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Reza R. Zamani,” and Paul J. Dyson'>*

SUMMARY

The use of methane as one of the cleanest energy sources has attracted
significant public awareness, and methane production processes with
less environmental impact than fracking are receiving considerable
attention. Catalytic hydrocracking of plastic materials has been consid-
ered a potential clean alternative. However, catalysts that convert
heterogeneous plastic feeds into a single product under industrially
relevant conditions are lacking. Here, we describe a Ru-modified zeolite
that catalytically transforms polyethylene, polypropylene, and polysty-
rene into grid-compatible methane (>97% purity), at 300°C-350°C us-
ing near-stoichiometric amounts of H,. Mechanistic studies reveal a
chain-end initiation process with limited isomerization of plastic sub-
strates. A Ru site-dominant mechanism is proposed based on these
studies and density functional theory (DFT) computations. We foresee
that such a plastic-to-methane process may increase the intelligent
use of plastic waste via energy recovery. There is also the potential to
accommodate emerging sustainable H, production into existing natural
gas networks, while integrating waste management, fuel production,
and energy storage.

INTRODUCTION

The demand for methane, as one of the cleanest burning fuels, has increased dras-
tically worldwide, with 4.6% growth in 2018 and 1.6% annual forecasting increment
to 2024." In addition, methane is a key platform chemical used to make a range of
hydrocarbons, including virgin plastics.® Methane production from biomass or
waste streams are attracting considerable public awareness recently.”® Compared
to typical methane production from fracking, both biomass and waste stream-
derived production generate significantly fewer uncontrollable methane emissions
into the atmosphere, resulting in fewer effects on the environment.” These produc-
tion approaches also mitigate the pressures of current waste management facilities,
particularly for waste plastic stream.

Over the years, global plastic production has increased, from 4 Mtons in 1955 to 407
Mtons in 2015, and it continues to increase (see Figure 51).2 Of the 407 Mtons of plastics
produced in 2015, only 11% were recycled (45 Mtons), with 14% incinerated (60 Mtons)
and the remaining 75% (302 Mtons) untreated and either discarded in the environment
or landfilled. The enormous quantities of plastics produced each year, combined with
inadequate waste management, has led to a major environmental issue.”

Plastic streams are an intrinsically more efficient feed for methane transformation than
biomass counterparts, and the direct conversion of carbon dioxide via the Sabatier reac-
tion'? as the C:H and C:O ratios are better matched with the target molecule (see Table
S1). However, the majority of post-consumer plastic waste contains various plastic
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materials and organic residues.'’'? Consequently, landfill'*"'* and incineration'® are
used overwhelmingly to deal with heterogeneous plastic waste streams.

Elaborated waste management via chemical recycling for chemical and/or fuel re-
covery,'®'® including pyrolysis,'” gasification (thermal decomposition under
controlled air flow for syngas production),”>?" and hydrocracking,”*~** has attracted
significant attention. Nevertheless, pyrolysis and gasification usually result in a wide
product distribution, including gases, liquids, and solid residuals (coke and ashes).
Additional refinement and purification of the recovered liquid fuels or syngas trans-
formations are required before their use.?>? In contrast, the hydrocracking of plas-
tic feed as a reductive process tends to result in fewer undesirable products and is
especially interesting if a single product can be obtained.

Taking Switzerland as an example, bio-based methane supplied <1% of the entire
gas consumption in 2018, and >99% of the consumed methane was imported
(325 GWh bio-methane versus 33,197 GWh imported).27 Methane production via
hydrocracking, valorizing <3% of the waste plastic stream (125 kg annual plastic
waste per capita),”® however, would be able to supply more than the current level
of bio-methane (this value takes into account that 26% of plastic waste was recycled

3031 also en-

via other approaches in Switzerland).”” A power-to-methane process
ables the integration of emerging local sustainable Hyproduction into the existing
natural gas infrastructure,®” bridging waste management to energy storage across
borders (note that a high H; content gas stream is unsuited to current ubiquitous

gas grids, storage tanks, gas carriers, and so forth).**

Various catalysts have been shown to facilitate the hydrocracking of plastics. For
example, zeolites were used to convert mixed pure plastics, polyethylene (PE) +
polypropylene (PP) + polystyrene (PS), into liquid fuels, although the catalytic pro-
cess does not significantly outperform thermal cracking performed at 400°C (see
Figure S2A).34 Consequently, transition metal nanoparticles (NPs) immobilized on
amorphous silica-alumina or zeolites have been evaluated,?***~*" and Ni-modified
mesoporous zeolites were shown to afford slightly reduced product distributions
compared to thermal cracking when using PE as the feed (see Figure S2B).?* Howev-
er, none of the reactions delivered efficient transformation to methane.

