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Recycling waste polymeric materials is essential for environmental protection and achieving carbon neu-
trality. This study demonstrates the efficacy of CO, as a metal-free catalyst for the chemical recycling of
common waste polyester and polycarbonate plastics via alcoholysis to yield valuable organic chemicals.
CO, was proposed to act as a Lewis acid—base pair, activating both alcohol and ester (carbonate) func-
tional groups during the catalytic process. The depolymerization mechanism was thoroughly investigated
by monitoring conversion rates and changes in M, values. Pre-treatment of the polymer materials in THF
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was found to accelerate the depolymerization rate. End-of-life waste materials were completely degraded
into valuable organic molecules, irrespective of their physical and chemical properties. Unlike convention-
al solid and liquid catalysts, CO, leaves no residue in the final products. Moreover, this work unveils the
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Introduction

Plastics are indispensable to modern life and serve as crucial
engineering materials. Annual global plastic production
reached 390 million tons in 2016. This number is projected to
climb to 780 million tons by 2036 and 1.2 billion tons by
2060."* Yet approximately 150 million tons of plastic waste are
generated each year.? Regrettably, only about one-fifth of this
waste is recycled, with the majority ending up in landfills or
oceans.” As plastic consumption grows, so too does the
environmental crisis. Improperly disposed plastic waste is
non-biodegradable, contaminating the biosphere. Plastic bags
and bottles pose a significant threat to wildlife, causing inges-
tion and digestive problems. Microplastics, derived from
shredded plastic waste, have been linked to human health
issues.® Given these challenges, effective waste plastic manage-
ment is imperative for individuals, the environment, and the
global community.

Several methods exist for deconstructing and recycling
plastic waste. Incineration, while a simple process for reducing
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catalytic role for CO,, expanding its traditional function as a C1 building block in synthetic chemistry.

waste volume and recovering energy through combustion,
yields worthless and unrecoverable small molecules like H,O,
CO,, N,, and NO,. Mechanical recycling, involving sorting,
cleaning, shredding, melting, and reforming, is straight-
forward but struggles with contamination and quality degra-
dation, limiting the applications of recycled materials.®”
Biodegradation presents a sustainable alternative to traditional
plastics.® Driven by increasing demand, production of bio-
degradable polymers is expected to soar from 1.09 million
tons in 2019 to 1.80 million tons by 2025.° Polylactide (PLA), a
biodegradable aliphatic polyester, exemplifies this category,
comprising one-third of global biodegradable polymer pro-
duction. While biodegradable polymers present an environ-
mentally friendly option compared to traditional plastics like
polyolefin, they often require lengthy decomposition times
and produce unrecoverable end products e.g. H,O and CO,.

In addition to incineration, mechanical recycling, and bio-
degradation, chemical recycling offers a promising approach
to polymer deconstruction. This process involves controlled
reactions to break down polymers into oligomers and mono-
mers.'® For PLA specifically, alcoholysis,"**® hydrolysis, "
aminolysis,**>*> and hydrogenolysis®>®° have been explored.
Among these methods, alcoholysis of PLA yields alkyl lactate, a
product currently valued at 1.5 to 2 times the price of virgin
PLA resins.'® Moreover, alkyl lactate serves as a sustainable
solvent in various chemical syntheses.*"*?

Our team has previously reported the alcoholysis of PLA, as
well as other polyester and polycarbonate materials, facilitated
by various catalysts®*** or aprotic polar solvents.>”> We hypoth-
esized that a Lewis acid-base pair is essential for activating

This journal is © The Royal Society of Chemistry 2024
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Scheme 1
MeOH and polyester.

both alcohol and ester (or carbonate) groups within these poly-
mers. Building upon our prior work, here we propose that the
carbon atom in CO, acts as a Lewis acid, activating carbonyl
groups in polyesters, while the oxygen atom in CO, serves as a
Lewis base, activating alcohols. Based on this hypothesis, we
explored the depolymerization of common waste polyester and
polycarbonate materials through CO,-catalyzed alcoholysis—
an unconventional approach in catalysis (Scheme 1).

