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Plastics are widely used for their durability and versatility, but recycling

remains a major challenge, especially for mixed or contaminated

waste. Mechanical recycling works well for clean, single-polymer

streams like PET but has limited efficiency for complex waste

streams. Chemical recycling, particularly glycolysis, is often employed

to selectively deconstruct condensation polymers under mild condi-

tions. This study explores catalyst design for glycolysis using linear free

energy (Hammett) analysis to evaluate how catalyst structure influ-

ences polymer deconstruction. Polycaprolactone (PCL) is used as

a model polyester due to its solubility and low deconstruction

temperature. Triazabicyclodecene (TBD) paired with benzoic acid

derivatives depicts a clear linear trend in depolymerization rates with

Hammett values. TBD with p-aminobenzoic acid (PABA) stands out for

its catalytic efficiency, thermal stability, and scalability, along with

PABA's commercial availability as vitamin B-10. The TBD : PABA cata-

lyst not only effectively breaks down PCL but also enables sequential

deconstruction of polycarbonate, PET, and Nylon in mixed waste

streams. These results highlight the value of Hammett-guided catalyst

design and establish TBD : PABA as a promising, scalable organo-

catalyst for mixed plastic recycling, enabling recovery of individual

polymer building blocks from blended waste and offering a practical

route toward circular plastics.
esearch and Education, University of

USA

tional Laboratory, Oak Ridge, TN 37831,

ak Ridge National Laboratory, Oak Ridge,

by UT-Battelle, LLC, under contract
artment of Energy (DOE). The US
y accepting the article for publication,
t retains a nonexclusive, paid-up,
or reproduce the published form of

o, for US government purposes. DOE
lts of federally sponsored research in
lan.

f Chemistry 2025
Introduction

Plastic materials are integral to modern society. They are widely
utilized across various industries due to their lightweight,
durable, scalable and versatile nature. From packaging and
automotive parts to electronics and medical devices, plastics
offer a broad range of functional advantages that make them
indispensable. As such, over 413 million metric tons of plastic
were produced in 2023.1 However, these same characteristics,
durability and resistance to degradation, present signicant
challenges when it comes to managing plastic waste, particu-
larly at their end of life. Only ∼9% of global plastics are recy-
cled, withmost of the plastic waste either incinerated, landlled
or discarded into the environment.2 The accumulation of plastic
waste in landlls and the environment, coupled with the
limited capacity of traditional recycling methods, has become
a pressing global challenge.3

Current recycling efforts are oen hindered by the
complexity and heterogeneity of plastic waste. The variety of
polymer types, each with unique chemical structures, requires
distinct processing methods and temperatures, complicating
the recycling process.4 Mechanical recycling, the most common
approach, involves shredding, melting, and reusing plastic
materials. However, this method is oen limited by contami-
nation, thermal and mechanical degradation during process-
ing, and the inability to recycle multi-polymer blends or mixed
plastics effectively, where many plastics exist as such mixed
state (Fig. 1).4,5

To address these challenges, chemical recycling has emerged
as a promising solution.6–9Unlikemechanical methods, chemical
recycling deconstructs polymers into their monomeric or oligo-
meric constituents, enabling the reintegration of end-of-life
materials back into manufacturing processes. This approach
offers greater exibility in processing a wide variety of plastics,7

including those that are difficult to recycle mechanically. Among
the chemical recycling techniques, glycolysis is an effective path
to efficiently depolymerize certain plastics, such as polyesters and
polycarbonates, using specic catalysts (Fig. 1).7,10
J. Mater. Chem. A, 2025, 13, 32111–32121 | 32111
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Fig. 1 Chemical recycling can be used to process mixed plastics after metals, papers, and glass have been sorted out from single stream
recycling feedstocks. Selective glycolysis can processmixed plastic streams. Landfill photograph by Emmet from Pexels.com. Energy and catalyst
icons: Flaticon.com.
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A signicant limitation in advancing chemical recycling lies
in the design and optimization of deconstruction catalysts.
Catalysts such as 1,5,7-triazabicyclo[4.4.0]dec-5-ene (TBD)11

have demonstrated high efficiency in facilitating glycolysis but
suffer from thermal degradation and hydrolytic instability,12