Here, we report a selective hydrocracking process that transforms various plastics
into methane in near-quantitative yield—in other words, a universal methanation
process using all of the C fractions and suitable for direct injection into natural gas
networks, using a catalyst designed for this application. Ru was used as it is superior
to Ni in hydrocracking reactions, and although other noble metals may exhibit
similar activity to that of Ru,*® they are more expensive. The selectivity toward
methane production is, to the best of our knowledge, unprecedented under rela-
tively mild conditions (i.e., T [temperature] 350°C-440°C, Py, 60-100 bar, Phygrogen
20-55 bar)*” and outperforms other reported catalysts.”>*" Mechanistic studies
show that the catalyst, composed of Ru NPs immobilized on a zeolite, operates
via a different (Ru-dominant) mechanism to the general bifunctional (acid site and
metal site) mechanism??** usually observed for C-C bond hydrogenolysis.

RESULTS AND DISCUSSION

Catalyst optimization
A series of catalysts were prepared via a solution-based synthetic approach with Ru
loadings ranging from 0.1 to 35 wt% (see Experimental procedures for further
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Figure 1. Ru loading versus conversion

Reaction conditions: n-dodecane (1.703 g, 10 mmol), Ru-modified zeolite (0.100-0.135 g, the
applied weight of Ru catalyst depends on metal loading; see Table S2); 50 bar H; is 1.25 equiv. of
the stoichiometric amount, applied for achieving full conversion under a higher reaction rate (a
complete methane conversion is feasible under quantitative H,, yet with lower kinetics; data not
shown). The influence of the reaction pressure and temperature was also studied. See Note S1 and
Figure S4. Note that both the zeolite solid support and the Ru precursor are unable to convert n-
dodecane efficiently (1% and 4% conversion, respectively), indicating that a bifunctional
mechanism does not lead to C-C bond cleavage, and hence cleavage is predominantly Ru site
dominated. In general, a bifunctional mechanism takes place at higher temperatures than those
used in our studies in other systemsf;o'51 In addition, 5 wt% RuC was considerably less active (84%
conversion). See Note S2 and Figure S5.

details).**"*" The catalysts were then evaluated in the hydrocracking of n-dodecane,
used as a model substrate representing the abundant PE plastics, with a substrate:-
catalyst weight ratio of 16.5:1 at 300°C, under 50 bar H, for 2 h (Figure 1: 50 bar H, is
slightly above the stoichiometric amount, see the legend for further details). The
conversion increases rapidly from 2% at a Ru loading of 0.1 wt% to 97% at 2.5 wt
% Ru loading, and remains at this level as the Ru loading increases to 25 wt%,; but
at higher Ru loadings, the conversion decreases. The selectivity to methane also in-
creases with the Ru loading, with the yield reaching a local maximum of 79% at 2.5 wt
% Ru, and at a Ru loading of 25 wt% the yield of methane peaks at 95% under the
given conditions. The average Ru particle sizes were expected to increase with
higher Ru loading. Transmission electron microscopy (TEM) images of the freshly
prepared 25 wt% Ru loading catalyst demonstrated aggregated Ru clusters
(~200 nm in diameter; Figure S3). Larger Ru clusters result in lower catalytic activity
and less selectivity toward methane due to well-known size effects,*®*?
dance with varying ratios of particle surface area:volume. Consequently, the catalyst
with a Ru loading of 2.5 wt%, called RuZ, was selected for further studies based on
performance relative to cost (Figure 1; reactivity of RuZ is highlighted in amber).

in accor-

Catalyst characterization

The powder X-ray diffraction (XRD) pattern of the untreated faujasite (FAU) zeolite is
similar to that reported in the literature,”” with the pattern of the RuZ catalyst being
essentially unchanged with respect to that of the zeolite, indicating that the zeolite
framework remains preserved in the RuZ catalyst (Figure 2A). The absence of addi-
tional peaks in the RuZ catalyst suggests that the Ru is well dispersed. As the Ru
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Figure 2. Characterizations of the RuZ catalyst

(A) Powder XRD.

