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Plastic pollution has become one of the most pressing environmental issues and
needs to be tackled imminently. Here, Lin and coworkers report a liquid-phase
catalytic hydrogenolysis process that highly efficiently converts high-density
polyethylene (PE) to jet-fuel- and lubricant-range hydrocarbons under relatively
mild conditions. Solvents profoundly affect the depolymerization reaction kinetics
and product selectivity. This work provides a promising approach for selectively
producing high-value products, such as jet fuel and lubricants, from waste PE and
other polyolefin polymers.
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SUMMARY

Polyethylene (PE) is the most popular plastic globally, and the wide-
spread use of plastics has created severe environmental issues. High
energy consumption in the current process makesits recycling a chal-
lenging problem. In ourreport, the depolymerization of high-density
PE was conducted in various liquid-phase solvents with the Ru/C
catalyst under relatively mild conditions. The maximum yields of
the jet-fuel- and lubricant-range hydrocarbons were 60.8 and 31.6
wt %, respectively. After optimization of the reaction conditions
(220°C and 60 bar of H,), the total yield of liquid hydrocarbon prod-
ucts reached approximately 90 wt % within only 1 h. The product dis-
tribution could be tuned by the H, partial pressure, the active-metal
particle size, and the solvents. The solvation of PE in the different sol-
vents determined the depolymerization reaction kinetics, which was
confirmed by the molecular dynamics simulation results.

INTRODUCTION

The accumulation of waste plastics in landfills and oceans has caused a global envi-
ronmental crisis."* In particular, microplastics have been entering the food chain
and become a potential threat to human health (B. Liebmann et al., 2018, Microplas-
tics 2018, conference). Although there are thousands of plastic materials in use, only
six of them—polyethylene (PE, high and low density), polypropylene, poly(vinyl
chloride), polystyrene (including expanded polystyrene), polyurethane, and
poly(ethylene terephthalate)—are widely used. Collectively, ~6.3 billion metric
tons of plastic waste were produced by 2015, of which 79% was landfilled, 12%
was incinerated, and only 9% was recycled.” PE is the polymer with the most massive
volume produced globally, and the production could reach over 100 million metric
tons per year.”® Therefore, the efficient upcycling of waste plastics, especially PE, is
critical to mitigating the severe environmental problem.

Technologies for recycling waste plastics mainly include three types: mechanical re-
cycling, incineration, and chemical recycling. Mechanical recycling is the only tech-
nology used commercially for the large-scale plastic recycling process, but it still
suffers from decreasing product quality after the consecutive melting and remolding
cycles.® Although incineration converts mixed waste plastics to heat and electricity,
the energy recovery efficiency cannot be as much as that from chemical recycling
because of the massive loss of energy.” Therefore, chemical recycling is considered
a promising process for valorizing waste plastics, whereby plastics are the low-cost
feedstock for producing value-added chemicals or fuels.

The bigger picture

Plastic pollution has become one
of the most pressing
environmental issues now that the
rapidly increased production of
disposable plastic products is far
beyond the world’s capacity for
recycling and upcycling waste
plastics. Although recent studies
have provided a few catalytic
strategies for producing value-
added fuel and chemical products
from polyethylene (PE) waste, the
kinetic rates and/or selectivities
are unsatisfactory, even with
extended processing time (24 h)
and high temperatures (>280°C).
This work reports a liquid-phase
catalytic hydrogenolysis process
that highly efficiently converts
high-density PE to jet-fuel- and
lubricant-range hydrocarbons
under relatively mild conditions.
The application of this efficient
liquid-phase catalytic
hydrogenolysis process could
provide a promising approach for
selectively producing high-value
products, such as lubricants, from
waste PE and other polyolefin
polymers.
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Recently, pyrolysis has been extensively investigated as a chemical recycling tech-
nology. The world’s largest resin producers, including Chevron Phillips Chemical
(CPC), Saudi Basic Industries Corporation, and BASF, have been using this technol-
ogy to produce circular polymers from plastic waste.?'” Indeed, CPC has already
accomplished the first commercial-scale production of circular PE in the United
States. In addition to the commercial application, catalytic pyrolysis has also drawn
much interest from research communities. The production of syngas or liquid hydro-
carbon fuels from PE waste is technically feasible."' However, elevated temperatures
(>300°C) are needed in catalytic pyrolysis processes,'”'* which might not be
economically sound given the high energy consumption. Moreover, it is challenging
to control product distribution at high temperatures. In addition to linear alkanes,
branched, cyclic, and aromatic hydrocarbons are produced during pyrolysis.>~"” Ar-
omatics are of value, but they can readily be transformed into coke that might cause
catalyst deactivation.'®?" Even though the catalyst could be regenerated after the
coke is burned, the operation cost would increase substantially.

Therefore, developing effective catalytic processes that could selectively convert PE
to high-value chemicals under mild reaction conditions is of utmost importance for
chemical upcycling of PE waste plastics.?” For instance, Sadow and coworkers®® de-
signed a mesoporous catalyst with a Pt core@SiO, shell structure to selectively
convert high-density PE (HDPE) into a narrow distribution of diesel- and lubricant-
range alkanes in a solvent-free system (300°C, 24 h, 1.38 MPa Hy). The polymer mol-
ecules thread and bind into the silica pores, and the small-molecule products desorb
and exit the pores after the cleavage from the polymer end at the active sites on the
Pt metal catalyst surface. Likewise, Scott and coworkers®* developed a tandem sol-
vent-free hydrogenolysis-aromatization process to produce valuable alkyl aromatics
from PE with a Pt/Al,O3 catalyst at 280°C. Although these solvent-free methods pro-
vided a strategy for manufacturing higher-value products from PE waste, the kinetic
performance is still an issue because it requires an extended processing time (24 h).