which limits their reusability and commercial applicability.
Previous studies have shown that combining TBD, or similar
organobases, with acids to form protic organic salts can
enhance their thermal stability, reusability, and their catalytic
performance at high temperature.7,8,13 Among these, TBD : tri-
uoroacetic acid (TBD : TFA)7 and TBD :methanesulfonic acid
(TBD : MSA)6 have emerged as effective systems. The high effi-
ciency of TBD : TFA and TBD : MSA catalysts allow for the
deconstruction of multiple condensation polymers such as
poly(ethylene terephthalate) (PET), polyamide (PA), poly-
urethane (PU), and polycarbonate (PC), however, the underlying
mechanisms and performance differences driven by the
chemical structure of the acid counterion in protic organo salt
catalysts remain poorly understood.

To address the knowledge gap in catalyst design for plastic
glycolysis, this study employs Hammett analysis14 to investigate
how substituent effects and pKa differences of acid counterions
inuence the performance of TBD : acid organocatalysts (Fig. 1),
which has never been applied to polymer deconstruction to the
best of our knowledge. While some trend for the basicity (i.e.
pKa) of common organobases such as TBD, 1,8-diazabicyclo
[5.4.0]undec-7-ene (DBU), and 4-dimethylaminopyridine
(DMAP) etc. have been reported,15 the design principle for
selecting the acid pair for organobase salts for polymer decon-
struction has not been well understood with little
32112 | J. Mater. Chem. A, 2025, 13, 32111–32121
investigation.16 To systematically investigate the role of acid
counterions in protic organo salt catalysts, benzoic acid deriv-
atives were selected as model acids due to their well-tabulated
substituent parameters and broad range of pKa values,
providing a systematic framework to assess the impact of
electron-donating and electron-withdrawing groups on catalytic
activity and thermal stability. The Hammett plot (or linear free
energy relationship), a well-established tool for evaluating
electronic inuences on reaction rates and equilibrium
constants, enables a quantitative correlation between substit-
uent effects and catalyst performance.17 By integrating kinetic
data with these electronic trends, this study aims to expand the
toolbox of guiding principles for designing thermally stable,
efficient, and cost-effective catalysts for chemical recycling
(Fig. 1). Furthermore, benzoic acid derivatives offer practical
advantages over other acids previously reported, including
availability, lower cost, and reduced toxicity, making them
attractive candidates for scalable and sustainable catalyst
development for polymer deconstruction.

In the rst part of this study, poly(caprolactone) (PCL), was
systematically deconstructed using various combinations of
TBD and benzoic acid derivatives to understand substituent
effects on depolymerization kinetics. PCL was selected as the
model polymer due to its solubility in many organic solvents,
enabling accurate kinetic monitoring on homogeneous decon-
struction reactions.18 4-Aminobenzoic acid (PABA), 4-methoxy-
benzoic acid (MeOBA), p-toluic acid (TA), benzoic acid (BA), and
4-(triuoromethyl)-benzoic acid (TFMBA) were selected as the
acids to study (Scheme 1), where the functional groups at the
para-position of these benzoic acid derivatives covered a range
This journal is © The Royal Society of Chemistry 2025
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Scheme 1 Chemical deconstruction of PCL using TBD : benzoic acid derivatives.
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of pKa values from 3.7–5.0 and a range of Hammett substituent
constants from −0.66 to 0.54. Rate constants obtained from
tting deconstruction kinetics were compared to the rate of
TBD : BA and the logarithm of these results were plotted against
the corresponding substituent constant, s, to determine the
proportionality constant, r. The results of the Hammett analysis
enable a predictive approach to catalyst design, which is further
reinforced through thermal analysis, revealing that the protic
organic salts prepared herein exhibit enhanced stability
compared to TBD alone. Following catalyst optimization, we
further demonstrated sequential deconstruction for other
commercially relevant condensation polymers such as PET, PC,
and Nylon. Additionally, the process can selectively deconstruct
mixed plastics waste, including selective deconstruction of PET
with full recovery of inert plastics such as polyolens from the
mixture of polyester fabric, plastic tab, and plastic bag, and
selective deconstruction of PET and nylon bers from post-
consumer mixed plastics waste such as automobile oor mat
bers and mixed fabric clothing.

