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Chemical recycling of plastic wastes is of great significance for sustainable

development, which also represents a largely untapped opportunity for the
synthesis of value-added chemicals. Herein, we report a novel and general
strategy to degrade polyesters via directly breaking the Cajkoxy"O bond by
nucleophilic substitution of halide anion of ionic liquids under mild condi-

tions. Combined with hydrogenation over Pd/C, 1-butyl-2,3-dimethylimidazo-
lium bromide can realize the deconstruction of various polyesters including
aromatic and aliphatic ones, copolyesters and polyester mixtures into corre-
sponding carboxylic acids and alkanes; meanwhile, tetrabutylphosphonium
bromide can also achieve direct decomposition of the polyesters with §-H into
carboxylic acids and alkenes under hydrogen- and metal-free conditions. It is
found that the hydrogen-bonding interaction between ionic liquid and ester
group in polyester enhances the nucleophilicity of halide anion and activates
the C,ikoxyO bond. The findings demonstrate how polyester wastes can be a

viable feedstock for the production of carboxylic acids and hydrocarbons.

Plastics, once termed as the materials of 1000 uses, are ubiquitous and
continue to expand progressively in human production and life since
discovered for the first time in 1907". Plastics have brought great
convenience, but massive plastic wastes have caused severe harm to
the ecological environment and human beings owing to the difficulty
in degradation**. Though some biodegradable plastics such as poly-
lactic acid (PLA) and poly(butylene adipate-co-terephthalate) (PBAT)
have been developing rapidly in recent years, they are eventually
degraded into CO,, CHy4, and H,O in the natural environment, which
intensifies the greenhouse effect and does not form the carbon closed-
loop indeed”. Therefore, a circular economy in which spent plastics are
recycled and repurposed is urgently needed®. Four major approaches
have been developed for plastics recycling: closed-loop recycling,
mechanical recycling, chemical recycling, and energy recovery
(incineration)’®. Among these approaches, chemical recycling and

upcycling not only provide efficient ways to eliminate the environ-
mental pollution of plastic wastes but also offer new routes to access
valuable chemicals, which thus has attracted much attention’*. To
date, chemical recycling strategies for polyester plastics including
pyrolysis™, hydrolysis®, alcoholysis'®, ammonolysis”, hydrogenolysis'®,
and hydrosilylation' have been reported, which can produce corre-
sponding carboxylic acids, esters, amides, and alcohols, etc. Especially,
the degradation of poly(ethylene terephthalate) (PET) and PLA has
been widely investigated, while that of other polyesters has been sel-
dom reported®.

Carboxylic acids are a kind of important chemicals extensively
applied in the industry, with a global market share of $10.12 billion in
2021, which is predicted to be around $13.04 billion by 2026™*.
Hydrocarbons are important fuels and chemical raw materials, which
are mainly derived from petroleum refining. The hydrolysis of
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polyesters can produce carboxylic acids and alcohols via the cleavage
of the ester C,c,-O bond. However, it generally suffers from limited
selectivity and serious difficulty in separation due to the generation of
oligomeric byproducts and the use of excessive solvents. From the
chemical structures of the polyesters, it is obvious that the breakage of
the ester C,ikox,"O bond in polyesters can remain in the -COO- group,
which may thus result in the formation of carboxylic acids exclusively.
This has been supported by the hydrogenolysis of poly(ethylene ter-
ephthalate) (PET) into terephthalate acid (TPA) and ethane at high
temperatures®*,

lonic liquids (ILs) composed of organic cations and organic/
inorganic anions have been emerging as a kind of functional materials
and applied in various chemical processes due to their unique
properties® %, It was reported the basic ILs (e.g., [EMIm][AcO]) could
accomplish PHB decomposition into crotonic acid®*°. Furthermore,
the ILs with halide anions have been widely employed as solvents or
catalysts in various chemical reactions. For example, 1-butyl-3-
methylimidazolium chloride ([BMIm]CI) as solvent could efficiently
dissolve cellulose because of the strong hydrogen-bonding
interaction”, and combined with metal halides (e.g., CrCl,) it could
convert sugars (e.g., fructose, glucose) into 5-hydroxymethylfurfural in
high yield™. Lewis acidic N-butylpyridinium chloride-aluminum chlor-
ide ([C4Py]CI-2AICl5) could achieve upcycling of polyolefins into liquid
alkanes through tandem cracking-alkylation process at temperatures
below 100 °C*,

In this work, we discovered that the ILs with halide anions could
break the ester Cyioxy-O bond in polyesters via the nucleophilic sub-
stitution by the halide anions of the ILs, and thus proposed a general
strategy to degrade polyesters into carboxylic acids and hydro-
carbons, as shown in Fig. 1. Combined with hydrogenation over Pd/C,
the IL could realize the decomposition of various polyesters including
aromatic and aliphatic ones, copolyesters and polyester mixtures into
corresponding carboxylic acids and alkanes. In the meantime, it could
also achieve direct deconstruction of the polyesters with -H bond into
carboxylic acids and alkenes under metal-free conditions. This uni-
versal strategy achieves the complete degradation of polyesters into
carboxylic acids with atomic economy. Furthermore, the production
of hydrocarbons simplifies the separation of products.

