high volatility of PtO, (35). Thus,
other factors rather than Pt agglomeration is responsible for the
change in activity. X-ray diffraction analysis (fig. SI0A) of regener-
ated catalyst showed a strong decrease of HY zeolite unit cell size,
which originates from lower Al content in the framework (36). So,
partial zeolite dealumination during regeneration may be responsible
for the small acidity decrease and activity reduction. TGA analysis
(fig. S10, B and C) shows that spent catalysts contain ca. 40 wt % of
coke deposits and solid residues covering Pt particles and acid sites.

A major challenge in the plastics waste problem is the shift from
single-component to multicomponent plastics (37), particularly in
the packaging industry (38), e.g., composites, multilayers, and blends
(39). Developing catalysts that can treat multiple single and mixed
streams is essential. We performed catalytic tests with virgin granules

of LDPE, HDPE, isotactic PP, PS, tapes of mixed layered plastics,
and various bottles and transparent bags (Fig. 7 and fig. S11).
The catalyst mixture can effectively convert all the plastic compo-
nents, even everyday plastics, into liquid products with high yields
(60 to 85%). The dual catalyst is active for hydrocracking HDPE to
even higher yields of liquid than with LDPE. Hydrocracking of PP
gave ca. 43% yield of diesel, which is substantially higher than that
for LDPE (16%) and HDPE (19%) at similar experimental condi-
tions (Fig. 7B). Obviously, compounds with ternary carbon atoms
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Fig. 6. Pt/WO3/ZrO, mixed with HY(30) recyclability. Conditions: 275°C, 1 hour,
and 30 bar H,. Regeneration conditions: 500°C and 3 hours in static air.

A B 20r
() (1) (1) 15 |
LDPE
10
5 |
0
1 6 11 16
20 1
__ 15}
S HDPE
o 10
0)
100 0w =
(my () 5r
80 - v v @ Solid
< O Cis 0
® 60 o 1 6 11 16
e} 8-12 20 r
-g 40 + Bc,
Cia 15 PP
20
10
0
Plasti
astics sl ”H”l
0
1 6 11 16

Carbon number

Fig. 7. Hydrocracking of different feedstocks. (A) (I) PP granules, (Il) HDPE granules, (Ill) LDPE bottle, (IV) HDPE bottle, (V) HDPE bag, and (VI) 45 volume % of PP to
45 volume % of PE to 10 volume % of PS composite tape. (B): Product distribution by carbon number for different polyolefin feedstocks over Pt/WO3/ZrO, mixed with
HY(30). Reaction conditions: 250°C and 30 bar Hy; reaction time: (A) 2 hours for (1) to (IV), 8 hours for (V), and 4 hours for (VI); (B) 2 hours. Photo credit: Brandon Vance,

University of Delaware.
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are more prone to crack over zeolites (40, 41), so the difference in
the product distribution of PP and LDPE is difficult to explain by
their C—C bond strength and polymer backbone structure alone.
Limitations in the dehydrogenation kinetics play an important role
in the initial PP activation, thus shifting the product distribution to
heavier compounds. Everyday plastics were also converted with
minimal solid yield within 8 hours (Fig. 7). The need to extend the
reaction time is due to the presence of additives, such as stabilizers
and dyes.

Hydrocracking of everyday plastics and virgin polyolefins at
mild reaction conditions demonstrated here is a promising energy-
saving approach toward plastic waste-to-fuels conversion. The synergy
of the dual catalyst via tandem chemistry allows one to fine-tune
the activity and selectivity to highly branched gasoline or jet and
diesel-range hydrocarbon products. Because the proposed catalyst
is active in hydrocracking of different types of plastics, including
most common PP and PE, preseparation of waste feedstocks are not
required. Engineering the reaction conditions as well as the acidity
and porosity of the HY zeolite are crucial for controlling the se-
lectivity toward various products to meet the ever-changing mar-
ket needs.

