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Introduction

An increasing amount of virgin plastic is produced yearly, with

Solubility-limited depolymerization kinetics in the
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Chemical recycling of condensation polymers is often rationalized on the basis of the intrinsic reactivity
of ester and carbonate functional groups. However, under heterogeneous conditions relevant to plastic
waste processing and environmental degradation, bulk depolymerization rates often diverge from trends
predicted by homogeneous chemistry. Here, we investigate how polymer—solvent compatibility, catalyst
strength, and phase behavior govern the heterogeneous glycolysis of carbonyl-containing polymers.
Using poly(ethylene terephthalate) (PET), glycol-modified PET (PETG), and bisphenol-A polycarbonate
(PC) as model systems, we examine depolymerization kinetics at 180 °C with ethylene glycol and bisphe-
nol A as diols under both amphoteric organosalt (TBD : MSA) and strong base (TBD) catalysis. Despite sub-
stantial differences in crystallinity and glycol uptake, PET and PETG depolymerize at comparable rates
under organosalt catalysis, while PC depolymerizes significantly more slowly under identical conditions.
Time-resolved molecular weight analysis and thermal characterization demonstrate that these rate differ-
ences do not arise from crystallinity, swelling, or inherent carbonyl reactivity, but instead reflect solubility-
limited kinetics that constrain the transition from heterogeneous to homogeneous reaction regimes.
When polymer solubility is low, depolymerization remains heterogeneous and slow; when solubility is
enhanced—either through increased polymer—diol compatibility or stronger base catalysis—rapid homo-
geneous depolymerization is observed, reversing apparent reactivity trends. These results establish solubi-
lity and phase behavior as primary determinants of depolymerization kinetics in heterogeneous polymer
recycling systems. By demonstrating how catalyst selection and solvent compatibility can expose or over-
come solubility limitations, this work provides mechanistic insight to design more energy-efficient and
selective chemical recycling processes. More broadly, these findings suggest that polymers with limited
solvent or water compatibility may resist chemical degradation in the environment, favoring fragmentation
and persistence as micro- and nanoplastics. Understanding solubility-controlled depolymerization offers
a pathway toward more sustainable polymer design and end-of-life chemical recovery.

to decrease reliance on petroleum resources and the volume of
polymer waste.°® The design of efficiently recyclable poly-

mers® > will move society towards this goal; however, in paral-

400 million metric tons produced in 2021." After reaching
their end-of-life cycle, the destination of these plastics must be
more environmentally friendly, as 79% of plastic is discarded
in landfills and 12% is incinerated.'™ Only 9% of plastic is
recycled, mainly through mechanical recycling, which is only
feasible for a number of cycles, as it has been shown to
degrade the polymer.'™ More sustainable manufacturing and
recycling processes, including chemical recycling, are essential
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lel, there must be efforts to understand the chemical processes
that occur during chemical recycling of current commercially
available polymers to develop processes to remediate current
waste, as well as provide insight into how to create tomorrow’s
polymers that are more sustainable.

There is extensive interest in understanding and optimizing
the chemical recycling of polyesters and polycarbonates, as the
carbonyl group within the polymer chain is reasonably reactive
and susceptible to nucleophilic attack.”'* For example,
investigations have examined the depolymerization of consu-
mer waste polycarbonate (PC), polyethylene terephthalate
(PET), polyamide (PA), and polyurethane (PU) via glycolysis in
the same reaction vial.""® Specifically, in these studies, the
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reaction temperature selectivity controlled the polymer that
depolymerizes by chain scission. In these studies, PC depoly-
merizes to monomer at 130 °C, while all other polymers
remain intact. Increasing the temperature to 180 °C depoly-
merizes PET."'® While utilizing reaction temperature to
control chain scission of specific polymer chains and their car-
bonyl groups is impressive and novel, a more thorough under-
standing of the important parameters that control the rate of
depolymerization of polycarbonate and polyesters will offer
foundational insight that will guide future design of more
readily depolymerized polymers and depolymerization
processes.

Cooper et al.*® in 2002 described this specific need, as aro-
matic PC is more resistant to hydrolytic degradation than aro-
matic polyesters. However, when both aromatic esters and
diaryl carbonates undergo hydrolysis, there isn’t a significant
preference for acyl substitution of carbonates over esters in
acidic and neutral conditions, as there is in basic conditions.
Cooper et al.'® observed that the greater resistance to hydro-
lysis of aromatic polycarbonates compared to polyesters
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Scheme 1 Ester and carbonate containing polymers, PET and PC,
respectively.
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cannot be attributed alone to a higher reactivity of the ester
group, where Scheme 1 illustrates the ester and carbonate
functional groups of PET and PC, and must also be due to
other factors that control the hydrolysis rate of the bulk poly-
mers. It remains unknown whether this trend, where bulk aro-
matic polycarbonates depolymerize faster than aromatic poly-
esters, is due to factors such as differences in crystallinity or
solvent solubility in polymers. What Cooper et al.'® found was
that this difference was not caused by an inherent ease of
hydrolysis of one functional group over the other in acidic or
neutral conditions.

Our previous studies show that the depolymerization of
PET by glycolysis involves consecutive steps that include the
swelling of the PET flake with ethylene glycol (EG), followed by
the catalyzed reaction of the hydroxyl group on the EG with
the PET ester group in the amorphous part of the semi-crystal-
line PET." In this view, the penetration of the hydroxyl-con-
taining reactant (ethylene glycol in this case) into the PET
solid, and the reaction of the hydroxyl and carbonyl are impor-
tant consecutive steps in the process.