CO, is often recognized as a sustainable C1 building block
capable of replacing toxic carbon sources like CO and phos-
gene in organic and polymer synthesis.’®?” However, employ-
ing CO, as a metal-free catalyst remains challenging.*® For
instance, List et al. described CO,-assisted o-allylation of
ketones using palladium and a chiral phosphoric acid cata-
lyst.>® Young et al. explored CO,-mediated C-H arylation of
amines by utilizing CO, as an amine protecting and directing
group.’®*" Rovis, Schoenebeck, and colleagues investigated
the direct a-alkylation of primary aliphatic amines, where CO,
forms an in situ carbamate to accelerate C-H activation.*?
Additionally, Li, Wang, and co-workers reported Cl, evolution
through NaCl electrolysis using an amide-containing organo-
catalyst and CO,.*> While these outstanding examples show-
case CO, involvement, they necessitate additional catalysts,
reagents, or external stimuli. In contrast, our research focuses
on utilizing CO, as a standalone catalyst for a specific reaction,
eliminating the need for catalyst removal as the gaseous CO,
can be readily released.”*™*” Beyond PLA, we extended our

This journal is © The Royal Society of Chemistry 2024
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(a) CO, catalyzed depolymerization and recycling waste polyesters and polycarbonates; (b) CO, as a Lewis acid—base pair for activating

investigation to the depolymerization of widely used polyethyl-
ene terephthalate (PET)*®*° and bisphenol A based polycarbo-
nate (BPA-PC).>® Our work not only explores the fundamental
catalytic role of CO, for activating alcohol and polymers, but
also translates this knowledge into practical applications for
recycling waste plastics, offering a sustainable approach to
materials management.

Results and discussion

Initial investigations focused on evaluating the catalytic reac-
tivity of CO,. PLA resin R190 (M, = 98.1 kg mol™", P = 1.66)
served as the starting material. Control experiments confirmed
negligible methanolysis without a catalyst at 140 °C in metha-
nol (Table 1, entry 1). However, under 1 MPa CO, pressure in a
stainless-steel autoclave, 90% of PLA resins were degraded
within 6 hours. Complete degradation achieved within 8 hours
(Table 1, entry 2). '"H NMR spectroscopy identified methyl
lactate as the sole product, and 88% isolated yield was
obtained by distillation. This unexpected result highlighted
the efficacy of CO, as a catalyst for PLA alcoholysis. The etha-
nolysis of PLA required a longer reaction time due to a higher
activation energy (Table S11).”" The influence on CO, pressure
on the depolymerization rate was listed in Table S2.1 Note that
the reaction conditions employed were below the supercritical
point of CO, (T, = 31 °C and p, = 7.4 MPa).”* Importantly, CO,
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Table 1 CO, catalyzed methanolysis of PLA materials?

b

PLA t Conv. Methyl lactate : dimer
Entry  material Cat. (h) (%) ratio®
1 R190 resin N/A 6  Trace N/A
2 R190 resin CO, 6 90 91:9
8 100 100:0
3 R290 resin CO, 6 43 54:46
12 100 100:0
4 4032D resin  CO, 6 100 100:0

“Reaction conditions: each reaction was carried out in a 25 mL stain-
less-steel autoclave. PLA material (288 mg, containing 4 mmol ester
bonds), MeOH (3.2 g, 100 mmol, 25 equivalents relative to PLA ester
bonds), CO, (1 MPa), T = 140 °C. ” Conversion and percentage of
dimers were determined by 'H NMR spectroscopy (300 MHz, in
CDCly).

consistently catalyzed the degradation of various commercial
PLA resins irrespective of grade, size, or manufacturer
(Table 1, entries 3 and 4). Unlike traditional solid or liquid cat-
alysts, CO, leaves no catalyst contamination in the final
product, eliminating the need for postreaction catalyst
removal. This advantage may also enable the recycling of waste
PLA into novel PLA-based polymer materials.>*>* Chiral
stationary phase gas chromatography determined the chirality
of the depolymerized product from PLLA. The product was
confirmed as methyl i-lactate (Fig. S1f). Moreover, green
metrics were calculated for the depolymerization process.>>>®
The atom economy (AE) was 100%. Environmental factor
(e-factor) was 7.38, and process mass intensity (PMI) was 8.38,
primarily due to the excess amount of MeOH used (Table S37).