MATERIALS AND METHODS

Preparation of Pt/WO03/ZrO,

WOs3/ZrO; supports were prepared by impregnating zirconia (IV)
hydroxide [Zr(OH)4, 97%; Sigma-Aldrich] with an ammonium
metatungstate hydrate [(NH)sH, W 12040-xH20, 99.99%; Sigma-
Aldrich] solution, dried in air at 110°C, and then calcined at 800°C
for 3 hours (2°C/min ramp) in static air. The ZrO, supports were
loaded with 15 wt % WOs. The Pt/WO3/ZrO, catalysts were synthe-
sized by impregnating the WO3/ZrO, supports with a chloroplatinic
acid (H,PtCls, 8 wt % in H,O; Sigma-Aldrich) solution, dried at
110°C, and then calcined at 500°C for 3 hours (2°C/min ramp) in
static air. The catalysts were loaded with 0.5 wt % Pt.

Zeolite samples

Zeolites HY(30), HY(60), HY(80), HZSM-5(23), HBEA(25) and
HMOR(20) were purchased from Zeolyst International. Al-MCM-41
(Si/Al = 39.5) was obtained from Sigma-Aldrich. All samples were
prepared by calcining at 550°C for 4 hours (2°C/min ramp). For all
the zeolite samples, the SiO,/Al,Os3 ratio is indicated in parenthesis.

Desilication
Zeolite HY(30) was immersed in NaOH solution for 30 min at
60°C. Samples are denoted according to the NaOH concentration in
the initial solution: M1 for 0.1 M, M2 for 0.2 M, M3 for 0.3 M, and
M4 for 0.4 M.

After treatment, the samples were filtered, extensively washed with
deionized water, and dried overnight at 110°C. The obtained sam-
ples were further exchanged to the H-form with aqueous NH4;NOs,
followed by drying at 110°C overnight with consecutive calcination
at 550°C for 4 hours in the air. No sodium impurities were found in
the samples by x-ray fluorescence analysis.

Feedstocks

LDPE [weight-average molecular weight (M), 250,000], HDPE,
isotactic PP (My, 250,000), and PS (M, 35,000) were purchased
from Sigma-Aldrich. The 120 ml. LDPE and 240 ml. HDPE bottles

Liu et al., Sci. Adv. 2021; 7 : eabf8283 21 April 2021

were obtained from SP Scienceware, and the HDPE t-shirt trans-
parent bags were purchased from ULINE.

Catalyst characterization

The x-ray diffraction pattern of powdered calcined samples was mea-
sured on a Brucker D8 diffractometer in 6-8 geometry with a step size
0f 0.05°, 3 s per point. Porosity and surface area were investigated by
N, adsorption at —196°C on a Micromeritics ASAP 2020 instrument.
Before adsorption, samples were pretreated in vacuum at 300°C over-
night (ramping rate 2°/min). Chemical compositions were determined
on a Rigaku Supermini 200 WDXREF. X-ray photoelectron spectroscopy
spectra were recorded on a Thermo Fisher Scientific K-Alpha in-
strument with Al K, radiation. Transmission electron microscope
(TEM) images were acquired on an Aberration Corrected Scanning/
Transmission Electron Microscope, JEOL NEOARM TEM/STEM.

CO chemisorption on Pt/WO3/ZrO, was conducted using the
pulse technique on a Micromeritics AutoChem II instrument. Diffuse
reflectance infrared fourier transform spectra of adsorbed CO were
recorded on a Nicolet 8700 spectrometer with a liquid nitrogen-
cooled mercury cadmium telluride (MCT) detector and a Praying
Mantis in situ flow cell equipped with KBr windows. Before adsorp-
tion, the sample were heated in 20% H,/He flow for 2 hours at 250°C,
then purged with pure He for 0.5 hours, and cooled to room tem-
perature. CO (99.99%; Praxair) was dosed onto the sample using a
six-port valve with a calibrated loop.