An additional important aspect of this research program
revolves around the nature of the heterogeneous reaction as
the reaction progresses. At the beginning of the reaction, the
reaction is heterogeneously catalyzed as the polymer flake
remains as a solid. As the reaction progresses, some depoly-
merized polymer product becomes soluble in the diol, while
some polymer remains insoluble. Thus, at this stage, there are
coexisting homogeneously catalyzed reactions of the soluble
species and heterogeneously catalyzed reactions of the in-
soluble polymer. Finally, at the latest stages of the depolymeri-
zation, the polymer may be sufficiently depolymerized to be
completely soluble in the diol, and thus the reaction is homo-
geneously catalyzed. These three stages are illustrated in Fig. 1
and are labeled as the heterogeneous stage, coexistence stage,
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Illustration of the three stages of heterogeneous depolymerization as described in the text: the heterogeneous stage, the coexistence stage,

and the homogeneous stage. The heterogeneous stage occurs when the polymer is not dissolved in the solvent. The coexistence stage involves
both dissolved polymer and polymer not dissolved in the solvent. The homogeneous stage occurs when all polymers are dissolved in the solvent.
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and homogeneous stage. Clearly, the crystallinity of the
polymer and the relative solubility of the diol and polymer will
impact the progression of the reaction through these three
stages. In fact, the reaction may not reach the homogeneous
stage if the depolymerized product is not sufficiently soluble
in the diol.

Although Fig. 1 presents a schematic representation of
heterogeneous depolymerization, the stage boundaries in this
work are defined using objective, experimentally measurable
criteria. The heterogeneous stage is identified by retention of
polymer flake morphology and recovery of >90% insoluble
material after workup, as in our previous work."” Transition
into the coexistence stage is marked by the appearance of a
soluble oligomer fraction, quantified by a decrease in in-
soluble yield, but insoluble flakes remain present. The homo-
geneous stage is defined by the complete loss of recoverable
insoluble polymer and an optically uniform reaction mixture.
These criteria are evaluated using mass balance (soluble versus
insoluble yield), molecular weight evolution of the soluble and
insoluble fractions, and dissolution behavior, as detailed in
the SI.

Given this perspective, this study has focused on providing
insight into the relative importance of the transport of the
glycol (reactant) to the carbonyl and the reactivity of the carbo-
nyl on the observed depolymerization rate. As the transport of
the diol to the carbonyl will depend on polymer crystallinity
and polymer/diol compatibility, this research program will
evaluate the impact of polymer crystallinity, diol-polymer com-
patibility, and carbonyl reactivity on the rate of heterogeneous
depolymerizations to determine the relative importance of
each parameter on the reaction progress.

Many studies have monitored the depolymerization of poly-
ethylene terephthalate (PET) or polycarbonate (PC).'*! PET is
a common plastic, with ~30 million tons produced annually in
the U.S.,*"®%22733 while aromatic PC, used for safety glasses,
airplane windows, and helmets, sees about 3 million tons pro-
duced yearly.>**> Tritan™ copolyester and polyethylene tere-
phthalate glycol (PETG), developed in the last 20 years,**3°
has a PET-like molecular structure but is amorphous, unlike
semi-crystalline PET.>*®*” Amorphous polymers are easier to
dissolve than crystalline ones, so diols may penetrate PETG
and PC more readily than PET.**%**° However, the impact of
swelling and chemical reactivity on depolymerization rates is
not well understood. The literature often refers to the acyl sub-
stitution of carbonate groups as transesterification and
transcarbonation.>**>*%*! For simplicity, in this study, we will
refer to the acyl substitution of carbonate groups as
transesterification.

Thus, the depolymerization of polyethylene terephthalate
(PET), aromatic polycarbonate (PC), and polyethylene tere-
phthalate glycol (PETG) is examined in this study to provide
insight into the impact of polymer crystallinity, polymer/diol
solubility, and carbonyl reactivity on the rate of depolymeriza-
tion. These experiments will monitor the depolymerization of
these polymers under the same conditions - at 180 °C using
Triazabicyclodecene (TBD) and Methanesulfonic acid (MSA) as
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the organo-salt catalyst,*>** using either ethylene glycol (EG)
or bisphenol-A (BPA) as reactants. EG and BPA were the diols
of choice as EG has a similar chemical structure to part of the
polyesters, while the chemical structure of BPA mimics part of
the repeat unit of the PC. The swelling of each polymer by
each diol is also monitored to provide insight into the relative
transport rate of the glycol into the solid polymer.

Experimental methods
Materials

PET was sourced from commercial Coca-Cola bottles, which
were washed and cut into squares (8§ mm x 5 mm x 0.3 mm).
Polycarbonate (PC) was sourced from a PC sheet from Home
Depot, which was cut into squares with a Dremel (8 mm x
6 mm x 2.65 mm). Polyethylene terephthalate glycol (PETG)
Embrace LV copolyester pellets (2.91 mm x 2.72 mm X
1.92 mm) were provided by Eastman Chemical Company and
used as received. 1,5,7-Triazabicyclo[4.4.0]dec-5-ene (98.0+%,
TCI America™), Methanesulfonic Acid (99%), Ethylene glycol,
(99.8%, anhydrous, AcroSeal™, Thermo Scientific Chemicals),
bisphenol-A (BPA), Tetrahydrofuran (THF), methanol, 20 mL
vials, 100 mL round bottom flasks, 12.7 x 8 mm stir bars, and
12 x 4.5 mm stir bars were sourced from Fischer Scientific. All
chemicals were used as received.

Catalyst

A 1:1 mixture of Triazabicyclodecene (TBD) and Methanesulfonic
acid (MSA) is used as the organocatalyst to depolymerize the poly-
mers, as has been previously reported.*>** The salt catalyst was
prepared by mixing TBD and MSA at 1:1 molar ratios of acid to
base at 80 °C until solidified. The product obtained was a trans-
parent and homogenous solid.*>

Reaction conditions

Ethylene glycol (EG) reactions. Ethylene Glycol (EG),
TBD:MSA catalyst, and a carbonyl-containing polymer (1 g)
(such as PC, PET, or PETG) are used in a molar ratio of
20:0.5: 1, respectively, and stir bar were all placed in a 20 mL
reaction vial inside a glovebox, sealed with a septum, and
transferred outside the glovebox into a 180 °C oil bath.
Previous studies indicate that the glycolysis of PET and PC
takes 2 hours and 4 hours, respectively, at 180 °C to reach
completion.">** To analyze the evolution of the polymer
chains during depolymerization, the reaction was stopped at
various reaction times, and the products were recovered and
characterized as described below.** Scheme 2 illustrates the
glycolysis of the 3 polymers to isolate oligomers. Previous
literature**™*® has demonstrated that during the glycolysis of
PET and PC, there is an increase in hydroxyl and phenol end
groups, respectively, as shown in Scheme 2. The "H NMR spec-
trum shown in Fig. S1-S3 confirms this with an increased
signal from methylene protons at around 4.0 ppm, which
corresponds to methylene groups adjacent to hydroxyl end
groups. This is consistent with the formation of hydroxyl-ter-
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Scheme 2 Heterogeneous glycolysis reaction of PETG (Embrace LV), PET, and PC catalyzed by TBD : MSA to create oligomers.