(B) BET analysis (ads., adsorption; des., desorption).

(C) Bright-field (BF) TEM image (scale bar: 20 nm).

(D) Magnified BF TEM image of the orange-marked area with the Ru particle distribution (scale bar:
20 nm).

(E) High-angle annular dark-field (HAADF)-STEM image (scale bar: 10 nm).

(F) STEM-EDS elemental mapping of Ru (scale bar: 10 nm).

loading increases, the XRD patterns progressively change and the characteristic
peaks of the zeolite become less intense (see Figure Sé).

The porosity of the catalysts was determined by Brunauer-Emmett-Teller (BET) analysis
(Figure 2B). The zeolite has a surface area of 852.49 + 73.53 m?/g and that of the RuZ
catalysts is reduced to 737.56 + 54.37 m%/g as would be expected following the incor-
poration of Ru NPs (see Figure S7). TEM images and scanning TEM- energy-dispersive
X-ray spectroscopy (STEM-EDS) mapping of the RuZ catalyst reveals that Ru NPs with di-
ameters of ~2.1 + 0.4 nm are embedded within the zeolite (Figures 2C-2F).

X-ray photoelectron spectroscopy (XPS) analysis shows that the major surface compo-
nents in the RuZ catalyst are O, Si, and Al (66.8%, 16.6%, and 6.4%, respectively),
with 1.7% surface Ru. The remaining surface elemental composition comprises Na,
Mg, and Ca (ions) associated with the native zeolite aluminosilicate structure. The sur-
face Ru concentration increases with the Ru loading, reaching a maximum value of
7.4% for the catalyst with a 30 wt% Ru loading (see Table S3 for further details). Ru
(3p3/2) signals were applied for characterization to prevent misattributing Ru (3d3/2)
and C (1 s) signals due to possible impurities typically found at ~284 eV. Fitting the
Ru (3p3/2) signal indicates that the surface Ru is mostly present as RuO, (463.38 eV)>?
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Figure 3. Kinetics and recycling for the methanation of n-dodecane using the RuZ catalyst
Reaction conditions: n-dodecane (1.703 g, 10 mmol) and RuZ (0.103 g) under batch conditions.
Note that the differences in the yields for the recycling experiments compared to the other
experiments are due to different experimental setups, see Supplemental information for further

details.
(A) Kinetic trace.
(B) Recycling (reaction time = 2 h).

and RuO,/Ru (465.17 eV),>* and to a lesser extent as Ru/RuOx (462.05 eV)**>* (see Fig-
ures S8-510). XPS of the RuZ catalyst was conducted in a resting state, and the oxidized
Ru species are expected to be reduced into Ru metal under the reaction conditions
(300°C, 50 bar Hy; see Methanation mechanism for further details).

Kinetic studies and recycling experiments

Kinetic plots obtained, with a substrate:catalyst weight ratio of 16.5:1, 300°C, and
50 bar Hy, for the methanation of n-dodecane reveal rapid conversion with >75%
converted within 0.5 h and quantitatively conversion observed after 1.5 h (Figure 3A).
The yield of methane reaches 20% after 0.5 h and 66% at 1.5 h, and after 3 h, the yield
of methane is near quantitative. Recycling experiments involving 6 reaction cycles
show that the catalyst is stable, with essentially no deterioration observed (Figure 3B;
note that these studies were performed under sub-optimal conditions for represen-
tative recycling tests).”® The slightly higher activity observed in the second cycle is
attributed to the reduction of the surface Ru species in the first cycle, presumably
an in situ activation step that takes place under the reductive operating condition.
Thermogravimetric analysis (TGA) indicates that C deposition on the used RuZ cata-
lyst does not take place (see Figure S11). In addition, STEM images of a used catalyst
revealed no apparent aggregation of the Ru NPs (see Figure S12).