To elucidate the mechanism underlying PLA alcoholysis, we
employed methyl lactate as a simplified model of the poly-
meric chain, reacting it with methanol-d, (CD;0D) in the pres-
ence of CO,. Fig. 1 presents the "H NMR spectroscopic charac-
terization of the transesterification between methyl lactate and
CD;OD. In the absence of CO,, only 21% conversion was
observed after a 6-hour reaction at 140 °C (Fig. 1b). In contrast,
CO, catalysis significantly enhanced the reaction, achieving a
92% conversion rate under identical conditions (Fig. 1c). The
organic mimic reactions strongly suggest that CO, catalyzes
PLA depolymerization through a transesterification mecha-
nism. Furthermore, >H NMR spectroscopy revealed a signal
increase at 3.13 ppm, corresponding to deuterated methyl
lactate (Fig. S27).

Transesterification between ethyl acetate and methanol
serves as a model for PLA alcoholysis. Computational analysis
reveals the catalytic role of CO, in this process (Fig. 2). In
pathway 1, CO, catalyzes the reaction by forming a six-mem-
bered ring intermediate. The carbon in CO, acts as a Lewis
acid, binding to the ester carbonyl, while the oxygen in CO,
functions as a Lewis base, interacting with the hydrogen in
methanol. This dual activation by CO, lowers the energy
barrier to AG = 13.5 kcal mol ™" in transition state 1 (TS-1) and
8.7 keal mol™" in TS-2. Pathway 2, proceeding without a cata-
lyst, involves two methanol molecules forming a six-membered
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Fig. 1 'H NMR spectra of transesterification between methyl lactate
and CDzOD.

Pathway 1: CO, catalyzed transesterification
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Fig. 2 Computational analysis of the transesterification between ethyl
acetate and methanol. Numbers in parentheses represent energy
changes in kcal mol™.

ring transition state, requiring higher activation energy with
AG = 15.8 kcal mol™ and 18.3 kcal mol™" in TS-1 and TS-2,
respectively. Pathway 3, also catalyst-free, involves only one
methanol molecule in a four-membered ring transition state

This journal is © The Royal Society of Chemistry 2024
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with AG = 27.3 kecal mol™ and 26.8 kcal mol™" in TS-1 and
TS-2, respectively, resulting in the highest energy barrier
among the three pathways.

The kinetics of PLA methanolysis were investigated by
monitoring methyl lactate formation and changes in M,, values
during the depolymerization process (Fig. 3). Methyl lactate
conversion was determined via "H NMR spectroscopy. Initially,
the depolymerization rate was slow, likely due to the reaction
being confined to the surface of PLA resin. After 4 hours, the
rate accelerated as the resin was progressively degraded into
shorter polymer chains and oligomers. Gel permeation chrom-
atography (GPC) was employed to track M, changes. In con-
trast to the initial slow depolymerization, M, values decreased
rapidly within the first 2 hours, dropping from 98.1 to 2.6 kg
mol~". This dramatic decrease indicates a random chain scis-
sion mechanism rather than a stepwise depolymerization from
the polymer chain end.

A plausible mechanism for CO,-catalyzed depolymerization
is outlined in Scheme 2. CO, functions as a Lewis acid-base
pair, with the carbon atom acting as a Lewis acid to activate
ester carbonyls and the oxygen atom acting as a Lewis base to
activate the proton in methanol. In the transesterification
process, methanol is thought as a nucleophile attacking the
activated carbonyl group in the polyester. Subsequent ester
bond cleavage leads to depolymerization, ultimately yielding
methyl lactate as the final product.