Results

Screening ionic liquids

Taking polyglycolic acid (PGA) as a representative of polyesters, in the
presence of Pd/C various ILs were screened under the H, atmosphere
of 5 MPa and 180 °C (Supplementary Fig. 3). It was found that only the
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ILs with halide anions that possess nucleophilicity could achieve the
PGA degradation, producing acetic acid. This indicates that the cata-
lytic system achieves the breakage of the ester Cyioxy~O bond in PGA,
which is caused by the nucleophilic attack of the halide anion on the
Caikoxy atom. Among the tested ILs, 1-butyl-2,3-dimethylimidazolium
bromide ([BMMIm]Br) showed the best performance, affording an
acetic acid yield of 95% (Fig. 2). By comparison, it could be deduced
that the activity of these ILs is related to the nucleophilicity of their
anions, which is greatly influenced by the synergy of the electrostatic
interaction and hydrogen-bonding interaction** between the IL cation
and anion. As known, the nucleophilicity index of nucleophiles could
reflect the degree of nucleophilicity®. We estimated the nucleophili-
city index of some ILs via density function theory (DFT) calculations®®
(Supplementary Fig. 4), and found that the IL that displayed high
activity has a high nucleophilicity index. The effects of temperature,
pressure, time, and the amounts of IL on the PGA decomposition were
also investigated (Supplementary Fig. 5), and it was demonstrated that
temperature influenced the PGA degradation more obviously. It
should be pointed out that the PGA degradation could proceed com-
pletely, but it was difficult to collect all the generated acetic acid owing
to its high volatility.

Recycling polyesters over [BMMIm]Br-Pd/C under the H,
atmosphere

We selected [BMMIm]Br-Pd/C as the catalytic system for the degra-
dation of various polyesters under the H, atmosphere (Fig. 2). It was
found that the biodegradable polyesters including PLA and PHB were
decomposed into propionic acid and butyric acid, respectively, which
are different from their hydrolysis products. Expectedly, poly(D, L-
lactide-co-glycolide) (PLGA), as the lactide and glycolide co-polyester,
was deconstructed into acetic acid and propionic acid.

Besides, other polyesters including PET, poly(butylene ter-
ephthalate) (PBT), poly(L,4-butylene succinate) (PBS), poly(1,4-buty-
lene adipate) (PBA), poly(butylene adipate-co-terephthalate) (PBAT)
and polyester mixtures could be decomposed over this catalytic sys-
tem as well, producing corresponding carboxylic acids and alkanes.
PET, as a representative of aromatic polyesters and the most widely
investigated polyester, was examined, which was converted into its
starting monomer terephthalate acid (TPA) with ethane generation at
180 °C. Furthermore, the feedstock from a PET plastic bottle could also
be successfully converted into TPA, and a comparable yield was
achieved using a smaller amount of IL in toluene. These findings
demonstrate that the recycling of PET over the [BMMIm]Br-Pd/C cat-
alytic system has a promising application prospect.
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Fig. 1| A general strategy for recycling polyesters into carboxylic acids and hydrocarbons. IL as catalyst, R; = H or CH3, R,=aryl or alkyl groups, X =halogen, m >0,

my>21,my>2.
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Fig. 2 | Decomposition of various polyesters (R; = H or CH3, R, =aryl or alkyl
groups, m > 0) over [BMMIm]Br-Pd/C under the H, atmosphere. *Reaction
conditions: a polyester (1 mmol), [BMMIm]Br (2 mmol), Pd/C (5 mg, 5Swt% Pd),
5MPa H,, 180 °C, 24 h; b polyester (0.5 mmol); ¢ polyester (0.4 mmol), 48 h; d PET

[ o 0 0 0 0 0 o o 0 0
,0\/”4\ How '{VOYUJR ~Hou \[oJ\)q\ ~Hon \Ho]:[\g ]\ ~How How

88% PLGAP 93% 88%
(0] (0) HO 0o
(o) (o] n o OH
PBT ¢ 87%
0 0
OT(\/\)LO HOT]/\/\)LOH A
(o] n o
PBA ¢ 85%
HO o "o g
);—@—Q T]/\/\)LOH AN
(o) OH o
95% 95%
0 (0]
/\)'L HOTI/\)LOH AN
OH o
91% 83%

bottle (0.4 mmol), [BMMIm]Br (3 mmol), 48 h; e PET bottle (0.4 mmol), [BMMIm]Br
(1mmol), toluene (1 mL), 48 h; f polyester (0.2 mmol), 48 h; g PGA (0.5 mmol), PHB
(0.5 mmol), PBS (0.2 mmol), 48 h.

Similarly, aromatic polyester PBT was also decomposed into the
starting monomer TPA in an excellent yield, accompanied by butane.
PBS, which is derived from succinic acid and 1,4-butanediol and as a
representative of polyesters from the coupling of aliphatic diacids and
diols, was likewise degraded into the starting monomer succinic acid
and butane. Similar to PBS, PBA was also converted into adipic acid and
butane. Furthermore, PBAT, a representative of aromatic-aliphatic
copolyesters, was deconstructed into TPA, adipic acid, and butane.