FTIR transmission spectra of adsorbed pyridine followed by
pyridine thermodesorption were recorded in a homemade pyrex
flow cell equipped with KBr windows. Before measurements, the sam-
ple was reduced ex situ in a flow furnace for 2 hours at 250°C in 50%
H,/He flow and left for 3 months in a sealed vial. Then, the sample
was pressed in a self-supported wafer (1.27 cm” and 40 bar/cm®
pressure), placed in a reactor sample holder, and heated in flow of
pure He or in flow of 20% H,/He to 250°C (ramping rate 2°C/min)
with 2-hour dwell at that temperature and 1-hour extra flushing with
pure He. Then, the temperature was reduced to 150°C, and the sam-
ple was treated with pyridine vapor by passing He flow, although
the bubbler filled with liquid pyridine (99.8%; Sigma-Aldrich). After
saturation, the sample was flushed with pure He for 30 min, then the
temperature was increased with a 10°C/min rate to 350°C in con-
stant flow of He, and spectra were recorded every 1 min. Integration
and peak deconvolution were done using the Omnic 8.2 software.

TGA of fresh and spent catalysts were conducted on a Discovery
TGA (TA Instruments) in flow of air (50 ml/min) in the range of
25° to 700°C with a 10°C/min heating rate. Differential scanning
calorimetry (DSC) of initial LDPE and solid residue was performed
on Discovery DSC (TA Instruments) in flow of nitrogen (50 ml/min)
with a heating rate of 10°/min in 30’ to 200°C range.

Catalyst pretreatment and reaction tests

Pt/WOs/ZrO, was reduced before reaction in a 100 ml/min equimolar
flow of H, and He gas at 250°C for 2 hours (10°C/min ramp). Re-
duced Pt/WO3/ZrO, and HY zeolite, at specified mass ratios, were
mechanically mixed with 2.0 g of plastic in a 50-ml stainless-steel
Parr reactor using a 0.7-ml stir bar. The mass ratio of LDPE to cat-
alyst blend was maintained at 10 for all tests. After mixing, the Parr
reactor was sealed and purged six times with H, at 15 bar, charged
to 30 bar for reaction, and then heated to reaction temperature. Re-
actions were maintained for specified time intervals and then were
quickly quenched by plunging the Parr vessel in a water-ice bath
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and flowing house air over the lid. Products were collected once the
temperature of the reactor fell below 10°C.

Product analysis
Gas samples from the headspace of the Parr reactor were charged in
a Tedlar gas sampling bag and analyzed with gas chromatography-
flame ionization detector (GC-FID) (Agilent HP-Plot GC column).
The residual oil mixture was combined with approximately 20 ml of
CH,Cl, [American Chemical Society (ACS) grade, Thermo Fisher
Scientific] containing 20 mg of octacosane (#-Csg, TCI chemicals,
>98.0%) as an internal standard. This mixture was separated from
the catalyst and the unreacted solid by filtration (GE Whatman,
100 um) and analyzed by GC-FID (Agilent HP-1 column) and GC-MS
(Agilent DB-1 column). Calibration coefficients were measured by
injection of the analytical standards (Supelco 04071). Typical GC trace
of liquid products obtained from LDPE was shown in fig. S2.

The yield of the product group with ith carbons was calculated as

ni

Minitial

Y =

where #; is the number of carbon atoms in the product group with
ith carbons, while ;1,1 is the number of carbon atoms in the initial
polymer. The yield of solid residue was estimated gravimetrically.

The selectivity of the product group with ith carbons was cal-
culated as

Y;

S = 51,

where XY corresponds to the total yield of all reaction products col-
lected in liquid and in gas (excluding solid residue).

Degree of branching was determined as portion of isomerized C;
(isoC;) hydrocarbon in all C; fraction (isoC; + nC;)

YisoC,-

+ YnC,v

x 100 %
YisoC, ?

[Degree of Branching];, % =

The carbon balance in all experiments were higher than 85%. All
reported values have been rounded up given relative error of 10%.

Catalyst regeneration

To recover activity, the catalyst blend was filtered with 100 ml of
CH,CI, (ACS grade, Thermo Fisher Scientific), dried in air overnight
at 110°C, calcined at 500°C for 3 hours (2°C/min ramp) in static air,
and then reduced in a 100 ml/min equimolar flow of H, and He gas
at 250°C for 2 hours (10°C/min ramp).

SUPPLEMENTARY MATERIALS

Supplementary material for this article is available at http://advances.sciencemag.org/cgi/
content/full/7/17/eabf8283/DC1
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