The insights from this study have important implications for
the chemical recycling of plastics. Understanding the design
principles of organocatalysts through Hammett analysis is
crucial for developing a strategic approach to creating novel
catalysts that can efficiently deconstruct mixed plastics in
a single reactor, while also enabling effective separation—
Table 1 Property of acids and their TBD : acid complex

Acid pKa
a s-Valueb kx

c log(kx/kH)

PABA 5.0 −0.66 −2.85 0.54
MeOBa 4.5 −0.27 −1.54 0.27
TA 4.3 −0.17 −1.25 0.18
BA 4.2 0 −0.82 0
TFMBA 3.7 0.54 −0.22 −0.57

a pKa value in water as found on vendor websites. b Tabulated by Hammet
data. d Binding energies were calculated by DFT. e The value listed in paren
TBD, where the amino-group is coordinated with TBD.

This journal is © The Royal Society of Chemistry 2025
tackling key challenges in plastic waste sorting and process-
ing.4,7,19,20 Such advancements would enable the broader
deployment of chemical recycling technologies, contributing to
a circular economy for plastics.
Results and discussion
Impact of anion electronic structure in TBD-based
organocatalysts during PCL deconstruction

The selected benzoic acid substituents (Scheme 1) exhibit
diverse electron-donating and withdrawing properties, inu-
encing their pKa values, which range from 3.7 to 5.0, compared
to unsubstituted benzoic acid at 4.2 (Table 1). These electronic
effects are quantied by Hammett s values—PABA (−0.66),
MeOBA (−0.27), TA (−0.17), BA (0), and TFMBA (0.54) (Table
1)—which reect the ability of substituents to stabilize or
destabilize charge through resonance and inductive effects.
Hammett analysis is a powerful tool for understanding reaction
mechanisms and reaction sensitivity to electronic effects, yet it
is rarely applied in catalysis for polymer deconstruction. By
correlating electronic properties with catalytic activity and
stability, this approach provides predictive insight, enabling the
rational design of catalysts that meet specic performance
constraints such as thermal stability at elevated deconstruction
temperatures.
Td,5% (°C) Tm (°C) Binding energyd (kcal mol−1)

251 104 17.05 (11.9)e

184 116 19.03
187 133 19.39
184 130 18.92
210 156 21.22

t.14 c Calculated via the slope of the linear t of the logarithm of kinetics
thesis for the binding energy of the alternate coordination of PABA with

J. Mater. Chem. A, 2025, 13, 32111–32121 | 32113
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The thermal stability of organosalts typically reects their
dissociation equilibria and suggests their usable temperature
range. Increased thermal stability enables deconstruction
reactions at higher temperatures avoiding catalyst thermal
decomposition and potentially allows for higher temperatures
and shorter reaction times for chemical recycling. The thermal
stability of the TBD : benzoic acid derivatives were measured via
thermogravimetric analysis (TGA) at a heating rate of 5 °
C min−1 (Fig. 2A). The organosalt decomposition temperature
(Td) can be tuned by the type of benzoic acid derivative pairing
with TBD, which exhibits middling thermal stability in
comparison (Td,5% = 103 °C). TBD : BA, TBD : MeOBA, TBD : TA
showed similar Td,5% near 185 °C, while TBD : TFMBA and
TBD : PABA exhibited Td,5% = 210 °C and 251 °C, respectively.
All of these TBD : benzoic acid derivatives (TBD : BA, TBD :
MeOBA, TBD : TA, TBD : TFMBA, TBD : PABA) exhibit higher
Fig. 2 (A) TGA thermograms depicting the thermal stability of the vario
thermogram highlighting the enhanced thermal stability of TBD : PABA. (C
(D) Deconstruction kinetics of each acid are measured by tracking chang
mediated glycolysis of PCL. (F) Hammett plot based on apparent rate co

32114 | J. Mater. Chem. A, 2025, 13, 32111–32121
thermal stability than our previously reported TBD : TFA (Td,5%
= 177 °C).7 High thermal stability of TBD : PABA, the most
stable TBD : benzoic acid derivative in this study, was further
supported by an isothermal experiment, where TBD : TFA and
TBD : PABA were heated to 180 °C (5 °C min−1) and held at 180 °
C for 180 min. More than 95% of TBD : TFA was decomposed
within 54 min (aer isotherm), whereas TBD : PABA exhibited
a ∼2 wt% change aer 180 min (Fig. 2B). Taken together, these
data suggest that TBD : PABA exhibits signicantly improved
thermal stability compared to standalone TBD or TBD : TFA,
which is desirable for deconstruction catalysts.

