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Tandem Methanolysis and Catalytic Transfer Hydrogenolysis of
Polyethylene Terephthalate to p-Xylene Over Cu/ZnZrO, Catalysts

Ryan Helmer, Siddhesh S. Borkar, Aojie Li, Fatima Mahnaz, Jenna Vito, Michelle Bishop,
Ashfaq Iftakher, M. M. Faruque Hasan, Srinivas Rangarajan, and Manish Shetty*

Abstract: We demonstrate a novel approach of utilizing
methanol (CH;OH) in a dual role for (1) the methanol-
ysis of polyethylene terephthalate (PET) to form
dimethyl terephthalate (DMT) at near-quantitative
yields (~97 %) and (2) serving as an in situ H, source for
the catalytic transfer hydrogenolysis (CTH) of DMT to
p-xylene (PX, ~63 % at 240°C and 16 h) on a reducible
ZnZrO, supported Cu catalyst (i.e., Cu/ZnZrO,). Pre-
and post-reaction surface and bulk characterization,
along with density functional theory (DFT) computa-
tions, explicate the dual role of the metal-support
interface of Cu/ZnZrO, in activating both CH;OH and
DMT and facilitating a lower free-energy pathway for
both CH;OH dehydrogenation and DMT hydrogenoly-
sis, compared to Cu supported on a redox-neutral SiO,
support. Loading studies and thermodynamic calcula-
tions showed that, under reaction conditions, CH;OH in
the gas phase, rather than in the liquid phase, is critical
for CTH of DMT. Interestingly, the Cu/ZnZrO, catalyst
was also effective for the methanolysis and hydro-
genolysis of C—C bonds (compared to C—O bonds for
PET) of waste polycarbonate (PC), largely forming
xylenol (~38%) and methyl isopropyl anisole (~42 %)
demonstrating the versatility of this approach toward
valorizing a wide range of condensation polymers. )
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Introduction

The ubiquity of plastic waste and their descendant micro-
plastics, from marine ecosystems to the human body,!"
presents a challenge for waste management but also
potentially acts as a valuable carbon source for producing
fuels and chemicals. Polyethylene terephthalate (PET) is the
most produced polyester annually in the world® due to its
applications in textiles, engineering resins, and packaging.””
Aromatic polymers such as PET and polycarbonates (PC)
provide a viable raw material for the production of gasoline
and, notably, aviation-fuel components, which require a
mixture of aromatic and cycloalkane species (30-70 wt %) to
meet ASME jet-fuel requirements.”) However, these poly-
mers contain oxygen, inhibiting their use as a fuel source, as
fuels typically require < 0.5 % oxygen content.”** Typically,
high-pressure H, (>20 bar) is required to deoxygenate the
polymer products through catalytic hydrogenolysis (Fig-
ure 1).

In recent years, heterogeneous catalysts have been used
to chemically “upcycle” PET at H, pressures (py,) >20 bar
to produce valuable products (Figure 1), including aromatics
and cycloalkanes."*** For example, Hongkailers et al. used
a Co catalyst supported on titania (TiO,) to convert PET to
arenes, namely benzene, toluene, and xylene (BTX), with up
to 79 % yield, at 340°C and 30 bar p;,,["! whereas Jing et al.
converted various aromatic polymers, including PET and
PC, to BTX over Ru/Nb,Os at up to 83 % yield in water
(H,0) at 200-280°C and 30 bar py,."

Supported and promoted Cu catalysts were used to
deoxygenate dimethyl terephthalate (DMT, the methyl ester
of the PET monomer) to arenes and cycloalkanes under
moderate temperatures (100-240°C) and high py, (<50 bar)
after utilizing water or alcohols for the chemo(hydro- or
alcohol-)lysis of PET to DMT.” Interestingly, Li et al.
demonstrated the use of CuFeCr layered double hydroxides
(LDH) to simultaneously convert carbon dioxide (CO,) and
H, to CH;OH, depolymerize PET to DMT via methanolysis,
and deoxygenate DMT to p-xylene (PX) through hydro-
genolysis at 240°C at 15 bar pyy, and 15 bar peg,.!”