In general, compared with solvent-free pyrolysis, PE depolymerization can be pro-
moted dramatically with the use of solvents, where mass transfer and heat transfer
rates can be improved.”>?’ Adams et al.”® used ionic liquids to convert PE at
120°C, and the yield of low-molecular-weight hydrocarbons reached 95% in 72 h.
Although the reaction temperature was much lower, the reaction time had to be pro-
longed to achieve satisfactory outcomes. Meanwhile, the separation might be an
issue given that another solvent was needed for extracting the products from the
ionic liquid solvent. Jia et al.”’ reported that PE was degraded into transportation
fuels and waxes through cross-alkane metathesis with hexane, 98% of which were
converted into liquid hydrocarbon oils at 150°C in 3 days. Ideally, a well-designed
solvent system with appropriate heterogeneous catalysts could promote highly se-
lective PE depolymerization under mild conditions. However, for the current solvol-
ysis process, catalytic deconstruction rates still need to be enhanced. Practically, the
recovery, reuse, and lifetime of solvents and catalysts could also be limiting factors
for large-scale applications.

In our previous study, we found that ruthenium on a carbon (Ru/C) catalyst was able
to convert n-heptadecane into short-chain hydrocarbons under mild conditions. The
Ru catalyst is known to be capable of cleaving the C-C bond.***" The dehydrogen-
ative chemisorption of the hydrocarbons is considered the first step in the mecha-
nism of hydrogenolysis on active metal, and then the formed hydrogen-deficient sur-
face species go through C-C bond scission.’” After the cleavage of C-C, the
reaction is finally completed by hydrogenation and desorption. PE, consisting of

438 Chem Catalysis 1, 437-455, July 15, 2021

Chem Catalysis

'Gene and Linda Voiland School of Chemical
Engineering and Bioengineering, Washington
State University, Pullman, WA 99164, USA

2Department of Chemical Engineering, University
of Washington, Seattle, WA 98195, USA

3Physical Sciences Division, Pacific Northwest
National Laboratory, Richland, WA 99352, USA

4Lead contact
*Correspondence: hongfei.lin@wsu.edu
https://doi.org/10.1016/j.checat.2021.04.002


mailto:hongfei.lin@wsu.edu
https://doi.org/10.1016/j.checat.2021.04.002

Chem Catalysis

Table 1. Physicochemical characterization results for the Ru/C catalysts

Metallic surface

Catalyst Sger (M? g D) Particle size (nm) Ru dispersion area (m? g b)
Fresh Ru/C 737.0 2.9 33.1% 8.1
Ru/C-used cycle 1 704.3 4.1 24.3% 5.9
Ru/C-used cycle 2 689.0 4.1 24.3% 5.9

long hydrocarbon chains, has the simplest structure of any of the polymers. While
our manuscript was under review, the remarkably high activity of the Ru catalyst in
the hydrogenolysis of PE was also reported by Rorrer et al. in the absence of sol-
vent.”® We hypothesize that Ru catalysts can break the C-C bonds in PE polymers
by using a suitable solvent. Hence, in the current study, we investigated the conver-
sion of PE to liquid fuels with a Ru/C catalyst in the liquid-phase reaction, which has
not been reported previously to the best of our knowledge.

RESULTS

Characterization of catalysts

Table 1 shows the structural parameters of fresh and spent Ru/C catalysts. The spe-
cific surface area, the metallic surface area, and the active-metal dispersion
decreased after the first run but remained the same after the second run. The result
showed that the catalyst structure became stable after the first cycle. The decrease in
Ru dispersion could be partly due to metal leaching during the reaction. The Ru par-
ticle size increased from 2.9 to 4.1 nm, indicating that sintering occurred after the
first run. These structural changes could explain the decrease in the catalytic activity
after the first run.

Transmission electron microscopy (TEM) images of the fresh and spent Ru/C cata-
lysts are displayed in Figure 1, showing that the Ru nanoparticles were well
dispersed on the C support. The mean particle size on the fresh catalyst was approx-
imately 3.1 nm. A slight shift in the particle-size distribution was observed on the
used catalysts, although the particle size was in the range of 2-5 nm. According to
the TEM images, the mean particle size of the spent Ru/C catalysts after the first
and second cycles was 4.2 and 4.0 nm, respectively, which is consistent with the
CO pulse chemisorption result. Both characterization results demonstrated that
the aggregation occurred on the Ru/C catalyst after the first cycle, whereas the Ru
particle size was nearly unchanged in the subsequent cycles.

We employed X-ray photoelectron spectroscopy (XPS) to investigate the change in
valence state in the Ru particles before and after the reaction. Because the Ru 3d
doublet overlaps C 1s, Ru 3p is commonly used for characterizing the change in
the Ru element valence state. Figure 2 shows that the Ru 3p1,2 and 3p3,, binding en-
ergies of the fresh Ru/C catalyst were 462.9 and 485.0 eV, respectively, whereas
those of the spent catalyst shifted to low values, 462.4 and 484.8 eV, respectively,
after the reaction, indicating that Ru oxide on the catalyst was reduced by H, during
the reaction. Meanwhile, the Ru atomic percentage decreased from 1.6% to 1.05%
after the first cycle, whereas it remained the same after the second cycle, which is
consistent with the trend of the decrease in the metallic surface area in Table 1.