Density functional theory (DFT) calculations were performed
for each acid–base pair in the gas phase to determine their
binding energies, which correlated with the pKa difference
between TBD (pKa ∼ 26) and the corresponding benzoic acid
derivative (Table 1). A larger pKa difference resulted in higher
us TBD : benzoic acid catalysts used in this study. (B) Isothermal TGA
) DFT calculations show a correlation between binding energy and Tm.
esMn in via SEC measurements. (E) Selected SEC traces for TBD : PABA
nstants calculated from kinetics experiment in figure (D).

This journal is © The Royal Society of Chemistry 2025
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binding energy (Table 1), consistent with previously reported
trends for ionic liquids.21,22 Moreover, it should be noted that
the binding energies increase as the substituents become more
electronegative, further supporting that stronger acids lead to
stronger interactions with TBD. These calculations also revealed
a positive correlation between binding energy and catalyst
thermal stability (Td), except for PABA (Fig. S1). While TBD :
PABA showed the highest Td, it also had the lowest binding
energy of 17.05 kcal mol−1. To better understand this differ-
ence, differential scanning calorimetry (DSC) was conducted to
determine melting temperatures of each TBD : acid organo-
catalyst, and it was found that TBD :MeOBA had amelting point
of 116 °C, TBD : TA = 133 °C, TBD : BA = 130 °C, and TBD :
TFMBA= 156 °C (Fig. S2–S6), tting a similar trend of lower pKa

have higher melting points, and roughly corresponding to the
trend in binding energy (Fig. 2C).

The melting point of TBD : PABA was determined to be 104 °
C, aligning with the observed binding energy vs. melting point
trend (Fig. 2C). However, its DSC trace exhibited an unexpected
exotherm at 176 °C (Fig. S2). This exotherm may explain why
TBD : PABA has the highest Td among these TBD : acid organo-
catalysts despite its low binding energy, as alternative binding
modalities of the complex could enhance its thermal stability.
DFT calculations suggested that PABA could reorient and
coordinate with TBD via the amine group as an alternate
binding modality (Fig. S7).

To evaluate the impact of acid substitution on catalytic
activity for the TBD : acid organocatalysts, kinetic experiments
of PCL (Mn = 95.2 kg mol−1, Đ = 1.86) glycolysis were con-
ducted. Kinetic experiments were performed under homoge-
neous conditions to eliminate variables such as mass-transfer
limitations due to polymer particle size. PCL was dissolved in N-
methylpyrrolidone (NMP), a suitable high-boiling solvent to
enable homogeneous PCL glycolysis, at 110 °C before ethylene
glycol was added. Aer the solution appeared homogeneous
again, the TBD and the appropriate acid were added in 1 : 1
stoichiometry. Prior to conducting the kinetic experiments, we
compared the deconstruction efficiency of an isolated protic
organic salt (TBD : acid organocatalysts, Fig. S8) and one
prepared in situ by adding acid and base (TBD) one by one to the
reaction solution. No signicant differences in apparent reac-
tion rates were observed (Fig. S8), thus, we prepared the TBD
organocatalysts in situ for the remainder of this study, unless
otherwise noted, for simplicity and consistency (note: some of
the TBD : acid catalysts were difficult to fully dry and isolate).