To explore the applicability of this catalytic system in practice, the
degradation of a polyester mixture composed of PGA, PHB, and PBS
was performed, and all the polyesters were successfully decomposed,
producing acetic acid, butyric acid, and succinic acid, accompanied by
butane as expected. This suggests that the [BMMIm]Br-Pd/C catalytic
system is applicable for degrading the spent polyester mixtures, which
could effectively overcome the difficulty in the separation of the col-
lected polyester plastics. Remarkably, the generation of alkanes in the
above processes could contribute to driving the degradation of
polyesters to proceed thoroughly and make the separation of car-
boxylic acids from the reaction systems easier. Besides, in the above
processes to degrade polyesters, we found that the melting points and
appearances of polyesters obviously influence the polyester decom-
position process (Supplementary Fig. 6).

Mechanistic studies on recycling polyesters over [BMMIm]Br-
Pd/C under the H, atmosphere

To explore the roles of the IL catalyst in degrading polyester, taking
methyl benzoate (MB) as a model of the structural unit of polyesters
and 1-butyl-2,3-dimethylimidazolium chloride ([BMMIm]CI) as a
representative of the ILs, high-temperature NMR experiments
including 'H, ®C, O and *Cl NMR tests were performed at 90 °C.
Compared to that of pure IL, the *CI NMR spectra of the IL in the
mixture changed obviously, with the *Cl resonance signal shifting
from 58.64 ppm for pure IL to 54.35 ppm (Fig. 3A). This suggests that
there exists a strong interaction between the IL and MB, which weak-
ens the electrostatic force between the IL cation and anion, and thus
increases the electron cloud density and the nucleophilicity of the CI
anion. From the 7O NMR spectra (Fig. 3B), it is clear that the resonance
signal assigned to the carbonyl O atom of MB shifted from 341.75 ppm
for pure MB to 342.02 ppm as MB mixed with the IL, which reflects a
decrease in electron cloud density of the carbonyl O atom. However,
the 'H and C NMR spectra of the IL cation remained almost unchan-
ged as the IL mixed with MB (Supplementary Fig. 7), indicating hardly
changed electron cloud density of the IL cation. Therefore, it can be
deduced that the increased electron cloud density of the IL anion may
originate from the shift of the electron cloud from MB to the IL anion
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Fig. 3 | High-temperature NMR experiments and DFT calculations. A *°Cl NMR
spectra of pure [BMMIm]CI and the MB-[BMMIm]CI mixture were collected at
90 °C. B 7O NMR spectra of pure MB and the MB-[BMMIm]CI mixture were

collected at 90 °C. C Optimized interaction geometry of the MB-[BMMIm]CI com-
plex. D Electrostatic potential (ESP) distribution of the MB-[BMMIm]CI complex.
(white ball: H; black ball: C; blue ball: N; green ball: CI).

via the IL cation. Based on the above NMR analysis results, we could
reasonably speculate that the carbonyl O atom of MB may form a
hydrogen bond with the H atom in the imidazolium ring of the IL
cation”, which effectively weakens the electrostatic interaction
between the IL cation and anion, thus enhancing the nucleophilicity of
the IL anion.

DFT calculations provide more information on hydrogen bonds
between the IL cation and ester group®. From the optimized interac-
tion geometry of the MB-[BMMIm]CI complex, the atomic distance
between the carbonyl O atom in methyl benzoate (MB) and the C4-H
atom of the imidazolium ring in IL was calculated to be 2.26 A (Fig. 3C),
suggesting the formation of the hydrogen bond between MB and the IL
cation®®. Moreover, the electrostatic potential (ESP) distribution of the
MB-IL complex clearly shows that the negative surface potential (blue
area) of the carbonyl O atom in MB overlapped with the positive sur-
face potential (red area) of the C4-H atom in IL cation (Fig. 3D), which
thus also confirms the formation of the hydrogen bond. Besides, the
NBO charges of the CI anion in pure IL and the MB-IL complex were
estimated to be —0.916 and —0.935, respectively, meaning that the CI
anion becomes more negative in the MB-IL complex (Fig. 3C and
Supplementary Fig. 8B). This variation supports the enhanced
nucleophilicity of the IL anion, which is in line with the results of NMR
analyses. It further confirms that the hydrogen bond formed between
MB and IL weakens the interaction between the IL cation and anion.

To explore possible reaction pathway of polyester degradation,
taking methyl benzoate (MB) as a model ester for the structural unit of
polyesters, control experiments were carried out under catalysis of
[BMMIm]Br and Pd/C in the presence of H, or N,. As expected, MB was
converted into benzoic acid and methane under the H, atmosphere
(Fig. 4A and Supplementary Fig. 9), while it was transformed into
[BMMIm][PhCOO] and methyl bromide under the N, atmosphere
(Fig. 4B and Supplementary Fig. 10). These results demonstrate that
the Br anion has nucleophilicity and directly attacks the C,jxoxy atom of
the ester group rather than the Cyc, atom in MB, thus resulting in the

cleavage of the Cjioxy,"O bond and the formation of bromide. Fur-
thermore, 3-bromobutyric acid could be hydrogenated into butyric
acid over the [BMMIm]Br-Pd/C catalytic system under the H, atmo-
sphere (Fig. 4C and Supplementary Fig. 11).