minated polyester chains. Conversely, when PC is depolymer-
ized with EG, there is a prominent increase in methylene
protons linked to BPA-based end groups. This indicates that EG
undergoes intramolecular ring-closing more readily to form
ethylene carbonate than to retain a hydroxyl end group.'>*®

EG reaction product workup. After the reaction was allowed to
run for a set time, the reaction vials were removed from the oil
bath. The ethylene glycol (EG) and depolymerization products
that are soluble in EG were decanted from the reaction vials.
The remaining solid PC that is insoluble in EG was washed
with methanol three times by suspending it in 20 mL of
methanol and stirring with a stir bar for 15 minutes. The
remaining solid PET or PETG that is insoluble in EG was
washed with water three times. After the third wash and
decant, the reaction vial containing the EG insoluble materials
was set on a 70 °C hotplate overnight to evaporate any remain-
ing methanol or water.

Bisphenol-A (BPA) reactions. Bisphenol-A (BPA), TBD : MSA
catalyst, and a carbonyl-containing polymer (1 g) (such as PC,
PET, or PETG) were used in a molar ratio of 20: 0.5 : 1, respect-
ively, and stir bar were all placed in a 100 mL round bottom
flask inside a glovebox, sealed with a septa, and transferred
outside the glovebox into a 180 °C oil bath. To analyze the evol-
ution of the polymer chains during PC and PET depolymeriza-
tion, the reaction was stopped at various reaction times, and
the products were recovered and characterized as described
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below. Fig. $1-S3 show 'H NMR to confirm the isolation of
BPA-capped oligomers. Depolymerizing both polyesters and
polycarbonates with BPA results in an increase in BPA-related
end groups across all systems. Notably, PET depolymerized
with BPA does not show a rise in the ~4.0 ppm methylene
signal associated with a-hydroxyl end groups, suggesting BPA’s
strong preference for attachment and its dominance as the
primary chain-end functionality (Scheme 3).

BPA reaction product workup. After the reaction was allowed
to run for a set time, the round bottom flasks were taken from
the oil bath. The BPA and polymer mixture were decanted into
200 mL of methanol, as BPA is soluble in methanol, and PC
and PET are not. The methanol mixture was vacuum filtered to
isolate BPA and methanol insoluble oligomers. After the
vacuum filtration, the BPA and methanol insoluble oligomers
were set on a 70 °C hotplate overnight to evaporate any remain-
ing methanol. Then, BPA insoluble polymer flakes were separ-
ated from the methanol insoluble oligomers. These two oligo-
mers can be separated as the remaining BPA insoluble
polymer flakes in the reaction vessel are visible, while the BPA
soluble oligomers are not. Upon crashing this reaction mixture
into methanol, the BPA soluble oligomers precipitate as
powder, as seen in Fig. 2. In Fig. 2, the BPA insoluble oligo-
mers are the remaining polymer flakes highlighted in green,
and the methanol insoluble oligomers are the polymer powder
highlighted in blue.

L OO T,

RavtaNNensl

Scheme 3 Heterogeneous PC and PET depolymerization reaction utilizing bisphenol-A (BPA) diol and catalyzed by TBD: MSA to create BPA-

capped oligomers.
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Fig. 2 Picture of the products of polycarbonate (PC) that is depolymer-
ized with BPA for 10 minutes. The BPA insoluble oligomers are noted in
green, while the methanol insoluble oligomers are noted in blue.

Depolymerization product characterization

Size exclusion chromatography (SEC). Size-exclusion chrom-
atography determined the molecular weight characteristics of
the depolymerization products as a function of reaction time.
Molecular weights of PET and PETG depolymerized with ethyl-
ene glycol were determined using SEC equipped with absolute
detection, allowing direct determination of molecular weight.
In contrast, PET depolymerized with bisphenol A and all poly-
carbonate (PC) samples were analyzed by SEC using conven-
tional calibration standards due to solvent and detector com-
patibility constraints. As a result, molecular weights reported
for BPA-depolymerized PET and PC represent relative values.
These data are used to evaluate molecular-weight evolution
over reaction time rather than absolute molar mass.

The SEC analyses for PC were completed at the Institute
of Advanced Materials and Manufacturing (IAMM) using
a THF Gel permeation Chromatograph/Size Exclusion
Chromatograph (GPC/SEC). This analysis used a Tosoh
EcoSEC GPC system and a refractive index (RI) detector cali-
brated to polystyrene (PS) standards ranging from 600 Da to
2230 kDa. The column set in the instrument include the fol-
lowing: 2 Tosoh TSKgel SuperMultiporeHZ-M (4.6 x 150 mm
and 4 pm) and a TSKgel SuperMultiporeHZ-M guard. The
samples were run with a Flow Rate of 0.35 mL min™"' and an
analysis temperature of 40 °C. PC samples were dissolved in
THF overnight at a 1.5 mg mL™" concentration before being fil-
tered (0.2 pm PTEFE filter) and placed in the autosampler.

The SEC analyses for PET and PETG depolymerized with EG
were completed in 1,1,1,3,3,3-hexafluoroisopropanol (HFIP).
This analysis used an Agilent 1260 Infinity II HPLC stack con-
nected with a Wyatt miniDAWN TREOS (MALS) and Wyatt
Optilab T-rEX (dRI) detector. A poly(methyl methacrylate)
(PMMA) standard and commercial PET substrate were used to
verify system performance. Molar mass values were calculated
assuming a dn/dc of 0.191 and 0.257 mL g~' for PMMA and
PET, respectively. The mobile phase and sample prep used
HFIP amended with 20 mM of sodium  trifluoroacetate
(NaTFAc). The HPLC used 3 Agilent PL HFIPgel 250 x 4.6 mm
columns attached in series with a matching guard column.
PET and PETG samples were dissolved in HFIP for five days at
a ~5 mg mL™" concentration before being filtered (0.2 pm)
and placed in the autosampler. The samples were run with a

This journal is © The Royal Society of Chemistry 2026
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flow rate of 0.35 mL min "
40 °C.