The crystalline structures of the fresh and used catalysts before and after the HDPE
depolymerization, respectively, were characterized through X-ray diffraction (XRD)
(Figure 3). Two XRD peaks at about 26 = 25° and 43° are associated with the (002)
and (100) phases of the C support, respectively. No Ru or Ru oxide peaks were
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Figure 1. Fresh and spent Ru/C catalysts

TEM images and particle-size-distribution histograms of (A) Ru/C fresh, (B) Ru/C used cycle 1, and
(C) Ru/C used cycle 2. Reaction conditions: 0.1 g HDPE, 0.05 g Ru/C, 25 mL n-hexane, 220°C, p(H>)
20 bar, 1 h, 700 rpm.

observed, indicating that the Ru particles were very small and dispersed on the C
support very well.?* No significant change in the XRD patterns was observed before
or after the reaction, implying that the catalyst’s crystal structure might be
unchanged.

Catalyst screening

The HDPE depolymerization reaction was investigated with a variety of C-supported
metal catalysts under the same reaction conditions. The experimental results in
Table 2 show that the copper, iron, palladium, platinum, and nickel catalysts dis-
played no effect on the HDPE depolymerization at 220°C. Although other groups
have reported that iron, palladium, and nickel can promote PE deconstruction,
high temperatures (e.g., 430°C) are still necessary for such processes.**-** Recently,
Pt@SiO; catalysts were reported to carry out the hydrogenolysis of HDPE in a sol-
vent-free system for an extended reaction time, 24 h, at a relatively low temperature
(250°C).%% In contrast, in our study, only <0.5 wt % of the HDPE depolymerization
products (C8-C38) was detected on gas chromatography-mass spectrometry

440 Chem Catalysis 1, 437-455, July 15, 2021

Chem Catalysis



Chem Catalysis ¢? CellP’ress

Fresh Ru/C
Ru 3pg2 | Ru3ppz
L7 .

Intensity (a.u.)

460 465 470 475 480 485 490
B.E. (eV)

Figure 2. XPS spectra of fresh and spent Ru/C
Reaction conditions: 0.1 g HDPE, 0.05 g Ru/C, 25 mL n-hexane, 220°C, p(H>) 20 bar, 1 h, 700 rpm.
B.E., binding energy.

(GC-MS) with the Pt/C catalyst in n-hexane even when it was reacted for 6 h at 250°C.
The solvent system’s poor performance could be ascribed to HDPE's low solubility in
supercritical n-hexane (critical temperature: 234.5°C). Rhodium (Rh) was reported to
have catalytic ability in C—C cracking, which is similar to Ru.>” However, with the Rh/C
catalyst, no detectable liquid hydrocarbon products by GC-MS were observed at
220°C, although there was no residue after the reaction. Long-chain hydrocarbons
(>C45) with high molecular weights, which are beyond the detection limit of our
mass spectrometer, could be the main products. As the temperature increased to
280°C, an ~75.3 wt % yield of alkanes in the range of C8-C38 was obtained (Fig-
ure STA), demonstrating that Rh is also active for C-C hydrogenolysis at elevated
temperatures. In contrast, the full conversion of HDPE to hydrocarbon fuels by pyrol-
ysis with the Ru/Y-zeolite catalyst was accomplished at 600°C. However, the severe
coke deposition on the catalyst in pyrolysis raised concerns about the catalyst’s sta-
bility.*® Here, we found that the Ru/C catalyst was superior among all the screened
catalysts in this study. The HDPE strips were converted to 60.8 wt % jet-fuel-range
and 14.1 wt % diesel-range alkanes at 220°C in just 1 h with the Ru/C catalyst in n-
hexane, and no long-chain products could be detected (Figure S1B). Compared
with other metals, Ru metal was reported to have the lowest activation energy in
ethane hydrogenolysis, favoring the C-C bond cleavage.?” In the comparison of
ethane hydrogenolysis on transition-metal catalysts, *CHCH* was found to be the
primary intermediate in the C-C bond scission for Ru, Rh, and Pt because it has
the lowest free-energy barrier in C-C bond cleavage.®” Meanwhile, both *CHCH*
and *CH3CH* were considered dominant intermediates for Pd. Among these
transition metals, the turnover rate in *CHCH* cleavage decreases in the order
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Figure 3. Powder XRD patterns of
the fresh and spent Ru/C catalysts
Reaction conditions: 0.1 g HDPE,
0.05 g Ru/C, 25 mL n-hexane,
220°C, p(Hy) 20 bar, 1 h, 700 rpm.

Ru/C-used Cycle 2

Ru/C-used Cycle 1

Intensity (Counts)

Fresh Ru/C

2 Theta (°)

Ru > Rh > Pt > Pd, which is consistent with our result that Ru could cleave the C-C
efficiently and that Pd has the lowest cleavage turnover rate.

Tuning reaction parameters

The temperature effect on the HPDE depolymerization is shown in Figure 4A. We de-
tected no cracking product at 150°C. When the depolymerization was carried out at
200°C, a complete HDPE conversion to liquid-phase alkanes was obtained. With
increasing temperature, the yield of high-molecular-weight alkane products
decreased. The yield of the jet-fuel-range alkanes (C8-C16) reached a maximum
of ~60 wt %, whereas that of the diesel fuels (C17-C22) was ~15 wt % at 220°C,
and almost all long-chain hydrocarbons (C number > 23) were converted to short-
chain alkanes in 1 h. As the temperature increased to 230°C, the yields of jet- and
diesel-fuel-range alkanes decreased to ~55 and ~5 wt %, respectively, as a result
of excess cracking. The HDPE polymer is not easily solvated in a supercritical solvent.
At 240°C, which is higher than n-hexane’s critical temperature (234.5°C), we
observed an abrupt change in the product distribution compared with that at