On the basis of the aforementioned experimental results and
discussion, a plausible reaction pathway is proposed for the decom-
position of polyesters over the [BMMImIBr-Pd/C catalytic system
under the H, atmosphere, as illustrated in Fig. 4D. The breakage of the
ester Caiox,"O bond is the key, which is achieved via the nucleophilic
attack of the Br anion on the C atom of the C,ikoxy-O bond, generating
two intermediates: bromide and carboxylate anion that is stabilized by
the IL cation. Next, the bromide intermediate undergoes hydro-
debromination over Pd/C in the presence of H,, yielding HBr and alkyl-
terminated species. The subsequent acidification of carboxylate anion
with the generated HBr produces the carboxylic acid-terminated spe-
cies, and [BMMIm]Br is regenerated simultaneously. Following similar
procedures, the CyikoxyO bonds linked to each ester group are broken
continually, resulting in the formation of the desired carboxylic acid. In
this pathway, the IL achieves the breakage of the Cyoxy-O bond in
polyester, and Pd/C catalyzes the hydrogenation of the generated
bromide intermediates. The IL and Pd/C co-catalyze the degradation of
the polyester into carboxylic acid.

Recycling polyesters with -H over [P4444]Br under the N,
atmosphere

In the control experiment of MB treated with [BMMIm]Br under the N,
atmosphere, methyl bromide was detected in the gas phase. Con-
sidering that the halide anion can function as a base to catalyze f3-
elimination reactions effectively, that is the dehydrohalogenation of
halides, we propose a second strategy to directly deconstruct the
polyesters with -H using the ILs with halide anions as shown in Fig. 5.
Tetrabutylphosphonium bromide ([P4444]Br) was found to show the
best performance (Supplementary Fig. 12), which was selected as the
solvent and catalyst for deconstructing polyesters with 8-H. Excitingly,
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poly(B-hydroxybutyrate) (PHB) was favorably decomposed into cro-
tonic acid in a yield of 65% with a small amount of 3-butenoic acid (6%),
which are unsaturated organic acids. Interestingly, poly(butylene ter-
ephthalate) (PBT), poly(1,4-butylene succinate) (PBS), and poly(1,4-
butylene adipate) (PBA) were deconstructed into terephthalate acid
(TPA), succinic acid and adipic acid, respectively, accompanied with
1,3-butadiene. Furthermore, the co-polyester Poly(butylene adipate-
co-terephthalate) (PBAT) was degraded into TPA, adipic acid, and 1,3-
butadiene. Besides, the degradation of a polyester mixture consisting
of PHB and PBT was carried out, and crotonic acid, 3-butenoic acid,
TPA, and 1,3-butadiene were successfully produced as expected. This
strategy achieves the degradation of polyesters with §-H into olefine
acids and alkenes without additional hydrogen sources, enriching the
variety of degradation products.

Mechanistic studies on recycling polyesters with S-H over [P4444]
Br under the N, atmosphere

In order to explore the dehalogenation mechanism of halide over
[P4444]Br, control experiments were performed. It was indicated that
benzyl bromide had no reactivity (Supplementary Fig. 13A), while
bromoethane was transformed into ethylene under the same con-
ditions (Supplementary Figs. 13B, 14). These results demonstrate
that the IL could only catalyze dehydrohalogenation of halides with
B-H, which is in accordance with the results reported®. However, no
acetylene was detected in the gaseous phase when 1,2-dibro-
moethane was examined (Supplementary Fig. 13C), which reflects
that the catalytic dehalogenation capability of the ILs with halide
anions is limited.

Based on the above results and analysis, we propose a reasonable
reaction pathway for the deconstruction of polyesters with S-H over
[P4444]Br under the N, atmosphere (Supplementary Fig. 13D). The
Calkoxy"O bond is firstly broken by the Br anion, generating the IL
cation-stabilized carboxylate anion and bromide intermediate. Under
the catalysis of the Br anion in quick succession, the bromide inter-
mediate undergoes a dehydrobromination process, yielding HBr and
alkenyl species. Subsequently, in situ acidification of carboxylate anion
with the generated HBr proceeds, in which the carboxylic acid-

(A)

terminated intermediate is produced with the regeneration of [P4444]
Br. Following similar procedures, the IL breaks the C,jxox,"O bonds in
polyester and catalyzes dehydrobromination continuously, leading to
corresponding olefine acids finally. In this protocol, the IL as the cat-
alyst exhibits both nucleophilicity and basicity to accomplish the
degradation of polyesters under metal-free conditions. In this sense, it
can be foreseeable that it could contribute to reducing cost, which is
crucial to polyester recycling in practice.