Reaction progress was monitored by tracking changes in
polymer molecular weight as a function of time using size
exclusion chromatography (SEC, Fig. 2D, E and S9–S13). An
apparent time-dependent exponential decrease in molecular
weight for the deconstruction reactions suggested that polymer
cleavage occurred predominately through a random scission
mechanism. Trends in the observed deconstruction kinetic
behavior correlated well with acid pKa, with higher pKa values
corresponding to higher ultimate conversions. Final molecular
weights aer 16 h further supported this trend, where TBD :
TFMBA had the highest nal molecular weight (Mn) of 16.8 kg
mol−1 and TBD : PABA had the lowest nal molecular weight of
This journal is © The Royal Society of Chemistry 2025
600 g mol−1. This correlation likely originates from the conju-
gate basicity of the acids—weaker acids form more stable bases
that bind less strongly to TBD, leaving it more available to
activate ethylene glycol for deconstruction. In addition to
affording the lowest nal molecular weight, TBD : PABA also
exhibited the most drastic change in molecular weight early in
the deconstruction reaction, reducing molecular weight from
95.2 kg mol−1 to 7.4 kg mol−1 within 1 h. To ensure PABA was
not capable of aminolysis by itself, a control experiment with
excess amounts of PABA was conducted, but there was no
change in PCL molecular weight observed (Fig. S14).

To determine apparent rate constants, the conversion at
each time point was calculated based on the starting molecular
weight and the logarithm of the conversion was plotted against
reaction time (Fig. S15). The slope of each t was used as the kx
value (Table 1), which were then plotted against the corre-
sponding s-values (Fig. 2F). The slope of the tted linear
regression was used to determine the proportionality constant,
r, representing the reaction's sensitivity to electronic effects
(Fig. 2F). The resulting r = −1.26 indicated that electron-
donating substituents enhance the reaction rate by destabiliz-
ing the negative charge on the carboxylate, which raises their
pKa and leads to lower binding energies. The protic salts with
lower binding energy (Table 1 and Fig. 2C) allow easier disso-
ciation from TBD during the deconstruction process, which is
mechanistically important for condensation polymer decon-
struction,7 and their trend correspond well to electronic effects
on the deconstruction rate (Fig. 2F).
Mixed plastic deconstruction

Many different types of polymers are present in everyday
consumer products. Due to the similarity in appearance and
properties of these plastics, post-consumer waste intended for
recycling is rarely separated by plastic type. Instead, it oen
exists as a single-stream waste, where papers, plastics, and
metals are mixed, or as a collection where plastics are separated
from other recyclables but not categorized by type (Fig. 1).4,23 To
test the capability of our TBD : PABA catalyst to deconstruct
mixed plastic types, we started by deconstructing PET using
conditions previously reported for TBD : TFA,7 and we found
that TBD : PABA showed similar performance (Fig. S16 and S17).
As such, we expanded our experiments to deconstruct other
types of polymers including PC and Nylon. Similarly to our
previously report,7 we can deconstruct various types of
condensation polymers commonly found in post-consumer
plastic waste.

To demonstrate the applicability of TBD : PABA for address-
ing single-streammixed plastic waste, a sequential and selective
deconstruction experiment was conducted using a mixture of
poly(bisphenol A carbonate) (PC, Mw = 40 000 g mol−1), poly(-
ethylene terephthalate) (PET, Mw = 60 000 g mol−1), and Nylon
6,6 (Mw = 84 700 g mol−1). These polymers were chosen as
representative condensation polymers due to their widespread
use in consumer goods such as car parts, bottles, clothing, and
carpets, where the majority exist as mixed plastics. Decon-
struction experiments were rst conducted individually, where
J. Mater. Chem. A, 2025, 13, 32111–32121 | 32115
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each polymer was added to a pressure tube containing a stock
solution of ethylene glycol, the TBD : PABA catalyst, and tri-
methoxybenzene as an internal standard with no additional
solvent. The temperature-dependent deconstruction reactions
were carried out at 140 °C for PC, 190 °C for PET, and 230 °C for
Nylon 6,6. Aer individual deconstruction, a mixed plastic
deconstruction experiment was performed by combining all
three plastics into a single pressure vessel, which was heated
stepwise to their respective deconstruction temperatures
(Fig. 3). All reactions were conducted at temperatures that
allowed complete deconstruction of the target polymer within 2
hours, enabling real-time monitoring via 1H NMR and SEC.