While the above studies have utilized H,, it is derived
from fossil sources.”” Moreover, H, is challenging to trans-
port and store, opening the door for liquid organic hydrogen
carriers (LOHCs), such as short-chain alcohols. For exam-
ple, CH;0H can be sustainably made from biomass and has
a high-gravimetric H, content of 12.6 wt %.""! Recent works
have utilized alcohols as H, sources for the cleavage of ester
linkages (—(C=0)—OR) of PET and its monomer DMT. Lu
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Figure 1. Routes for catalytically upcycling polyethylene terephthalate (PET) into aromatics and cycloalkanes. Route 1: Hydrogenolysis is conducted
by supplying H, externally, either for a single-step conversion of PET (i and ii) or by alcoholysis to form dimethyl terephthalate (DMT) followed by
its hydrogenolysis (methanol is generated in situ from CO, and H, via methanol synthesis in iii and H, is externally supplied in iv-v). Route 2:
Methanol is used as a liquid organic hydrogen carrier (LOHC) for hydrogenolysis to supply H, internally via methanol dehydrogenation: vi. Uses a
Cu-silicate catalyst, and our work uses the interface of Cu on reducible ZnZrO, as the catalytically active surface). Ref: i. Jing et al.?l, ii. Hongkaillers

et al.? iii. Li et al."%, iv. Tang et al.®, v. Cheng et al.*

et al. coupled in situ ethylene glycol (EG) production from
PET hydrolysis with reforming EG to form H, and then
produced BTX over a Ru/Nb,Os catalyst at 220°C."™
Effective catalysts must play a dual role in simultaneously
dehydrogenating LOHCs and performing hydrogenolysis of
PET and/or its monomers. Evidently, the interfaces between
Cu and supports have shown high activity for alcohol
dehydrogenation and CH;OH synthesis (from CO, and H,),
especially when supported on ZnO or ZrO,. The interfacial
sites were suggested to play an important role in providing
active sites for the adsorption of CO, or CH;OH, stabilizing
key reaction intermediates, and tuning reaction pathways.['¥!

Gao et al. selectively converted PET to PX in a H,-free
one-pot method over Na-doped copper silicate (Cu loading
~66 Wt %) catalyst in contact with CH;OH in the liquid-
phase at 210°C (Figure 1).'" Notably, they showed that
amorphous SiO, formed a copper silicate that was effective
in CH;0H dehydrogenation by partially reducing Cu(II) to
a mixture of Cu(I) and Cu(0), with a high Cu(I)/Cu(0) ratio.

In the present work, we demonstrate the dual role
played by CH;OH for methanolysis of PET and as a H,-
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1 and vi. Gao et al.".

source, and by the interface between Cu metal and a
reducible metal oxide support, especially ZnZrO, (Zn/Zr
~1/3.5) for CH;0H dehydrogenation and hydrogenolysis of
DMT. In a one-pot system, PET was converted to PX in a
tandem sequence of vapor-phase methanolysis of PET to
DMT, catalytic CH;OH dehydrogenation to produce H,,
and the hydrogenolysis of DMT to PX (Figure1). We
demonstrate the crucial role of limiting liquid-phase compo-
nents to reduce H-surface coverage due to destabilizing
interactions of the condensed-phase environment, necessi-
tating the use of vapor-phase CH;OH. Pre- and post-
reaction surface and bulk characterization, along with ab
initio density functional theory (DFT) computations, expli-
cate the role of the metal-support interface for effective
catalyst performance. We finally extend the dual roles of
CH;0H and the Cu/ZnZrO, catalyst for the alcoholysis and
catalytic transfer hydrogenolysis (CTH) of waste PC poly-
mers.
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Results and Discussion

We first investigated the catalytic transfer hydrogenolysis
(CTH) of dimethyl terephthalate (DMT), utilizing CH;OH
as a H,-source (Table 1) on copper (Cu) metal (5wt %),
supported on redox-inert silica (SiO,) and reducible metal-
oxides indium oxide (In,0;), ceria (Ce0,), titania (TiO,)
and mixed zinc-zirconia (ZnZrO,, Zn/Zr=1/3.5) at 240°C
for 16 h (3.5g of dioxane was used for effective carbon
balances). BET surface areas and powder X-ray diffraction
(PXRD) patterns are shown in Table S1 and Figures S1 and
S2, respectively. Briefly, there was low to negligible DMT
conversion (<8 %) observed on Cu/SiO, and the supports
(i.e., In,O5, CeO,, ZnZrO,). In contrast, Cu/TiO, showed
~31% DMT conversion, while Cu/In,O5, Cu/CeO,, and Cu/
ZnZrO, showed complete conversion of DMT. In the CTH
reaction, DMT first gets hydrogenolysed to methyl p-toluate
and then hydrogenolysed to form the completely deoxygen-
ated product, p-xylene (PX). Notably, Cu/ZnZrO, showed
the highest yield toward PX (97 %), followed by Cu/CeO,
(87 %) and Cu/In,O; (48 %). Overall, these results suggest
that the synergistic effects of Cu and the reducible metal
oxide, plausibly at the metal-oxide interface, are crucial for
CTH, i.e., the dehydrogenation of CH;OH to form H, and
its coupling with the hydrogenolysis (with H,) of C—O bonds
of DMT.