Discussion

The findings described herein showcase a general strategy for recy-
cling polyesters into carboxylic acids and hydrocarbons via breaking
the Caikoxy"O bond in polyesters using the ILs with halide anions. It is
indicated that the hydrogen-bonding interaction between IL and ester
group in polyester enhances the nucleophilicity of halide anion and
activates the CyoxyO bond. Among the effective ILs, [BMMIm]Br
showed the best performance combined with hydrogenation over Pd/
C, which could achieve the deconstruction of various polyesters
including aromatic and aliphatic ones, copolyesters, and polyester
mixtures into corresponding carboxylic acids and alkanes. In the
absence of an additional hydrogen source, [P4444]Br could achieve
direct decomposition of the polyesters with S-H into carboxylic acids
and alkenes under metal-free conditions. The strategy developed in
this work paves the way to produce carboxylic acids and hydrocarbons
from waste polyester plastics.

Methods

General procedures for the degradation of polyesters over
[BMMIm]Br-Pd/C under the H, atmosphere

The decomposition reactions were performed in a stainless-steel
autoclave equipped with a Teflon inner tube (16 mL inner volume) and
a magneton. In general, polyesters, [BMMIm]Br, Pd/C (5 mg, 5 wt% Pd)
were loaded in the autoclave in a glovebox under the N, atmosphere,
and then the autoclave was sealed. H, was charged into the autoclave
up to 5MPa at room temperature. The autoclave was subsequently
moved into a furnace at the desired temperature (e.g., 180 °C), and
taken out to cool naturally after desired reaction time. The liquid
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Fig. 4 | Mechanism study on recycling polyesters over [BMMIm]Br-Pd/C under
the H, atmosphere. (A, B Control experiments for the reaction of MB in the
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reaction of 3-bromobutyric acid. Reaction conditions: 3-bromobutyric acid
(1mmol), [BMMIm]Br (2 mmol), Pd/C (5 mg, 5wt% Pd), 5MPa H,, 160 °C, 24 h;

D Possible reaction pathway for the degradation of polyesters over [BMMIm]Br-Pd/
C under the H, atmosphere. R=H or CH3, m>0.
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b polyester (0.5 mmol), 12 h; ¢ polyester (0.5 mmol), 10 h; d polyester (0.25 mmol),
12 h; e PHB (0.5 mmol), PBS (0.25 mmol), 10 h.

products and their yields were determined by 'H and *C NMR spec-
troscopy, and the gaseous products were determined by GC or GC-MS.

General procedures for the degradation of polyesters with -H
over [P4444]Br under the N, atmosphere

The deconstruction reactions were performed in a stainless-steel
autoclave equipped with a Teflon inner tube (16 mL inner volume) and
a magneton. Typically, polyesters, [P4444]Br were loaded in the auto-
clave in a glovebox under the N, atmosphere, and then the autoclave
was sealed. N, was charged into the autoclave up to 1 MPa at room
temperature. Subsequently, the autoclave was moved into a furnace at
the desired temperature (e.g., 200 °C), and taken out to cool naturally
after desired reaction time. The liquid products and their yields were
determined by 'H and *C NMR spectroscopy, and the gaseous pro-
ducts were determined by GC-MS.

General procedures for the control experiments over [BMMIm]
Br-Pd/C

The control experiments were performed in a stainless-steel autoclave
equipped with a Teflon inner tube (16 mL inner volume) and a
magneton.

For the reaction of MB over [BMMIm]Br-Pd/C under the H,
atmosphere, MB (1 mmol), [BMMIm]Br (2 mmol), and Pd/C (5 mg,
5wt% Pd) were loaded in the autoclave in a glovebox under the N,
atmosphere, and then the autoclave was sealed. H, was charged into
the autoclave up to 5 MPa at room temperature. Subsequently, the
autoclave was moved into a furnace at 160 °C, and taken out to
cool naturally after 24 h. The liquid products were determined by 'H
and ®C NMR spectroscopy, and the gaseous products were
determined by GC.

For the reaction of MB over [BMMImIBr under the N, atmosphere,
MB (1 mmol), [BMMIm]Br (2 mmol), and Pd/C (5 mg, 5wt% Pd) were
added in the autoclave in a glovebox under the N, atmosphere, and
then the autoclave was sealed. N, was charged into the autoclave up to
1MPa at room temperature. The autoclave was subsequently moved
into a furnace at 160 °C, and taken out to cool naturally after 24 h. The
liquid products were determined by high-resolution electrospray
ionization mass spectrometry (HR-ESI-MS), and the gaseous products
were determined by GC-MS.

For the reaction of 3-bromobutyric acid over [BMMIm]Br-Pd/C
under the H, atmosphere, 3-bromobutyric acid (1 mmol), [BMMIm]Br
(2 mmol) and Pd/C (5 mg, 5 wt% Pd) were loaded in the autoclave in a
glovebox under the N, atmosphere, and then the autoclave was sealed.
H, was charged into the autoclave up to 5 MPa at room temperature.
Subsequently, the autoclave was moved into a furnace at 160 °C, and
taken out to cool naturally after 24 h. The liquid products were
determined by 'H and *C NMR spectroscopy.

General procedures for the control experiments over [P4444]Br
under the N, atmosphere

The control experiments were performed in a stainless-steel autoclave
equipped with a Teflon inner tube (16 mL inner volume) and a
magneton.