Table 2. Performance of the screened catalysts in the depolymerization of HDPE

Temperature Cc8-C16 C17-C22 C23-C38
Entry  Feedstock  Catalyst (°C) Time (h)  (wt %) (wt %) (wt %)
1 HDPE 5% Cu/C 220 1 0 0 0
2 HDPE 5% Fe/C 220 1 0 0 0
3 HDPE 5% Ni/C 220 1 0 0 0
4 HDPE 5% Pt/C 220 1 0 0 0
5 HDPE 5% Pd/C 220 1 0 0 0
6 HDPE 5% Rh/C 220 1 0 0 0
7 HDPE 5% Ru/C 220 1 60.8 14.1 0
8 HDPE 5% Pt/C 250 6 0.2 0.16 0.23
9 HDPE 5% Pd/C 280 1 0.29 0.01 0.1
10 HDPE 5% Pt/C 280 1 0.28 0.37 0.42
(N HDPE 5% Rh/C 280 1 21.7 20.2 334

Reaction conditions: 0.1 g HDPE, 0.05 g catalyst, 25 mL n-hexane, p(H,) 30 bar, 700 rpm.
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Figure 4. Temperature, reaction time, and catalyst loading effect

(A) Temperature profile of the production distribution of the HDPE depolymerization. Reaction conditions: 0.1 g HDPE, 0.05 g Ru/C, 25 mL n-hexane,
p(Hy) 30 bar, 1 h, 700 rpm.

(B) Reaction-time profile of the production distribution of the HDPE depolymerization. Reaction conditions: 0.1 g HDPE, 0.05 g Ru/C, 25 mL n-hexane,
220°C, p(H5) 30 bar, 700 rpm.

(C) Catalystloading effect on the production distribution of the HDPE depolymerization. Reaction conditions: 0.1 g HDPE, 25 mL n-hexane, 220°C, p(H,)
20bar, 1h, 700 rpm. The effective catalystloading Mr./Muppe wt % was calculated as follows: Mg,/Mpppe wt % = ([mass of the Ru/C catalyst] x [5wt %] X
[Ru dispersion])/(mass of HDPE strips). The remaining products are short-chain hydrocarbons (C1-C7).

230°C. The yield of the long-chain hydrocarbon products (C17-C38) increased
dramatically from <5 to ~50 wt % as the temperature increased just 10°C (from
230°C to 240°C), implying that the low solubility of HDPE in the supercritical n-hex-
ane solvent could lead to much slower C-C bond cracking rates.

The reaction time is another crucial parameter for determining the product distribu-
tion. Here, the effect of reaction time on the HDPE depolymerization was also inves-
tigated, and the results are shown in Figure 4B. Surprisingly, HDPE was rapidly
degraded to liquid hydrocarbons (C number < 38) in only 0.5 h at 220°C. With
increasing reaction time, the yield of jet-fuel-range alkanes increased first and
then decreased as a result of excess cracking. The maximum yield (~60 wt %) of
jet-fuel-range alkanes was achieved in 1 h. Almost no high-molecular-weight prod-
ucts were observed after 1 h.

Further, we also investigated the catalyst loading effect on the depolymerization by
varying the amount of catalyst. As shown in Figure 4C, the depolymerization reaction
did not occur in the absence of a catalyst. The depolymerization reaction rate
increased with increasing catalyst loading. With a low loading of the catalyst ([Ru]/
[HDPE] ratio was 2.1%), the yield of lubricant-range hydrocarbons (C24-C35)
reached 31.6%. While the [Rul/[HDPE] ratio increased to 8.3%, the yield of jet-
fuel-range alkanes achieved the maximum value (~60 wt %). As the catalyst amount
continued to increase, the corresponding jet-fuel yield decreased. Meanwhile, more
short-chain hydrocarbons (C number < 8) were observed after the [Rul/[HDPE] ratio
surpassed 1.2%, indicating that an increasing amount of catalyst would promote the
cracking reaction.

Figure 5 shows that hydrogen pressure played a significant role in the HDPE depo-
lymerization. In the absence of H;, no product was detected. With increasing H,

Chem Catalysis 1, 437-455, July 15, 2021 443




¢ CellP’ress Chem Catalysis

100 Figure 5. Hydrogen pressure
I c23-c3s [l C17-C22 effect on depolymerization of
1l cs-C16 HDPE
Reaction conditions: 0.1 g HDPE,

80 = 0.05 g Ru/C, 25 mL n-hexane,
§ 220°C, 1 h, 700 rom. The remaining
= 1 products are short-chain
o hydrocarbons (C1-C7).
5 60+
Ke]
5
1
o
5 40 =
=]
o
° 4
S
o

20 =

0

0 10 20 30 40 50 60

Hydrogen pressure (bar)

pressure from 0 to 60 bar, the depolymerization reaction rate increased first and then
decreased after the H; pressure passed 30 bar, indicating that higher hydrogen
pressure could inhibit the depolymerization reaction. Iglesia and coworkers also
observed that hydrogenolysis of the linear and branched alkanes (C2-C8) was
reduced as the H; pressure increased.*” They found that H, pressure could also in-
fluence the C-C bond cleavage position in long-chain alkanes, probably as a result of
the dehydrogenated intermediates formed by quasi-equilibrated adsorption and
dehydrogenation.”’*? At low hydrogen pressures, the hydrogenolysis rates were
proportional to the concentration of the reactive unsaturated intermediate
[*CrnH2n+2-y*], and the rates increased with hydrogen pressure.*® At high hydrogen
pressures, the surface was mainly occupied by chemisorbed hydrogen atoms (H*),
hindering the adsorption of intermediates and decreasing the hydrogenolysis
rates. Note that Iglesia and coworkers studied the alkane hydrogenolysis in the
gas phase, which could significantly differ from PE’s hydrogenolysis in solvents.
HDPE's structure resembles those of long-C-chain linear alkanes (varying in C chain
length), consisting of only Csecondary=Cprimary @Nd Csecondary=Csecondary PONds. Hence,
the Ru-catalyzed HDPE hydrogenolysis includes primarily two independent
reactions: regioselective hydrogenolysis of the easily accessible C-C bonds (e.g.,
Csecondary_csecondary) and hydrogenolysis of Csecondary_cprimary bonds (i~e~, chain-
end scission).** Thus, the scission of Csecondary—Csecondary 1S preferred for acquiring
more valuable long-chain hydrocarbons.