We next considered the gas-phase composition of the
batch reactor at the conclusion of the reaction with Cu/SiO,,
ZnZrO,, and Cu/ZnZrO, catalysts. (Table 2), Interestingly,
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on Cu/SiO, and ZnZrO,, the negligible DMT conversion
was concomitant with the negligible post-reaction formation
of H,. In contrast, for Cu/ZnZrO,, ~21 % of the gas-phase
comprised of H,. Taken together, our data suggests that the
Cu and the ZnZrO, support alone were not responsible for
CH;OH dehydrogenation to H,. We can infer that the Cu-
ZnZrO, interface was likely responsible for the CH;OH
dehydrogenation and the concomitant DMT hydrogenolysis
to PX. To confirm the role of CH;OH in supplying H,, we
performed DMT hydrogenolysis with py,~10bar in the
absence of CH;OH, corresponding to the final ~21% H,
mole-fraction at the end of the reaction, and determined
that the PX yields were similar (91 % compared to 97 % at
16 h, see Table S4).

We next investigated whether the nature of the interface
between the catalyst and the reaction medium (between
CH;0H, H,, and the catalyst surface) plays a role in DMT
hydrogenolysis (Figure 1), i.e., whether the liquid- or vapor-
phase CH;OH was critical for the reaction. To investigate
this, we varied the initial amount of CH;OH in the batch
reactor. Notably, the PX yield reduced drastically from
~70% to 20 % and finally 0 % as the initial CH;OH amount
was increased from 2 g to 4 g and finally 8 g (Figure 2A).
Interestingly, the final gas-phase H, concentration was 20—
22 mol % irrespective of the initial CH;OH amount, imply-
ing that differences in CH;OH dehydrogenation rates were
not the primary reasons for the decreased PX yields.

The question next arises whether changing the initial
CH;0H amount leads to a change in the reactor phase-

Table 1: Catalytic transfer hydrogenolysis (CTH) of dimethyl terephthalate (DMT) with methanol (CH;OH) as a H,-source in contact with the
catalysts (Cu/SiO,, Cu/TiO,, In,O;, Cu/In,05, CeO,, Cu/CeO,, ZnZrO,, Cu/ZnZrO,). Reaction conditions: 0.1 g DMT, 0.1 g catalyst, 3.5 g dioxane.

2 g methanol, 16 h, 30 bar initial N, 240°C.

Catalyst®! DMT conversion (mol %)
p-xylene

Cu/Sio, 0% 0%
Cu/TiO, 31% 1%
1,0, 0% 0%
Cu/In0, 100% 48%
CeO, 8% 0%
Cu/CeO, 100% 87%
ZnZrO, 1% 0%
Cu/ZnZrO, 100% 97%

Product yield (mol %)

Carbon balance® (mol %)
methyl p-toluate

0% 106 %
24% 103 %
0% 112%
39% 88%
2% 105%
1% 96 %
1% 108 %
0% 102%

[a] Cu loading of 5 wt %.[b] Carbon-balance was made on the aromatic PET content pre- and post-reaction. The CH;OH carbon balance exceeds

80%, as shown in Figure S9.

Table 2: Catalytic transfer hydrogenolysis (CTH) of dimethyl terephthalate (DMT) with methanol (CH;OH) as a H,-source in contact with the
catalysts (Cu/SiO,, ZnZrO,, Cu/ZnZrO,). Reaction conditions: 0.1 g DMT, 0.1 g catalyst, 3.5 g dioxane. 2 g methanol, 16 h, 30 bar initial N,, 240°C.