Methanation of plastic materials

Methanation of low-density polyethylene (LDPE) and PP was evaluated using the RuZ
catalyst at 300°C, 50 bar H; (Figure 4A). Commercially available plastic materials (see
Experimental procedures for further details) were selected to represent the abundant
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Figure 4. Methanation of plastics

Reaction conditions: RuZ (0.103 g). *Without RuZ catalyst. **-The conversion was not determined at
1 and 2 h (see supplemental experimental procedures for further details).

(A) LDPE (1.708 g, 61 mmol, based on monomer MW).

(B) PP (1.709 g, 41 mmol, based on monomer MW).

substrates of a possible waste stream. LDPE was quantitatively converted after 3 h, afford-
ing 96% gas products (Cq_4), with methane obtained in a 68% yield. The yield of methane
increases to 97% after 4 h. Similarly, the yield of methane reached 95% after 4 h in the re-
action involving PP (Figure 4B). Control experiments confirmed that the methanation of
these plastics only takes place in the presence of the RuZ catalyst (Figures 4A and 4B).

At 350°C, PS is converted into methane in a 92% yield after 4 h (Table 1, entry 1). The
higher temperature is required to prevent a semi-molten plastic layer coating the
catalyst (typical PS melting point ~240°C), which hinders mass transfer (Table 1, en-
try 2). Mixed plastics (i.e., LDPE + PP + PS, 40:40:20 wt%), which simulate typical
mixed plastic waste, were converted into methane in a near-quantitative yield after
4 h at 350°C (Table 1, entry 3).

Methanation mechanism

The generally accepted mechanism for alkane hydrogenolysis relies on a synergy be-
tween acid sites and metal sites present on supported metal catalysts (Figure 5A).*
The acid sites are responsible for cracking/isomerizing the polymer, shortening the C
chain, and affording unsaturated alkenes, which under the reductive environmentare hy-
drogenated/dehydrogenated by the metal sites. However, under the conditions used
with the RuZ catalyst, isomerized alkanes (Cs_q1) were not observed and only traces of
isomerized hydrocarbons (Cs_»1) were identified during the methanation of n-dodecane
and PE (see Figures S13 and S14 and Tables S4 and S5). These observations imply that
the transformation takes place via a different mechanism. Moreover, a clear pattern of
chain-end initiation to shorter hydrocarbons is observed and terminal C; species are
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Table 1. Methanation of PS and mixed plastics

Entry Substrate Temp.(°C) Conv. (%) CHj (%) CoHg (%) C3Hg (%) Solid residues
17 PS 350 >99 92 4 2 -

27 PS 300 <10 1 0 0 I

3 LDPE + PP + PS 350 >99 99 0 0 -

Reaction conditions: H; (50 bar), 4 h.
®PS (0.780 g, 7.5 mmol, based on monomer MW) and RuZ (0.052 g).
L DPE (0.672 g, 24 mmol), PP (0.672 g, 16 mmol), PS (0.312 g, 3 mmol), and RuZ (0.103 g).

unfavored in classical bifunctional mechanisms. A control experiment using 2-methylno-
nane as a substrate revealed that the alkyl chain preferentially cleaves at the primary C-
atom adjacent to a secondary C rather than to a tertiary C-atom (see Figure S15). The
major products are 2-methyloctane together with shorter branched alkanes, with only
traces of n-nonane and shorter linear alkanes observed (branched/linear alkanes > 10/
1, see Figures S16 and S17 and Tables S6 and S7).