For the reaction of benzyl bromide over [P4444]Br under the N,
atmosphere, benzyl bromide (1mmol) and [P4444]Br (2 mmol) were
added in the autoclave in a glovebox under the N, atmosphere, and
then the autoclave was sealed. N, was charged into the autoclave up to
1MPa at room temperature. The autoclave was subsequently moved
into a furnace at 200 °C, and taken out to cool naturally after 12 h. The
liquid products were determined by 'H and *C NMR spectroscopy.
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For the reaction of bromomethane over [P4444]Br under the N,
atmosphere, bromomethane (I mmol) and [P4444]Br (2 mmol) were
added in the autoclave in a glovebox under the N, atmosphere, and
then the autoclave was sealed. N, was charged into the autoclave up to
1MPa at room temperature. The autoclave was subsequently moved
into a furnace at 200 °C, and taken out to cool naturally after 12 h. The
gaseous products were determined by GC.

For the reaction of 1,2-dibromoethane over [P4444]Br under the N,
atmosphere, 1,2-dibromoethane (0.5 mmol) and [P4444]Br (2 mmol)
were added in the autoclave in a glovebox under the N, atmosphere,
and then the autoclave was sealed. N, was charged into the autoclave
up to 1MPa at room temperature. The autoclave was subsequently
moved into a furnace at 200 °C, and taken out to cool naturally after
12 h. The gaseous products were determined by GC.

NMR measurements

NMR spectra were recorded on Bruker Avance 400 or Il 500 WB
spectrometer equipped with 5 mm pulsed-field-gradient (PFG) probes.
Chemical shifts were given in ppm relative to tetramethylsilane (TMS).

For the 'H and *C NMR analysis performed at room temperature,
the samples were dissolved in D,O or DMSO-d6 with 1,3,5-trioxane
(1mmol) or 1,3,5-trimethoxybenzene (0.5 mmol) as the internal stan-
dard, and chemical shifts were recorded on Bruker Avance 400.

For the 'H, ®C, 70, and *CI NMR analysis performed at 90 °C,
wilmad coaxial insert NMR tubes were used to eliminate the effect of
solvent, in which the sample was loaded in the outer tube while DMSO-
dé6 or NaCl-D,0 solution was in the inner tube, and chemical shifts were
recorded on Bruker Avance 111 500 WB. Specifically, for the 'H and ®C
NMR analysis, the pure samples (MB or [BMMIm]CI) and the MB-
[BMMIm]CI mixture (MB/[BMMIm]CI=1/3, molar ratio) were added in
the outer tube separately, and DMSO-d6 was in the inner tube. For the
70 NMR analysis, MB and the MB-[BMMIm]CI mixture (MB/[BMMIm]
CI=l/1, molar ratio) were added in the outer tube separately, and
DMSO-d6 was in the inner tube. For the **CI NMR analysis, [BMMIm]CI
and the MB-[BMMIm]CI mixture (MB/[BMMIm]CI=1/3, molar ratio)
were added in the outer tube separately, and the NaCl-D,O solution
was added in the inner tube.

GC analysis

Gas chromatography (GC, HP 4890D) is equipped with a TCD detector
using argon as the carrier gas. Generally, the gaseous products from
the decomposition of polyesters over [BMMIm]Br-Pd/C under the H,
atmosphere were collected using a gas bag and analyzed by GC.

GC-MS analysis

Gas chromatography-mass spectrometry (GC-MS, 7890B-5977A) is
equipped with a packed column HP-5 MS using argon as the carrier gas.
Generally, the gaseous products from the degradation of polyesters
were collected using a gas bag and analyzed by GC-MS.

Gas chromatography-mass spectrometry (GC-MS, SHIMADZU-
QP2010) is equipped with a packed column DB-5 MS using argon as the
carrier gas. The gaseous products from the reaction of MB over
[BMMIm]Br-Pd/C under the N, atmosphere were collected using a gas
bag and analyzed by GC-MS.

HR-ESI-MS analysis

The liquid products from the reaction of MB over [BMMIm]Br-Pd/C
under the N, atmosphere were dissolved in methanol and analyzed by
high-resolution electrospray ionization mass spectrometry (HR-ESI-
MS, Bruker FT-ICR-MS (Solarix 9.4T)). The ionization method and
mode of detection employed were indicated for the corresponding
experiment, and all masses were reported in atomic units per ele-
mentary charge (m/z) with an intensity normalized to the most
intense peak.

DFT calculations

All calculations were performed with the Gaussian 09 package. Geo-
metry optimizations were carried out at the M06-2X/def2-TZVP level at
298.15K.

Note: Our DFT data presented had some limitations, which did not
include greater numbers of cations and anions to demonstrate the
effect of cluster size, but nonetheless supported the experimental
results as they presented.

Data availability

All data supporting the findings of this study are available within the
paper and its Supplementary Information files. All data is available
from the corresponding author upon request.

References

1. Garcia, J. M. Catalyst: design challenges for the future of plastics
recycling. Chem 1, 813-815 (2016).

2. Geyer, R., Jambeck, J. R. & Law, K. L. Production, use, and fate of all
plastics ever made. Sci. Adv. 3, 1700782 (2017).