Catalyst®! DMT conversion Product yield (mol %)
(mol %) p-xylene methyl p-toluate
Cu/SiO, 0% 0% 0%
ZnZrO, 1% 0% 1%
Cu/ZnzrOo,  100% 97% 0%

Carbon balance® Gas increase Final H, gas Gas mole
(mol %) (mol %) concentration balance!
(mol %) (mol %)
106 % 5% 3% 100%
108% 2% 0% 102 %
102% 76 % 21% 98 %

[a] Cu loading of 5 wt%. [b] Carbon-balance was made on the aromatic PET content pre- and post-reaction. The CH;OH carbon balance exceeds
80%, as shown in Figure S9. [c] Gas-mole balance is done with respect to total moles of gas moles post-reaction based on the ideal gas law and

GC detected gases.
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Figure 2. (A) Effect of initial methanol loading in the batch reactor on
p-xylene and methyl p-toluate yields (left y-axis) and H, concentration
in the gas-phase (right y-axis). (B) Liquid phase composition in the
batch reactor (left y-axis) and DMT conversion (right y-axis). Reaction

conditions: 0.1 g PET, 0.1 g Cu/ZnZrO,, 3.5 g dioxane. 2-8 g methanol,

16 h, 30 bar initial N,, 240°C.
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catalyst was likely in contact with the condensed phase at
the high 8 g initial CH;OH amount.

While the H, concentration in the gas phase was nearly
invariant with varying initial CH;OH, the H-surface cover-
age on the catalyst was likely substantially reduced due to
destabilizing interactions of the surface H with the con-
densed phase. Recent work by Lercher and co-workers has
shown that condensed-phase CH;OH reduced surface H-
coverage on supported-Pd catalysts, primarily due to the
destabilizing solvation of adsorbed surface H at the solid-
liquid interface as compared to the solid—gas interface (in
the absence of the solvent) of the catalyst.™ As such, the
catalyst contact with gas-phase H, was likely critical for the
high DMT hydrogenolysis rates.

We next investigated the sequential methanolysis of
PET to DMT (CH;OH in the vapor phase) and CTH of
DMT to methyl p-toluate and PX (Figure 3) at 240°C from
0-24 h in contact with Cu/ZnZrO,. We note that each data
point represents an independent experiment. First, we
observed a fast conversion of PET to DMT (~90 % yield)
within 2 h, followed by a gradual reduction of PET yield to
below 5% after 12 h. DMT yields gradually dropped from
~90 % to ~75 % from 2-8 h, concomitant with an increase in
methyl p-toluate yields from 0 to 17 %. After 8 h, DMT
yields dropped drastically from 75 % to ~5% between 8-
12 h, concomitant with an increase in methyl p-toluate yields
from ~17% to 50 % and PX yields from 0% to ~35%.
Between 12-24 h, methyl p-toluate yields decreased from
~50% to ~10 %, while PX yields increased from ~35% to

~70%. In addition to the major products, alkylated
benzenes formed minor products (Figure S4).
)/ < > /< CH:OH —O O CH:OH CHsOH
Cu/ZanO Cu/ZanO CuiznzrOx
o @
polyethylene terephthalate (PET) dimethyl terephthalate (DMT) methyl p-toluate p- xylene
(1) methanolysis
(2) catalytic transfer hydrogenolysis
(B) 25%