Beyond PLA, we extended our research to the depolymeriza-
tion of PET, the most consumed polyester in the world.>” With
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Scheme 2 A plausible mechanism for CO, catalyzed methanolysis of
PLA.

excellent thermal and tensile properties,”® PET finds extensive
applications in textiles, packaging, and electronics. While
chemical recycling of PET typically involves hydrolysis, alcoho-
lysis, or glycolysis. These processes often require high tempera-
tures due to PET’s aromatic nature. Previous studies on PET

v
| %% o %% age?

v,

‘00%,0

Fig. 3 Changes in (a) conversion and (b) M,, values for methanolysis of PLA resin R190 catalyzed by CO,. (c) A scheme for the depolymerization

mode of PLA (random chain scission).

This journal is © The Royal Society of Chemistry 2024
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methanolysis have relied on metal catalysts e.g., Zn>® and Ti®
based catalyst. In this work, we explored the potential of CO,
as a catalyst for converting PET to dimethyl terephthalate
(DMT) via methanolysis. In the absence of CO,, PET pellets
remained unchanged (Table 2, entry 1). However, under CO,
catalysis, complete depolymerization of PET pellets was
achieved (Table 2, entry 3). Unlike the insoluble PET pellets,
the product exhibited solubility in methanol and was amen-
able to removing solvent in vacuo with 83% isolated yield. "H
NMR spectroscopy confirmed the formation of DMT (Fig. S97).

Our third objective was to employ CO, catalysis for the
depolymerization of BPA-PC, another widely consumed plastic.
Renowned for its toughness, strength, and transparency,
BPA-PC finds extensive applications in data storage, automo-
tive and aircraft components, electronics, and construction.’”
Although the repeating unit is a carbonate rather than an
ester, we hypothesized that the methanolysis mechanism for
polycarbonate would resemble that of polyester. Indeed, we
observed significant differences in reaction rates with and
without CO, catalysis. Without CO, as catalyst, only 14% con-
version was achieved at 140 °C after 6 hours (Table 2, entry 4).
In contrast, CO, catalysis boosted conversion to 89% under
identical conditions (Table 2, entry 5). Lowering the tempera-
ture to 120 °C virtually eliminated depolymerization (Table 2,
entry 6). Consequently, we investigated CO,-catalyzed metha-
nolysis of BPA-PC pellets, monitoring the process hourly via
"H NMR spectroscopy. Fig. 4 revealed minimal BPA formation
during the initial 2 hours, likely due to the reaction being con-
fined to the pellet surface. At the 3-hour mark, a significant
increase in BPA signals was observed as the pellets disinte-
grated into powder, substantially increasing the surface area.
Some incomplete degradation products were also detected.®
After 6 hours, most of the BPA-PC had been converted to BPA.
The isolated yield was 82% by removing solvent in vacuo.

To expedite the depolymerization process, we explored the
effects of pre-treatment of polymeric materials with a solvent
like tetrahydrofuran (THF).** Dissolution or swelling with THF
can facilitate greater interaction with methanol. In our experi-
ments, polymeric materials, including PLA, PET, and BPA-PC,

Table 2 CO, catalyzed methanolysis of PET and BPA-PC pellets?

Entry Material Cat. T (°C) Conv. (%) Selec. (%)
1 PET N/A 200 N/A? N/A?

2 PET COo, 200 100° 100°

3 PET CO, 170 N/AP N/A?

4 BPA-PC N/A 140 14° 92°

5 BPA-PC CO, 140 89° 90°

6 BPA-PC COo, 120 Trace® N/A?

“Reaction conditions: each reaction was carried out in a 25 mL stain-
less-steel autoclave. PET pellets (384 mg, containing 4 mmol ester
bonds), MeOH (3.2 g, 100 mmol, 25 equivalents relative to PET ester
bonds) or BPA-PC pellets (508 mg, containing 2 mmol carbonate
units), MeOH (3.2 g, 100 mmol, 50 equivalents relative to PC carbonate
units), CO, (if any, 1 MPa), 6 h. ? PET pellets could be observed visu-
ally. “Conversion and selectivity were determined by '"H NMR spec-
troscopy (300 MHz, in CDCl;).
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Fig. 4 CO, catalyzed methanolysis of the BPA-PC pellets monitored by
H NMR spectroscopy (300 MHz, CDCls, 6.5-7.5 ppm). Reaction con-
dition: BPA-PC (508 mg, 2 mmol carbonate units), MeOH (3.2 g,
100 mmol, 50 equivalents relative to carbonate units), CO, (1 MPa), T =
140 °C.