The SEC analyses of the depolymerization of PET with BPA
were completed at the Oak Ridge National Lab using GPC/SEC.
PET samples were dissolved in HFIP for five days. Samples
were then filtered through a 0.2 pm syringe filter into an auto-
sampler vial. This analysis was performed on an Agilent 1260
Infinity II LC system equipped with an Agilent MiniMIX-C
Guard column (PL Gel 5 pM, 50 x 4.6 mm) and two Agilent PL
HFIPgel (250 x 4.6 mm, 9 pm). The mobile phase was HFIP at
a flow rate of 0.3 mL min~" (an Agilent EasiVial PMMA stan-
dard, containing four discrete molecular weights, was used for
calibration). Detection was conducted using a differential
refractive index (RI) detector, a light scattering detector with
two angles at 90° and 15°. Number-average molecular weights
(M), weight-average molecular weights (M,,), and dispersities
(D = M/M,) were calculated based on the system calibration
and by assuming 100% mass elution from the columns using
the Agilent GPC/SEC software.

Intrinsic viscosity of the samples was also measured separ-
ately from the SEC analysis to compare and provide an absolute
molecular weight of the PET and PETG, the viscosity average
molecular weight (M,). M, is a comparable average to the weight
average molecular weight (M,,)."” Fig. S4 shows the changes in
M,, and M, across all depolymerization times, demonstrating
that the relative molecular weight (M,,) obtained from SEC is
similar to the absolute viscosity-average molecular weight (M,)
determined from intrinsic viscosity measurements.

Normalized swelling [%] of polymers by EG. Half a gram of
polymer (PET, PETG, or PC) was placed in a 20 mL vial with EG
and a stir bar in a 1: 35 molar ratio of polymer to solvent, where
the vial was sealed with a septa. Samples were mixed and
heated in a 180 °C oil bath for various times (30, 60, 90, and
135 minutes) following the swelling procedure from Najmi.>’
Swelling times were limited to these times to prevent the dis-
solution of the polymer into the solvent. After a specific time,
the solvent was decanted hot from the vial and rinsed with DI
water for 15 minutes. Then, the water was decanted, rinsed
again for another 15 minutes, and repeated. The samples were
heated at 75 °C for 72 hours to evaporate off the remaining
water before being weighed. The mass of the sample was then
determined and used to calculate the normalized swelling
using eqn (1), where m is the final mass, m; is the initial mass
and 7ngapes 1S the number of flakes in the sample. The number
of flakes was individually counted, following Vlachos et al.’s
work.”® Eqn (1) combines the variable swelling ratio of different
flakes to obtain the normalized swelling per polymer flake, as
the dimensions of the flakes vary between the three polymers of
interest.”>*® Measurements were stopped when the polymer
started to dissolve, as demonstrated by a significant decrease in
the normalized swelling. The swelling data is plotted versus the
square root of time, following Vlachos et al.’s work.”

and a column temperature of

mg —m;
M %100 (1)

Normalized swelling [%] = .
flakes
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Results & discussion

Starting material characterization

Since Polyethylene Terephthalate Glycol (PETG, Embrace LV),
Polyethylene Terephthalate (PET), and Polycarbonate (PC) orig-
inate from different sources, PETG from Eastman Chemical
Company and PET and PC from consumer waste, the starting
molecular weights and crystallinities of the polymers were
characterized. The results are presented in Fig. 3 and Fig. S1-
S5. Fig. 3 shows the initial molecular weights of all three poly-
mers, while Fig. S1-S3 show the "H NMR spectra of all three
polymers. Fig. S4 shows the initial viscosity molecular weight
(M,) for both PET and PETG, and Fig. S5 presents the DSC
curves for PET, PC, and PETG before the depolymerization
reaction begins.

According to Fig. 3, PC and PET have similar weight average
molecular weights (M,,), represented in light purple, whereas
PETG has a lower M,, than both. PET also has the largest
number-average molecular weight (M,), indicated in dark
purple, followed by PETG and PC. This indicates that the con-
sumer waste-derived PC exhibits the largest dispersity ()
among the three starting materials. PET and PETG have com-
parable dispersities of 1.5 and 1.4, respectively, although they
differ in crystallinity. Fig. S5 demonstrates that PET has a crys-
talline melting peak starting at 240 °C, while PETG and PC do
not exhibit a crystalline melting peak, indicating that they are
amorphous.

Ethylene glycol depolymerization of PET, PC, and PETG

Both the ester-containing polymers (PETG and PET) and the
carbonate-containing polymer (PC) were depolymerized under
the same reaction conditions to provide insight into the impor-
tance of carbonyl reactivity on the rate of depolymerization.
The TBD:MSA organosalt was selected to provide a neutral,
thermally stable, amphoteric catalytic environment that
enables controlled depolymerization without rapid polymer
dissolution, allowing mechanistic interrogation of hetero-
geneous depolymerization behavior.””> Fig. 4 shows the
changes in the number-average molecular weight (M,,), weight-
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Fig. 3 Molecular weights (M, purple; M, light purple) of virgin poly-
mers (PC, PET, PETG) before depolymerization.
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average molecular weight (M), and dispersity (D) for the EG
insoluble fraction of all three polymers as a function of glycoly-
sis reaction time. In Fig. 4(a), the M, (dark green), M,, (light
green), and D (black line) of PETG decrease from 27 kDa,
37 kDa, and 1.4 to 6 kDa, 7 kDa, and 1.2, respectively, over a
75-minute reaction period. Meanwhile, Fig. 4(b) reveals that
the M, (dark blue), M, (light blue), and P (purple line) of PET
decline from 33 kDa, 49 kDa, and 1.5 to 8 kDa, 10 kDa, and
1.2, respectively, over a 105-minute reaction period.