composition or if the increased CH;OH amount leads to
competitive adsorption between DMT and CH;OH. The
free-energy of adsorption of CH;OH and DMT-analogue
(see below) at the metal-support interfacial active sites at
513K (i.e., the reaction temperature) was 18 kJ/mol and
—25 kJ/mol, respectively, (estimated with DFT computa-
tions) suggesting that the reduced DMT conversion was
likely not due to competitive adsorption at the interfacial
sites. We, therefore, infer that the CH;OH phase is likely
the reason for the inhibition of the hydrogenolysis activity.
We investigated this by estimating the phase-composition of
the reactor under reaction conditions (see Figure S3)
utilizing ASPEN Plus simulations (Figure 2B). Under reac-
tion conditions, the mass of the liquid phase increased from
~02g to ~03g and ~2.7 g, comprising ~4 %, ~3 %, and
~23% of the initial liquid. Notably, ~2 % of initial CH;OH
(and ~5% of initial dioxane) remained in the liquid phase
with 2 and 4 g of initial CH;OH load, while ~20 % of initial
CH;0OH (and ~40% of dioxane) remained in the liquid
phase with a ~8 g of initial CH;OH amount. As such, the
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Figure 3. (A) Reaction Scheme and (B) time evolution of products from
polyethylene terephthalate (PET) methanolysis for the formation of
dimethyl terephthalate (DMT) and catalytic transfer hydrogenation
(CTH) of DMT to form methyl p-toluate and p-xylene. Reaction
conditions: 0.1 g PET, 0.1 g Cu/ZnZrO,, 3.5 g dioxane. 2 g methanol,
16 h, 30 bar initial N,, 240°C.
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Interestingly, we did not observe methyl 4-
(hydroxymethyl)benzoate and 4-methyl benzyl alcohol inter-
mediates, suggesting they were short-lived reaction inter-
mediates due to the fast hydrogenolysis of alcohols (see
below). Crucially, the H, fraction in the gas-phase increased
from 0-17% from 0-12h (Figure S5) and then gradually
increased from 17-22 % from 12-24 h. This increase in H,
evolution was consistent with the increased yields of the
hydrogenolysis products, methyl p-toluate, and PX (Fig-
ure S6). Taken together, we hypothesize that the PET first
undergoes complete methanolysis, forming DMT, followed
by the sequential hydrogenolysis of its ester groups, first
forming mono-methyl terephthalate (MMT), followed by
methyl-p-toluate, toluic acid, and finally PX.

While aromatic carbon balances were between 88 and
112 % at all times (Table 1), the CH;OH carbon balances
were >80% at all times (FigureS9). Furthermore, as
ethylene glycol (EG) is produced from PET methanolysis, it
may also act as a Hy-source. First, DFT calculations revealed
that EG has a free-energy of adsorption of —13 kJ/mol at
513 K, which is greater than that for the DMT-analogue
(=25 kJ/mol) but lower than for CH;0OH (18 kJ/mol), ruling
out competitive adsorption with DMT but possible with
CH;OH. However, control experiments for EG dehydrogen-
ation on the catalyst show nearly two orders of magnitude
lower H, production than CH;OH (Figure S10). Moreover,
its amount (~33 mg) post-PET methanolysis was nearly two
orders of magnitude lower than CH;OH (~2 g). Hence, it is
likely not to be a significant H, source. CH;OH forms gas
products H,, CO, CO,, and dimethyl ether (DME) and
liquid products such as methyl acetate, ethyl acetate,
propanol, and methyl propionoate. H, gas production, which
reached 35.7 mmol after 24 h, far outpaced the production
of CO and CO, (likely formed from water-gas shift
reaction), which reached 5.5 and 7.8 mmol, respectively (a
ratio of H,:CO, of 2.7). However, H,:total C-products
equaled 2.1, which is expected for methanol decomposition
to H, and CO, suggesting that liquid hydrocarbons were
formed from CO from reactions such as the carbonylation of
DME and subsequent hydrogenation to form alcohols
(which may undergo further carbonylation) and esterifica-
tion with methanol.!"!

We assessed the reusability of the catalyst through
recyclability and regenerability studies (Figure S23). The PX
yields dropped significantly after three cycles, likely due to
carbon deposition (~5-7%) as revealed by temperature-
programmed oxidation (TPO) of spent catalysts. However,
the catalyst activity was largely recovered by calcination at
450°C under air.