Also, the hydrogenolysis mechanism of linear liquid-phase alkanes would be analo-
gous to the dissociation mechanism for the C-C bonds in HDPE and its degradation
intermediates. Herein, the hydrogen pressure effect was further explored with eico-
sane, a C20 linear alkane, as the probe reactant (Figure 6). We found that at low H,
pressure (10 bar), the C19 alkane, n-nonadecane, was the dominant product, indi-
cating that terminal dissociation was the main pathway. As the H; pressure increased
to 60 bar, the main products were octadecane and heptadecane (CigHsg and
Cy7H3¢), demonstrating that the primary pathway was changed to internal dissocia-
tion. Nakagawa et al. reported that with a Ru/CeQ catalyst and the absence of sol-
vents, the reaction order to the H; partial pressure for cracking n-hexadecane
(C16H34) was 0.4. Non-stoichiometric methane formation from n-hexadecane
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Figure 6. The liquid alkane product (Cg—C49) distribution from eicosane hydrogenolysis over the
Ru/C catalyst

Reaction conditions: 0.1 g eicosane, 0.05 g Ru/C, 25 mL n-hexane, 200°C, 0.3 h. The remaining
products are short-chain hydrocarbons (C1-C7).

(Imethane] — [Cys] = —0.8) was observed, indicating that high hydrogen pressure
suppressed excess methane formation, i.e., the cleavage of Csecondary— Cpr,mary
The same group also observed that under higher hydrogen pressures, the yield of
C15 from terminal dissociation was lower than the average of the internal dissocia-
tion product yields, which is similar to our result that only a low yield of C19 was ob-
tained at 60 bar of H,. Notably, Nakagawa et al. found no significant difference be-
tween the yields of C2-C14 hydrocarbons, whereas we observed that the main
products, C18 and C17, were acquired with the presence of a solvent.

Likewise, HDPE is a linear alkane polymer containing predominantly secondary C
atoms and a few primary C atoms; the influence of hydrogen pressure on the hydro-
genolysis of HDPE seems similar to that of eicosane. At low H; pressures, the liquid
alkane products might mainly be generated from the terminal dissociation, which
was suppressed with increasing H, pressure. After the H, pressure passed a
threshold value, the internal dissociation became dominant. At 60 bar of Hy,
~90% of HDPE was converted to C8+ liquid hydrocarbon products, implying that in-
ternal dissociation is the primary depolymerization pathway at high H, pressures.
However, both terminal and internal dissociation can coexist in a wide range of H,
pressures during HDPE depolymerization.

Solvent effect

Solute solubility and thermodynamic equilibrium coefficients are critical parameters
that affect the reaction kinetics in solutions.*> Here, the role of different organic sol-
vents in HDPE depolymerization was investigated. In a polar solvent, e.g., water, the
HDPE degradation rate was found to be very slow at 220°C, as shown in Figure 7.
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Typically, PE can be degraded in supercritical water whose dielectric constant is
comparable to those of the polar organic solvents.*®*” Although the supercritical
hydrolysis process requires a very high energy input, the low polarity of supercritical
water facilitates PE's dissolubility and thus promotes the reaction rate. However, at
220°C, subcritical water is much denser and more polar than supercritical water,
leading to a low PE solubility and thus a slow depolymerization reaction rate. Mean-
while, we observed that the HDPE strips were transformed into spherical solid
particles after the reaction, which was different from that in the organic solvents
(Figure S2). These plastic strips usually melted at over 150°C.*® The formation of
spherical solids indicated that the plastic strips were melted but were not solvated
in the water at 220°C as a result of the low-solubility HDPE in subcritical water. There-
fore, non-polar solvents were preferred for PE dissolution and depolymerization.
Figure 7 shows that n-hexane was the optimal organic solvent for HDPE degradation
with the Ru/C catalyst, whereas other non-polar solvents exhibited much different
performance in the depolymerization reaction. Notably, no cracking products
were detected in n-pentane solvent, although the polarity of n-pentane is very
similar to that of n-hexane. Here, the reaction temperature (220°C) was higher
than n-pentane’s critical temperature (196.45°C) but lower than n-hexane’s critical
temperature (234.5°C). Therefore, the supercritical pentane solvent behaved very
differently from those at lower temperatures. HDPE polymers might not be solvated
in the supercritical n-pentane, causing high resistance to mass and heat transfer. We
also observed that the HDPE strips were transformed into spherical particles in the
supercritical n-pentane after the reaction, implying that HDPE was melted rather
than dissolved.