Interestingly, despite PETG and PET having slightly
different initial molecular weights and the fact that PETG is
amorphous while PET is semi-crystalline, the depolymerization
of both ester-containing polymers occurs at similar rates,
resulting in comparable molecular weight oligomers at similar
reaction times.

These two polymers have similar chemical structures, chain
lengths, and dispersities, yet PET is semi-crystalline while
PETG is amorphous.’®?” The similarity of chain evolution
during their depolymerization serves as an initial indication
that crystallinity of the polyester does not significantly influ-
ence the rate of depolymerization by glycolysis. Furthermore,
our previous studies*! and others have demonstrated that PET
depolymerization occurs via the reaction of glycol with the
ester groups in the amorphous phase, necessitating the trans-
port of glycol throughout the flake.**° As crystalline polymers
are more difficult to dissolve than amorphous polymers,***
one might expect the transport of ethylene glycol (EG) into the
amorphous phase of PET to be slower than that in PETG.
However, given that the rate of depolymerization via glycolysis
is comparable for both polymers, this data indicates that the
transport of glycol to the carbonyl does not control the rate of
this depolymerization reaction. The impact of crystallinity on
PET glycolysis has been investigated further in our ongoing
work on PET samples with systematically varied crystallinity,
where we find that increasing the crystalline fraction does not
markedly alter the percent reduction in molecular weight
under similar depolymerization conditions. This is consistent
with the relatively small differences observed here between
amorphous and semicrystalline PET.

Fig. 4(c) displays the evolution of molecular weight of PC
during depolymerization, plotting M, (dark orange), M, (light
orange), and D (blue line) of PC as a function of reaction time.
The data indicate a decrease in M, and M,, with increased
depolymerization time; however, it takes almost four to five
times longer to depolymerize PC into oligomers compared to
the depolymerization of PET or PETG. Notably, the P of the PC
oligomers that emerge from the depolymerization initially
increases during the first half-hour of the reaction before
decreasing at later times, with b falling slightly below two after
five hours, contrasting the behavior observed in the polyesters.
Overall, Fig. 4 shows that bulk PC depolymerizes more slowly
than bulk PET or PETG under the same heterogeneous con-
ditions, echoing the longstanding mystery noted in the litera-
ture.'® If diaryl carbonates react faster via acyl substitution
than aromatic esters in homogeneous systems, what factor,
such as carbonyl reactivity, crystallinity, or polymer-solvent

This journal is © The Royal Society of Chemistry 2026
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compatibility, most significantly impacts the reaction rate in
Fig. 4?

To contextualize these molecular-weight trends within the
phase behavior of the depolymerization system, Fig. S6 exam-
ines the evolution of EG-soluble and EG-insoluble oligomer
fractions. Under TBD : MSA-catalyzed glycolysis, the majority of
oligomeric material for PET, PETG, and PC remains insoluble
in EG over much of the reaction, consistent with the hetero-
geneous conditions targeted in this study. At later reaction
times, Fig. S6(b) shows that PET and PETG exhibit increased
turbidity and the emergence of partially EG-soluble oligomers,
indicating a transition into a heterogeneous—coexistence
regime, whereas PC remains largely EG-insoluble. For PET,
Fig. S6(c) shows that the molecular weights of both EG-soluble
and EG-insoluble oligomers converges at later stages of depoly-
merization, consistent with partial dissolution of depolymer-
ized chains into the glycol phase. These observations confirm
that the molecular-weight evolution discussed above primarily
reflects chain scission occurring within the solid polymer
phase during early depolymerization.

To evaluate the impact of EG transport on the carbonyl
group in the solid polymer on the rate of depolymerization,
swelling experiments were conducted. This swelling process is
the initial step in polymer dissolution, so discussing this
process can provide valuable insights into the importance of
glycol transport in the depolymerization process. Polymer dis-

This journal is © The Royal Society of Chemistry 2026
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solution is known to be a multistep process,
solvent first diffuses into the polymer, causing it to swell. In
amorphous polymers, the chains then begin to disentangle
and dissolve into the bulk solution. In contrast, the diffusion
of the solvent is hindered in crystalline polymers due to con-
finement by the crystals, which adds an additional step,
polymer decrystallization, to the dissolution process.’® Thus,
understanding the rate of swelling in the polymers and, conse-
quently, the transport of EG into the polymer during depoly-
merization will provide quantitative evidence of the impor-
tance of this process on the rate of depolymerization.

Fig. 5 shows the percent swelling per polymer flake as a
function of the square root of swelling time, following litera-
ture procedure.>® PETG (green) and PC (orange) absorb ethyl-
ene glycol more quickly than PET (blue), where the normalized
swelling amounts and rates are quite similar for both amor-
phous polymers. PET swells to a lesser extent per flake, which
we attribute to the inhibition of glycol diffusion into the
polymer flake by the PET crystallinity.>”

Interestingly, despite PETG and PET having similar chemi-
cal structures and therefore comparable affinities for EG, their
swelling behaviors differ. The rate at which glycol diffuses into
PETG is more similar to that of EG diffusing into PC, even
though these two have very different chemical structures.
Importantly, both PC and PETG are amorphous. Clearly, in
these systems, the transport of glycol into the polymer flake is
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influenced more by the presence or absence of polymer crys-
tals than by the specific affinity between the polymer and
glycol. Moreover, both amorphous polymers begin to dissolve
at later times in the swelling tests, whereas the semicrystalline
polymer (PET) does not. We interpret this to indicate that EG
does not disrupt the crystalline structure of PET but merely
swells the amorphous phase, as shown in previous studies.
The data in Fig. 5 clearly demonstrate that the swelling of the
polymer flake by EG is primarily governed by polymer crystalli-
nity and is largely independent of the chemical structure of
the polymer in these studies.