To probe the crucial role played by the metal-support
interfaces, we investigated the reducibility of the Cu/ZnZrO,
catalysts in comparison with the ZnZrO, support and Cu/
SiO, by hydrogen temperature programmed reduction (H,-
TPR) and electron paramagnetic resonance (EPR) spectro-
scopy. H,-TPR of ZnZrO, (Figure 4A) showed a broad
high-temperature H, consumption peak (0.15 mmol H,/g.,)
with a peak temperature of ~580°C, likely associated with
the formation of oxygen vacancies.!'”? Cu/SiO, shows a broad
H,-consumption peak (1.12mmol Hy/g.) with a peak
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temperature of ~250°C and H, consumption corresponding
to H,/Cux1.4, suggesting that the H, consumption was
associated with the reduction of CuO (Cu*") to Cu (Cu°)
metal. In comparison, Cu/ZnZrO, showed two peaks (peak
temperatures of 155°C and 210°C) and H, consumption
corresponding to H,/Cu=2.5, suggesting an ease of reduc-
tion of Cu species on ZnZrO, support compared to SiO,. In
addition, the higher H, consumption suggests the easier
reduction of the ZnZrO, support on the deposition of Cu.
This was further confirmed with EPR spectroscopy of the
reduced catalysts (Figure 4B). Specifically, the ZnZrO,
sample showed a signal at a g-factor of 2.08, likely attributed
to Zr**, with one unpaired d electron."™ Cu/SiO, showed a
signal at a g-factor of 2.14, likely associated with para-
magnetic Cu** moieties."”” Interestingly, Cu/ZnZrO,
showed signals for the presence of both Cu?* and Zr** with
a g-factor of 2.13 and 2.08, respectively, with an additional
peak with a g-factor of 2.11. We infer that this additional
peak could be associated with paramagnetic defects and the
formation of oxygen vacancy sites, V,, with an unpaired
electron, consistent with H,-TPR. The bulk and surface
properties of the Cu/ZnZrO; catalyst were next interrogated
with powder X-ray diffraction (PXRD) patterns (Figure 4C)
and X-ray photoelectron spectroscopy (XPS) of pre-reac-
tion, reduced, and post-reaction samples (Figure 4I-K).
PXRD patterns of the catalyst pre-reaction showed the
ZnZrO, support to be of tetragonal phase and showed no
formation of ZnO, suggesting the support to be a Zn—Zr
solid solution. The peaks at 20 of 38.86° correspond to the
(111) facet of CuO. Scanning electron microscopy (SEM) of
fresh Cu/ZnZrO, (Figure 4D-H) showed distinct locations
of Cu and Zr, suggesting the Cu deposition on the support
and the absence of any Cu-containing mixed-metal oxide
phase. SEM images of the support ZnZrO, are shown in
Figure S11. In samples post-reduction and post-reaction, the
peaks corresponding to the support appeared to be
unaffected, with new peaks at 20 value of 43.26°, corre-
sponding to the (111) facet of Cu metal.

Figure 41-K shows the XP spectra of Cu2p, Zn 2p, and
Zr3d regions for the Cu/ZnZrO, catalyst pre-reaction,
reduced (450°C for 3 h), and post-reaction (of the reduced
catalysts). The Cu 2p spectra (Figure 41) indicate that pre-
reduction Cu species exist exclusively as Cu(Il), as evi-
denced by the prominent Cu(II) satellite feature at ~942 eV.
Following reduction and reaction, the Cu species are
reduced to Cu(0), as indicated by a downward shift in
binding energy to 933.1 eV. We excluded the possibility of
Cu(I) species in the absence of a weak satellite feature
around 946 eV. To probe whether the support undergoes a
similar reduction to the Cu catalyst, the Zr 3d region was
analyzed. The Zr 3d region (Figure 4K) showed a prominent
peak at 183.7eV for all samples, which was assigned to
Zr(IV) species, and peaks associated with Zr sub-oxide
species (denoted as Zr(8)), which are likely associated with
oxygen vacancies or Zr(III) moieties. Interestingly, the ratio
of the Zr(IV) peak to the Zr(8) reduced for the samples
upon reduction and post-reaction, indicating an increase in
oxygen vacancies upon reduction and post-reaction. This is
consistent with the EPR on reduced catalysts and H,-TPR
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Figure 4. Characterization of Cu/ZnZrO, catalyst and ZnZrO, support. (A) Hydrogen temperature-programed reduction (H,-TPR) of ZnZrO,, Cu/

SiO,, and Cu/ZnZrO, catalysts. (B) Electron paramagnetic resonance (EPR) spectroscopy of reduced ZnZrO,, Cu/SiO,, and Cu/ZnZrO,. (C) Powder
X-ray diffraction (PXRD) patterns of Cu/ZnZrO,, reduced Cu/ZnZrO,, and post-reaction Cu/ZnZrO, catalysts. (E) SEM image and EDS maps (E-H)
of Cu/ZnZrO,. X-ray photoelectron spectroscopy (XPS) of the (I) Cu 2p region, ()) Zn 2p region, and (K) Zr 3d region.