We evaluated the solvation effect by using the Hansen solubility parameters, which
are based on the theory of “like dissolves like.”*? As shown in Tables ST and S2, the
relative energy difference (RED) of water and PE is much larger than 1, indicating that
water is not a suitable solvent for PE. The RED values are less than 1 for other organic
solvents that show a high affinity, consistent with the experimental results that HDPE
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Scheme 1. HDPE polymer degradation pathways in the solvent

polymer could be dissolved in these solvents. It is reasonable that PE solvation in the
solvents is the first step in the degradation reaction (Scheme 1). We observed that
the solvent molecular structure profoundly affects the depolymerization, as shown
in Figure 7. For instance, methylcyclohexane was not as efficient as n-hexane for
depolymerization because of its obstructive cyclic molecular structure. Under iden-
tical reaction conditions, the dominant products with the n-hexane solvent are the
medium-chain n-alkanes (C8-C16), whereas the longer-chain n-alkanes (C17-C38)
are the main products in methylcyclohexane. Nevertheless, the appropriate inhibi-
tion effect on the PE depolymerization in methylcyclohexane was desired for control-
ling the product distribution given that the long-chain hydrocarbons (C17-C38) are
the target products, such as lubricants, with a higher profit margin than the medium-
chain n-alkanes (C8-C16), which are jet-fuel components. A similar steric hindrance
effect was also observed with decalin as the solvent, whereby no cracking liquid hy-
drocarbon products were detected after the reaction. The solvated polymer
molecules in decalin might be obstructed from being in contact with the heteroge-
neous Ru/C catalyst surface. Note that the molecular size of n-hexane is 1.03 nm
(length) x 0.49 nm (width) x 0.4 nm (height), which is much larger than methylcyclo-
hexane (0.79 x 0.73 x 0.5 nm) and slightly longer than decalin (0.91 x 0.72 x
0.5 nm).*%°? Nevertheless, the linear molecules, e.g., n-hexane, were more flexible,
compensating for their bulky molecular size.”®>* The similarity in shape between
n-hexane and HDPE could facilitate the diffusion of large PE oligomer molecules
in the solvent, which allows the access of bulky reactant substrates to the Ru/C cata-
lyst surface. In addition, methylcyclohexane and decalin are known as the hydrogen-

donor solvents,®®

which can transfer hydrogen even in the H, atmosphere. The
solvent-donated H* could quickly react with the polymer radicals, terminating the

consecutive cracking reactions.”*™>®

According to the results of the molecular dynamics (MD) simulations, PE adopts
a compact conformation in pentane and hexane, with the lowest radius of gyra-
tion value (Ry), followed by water and methylcyclohexane, and finally it adopts
an extended conformation in trans-decalin (Table S3). The extended conforma-
tion of PE in decalin can be attributed to the high degree of hydrophobicity
of decalin solvent. A PE molecule is also hydrophobic in nature and thus prefers
to be in hydrophobic solvents, resulting in the fully extended conformation of
the PE molecule in hydrophobic solvents such as decalin. To understand the in-
fluence that the structure might have on dynamic properties, we computed the
end-to-end polymer chain autocorrelation function in different solvents, as
shown in Figure 8, which estimates how readily the polymer relaxes in a partic-
ular solvent.
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Figure 8. The autocorrelation function of end-to-end length of the polymer chain in different
solvents

Figure 8 shows that PE polymer decorrelates fastest in n-pentane and n-hexane, fol-
lowed by methylcyclohexane, water, and decalin. The decorrelation order of the PE
polymer is in accordance with the amounts of short-chain hydrocarbon molecules
produced in the experiment, except for n-pentane. In our simulations, PE decorre-
lated fastest in n-pentane; however, PE did not depolymerize in n-pentane to pro-
duce short-chain hydrocarbon molecules in the experiment. In this case, the differ-
ence observed between experiment and simulation is due to the limitation of
simulations to capture supercritical behaviors of n-pentane. In our simulations at
493 K, n-pentane still behaved like a normal fluid rather than a supercritical one.
As a result, the behavior of PE in n-pentane is similar to that in n-hexane.

The PE end-to-end length decorrelation rate correlates to the affinity of PE poly-
mer toward the solvent it is immersed in, as described by the radius of gyration
results. As the simulation progresses, the interaction between PE polymer and sol-
vent molecules causes the conformation of the PE polymer to change. The cases in
which the PE end-to-end length decorrelates fast (for example, in n-hexane) indi-
cate that the PE polymer does not have a high affinity toward solvent molecules,
thus causing the PE polymer to coil. We propose that the coiled polymer adsorbs
in this state on the catalyst surface and undergoes cracking reactions. The coiled
structure has a high tendency to pass through the solvent molecules to reach
the catalyst surface. In contrast, the slow decorrelation rate of PE in decalin shows
PE affinity toward decalin, where PE polymer can sustain extended conformations
for a longer time. The comparison between PE conformation in decalin and in hex-
ane after 500 ns of NVT (substance, volume, and temperature) simulations is shown
in Figure 9. The straight PE chain in decalin has a high affinity toward solvent mol-
ecules, preventing the straight PE chain from reaching the catalyst surface for
depolymerization reactions and leading to poor kinetic performance. The
extended configurations of PE in decalin suggest higher relative thermodynamic
stability in the bulk solvent as a result of increased entropy arising from the chain
flexibility in the solvent. This result suggests that considering both the solvent
quality and the adsorption affinity of collapsed and extended PE chains could
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Figure 9. PE conformation in decalin (left) and in hexane (right) after 500 ns NVT simulations

determine an additional important screening characteristic for solvents used in
depolymerization processes.

Stability

The catalyst stability is a big hurdle in plastic depolymerization via catalytic
pyrolysis.>”“? In our study, the catalyst did not show severe deactivation in the
n-hexane solvent after being used for five cycles (Figure 10). The yield of jet-fuel-
range alkanes (C8-C16) decreased only slightly after first use and then became sta-
ble in the subsequent runs, indicating that the catalyst stability would be reliable for
depolymerization. We observed that more short-chain hydrocarbons were gener-
ated after the first cycle, which could be ascribed to the increase in Ru particle
size. Nakagawa et al. found that the terminal dissociation was more prevalent if
the Ru particle size increased from <1.5 to >2 nm.** Therefore, smaller particle
size might favor the yield of jet-fuel-range products. Furthermore, the thermal gravi-
metric analysis (TGA) curves showed that the Ru loading decreased by 0.62% after
the first cycle and remained almost the same after the second cycle (Figure S3),
which is consistent with the trend of decrease in the metallic surface area in Table 1.
Both results demonstrated that Ru would not continuously leach after the first use.