Fig. 5 reveals that the amorphous polymers, PETG and PC,
swell similarly and more quickly with more glycol than PET.
However, PETG and PC do not depolymerize at the same rates,
as shown in Fig. 4. Likewise, while PETG absorbs glycol faster
than PET, both polymers depolymerize at comparable rates.
Put another way, despite the more rapid transport of glycol
into PETG than in PET, PETG does not depolymerize more
quickly than PET. These results therefore demonstrate that the
depolymerization by glycolysis reaction of these polymers is
not limited by the diffusion of the glycol to the carbonyl. We
interpret the fact that both ester-containing polymers depoly-
merize faster than the carbonate-containing polymers despite
the observed differences in swelling to demonstrate the impor-
tance of the reactivity of the carbonyl carbon on the depoly-
merization reaction, a clear deviation from the simple diaryl
carbonate and aromatic ester hydrolysis experiments per-
formed by Cooper et al.*®

To provide more insight into the importance of carbonyl
reactivity on depolymerization rates, Fig. 6 plots the percent
decrease in M,, and M,, of all three polymers over the course of
the depolymerization reaction. Importantly, the goal of
employing TBD : MSA was not to maximize depolymerization
rate, but to suppress immediate homogenization so that differ-
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and PETG (green) with EG at 180 °C as a function of the square root of

ences in polymer functionality, crystallinity, and solubility
could be resolved. Given their different starting molecular
weights, this figure provides a clear quantitative overview of
the variation in chain length with reaction time for the EG-in-
soluble depolymerization product. The data in Fig. 6 empha-
size that PET and PETG depolymerize at similar rates, as evi-
denced by the similar decrease in %M,, (light blue for PET and
light green for PETG) and %M, (dark blue for PET and dark
green for PETG). Interestingly, both PET and PETG show a
more rapid decrease in %M, relative to %M,,. Since M,, corre-
lates with higher molecular weight polymers in the sample,
this suggests that the glycolysis reactions more readily break
larger polyester chains than smaller ones.

Fig. 6 also shows that the M, (dark orange) and M,, (light
orange) of PC decrease by 50% within the first hour of the
reaction, only reaching 20% of the original molecular weight
after 5 hours. In contrast, a similar reduction in chain length
for PET and PETG takes approximately 75 minutes of reaction
time. Thus, Fig. 6 demonstrates that polymers containing
esters depolymerize at a similar rate, regardless of crystallinity,
while the polymer with carbonate functionality depolymerizes
more slowly than those with ester groups. Interestingly, PC
shows a more rapid decrease in %M, relative to %M, until
5 hours into the reaction when the D falls slightly below two.
Since M,, correlates with higher molecular weight polymers in
the sample, this suggests that glycolysis reactions more readily
break shorter polycarbonate chains than larger ones.

A review of the relative reactivity between carbonates and
esters provides further fundamental insight into these obser-
vations. Notably, literature shows that whether the reaction
conditions are acidic, neutral, or basic significantly influences
the preference for acyl substitution in esters versus carbonates.
Under acidic or neutral conditions, esters and carbonates
exhibit similar activation energies, resulting in comparable

This journal is © The Royal Society of Chemistry 2026
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favorability for acyl substitution."®>*** However, in basic con-

ditions, studies indicate that even for aromatic esters and car-
bonates, such as those in our polymers, carbonates favor acyl
cleavage more.'®**>* The TBD :MSA catalyst mixture used in
our experiments likely creates an amphoteric or “buffered”
environment, which combines both acidic and basic sites to
stabilize proton transfer and promote selective activation at
the acyl carbon.***® This balanced catalytic environment facili-
tates nucleophilic attack on the carbonyl carbon while moder-
ating the basicity or acidity, helping to avoid excessive cleavage
reactions at sensitive sites.”>>° Our reaction in Fig. 6 demon-
strates a clear preference for ester over carbonate acyl substi-
tution under neutral catalyst conditions, which deviates from
existing literature. To verify these findings, PC was depolymer-
ized for 15 minutes under varying conditions, from acidic to
basic. Fig. 7 shows the M,, (blue) and M,, (green) of virgin PC
and depolymerized PC under different catalyst conditions,

from acidic to neutral to basic (left to right in Fig. 7), using the
ratio of TBD (base) to the assumed 1 molar ratio of MSA (acid).
This aligns with literature reports: in acidic and neutral con-
ditions, the reactions are similar, while in basic conditions, PC
is fully depolymerized to monomer within 15 minutes. Even
with an excessive molar excess of acid (0.18 molar excess),
there is no significant difference between depolymerization in
acidic and neutral conditions. Conversely, even a 0.05 molar
excess of base results in a faster reaction rate, significantly
different from the 0.01 molar excess of acid. In acidic and
neutral settings, the polymer mostly remains undissolved in
EG, with molecular weights decreasing by about 41.6% (M)
and 28.6% (M,,) after 15 minutes, similar to observations in
Fig. 6. In contrast, in basic conditions, the polymer dissolves
completely and depolymerizes to monomer within the same
timeframe. The combined effects of homogeneous reaction
conditions and increased reaction rates suggest that further
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studies in both acidic and basic environments are necessary to
fully understand this distinct mechanism.

While carbonates are generally more electrophilic in acidic
conditions than in basic ones, this increased electrophilicity
did not lead to a faster reaction rate in the acidic pathway
shown in Fig. 7.°°°® Conversely, the resonance-stabilized
phenoxide formed under basic conditions acts as a better
leaving group than phenol in acidic conditions, thus facilitat-
ing depolymerization, as depicted in Fig. 7.'33%60:63767
According to literature reports, similar experiments with poly-
esters suggest that depolymerization is more favorable in
acidic conditions because protonated esters are more electro-
philic, and hydroxyl groups are better leaving groups than
esters and alkoxides in basic media.'¢>3:>460762:67:68 AJthough
more research is needed, Fig. S7 shows complete depolymeri-
zation of all three polymers using a TBD : MSA catalyst ratio of
1:0 under purely basic conditions. Under purely basic con-
ditions (TBD alone), all polymers dissolve within minutes and
depolymerize rapidly to monomer, obscuring differences in
carbonyl reactivity and phase behavior. As such, TBD alone is
unsuitable to probe heterogeneous depolymerization mecha-
nisms. Further investigation is necessary to fully understand
the reaction mechanism and rate, but this highlights how solu-
bility influences the depolymerization process.