3. Lebreton, L. C. M. et al. River plastic emissions to the world’s
oceans. Nat. Commun. 8, 15611 (2017).

4. Romera-Castillo, C., Pinto, M., Langer, T. M., Alvarez-Salgado, X. A.
& Herndl, G. J. Dissolved organic carbon leaching from plastics
stimulates microbial activity in the ocean. Nat. Commun. 9, 1430
(2018).

5. The future of plastic. Nat. Commun. 9, 2157 (2018).

6. Keijer, T., Bakker, V. & Slootweg, J. C. Circular chemistry to enable a
circular economy. Nat. Chem. 11, 190-195 (2019).

7. Rahimi, A. & Garcia, J. M. Chemical recycling of waste plastics for
new materials production. Nat. Rev. Chem. 1, 0046 (2017).

8. Jehanno, C. et al. Critical advances and future opportunities in
upcycling commodity polymers. Nature 603, 803-814 (2022).

9. Zhang, M. et al. Catalytic strategies for upvaluing plastic wastes.
Chem 8, 3145-3145 (2022).

10. Korley, L. T. J., Epps, T. H. I, Helms, B. A. & Ryan, A. J. Toward
polymer upcycling-adding value and tackling circularity. Science
373, 66-69 (2021).

1. Kulkarni, A., Quintens, G. & Pitet, L. M. Trends in polyester upcycling
for diversifying a problematic waste stream. Macromolecules 56,
1747-1758 (2023).

12. de Dios Caputto, M. D., Navarro, R., Lopez Valentin, J. & Marcos-
Fernandez, A. Chemical upcycling of poly(ethylene terephthalate)
waste: Moving to a circular model. J. Polym. Sci. 60, 3269-3283
(2022).

13. Goring, P. D. & Priestley, R. D. Polymer recycling and upcycling:
recent developments toward a circular economy. JACS Au 3,
2609-2611 (2023).

14. Dong, Q. et al. Depolymerization of plastics by means of electrified
spatiotemporal heating. Nature 616, 488-494 (2023).

15. Zhang, S. et al. Depolymerization of polyesters by a binuclear cat-
alyst for plastic recycling. Nat. Sustain 6, 965-973 (2023).

16. Wang, Q., Geng, Y., Lu, X. & Zhang, S. First-row transition metal-
containing ionic liquids as highly active catalysts for the glycolysis
of poly(ethylene terephthalate) (PET). ACS Sustain. Chem. Eng. 3,
340-348 (2015).

17. Wu, F. et al. Lactate anion catalyzes aminolysis of polyesters with
anilines. Sci. Adv. 9, eade7971 (2023).

18. Westhues, S., Idel, J. & Klankermayer, J. Molecular catalyst systems
as key enablers for tailored polyesters and polycarbonate recycling
concepts. Sci. Adv. 4, eaat9669 (2018).

19. Monsigny, L., Berthet, J.-C. & Cantat, T. Depolymerization of waste
plastics to monomers and chemicals using a hydrosilylation strat-
egy facilitated by Brookhart’s iridium(lll) catalyst. ACS Sustain.
Chem. Eng. 6, 10481-10488 (2018).

Nature Communications | (2024)15:160



Article

https://doi.org/10.1038/s41467-023-44604-1

20. Lehnertz, M. S., Mensah, J. B. & Palkovits, R. Chemical recycling of
polyhydroxybutyrate and polylactic acid over supported Ru cata-
lysts. Green Chem 24, 3957-3963 (2022).

21. Cauwenbergh, R., Goyal, V., Maiti, R., Natte, K. & Das, S. Challenges
and recent advancements in the transformation of CO2 into car-
boxylic acids: straightforward assembly with homogeneous 3d
metals. Chem. Soc. Rev. 51, 9371-9423 (2022).

22. lIglesias, J. et al. Advances in catalytic routes for the production of
carboxylic acids from biomass: a step forward for sustainable
polymers. Chem. Soc. Rev. 49, 5704-5771 (2020).

23. Kratish, Y. & Marks, T. J. Efficient polyester hydrogenolytic decon-
struction via tandem catalysis. Angew. Chem. Int. Ed. 61,
202112576 (2022).

24. Kratish, Y., Li, J., Liu, S., Gao, Y. & Marks, T. J. Polyethylene ter-
ephthalate deconstruction catalyzed by a carbon-supported single-
site molybdenum-dioxo complex. Angew. Chem. Int. Ed. 59,
19857-19861 (2020).

25. Lei, Z., Chen, B., Koo, Y.-M. & MacFarlane, D. R. Introduction: ionic
liquids. Chem. Rev. 117, 6633-6635 (2017).

26. Yang, Q. et al. lonic liquids and derived materials for lithium and
sodium batteries. Chem. Soc. Rev. 47, 2020-2064 (2018).

27. Zhao, Y., Han, B. & Liu, Z. lonic-liquid-catalyzed approaches under
metal-free conditions. Acc. Chem. Res. 54, 3172-3190 (2021).

28. Suryanto, B. H. R. et al. Nitrogen reduction to ammonia at high
efficiency and rates based on a phosphonium proton shuttle. Sci-
ence 372, 1187-1191 (2021).