were initially treated with THF for 1 hour at 65 °C to induce
either dissolution (for PLA and BPA-PC) or swelling (for PET)
prior to CO,-catalyzed methanolysis (Fig. 5). We observed that
pre-treatment significantly accelerated depolymerization com-

100-
e 80-
c
2 60
2
(]
z 40
o
o
20+
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Fe fFe s
&\ & &
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@® PLA (2 h reaction)
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Fig. 5 Comparison of PLA, PET, and BPA-PC methanolysis under non-
treatment and pre-treatment in THF conditions.

This journal is © The Royal Society of Chemistry 2024
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» 3D printing material (PLA)
non-treatment:
conv. = 55% (6 h)
100% (12 h)
treated with THF:
conv. =100% (3 h)

» digital disc (BPA-PC)
non-treatment:
conv.=71% (6 h)

100% (12 h)
treated with THF:
conv. =100% (1 h)

» drinking bottle (PET)
non-treatment:

conv. =100% (6 h)
treated with THF:

conv. =100% (1 h)

Fig. 6 Depolymerization of end-of-life materials.

pared to non-treatment materials. For instance, PLA methano-
lysis without solvent treatment yielded only 6% methyl lactate
conversion after 2 hours, whereas pre-treatment increased con-
version to 80%. Similarly, PET and BPA-PC required at least
6 hours for complete degradation without pre-treatment, but
were fully depolymerized within 1 hour with pre-treatment. To
sum up, pre-treatment polymeric materials with THF can
largely enhance the rate of methanolysis.

Our protocol was also effective in depolymerizing end-of-
life polyester and polycarbonate products. We selected 3D
printing material (PLA), cup lids (PLA), digital disc (BPA-PC),
goggles (BPA-PC), drinking bottles (PET), and food package
(PET) as representative samples for CO,-catalyzed methanoly-
sis under both non-swelling and swelling conditions (Fig. 6).
Complete conversion of these waste materials to the corres-
ponding organic molecules were confirmed by '"H NMR spec-
troscopy. The successful depolymerization of end-of-life plas-
tics demonstrates the broad applicability of our CO, catalytic
approach. Unlike conventional solid or liquid catalysts, CO, is
a gaseous catalyst that readily dissipates upon autoclave
opening, leaving no residue in the product. This eliminates
the need for catalyst removal, streamlining the overall process.

Conclusions

In summary, this study explored the unconventional use of
CO, as a standalone catalyst for the depolymerization of waste
polyester and polycarbonate materials. Experimental and com-
putational investigations, employing small molecule transes-
terification as a model, elucidated the catalytic mechanism of

This journal is © The Royal Society of Chemistry 2024
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» cup lid (PLA)
non-treatment:
conv. =98% (6 h)

& 100% (12 h)
- treated with THF:
conv. =100% (3 h)
» goggles (BPA-PC)
non-treatment:

conv. =86% (6 h)
100% (12 h)
treated with THF:

conv. =100% (1 h)

‘ > fruit package (PET)
non-treatment:

conv. =100% (6 h)
treated with THF:

conv. =100% (1 h)

CO,. The depolymerization process was determined to proceed
via random scission of polymer chains. PLA, PET, and BPA-PC
materials were successfully depolymerized through methanoly-
sis, regardless of their molecular weight, shape, or other physi-
cal and chemical properties. Notably, CO, offers advantages
over traditional solid or liquid catalysts by being inexpensive,
non-toxic, metal-free, and residue-free. Beyond its established
role as a C1 building block in synthetic chemistry, this
research introduces CO, as a promising catalyst for sustainable
chemistry, particularly in the context of waste polymer re-
cycling and upcycling.
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