Overall, the literature and Fig. 7 demonstrate that there
should be no difference in favorability for depolymerizing poly-
esters and polycarbonates under acidic or neutral conditions.
However, it would be expected for PC to depolymerize more
favorably under basic conditions. Unlike commonly reported
acidic or basic catalysts, the TBD : MSA system enables depoly-
merization to proceed without immediate homogenization,
allowing the influence of polymer solubility and functional
group chemistry to be resolved. Fig. 6 shows that, despite
differences in swelling shown in Fig. 5 (i.e., the abundance of
diol at the reaction site), the neutral 1:1 TBD:MSA catalyst
depolymerizes amorphous and crystalline polyesters similarly
and more quickly than polycarbonates.

Depolymerization of PET and PC with Bisphenol-A

To understand how dissolution rate might influence depoly-
merization, PET and PC were depolymerized using a chemi-
cally distinct diol: Bisphenol A (BPA), compared to EG. While
EG and BPA differ substantially in physical state, viscosity, con-
centration, and nucleophilicity, they are used here as contrast-
ing diols to probe the role of polymer-diol compatibility and
phase behavior rather than to imply direct kinetic equivalence.
PET and PC have solubility parameters (MPa'/?) of 20.85 MPa"/
% and 22.25 MPa'?, respectively, both with poor solubility in
EG (32.98 MPa'?), where a solubility parameter difference
greater than 4 MPa'? indicates poor solubility between poly-
mers and solvent. Consequently, neither polymer dissolved in
EG unless assisted by the strong base TBD.**7* Since BPA has
a solubility parameter of 24.37 MPa'/?? it is expected that
both PET and PC would be soluble in BPA. This allows for
assessing how dissolution impacts the depolymerization rate.
Fig. S8 visually illustrates how the polymers’ physical forms
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change when swollen with EG and how both begin to dissolve
in BPA. Fig. S9 compares the thickness of the PC flakes as a
function of swelling time, showing an increase in size (indicat-
ing swelling) with EG and a decrease in size (indicating dis-
solution) with BPA.

Both an ester-containing polymer (PET) and the carbonate-
containing polymer (PC) were also depolymerized with the
same reaction conditions, except for using the distinctly
different diol, BPA. The depolymerization with BPA was exam-
ined to provide additional insight into the importance of the
diol-polymer compatibility in the depolymerization process.
The results reported above show that the swelling of the
polymer flake, inhibited by polymer crystallinity, does not
impact the rate of chain scission; thus, the semicrystalline PET
continued to be the ester-containing polymer used in this
section of the study.

When depolymerizing PET, PC, and PETG in EG, all of the
polymer oligomers remained in the heterogeneous stage when
using a neutral catalyst, where the polymer remains largely in-
soluble in the ethylene glycol throughout the reaction as is
described in Fig. 1. These observations lead to the conclusion
that the depolymerization of PET and PC with BPA does not
remain in the heterogeneous stage, as it does when the reac-
tion occurs with ethylene glycol; rather, the reactions quickly
transition to the coexistence stage, where some of the product/
oligomers are dispersed in the diol, while some are not.
Fig. S10 shows the total yield (BPA soluble and insoluble oligo-
mers) and the BPA insoluble oligomer yield of PET and PC
over depolymerization time, illustrating a decrease in BPA in-
soluble oligomers as dissolution into the solvent occurs. Thus,
the product of the PC or PET depolymerization in EG retains
its solid behavior and flake shape, while those that are depoly-
merized in BPA do not.

To provide insight into the evolution of the chain structure
of the PET and PC depolymerization products in the coexis-
tence or homogeneous stage, SEC analysis offers the molecular
weight distribution of BPA soluble and insoluble products.
Fig. S11 shows the M,, and M, of these oligomers during depo-
lymerization as a function of reaction time. The figure indi-
cates these products have substantial chain length. The BPA
soluble fraction’s molecular weight decreases faster than the
insoluble fraction, highlighting reaction acceleration during
the shift from heterogeneous to homogeneous stages. To
analyze polymer molecular weight over time, the average
percent change in M, and M,, was calculated using eqn (2),
which includes terms for yields of insoluble (Rinsomble) and
soluble (7o1up1e) depolymerization oligomers, as well as, mole-
cular weights of insoluble (M insoluble) and soluble (M; soruble)
depolymerization oligomers, and the original polymer weight
(M,). Fig. 8 plots the variation in the average molecular weight
of both soluble and insoluble fractions of PET M,, (dark blue)
and M,, (blue-green), as well as PC M,, (dark orange) and M,,
(orange) with reaction time. The overall depolymerization reac-
tion time of both polymers in BPA is shorter than in EG, as
PET and PC reach the homogenous stage at 20 minutes and
45 minutes, respectively, when reacting with BPA.

This journal is © The Royal Society of Chemistry 2026
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The data in Fig. 8 show that depolymerization reactions
using BPA progress more rapidly through the heterogeneous-
to-homogeneous transition than those using EG. This behavior
arises from the more rapid transition of BPA reactions beyond
the heterogeneous stage, as depolymerization proceeds more
efficiently in the coexistence and homogeneous stages than in
the heterogeneous regime. This observation suggests that the
BPA more readily dissolves or disperses the PET and PC depo-
lymerization reaction products.

The dissolution and yield data presented in Fig. S8—S11
provide quantitative, objective validation of the stage bound-
aries defined in Fig. 1. For example, during BPA depolymeriza-
tion of PC, the transition from the heterogeneous to coexis-
tence stage coincides with the loss of flake morphology and a
sharp decrease in BPA-insoluble yield. This transition is
accompanied by a clear inflection in M, and M, over time,
with the soluble fraction decreasing in molecular weight more
rapidly than the insoluble fraction. At longer reaction times,
the disappearance of the insoluble fraction and convergence of
M, /M,, behavior indicate transition to the homogeneous stage.

To further probe the origin of this behavior, the swelling of
PET and PC in BPA was monitored, as swelling is the first step
toward dissolution.*® Fig. S12 plots the normalized swelling
per polymer flake in BPA of PET and PC as a function of swell-
ing time. Fig. S12 indicates that the PET and PC swell more
quickly and with more BPA per flake than was observed in
their swelling with EG in Fig. 5. Moreover, the PET and PC
swell similarly with BPA despite the crystallinity of PET. This is
interesting as Fig. 5 demonstrated that the PET crystallinity
impacted swelling rates of PC and PET with EG.