Because of the high catalytic activity of the Ru catalyst in cleavage of the C-C bond,
the solvent stability is important for the PE hydrogenolysis process. A blank experi-
ment was conducted without the addition of HDPE (0.05 g Ru/C, 25 mL n-hexane,
220°C, p(Hy) 20 bar, 1 h, 700 rpm). Approximately 5.6 wt % of the solvent (including
5.1 wt % loss by evaporation) was lost after the reaction, which was much lower than
in the cross-alkane metathesis process for PE depolymerization (15.1 wt % loss) with
light alkanes as both the solvent and the feedstock and (t-Bu,PO-"B“POCOP)
Ir(CoH4)/v-Al,03 and Re,O,/y-Al,O3 as catalysts at 175°C for 4 days.>” Moreover,
for process optimization, the short-chain hydrocarbon products from HDPE depoly-
merization could be reused as the makeup solvent in the process.

DISCUSSION

In summary, we have demonstrated an efficient liquid-phase hydrogenolysis process
with the heterogeneous Ru/C catalyst for selective depolymerization of waste HDPE
plastic under mild conditions. Approximately 90 wt % HDPE was converted to C8+
liquid hydrocarbon products in an n-hexane solvent within 1 h under 30 bar H; at
220°C. We were able to tune the product distribution by adjusting the process con-
ditions, including catalyst loading, reaction temperature, hydrogen pressure, and
reaction time. With high catalyst loading, high reaction temperature, or prolonged
reaction time, excess cracking occurred during the reaction and led to the
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production of less valuable short-chain hydrocarbons. Hydrogen pressure played a
significant role in the polymer dissociation pathway. Under low H; pressures, termi-
nal dissociation was dominant, whereas internal dissociation was prevalent when the
H, pressure increased.

Furthermore, solvents also profoundly affected the depolymerization reaction ki-
netics and product selectivity. The solvation ability of PE in solvents was a key factor
for depolymerization. The degradation of HDPE in subcritical water was slow
because of its low solubility in polar solvents. Among the non-polar hydrocarbon sol-
vents, n-hexane (a linear alkane) was better for HDPE depolymerization than the
cyclic alkanes (methylcyclohexane and decalin). The highest yield of jet-fuel-range
hydrocarbons (C8-C16) reached 60.8 wt % in the n-hexane solvent at 220°C. The
MD simulations suggest that the interaction between PE polymers and solvent mol-
ecules causes the conformation of the PE polymer to change. The PE polymer with a
low affinity toward solvent molecules tends to coil and then sieve through solvent
molecules and get to the catalyst surface, where it will get cracked. PE adopts a
compact coil conformation in pentane and hexane, followed by water, methylcyclo-
hexane, and decalin. Although the steric hindrance from the solvents’ cyclic
molecular structure inhibited PE depolymerization, it promoted the production of
long-chain hydrocarbons, such as lubricants.

EXPERIMENTAL PROCEDURES

Resource availability

Lead contact

Further information and requests for resources should be directed to and will be ful-
filled by the lead contact, Hongfei Lin (hongfei.lin@wsu.edu).

Materials availability
This study did not generate any new unique reagent or material.

Data and code availability
This study did not generate codes, software, or algorithms.

450 Chem Catalysis 1, 437-455, July 15, 2021


mailto:hongfei.lin@wsu.edu

Chem Catalysis ¢? CellP’ress

Materials

The feedstocks, HDPE plastic water jugs, were collected from the local recycling cen-
ter in Pullman, Washington. Before the experiment, the jugs were cleaned with de-
ionized water, dried at 100°C, and then cut into strips (5 X 5 mm). All chemicals were
used as received without further treatment. The catalysts (Ru/C [5% Ru basis], Pd/C
[5% Pd basis], Pt/C [5% Pt basis], and Rh/C [5% Rh basis]), the catalyst precursors
(copper(ll) nitrate trihydrate [99%] and iron(lll) nitrate nonahydrate [98%)]), and the
self-synthesized catalyst support (activated charcoal Norit) were supplied from
Sigma-Aldrich. Nickel(ll) nitrate hexahydrate (99%) was purchased from Millipore
Sigma. p-xylene (99%) was purchased from Alfa Aesar. Ultrapure water (specific
resistance of 18.2 MQ cm™), n-pentane (Alfa Aesar, 98%), n-hexane (J.T. Baker,
95%), methylcyclohexane (Alfa Aesar, 99%), and decalin (Tokyo Chemical Industry,
99%) were used as the solvents.

5% Cu/C, 5% Fe/C, and 5% Ni/C were synthesized through impregnation with cop-
per nitrate trihydrate, iron nitrate nonahydrate, and nickel nitrate hexahydrate,
respectively, as the metal precursors and activated charcoal Norit as the support. Af-
ter being dried, the as-prepared 5% Ni/C, 5% Fe/C, and 5% Ni/C samples were
calcined at 350°C (Ni/C) or 500°C (Fe/C and Ni/C) for 3 h in an atmosphere of nitro-
gen. Finally, the catalysts were reduced in H; flow at 400°C (Ni/C) or 500°C (Fe/C and
Ni/C) for 5 h prior to use.