Under the reductive environment, the surface RuOj sites are expected to largely trans-
form into Ru(0001),%’"°® with the concomitant formation of surface-bound H atoms
(Figure 5B).°7°% In addition, the chain-end of a linear alkane (R-CHs) undergoes chemi-
sorption on the Ru surface to afford an absorbed alkyl chain and a surface H atom (step 1
in Figure 5B, AE, =0.637 eV in Figure 5C),°"*? similar to that reported previously.®® The
energy profiles were obtained via density functional theory (DFT) modeling with a 6-layer
3 x 3 Ru surface supercell and propane as the representative linear alkane (see Supple-
mental experimental procedures). At the initial stage, C-H bond cleavage is consider-
ably favored over C-C bond cleavage (AE, = 0.188 eV versus 0.923 eV), and the C-H
bond cleaved intermediate has a significantly lower energy state (AE of intermediate
[Int.] 6 versus Int. 9 in Figure 5C). The absorbed alkyl chain undergoes further dehydro-
genation to form alkylidene species involving both the terminal and adjacent C atoms
(step 2 in Figure 5B),** rendering cleavage of the terminal C-C bond feasible in AE,
(0.759 versus 0.657 eV) and competitive with further C-H bond scission (cf. Int.
CH3C + CH versus Int. CH3CC + H in Figure 5D). In addition, the match in activation en-
ergy toward initial chemisorption rationalizes the feasibility of C-C bond cleavage when
the H; content is low. Next, concerted C-C bond cleavage is expected to take place, re-
sulting in methylidyne® and alkylidyne species (step 3 in Figure 5B; optimized geome-
tries are provided in Figures 5E and 5F). The methylidyne and the shortened alkylidyne
then undergo hydrogenation to afford methane and an alkane that is reduced in length
by one C atom (step 4 in Figure 5B). Propagation of this mechanism ultimately leads to a
near-quantitative yield of methane and is fully consistent with the kinetic data. The main
role of the zeolite appears to be that it minimizes sintering of the Ru particles, sustaining
excellent recyclability.®® Although branched hydrocarbon substrates (e.g., PP) may pro-
vide extra steric hindrance during intermediate formations and a lower H, atmosphere
may lead to a less optimized ratio of surface H, and C species as suggested by the rele-
vant literature,®’°® we expected the C-C bond cleavage to be continuously accom-
plished via a similar Ru-dominated mechanism, based on the control studies (Figure S5).

Here, we reporta Ru catalyst that efficiently transforms polyolefins and aromatic poly-
mers into methane in near-quantitative yield under industrially relevant conditions,
300°C and 50 bar H,. C-C bond cleavage operates via a Ru site-dominated mecha-
nism on the Ru NPs, but not through a typical protonation/deprotonation step, taking
place mainly on the acid sites. The resulting methane is sufficiently pure to allow
direct injection into the existing natural gas networks. Even in the case of pursuing
higher kinetics by applying excess reducing substrate, methane together with the
slight H, residual are still qualified to be transported through the typical facilities
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Figure 5. Mechanism inferences

(A) Bifunctional mechanism.
(B) Ru metal site-dominated methanation mechanism.
(C) DFT energy profile for the initial alkane chemisorption ([ ] represents the as-dissociated species; [ |* represents the transition states; see Figure S18

and Table S8).
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mR-CH;

(1)

(D) DFT energy profile for C-C bond cleavage and C-H bond cleavage under low H,-content conditions ([ ] represents the as-dissociated species; [ *
represents the transition states; see Figure S19).

(E and F) Intermediate configurations after C-C bond cleavage. Top view (E) and side view (F); black: carbon, white: hydrogen, prussian: Ru;

methylidyne: hcp site, alkylidyne: hep site; see supplemental experimental procedures).
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as a Hp-enriched nature gas (20 mol% of H;) without further complications. This po-
wer-to-methane process paves a way to the integration of waste management with
fuel production via synthetic methane and complements other approaches such as
incineration when further coupled with sustainable hydrogen sources.

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, Paul J. Dyson (paul.dyson@epfl.ch).

Materials availability
All unique reagents generated in this study are available from the lead contact on
reasonable request.

Data and code availability
The data that support the plots and findings of this study are available from the lead
contact on reasonable request.

General information

All of the experiments were reproduced at least 3 times to ensure reproducibility. Un-
less otherwise stated, all of the chemicals and materials were purchased and used
without further purification. FAU zeolite and RuCl3+3H,O were purchased from
ROTH and Precious Metals Online, respectively. N-Decane and n-dodecane were ob-
tained from abcr GmbH. LDPE (melt index 25 g/10 min), PP (isostactic, average MW
~12,000), and PS (average MW ~35,000) were obtained from Sigma-Aldrich.