(Figure 4A-B). Zn did not appear to undergo a reduction as
a single peak was present at 1022.5 eV (Figure 4J), which

was assigned to Zn(II) species.
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DFT calculations (details in the Supporting Information,
S5) were carried out on a Cu nanorod model on tetragonal

Zr0,(101) with some Zr atoms in the first and second row
of the slab replaced by Zn (as determined from thermo-
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chemistry with Zn:Zr of 1:3). This is consistent with the
nanoparticles of Cu metal detectable via PXRD and Cu
deposition on the support observed via SEM, allowing the
study of the metal-oxide interface and reactions on these
sites (Figure 5A, Figure S14). Replacing Zr atoms by Zn
requires removing oxygen atoms to maintain the correct
stoichiometry. Further removal of oxygen atoms as water
(by one H, molecule) in a stoichiometric slab was thermo-
neutral. These results support the experimental observation
of higher oxygen vacancy in EPR and a larger H,/Cu value
in H-TPR. A Cu(111) model was also simultaneously
studied to mimic the Cu/SiO, catalyst. Methyl benzoate and
benzoic acid were used to model the carboxyl (—C(=0)0O-)
functional group of DMT. The acid (—1.43eV), ester
(—1.58 ¢V), and methanol (—0.86 eV) preferred binding at
the interface of Cu/ZnZrO, (Figure SA and Figures S19 and
S20); the large binding strength of the ester and acid
indicates significant dispersion stabilization due to the
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aromatic group. Figure 5D shows the reaction network and
energetics of the most energetically favored pathway for
methyl benzoate conversion to toluene, while Figure S15
shows the entire hydrogenolysis network (comprising alter-
native pathways) using benzoic acid as the model compound.
The scission of the ester C—O linkage (Figure 5D) to form
C¢H;CO* and OCHj;* is the step with the highest transition
state (TS) energy (having a relative energy of —0.24 eV with
respect to gaseous initial states and corresponding to an
activation barrier of 1.34eV for the scission step). This
plausibly indicates that the first C—O scission of the ester is
rate-controlling.

Similarly, the dissociation of the C—OH bond of the acid
is rate-controlling (Figure S15). The resulting carbonyl
species (C¢HsCO*) then undergoes successive hydrogena-
tion to form C,H;CH,OH*; and subsequent C—O scission
results in the precursor C4H;CH,*, which then gets hydro-
genated to toluene. The steps after the first C—O scission are

(A) (B) (C)
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Figure 5. (A) The top and side views of the catalyst model for Cu/ZnZrO, catalyst with methyl benzoate (left) and methanol (right) adsorbed at the
metal-support interface. Cu atoms are in orange, Zn in blue, Zr in green, O in red, C in grey, and H in white. The energetics of the plausible rate-
controlling steps for methyl benzoate conversion (B) and methanol decomposition to CO (C) on Cu/ZnZrO, (red) and the corresponding energies
on Cu(111) (blue). (D) The reaction pathways and associated DFT energetics of methyl benzoate hydrolysis to adsorbed benzoic acid
(CHsCOOH*) and hydrogenolysis to toluene on the Cu/ZnZrO, catalyst interface. The relative energy of the species and transition states (TSs) in

(D) are given with respect to methyl benzoate, 3 molecules of H,, and H,O. The activation barrier (not shown) for each step in (D) is the difference

in the energy of its TS and initial state (IS), while the reaction energy is the difference between the final state (FS) and IS. Each state in (D) has the
same number of atoms and co-adsorbed and infinitely separated species are demarcated by “+” and “|”, respectively. All energies in (B)—(D) are
ineV.
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likely fast, explaining the absence of partially hydrogenated/
hydrogenolyzed intermediates (Figure 3). While the
chemistry is similar on Cu(111) (see Figure S16 for the
energetics of the partial network of methyl benzoate hydro-
genolysis), the relative energies (and barriers) are signifi-
cantly higher than at the interface. Specifically, the relative
energy of the TS of the ester C—O dissociation step is
0.39 eV higher on Cu(111) than on Cu/ZnZrO, (Figure 5B),
clearly indicating the role of the interface in the latter. DFT
calculations on Cu/ZnZrO, and Cu(111) of CH;0H decom-
position to CO (and subsequent water-gas shift reaction to
produce H, and CO,) also show more favorable energetics
(Figure 5C) on the interfacial sites (see Figures S17 and S18
for the corresponding potential energy surfaces and Figur-
es S19-22 for the structures). Indeed, the rate-determining
TS of methanol dissociation on Cu/ZnZrO,, viz., C—H
dissociation of HCO*, is 0.22 eV more stable than the
corresponding step on Cu(111). This is in line with the
observation of a higher H, yield on Cu/ZnZrO, relative to
Cu/SiO, (Table 2). Overall, our DFT calculations show the
critical role of the interface in adsorbing CH;OH and the
monomer and facilitating a low free-energy pathway.