Moreover, with a neutral catalyst, EG does not dissolve PET,
and thus, decrystallization does not occur. To verify if decrys-

This journal is © The Royal Society of Chemistry 2026

tallization is occurring for PET with BPA, Fig. S13 shows the
percent crystallinity of PET with time for different environ-
ments, including annealed without a catalyst at the reaction
temperature, depolymerized with EG, swelled with EG at the
reaction temperature, depolymerized with BPA, and swelled
with BPA at the reaction temperature. This data shows that
annealing at the reaction temperature without a catalyst or
depolymerization/swelling with EG increases the bulk crystalli-
nity of PET. In contrast, the depolymerization/swelling of the
PET with BPA decreases the bulk crystallinity, demonstrating
that decrystallization of PET occurs with BPA. This variation in
solubility can be understood by invoking the Hildebrand solu-
bility parameters of PET, PC, BPA, and EG. PET and PC have
solubility parameters (MPa'?) (20.85 MPa'? and 22.25 MPa'/?,
respectively) that differ from that of BPA (24.37 MPa"?) by less
than 4 MPa"?, while the difference in solubility parameters of
PET and PC and that of EG (32.98 MPa'?) is much larger ~
10-12 MPa'2.°*7* The similarity of the BPA solubility para-
meter to that of the polymers indicates that there is a greater
affinity of the two polymers to BPA than to EG. Thus, it makes
sense that the depolymerization products of both polymers
BPA dissolve in BPA more readily, while the depolymerization
products do not dissolve in EG. This results in the reactions
that occur with EG remaining in the heterogeneous stage, due
to the insolubility of the polymers in the EG. Although BPA is
a phenolic diol and EG is a primary alcohol with higher intrin-
sic nucleophilicity, the observed differences in depolymeriza-
tion behavior under neutral conditions occur prior to full
homogenization and therefore primarily reflect differences in
polymer solubility rather than intrinsic chemical reactivity.
Holistically, this data shows that polymer-diol affinity
governs the apparent depolymerization rate by controlling when
the reaction exits the heterogeneous regime, rather than by
altering intrinsic bond reactivity alone. However, it is not the
transport of the diol into the polymer flake that controls the
reaction; instead, the polymer’s solubility in the diol controls
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the rate at which the reaction passes through the three stages of
heterogeneous depolymerization. The more soluble polymer-
diol pair will transition from the heterogeneous stage to the
homogeneous stage more quickly, increasing the rate of the
depolymerization reaction. While many qualitative trends
observed here are consistent with classical hydrolytic degra-
dation behavior,”””® the use of diols introduces a coupled
dependence on swelling, dissolution, and product solubility,
which fundamentally alters the apparent depolymerization kine-
tics under neutral conditions. Additionally, this study demon-
strates that basic conditions using strong catalysts, such as
TBD, can disrupt intermolecular forces and enhance the solubi-
lity of polymers in the diol, accelerating the depolymerization
process. This effect was evident in all polymers dissolving in EG
within 4 minutes of the reaction, illustrated in Fig. S7, showing
the critical role of solubility in determining reaction efficiency.

This study elucidates the impact of polymer crystallinity,
the reactivity of carbonyl functional groups, and solvent-
polymer compatibility on the rate of the depolymerization of
polyesters and polycarbonates. Surprisingly, crystallinity does
not greatly impact the rate of depolymerization despite the
inhibition of the transport of the diol into the polymer flake
by the presence of the polymer crystals. The rapid dissolution
of all three polymers in EG, catalyzed with TBD, observed
within the first few minutes of the reaction, highlights the
overriding influence of solubility over crystallinity in control-
ling depolymerization rates. This study also shows that ester-
containing polymers are more easily chemically recycled than
carbonate-containing polymers for acidic or neutral catalysts,
even if solvent-polymer compatibility is low. Finally, this study
reveals the answer to the decades-long mystery, that the
solvent-polymer compatibility has the highest impact on the
depolymerization reaction rate by governing when the hetero-
geneous reaction transitions through the three stages of a
heterogeneous depolymerization.

Conclusion

This research explores how polymer-solvent compatibility, cata-
lyst type, polymer crystallinity, and carbonyl reactivity affect
the heterogeneous depolymerization of carbonyl-containing
polymers. The aim is to improve chemical recycling methods
and guide the development of more recyclable materials.
Although existing studies show that ester and carbonate bonds
have similar acyl substitution reactivity in acidic and neutral
homogeneous environments, bulk aromatic polyesters degrade
faster than aromatic polycarbonates under similar hetero-
geneous conditions. To understand this difference, we exam-
ined whether factors like carbonyl reactivity, crystallinity, or
polymer-diol compatibility influence depolymerization rates.
We studied the glycolysis of PETG, PET, and PC at 180 °C
using EG and BPA as model nucleophiles with an organo-salt
catalyst (TBD :MSA). While PET and PETG depolymerized at
comparable rates despite differences in crystallinity and EG
absorption, PC reacted much more slowly under the same con-
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ditions. These results suggest that diol transport and polymer
crystallinity are not the main factors limiting depolymeriza-
tion. Instead, we found that the polymer’s solubility in the diol
is crucial: low solubility keeps the reaction in a slower, hetero-
geneous state, whereas better solubility facilitates a shift to a
faster, homogeneous reaction.

Using a stronger base (TBD), all polymers dissolved quickly
in EG, emphasizing how catalyst strength enhances solubility
and speeds up depolymerization. Conversely, with TBD : MSA
under amphoteric conditions, only BPA enabled a quicker
shift to a homogeneous phase, likely due to its higher solubi-
lity and compatibility with both ester- and carbonate-based
polymers. These findings highlight that solvent-polymer
affinity and catalyst basicity are essential for triggering the
shift from heterogeneous to homogeneous depolymerization,
which determines the overall reaction rate.

Finally, these insights have environmental significance: crys-
talline polymers with low water solubility may resist natural
aqueous catalysis, limiting their breakdown and contributing to
persistent micro- and nanoplastic pollution. Understanding how
solubility influences depolymerization kinetics can help guide
both polymer design and strategies for reducing plastic waste.
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