Characterization

The specific surface area of the catalysts was determined through single-point
adsorption of Ny at 77 K with a Micromeritics Autochem Il 2920. The samples
were prepared in helium at 200°C for 1 h before nitrogen adsorption (30% N/He).

The CO pulse chemisorption was used for determining the metal dispersion, active-
metal particle size, and metallic surface area. The test was carried out on a Micromer-
itics Autochem I1 2920. The sample was reduced for 2 h at 300°C with 10% H./Ar ata
50 mL/min flow rate and then purged with helium for 1 h at a flow rate of 50 mL/min.
After the sample was cooled to ambient temperature, 10% CO/He was added at
each pulse, and the CO uptake profile was measured with a thermal conductivity de-
tector (TCD) until no CO was adsorbed. The Ru dispersion was calculated under the
assumption of a CO/Ru stoichiometry of 1:1.°"

The fresh and spent Ru/C catalysts were characterized by TEM on a JEOL 2010 J mi-
croscope at an accelerating voltage of 200 kV. The Gatan Digital Micrograph soft-
ware was used for conducting data processing and analysis. The catalyst powder
samples were dispersed on Formvar film nickel grids (200 mesh).

The XPS analyses were carried out on a Kratos AXIS-165 with a monochromatized
Al-Ko X-ray anode (1,486.6 eV) with the C 1s peak at 284.6 eV as the internal refer-
ence. The deconvolutions of Ru 3p were analyzed with the software XPSPEAK
version 4.1.

The crystalline catalyst structure was evaluated by X-ray powder diffraction (Rigaku
Miniflex 600), with a Co-Ke, radiation source (A = A) at a 20 step of 10°-90° with a step
size of 0.02°.

TGA was performed with a TA Instruments Q50. The samples were loaded in

aluminum crucibles and heated in airflow (60 mL/min) from 25°C to 600°C at a heat-

ing rate of 10°C/min.
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Reaction procedure

The depolymerization experiments were carried out in a 45 mL elevated pressure
and temperature Parr Series 5000 multiple reactor system with a 4871 temperature
controller. In a typical experiment, a certain amount of HDPE strips and catalyst were
loaded in 25 mL solvent. The vessels were sealed and purged five times with 400 psi
N and three times with 400 psi H; and then pressurized with H; to the set pressure at
ambient temperature. Then the reactor was heated up to the set reaction tempera-
ture with magnetic stirring at 700 rpm. After the reaction, the vessel was quenched in
a cold bath for fast cooling.

Analysis

After the reaction, the reactor was connected to a gas chromatograph Shimadzu GC-
2014 with a TCD for analysis of the gas-phase product samples. The columns
included a right 12.5 m (I) x 0.32 mm (i.d.) packed column, which comprised 3 m
Hayesep D, 4 m HS, and 2.5 m HN, and a left 2m (I) x 0.32 mm (i.d.) 10% Carbowax
20 m Ch packed column. After the reactor was disassembled, the solid catalyst and
non-dissolvable residues were filtered out of the liquid phase. Then the liquid prod-
uct samples were collected, and the internal standard, p-xylene, was added. The
liquid samples were analyzed by a QP-2020 (Shimadzu) gas chromatograph-mass
spectrometer for identifying and quantifying the unknown products. The QP-2020
was equipped with a Shimadzu SH-Rxi-5SIL MS column (30 m x 0.25 mm i.d.,
0.25 pum film thickness), a flame ionization detector, and a high-performance ion
source. The following definitions were used for quantitating the weight yield (y):

y= 2= % 100 %,
Mo

where mqis the weight of the HDPE feedstock before reaction and m, is the weight of
the alkane hydrocarbons after the reaction, where x means the C number.

MD simulations

A PE molecule CqgoH202 in length was packed into five different simulation boxes of
10 x 10 x 10 nm®. Each box was filled with one of the five different solvents: meth-
ylcyclohexane, n-pentane, n-hexane, water, or decalin. Water was modeled with the
SPC/E water force field,®? while the force fields for the organic solvents were ob-
tained from the Automated Topology Builder repository.®® For decalin, the isomer
used was trans-decalin because trans-decalin is more stable than its cis counterpart
as a result of its diequatorial chair conformation. Each system was simulated with the
GROMACS 2018.3 simulation package.®’ The steepest descent algorithms were
used for removing unfavorable contacts in the initial configuration. Electrostatic in-
teractions were calculated with the particle mesh Ewald summation method®® with
an electrostatic cutoff value of 1.0 nm and van der Waals cutoff value of 1.0 nm.
The system was evolved in the NPT ensemble (temperature 493 K, pressure 1 atm)
for 2 ns with the Donadio-Bussi-Parrinello thermostat®® (time constant = 0.1 ps)
and the Berendsen barostat®’ (time constant 7 = 1 ps). A temperature of 493 K
was chosen to be consistent with the experiment. All the dimensions of the box
were allowed to change during the NPT simulation. The production runs were car-
ried outin the NVT ensemble (temperature 493 K), where the temperature was main-
tained by the Donadio-Bussi-Parrinello thermostat (time constant T = 0.1 ps)
for 500 ns.

The polymer structure in the solvent was captured through the average radius of gy-
ration calculated over the entire simulation time of 500 ns. To assess the dynamic

452  Chem Catalysis 1, 437-455, July 15, 2021

Chem Catalysis



Chem Catalysis

behavior of the polymer in different solvents, we calculated the end-to-end autocor-
relation function according to the following equation:

(A(1)-A(0))

e2e(t)=110)-A(0))"

where A is the vector from the first C atom to the last C atom along the polymer
chain.

SUPPLEMENTAL INFORMATION

Supplemental information can be found online at https://doi.org/10.1016/j.checat.
2021.04.002.
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