29. Jablonski, P. et al. Sustainable, highly selective, and metal-free ther-
mal depolymerization of poly-(3-hydroxybutyrate) to crotonic acid in
recoverable ionic liquids. Green Chem 24, 4130-4139 (2022).

30. Christoff-Tempesta, T. & Epps, T. H. H. lonic-liquid-mediated
deconstruction of polymers for advanced recycling and upcycling.
Acs Macro Lett 12, 1058-1070 (2023).

31. Swatloski, R. P., Spear, S. K., Holbrey, J. D. & Rogers, R. D. Dissolu-
tion of cellulose with ionic liquids. J. Am. Chem. Soc. 124,
4974-4975 (2002).

32. Zhao, H., Holladay, J. E., Brown, H. & Zhang, Z. C. Metal chlorides in
ionic liquid solvents convert sugars to 5-hydroxymethylfurfural.
Science 316, 1597-1600 (2007).

33. Zhang, W. et al. Low-temperature upcycling of polyolefins into liquid
alkanes via tandem cracking-alkylation. Science 379, 807-811 (2023).

34. Hunt, P. A., Ashworth, C. R. & Matthews, R. P. Hydrogen bonding in
ionic liquids. Chem. Soc. Rev. 44, 1257-1288 (2015).

35. Domingo, L. R., Chamorro, E. & Perez, P. Understanding the reac-
tivity of captodative ethylenes in polar cycloaddition reactions. A
theoretical study. J. Org. Chem. 73, 4615-4624 (2008).

36. Frisch, M. J. et al. Gaussian 09, Revision D.01. (Gaussian, Inc.,
Wallingford, CT, 2009).

37. Wang, H. et al. Hydrogen-bonding catalyzed ring-closing C-O/C-O
metathesis of aliphatic ethers over ionic liquid under metal-free
conditions. Angew. Chem. Int. Ed. 59, 11850-11855 (2020).

38. Cannizzaro, C. E. & Houk, K. N. Magnitudes and chemical con-
sequences of (RN+)-N-3-C-H center dot center dot center dot O=C
hydrogen bonding. J. Am. Chem. Soc. 124, 7163-7169 (2002).

39. Glas, D., Hulsbosch, J., Duboais, P., Binnemans, K. & De Vos, D. E.
End-of-life treatment of poly(vinyl chloride) and chlorinated poly-
ethylene by dehydrochlorination in ionic liquids. ChemSusChem 17,
610-617 (2014).

Acknowledgements

This work was financially supported by the National Natural Science
Foundation of China (22233006, 21890761, and 22121002), and the
Chinese Academy of Sciences (027GJHZ2022053MlI).

Author contributions

Z.L. directed the project and designed the experiments. W.Z. performed
the experiments. W.Z. and F.Z. carried out the DFT calculations. Y.Z.,R.L.,
M.T., X.C., Y.W., and F.W. collaboratively analyzed the data. Z.L., B.H.,
and W.Z. contributed to the writing of the manuscript.

Competing interests
The authors declare no competing interests.

Additional information

Supplementary information The online version contains
supplementary material available at
https://doi.org/10.1038/s41467-023-44604-1.

Correspondence and requests for materials should be addressed to
Zhimin Liu.

Peer review information Nature Communications thanks the anon-
ymous reviewers for their contribution to the peer review of this work. A
peer review file is available.

Reprints and permissions information is available at
http://www.nature.com/reprints

Publisher’s note Springer Nature remains neutral with regard to jur-
isdictional claims in published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as
long as you give appropriate credit to the original author(s) and the
source, provide a link to the Creative Commons licence, and indicate if
changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless
indicated otherwise in a credit line to the material. If material is not
included in the article’s Creative Commons licence and your intended
use is not permitted by statutory regulation or exceeds the permitted
use, you will need to obtain permission directly from the copyright
holder. To view a copy of this licence, visit http://creativecommons.org/
licenses/by/4.0/.

© The Author(s) 2024

Nature Communications | (2024)15:160


https://doi.org/10.1038/s41467-023-44604-1
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

	A general strategy for recycling polyester wastes into carboxylic acids and hydrocarbons
	Results
	Screening ionic liquids
	Recycling polyesters over [BMMIm]Br-Pd/C under the H2 atmosphere
	Mechanistic studies on recycling polyesters over [BMMIm]Br-Pd/C under the H2 atmosphere
	Recycling polyesters with β-H over [P4444]Br under the N2 atmosphere
	Mechanistic studies on recycling polyesters with β-H over [P4444]Br under the N2 atmosphere

	Discussion
	Methods
	General procedures for the degradation of polyesters over [BMMIm]Br-Pd/C under the H2 atmosphere
	General procedures for the degradation of polyesters with β-H over [P4444]Br under the N2 atmosphere
	General procedures for the control experiments over [BMMIm]Br-Pd/C
	General procedures for the control experiments over [P4444]Br under the N2 atmosphere
	NMR measurements
	GC analysis
	GC-MS analysis
	HR-ESI-MS analysis
	DFT calculations

	Data availability
	References
	Acknowledgements
	Author contributions
	Competing interests
	Additional information