We finally investigated the broad applicability of the
one-pot solvolysis and catalytic transfer hydrogenolysis
strategy for bisphenol A polycarbonates (BPA-PC), another
ubiquitous condensation polymer (Figure 6). Specifically, we
contacted PC with Cu/ZnZrO, under identical reactions
(240°C for 16 h) as PET. Interestingly, while this strategy
for PET yielded the deoxygenated products (i.e., showed

(A) oH
Nepel EECRER QR
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(B) (BPA-PC) methylanisole
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[ Ip-xylene [ isopropyl methylanisoles
[ methyl p-toluate [ | xylenols

[ ] other aromatics

Figure 6. (A) Scheme of BPA-PC conversion to isopropyl methyl anisole
and xylenol. (B) Product yields from the one-pot solvolysis and catalytic
transfer hydrogenolysis (CTH) of polyethylene terephthalate (PET) and

polycarbonate (PC) polymers with methanol. Reaction conditions: 0.1 g
DMT, 0.1 g Cu/ZnZrO,, 3.5 g dioxane. 2 g methanol, 16 h, 30 bar initial
N,, 240°C.
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C—O bond hydrogenolysis), methyl p-toluate, and PX, PC
exhibited full conversion and C—C bond hydrogenolysis and
methylation of the monomer to yield xylenol and isopropyl
methyl anisole as dominant products (at yields 37 mol % and
45 mol %, respectively, Figure 6A). We confirmed that the
methylation was the primary reason for the formation of
alkylated phenols and anisoles by performing a 'H-nuclear
magnetic resonance (NMR) spectroscopy (Figure S24) of
the BPA-PC substrate, which showed that there were no
alkyl groups present on the aromatic rings of the initial
polymer (Figure S4 shows the chromatogram of the liquid
products formed from the BPA-PC substrates and Table S6
shows the carbon balance of the reaction). Evidently, the
Caromaic—O bond cleavage of the substituted phenol and
anisole was harder, in line with the reported difficulty in
C—0 bond hydrogenolysis of phenolic (—C,omaic—OH) bonds
for biomass-derived compounds.”” Nonetheless, the data
shows the promise of the strategy toward depolymerization
of condensation polymers and the promise of the H,-free
strategy to deconstruct polycondensation polymers.

Conclusion

In this work, we have demonstrated a one-pot, H,-free
strategy to convert polyethylene terephthalate (PET) to p-
xylene (PX) using methanol to combine (1) the methanolysis
of PET to dimethyl terephthalate (DMT) and (2) the
catalytic transfer hydrogenolysis (CTH) of DMT to PX over
a Cu/ZnZrO, catalyst with the H, generated from CH;OH
dehydrogenation. We showed the significant role played by
vapor-phase CH;OH in stabilizing surface H-coverage.
Density functional theory (DFT) calculations and bulk and
surface characterization revealed that the interface between
Cu and ZnZrO, is critical for enabling the catalytic transfer
hydrogenolysis (CTH) through the dual role in (1) CH;OH
dehydrogenation and (2) DMT hydrogenolysis, by showing
the relatively facile formation of oxygen vacancies on Cu/
ZnZrO,, the involvement of interfacial sites for the
adsorption of both CH;OH and DMT and a facilitating a
low free-energy pathway for C—O bond hydrogenolysis, as
compared to Cu on redox-inert SiO,. DFT calculations
showed that the rate-determining step was the cleavage of
PET ester linkages (—(C=0)—OR). Finally, the one-pot
solvolysis and CTH strategy was also effective in converting
BPA-polycarbonate (PC) into xylenol and isopropyl methyl
anisole via C—C bond hydrogenolysis compared to C-O
bond hydrogenolysis for PET, promising a wider applic-
ability of the one-pot strategy for the conversion of end-of-
use condensation polymers. The CTH strategy demonstrates
a pathway to convert plastic wastes to sustainable fuels
effectively and highlights the potential use of liquid organic
hydrogen carriers (LOHCs) for upcycling plastics. The
results provide promise for the development of green
“waste-to-fuel” routes for the production of gasoline and
aviation fuels, and the fundamental insights in this work will
guide future catalyst science, reaction engineering, and
process design.
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