Synthesis of the catalysts

Commercial granules of FAU zeolite (10.0 g) were ground to a powder using a
ceramic mortar. The powder was dispersed in deionized (DI) water (75.0 mL) in a
round bottle flask (100 mL). The suspension was sonicated for 10 min and vacuum
filtered. The residual solid FAU zeolite was washed with DI water (3 x 50.0 mL) and
dried at 250°C in an oven for 18 h. In a typical procedure, RuCl3-3H,0 (1.3-
457.5mg, 0.005-1.750 mmol) and the FAU zeolite (500 mg) were mixed with Dl water
(12.0mL) in around bottle flask (50 mL). The suspension was stirred (350 rpm) at 75°C
for 1 h and cooled to room temperature. NaBHy(s) (0.9-331 mg, 0.025-8.750 mmol)
was dissolved in Dl water (12.0 mL) and added to the suspensionin 1 portion. The sus-
pension was stirred (800 rpm) for 1 h. The resulting solid was vacuum filtered and
washed by DI water (3 X 25 mL). The solid was then dried at 250°C in an oven for
18 h. Throughout our studies, different batches of the catalyst were prepared, char-
acterized, and evaluated and were found to exhibit reproducible activities.

Typical procedure for n-dodecane methanation and Ru loading tests

n-Dodecane (1.703 g, 10.0 mmol) and Ru-modified zeolite (0.100-0.135 g, the applied
weight of Ru catalyst depends on metal loading, see Table S2) were added to a glass vial
(20 mL) with a glass magnetic stir, and the vial was then placed into an autoclave (75 mL,
Parr Instrument). The autoclave was purged 3 times with H, and then pressurized to the
appropriate pressure (50-100 bar) and sealed. The pressurized autoclave was placedina
heating block at the desired temperature (240°C-350°C) and stirred (500 rpm) for the
given reaction time (1-18 h). After the reaction, the autoclave was cooled to room tem-
perature in a water bath. The gaseous products were transferred into a balloon and in-
jected into a specialized gas-sampling gas chromatograph/flame ionization detector
(GC/FID) for analysis. For GC/mass spectrometry (MS) analysis of the liquid products,
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p-xylene (0.106 g, 1 mmol) was added to the vial as an internal standard and analytical
grade acetone was used as the solvent.

Typical procedure of plastic methanation

PE (1.700 g, based on monomer weight, 61 mmol) or PP (1.700 g, based on monomer
weight, 40 mmol) and RuZ (0.103 mg) or PS (0.780 g, based on monomer weight,
7.5 mmol) and RuZ (0.052 g) were added to a glass vial (20 mL) with a glass magnetic
stir, and the vial was then placed into an autoclave (75 mL, Parr Instrument). The auto-
clave was purged 3 times with H, and then pressurized to 50 bar. The pressurized auto-
clave was placed in a heating block at 300°C and stirred (500 rpm) for the given reaction
time (1-18 h). After the reaction, the autoclave was cooled to room temperature in a wa-
ter bath. The gaseous products were transferred into a balloon and injected into a
specialized gas-sampling GC/FID for analysis. For GC/MS analysis of the liquid products,
p-xylene (0.106 g, 1 mmol) was added to the vial as an internal standard and analytical
grade acetone was used as the solvent. Note that the conversions were determined
from the difference in the weight of the substrate before and after the reaction.

DFT computations

The Ru (0001) surface structure was constructed using a 6-layer 3 x 3 surface supercell
with a 15-A vacuum slab, reducing the interlayer interactions via periodic boundary con-
ditions. Electronic structure computations and geometry optimization were performed
via the Perdew-Burke-Ernzerhof (PBE) functional®”’° along with the D3BJ correction.” A
plane-wave basis with a kinetic energy cutoff of 400 eV was used to expand the electronic
wavefunction. The 4 X 4 x 1 gamma-centered Monkhorst-Pack sampling method was
used to generate an evenly spaced k-point grid. The valence electron and core interac-
tions were described using the projector augmented wave (PAW) method.””? The
nudged elastic band (NEB) method’* and the dimer method’® were used in tandem
for transition state optimizing. All of the computations were performed using the Vienna

ab initio simulation package (VASP, version 5.4.4).7¢77
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