To track the reaction progress of PC deconstruction, aliquots
were taken every 30 min and dissolved in CDCl3 to track the
formation of bisphenol A (BPA) via 1H NMR spectroscopy. Since
PET and Nylon 6,6 remained intact aer the PC deconstruction,
the residue was suspended in CHCl3 to recover the BPA product
and to remove various carbonate byproducts including ethylene
carbonate (Fig. S18–S21). Unreacted PET and Nylon 6,6 were
isolated from this mixture via simple vacuum ltration. The
polymeric solids were returned to the pressure tube with fresh
Fig. 3 Changing temperature enables the selective and sequential deco

32116 | J. Mater. Chem. A, 2025, 13, 32111–32121
catalyst solution for subsequent reactions to deconstruct PET
(190 °C) and later Nylon 6,6 (230 °C).

While the PET and Nylon 6,6 remained completely intact at
140 °C, Nylon 6,6 melts during the 190 °C deconstruction of
PET. Therefore, instead of collecting aliquots for kinetic
sampling, the reactions were stopped every 30 min, and the
pressure tubes were cooled to halt the deconstruction process.
Deuterated dimethylsulfoxide (DMSO-d6) was added to the
pressure tubes, and any clumps of Nylon 6,6 were broken up to
dissolve entrapped bis(2-hydroxyethyl) terephthalate (BHET)
formed during the reaction, the pressure tube was sonicated for
30 minutes to ensure particles were broken apart and BHET
dissolved in DMSO-d6. Conversion to BHET was monitored by
both the appearance of aromatic peaks as well as methylene
peaks (Fig. S22–S25). Following 2 h at 190 °C, most of the PET
was converted into BHET, leaving behind only Nylon 6,6 parti-
cles. The recovered Nylon powder was further deconstructed at
230 °C to lower molecular weight polymers and oligomers by
adding additional ethylene glycol/catalyst solution.

In contrast to PC and PET, Nylon 6,6 exhibited a different
behavior during the deconstruction at 190 °C and 230 °C. When
immersed in EG, Nylon 6,6 melted at signicantly lower
nstruction of PC, PET, and Nylon 6,6.

This journal is © The Royal Society of Chemistry 2025
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temperatures, and even partially depolymerized at 190 °C,
facilitating a more homogeneous deconstruction compared
with PC and PET. The deconstruction of Nylon 6,6 appeared to
reach an equilibrium molecular weight24 of Mn = 2.1 kg mol−1

through random backbone scission, and possible occurrence of
reversible polymerization, preventing complete depolymeriza-
tion into monomers, in contrast to our observations for PC and
PET deconstruction. Consequently, instead of reporting
conversion, the change in Nylon 6,6 molecular weight was
measured by HFIP-SEC by dissolving the recovered Nylon solids
in hexauoroisopropanol (HFIP, Fig. S26 and S27).

The nal molecular weight of Mn = 2.1 kg mol−1 aer 2
hours at 230 °C suggests that TBD : PABA is a competent catalyst
for Nylon 6,6 glycolysis. The only other report found in literature
for glycolysis of Nylon 6,6 by Kim et al. reported Mn z 5 kg
mol−1 aer 8 hours at 275 °C.24 Despite the difference of EG
ratio, 2 : 1 excess in their study versus 10 : 1 excess in our study,
our study here using TBD : PABA reached equilibrium molec-
ular weight aer 1 hour, while previous reports needed 6 hours.
Additionally, our deconstruction was conducted at a lower
temperature of 230 °C, while prior work required a higher
temperature of 275 °C, further highlighting the efficiency of
glycolysis by TBD : PABA. To further demonstrate efficacy of our
catalyst for the observed Nylon 6,6 deconstruction, we con-
ducted Nylon 6,6 glycolysis with and without TBD : PABA at
230 °C. While Nylon 6,6 deconstruction was observed also for
EG alone without catalyst, Nylon 6,6 glycolysis with TBD : PABA
exhibited faster deconstruction kinetics (Fig. S28).

Mixed plastic waste streams were also tested by preparing
a sample containing a poly(propylene) cap tab, a poly(ethylene)
plastic bag, and a piece of PET fabric (Fig. 4A). The mixture was
added to a pressure vessel with 3 mL of EG and TBD : PABA and
heated at 190 °C. Within 30 minutes, the PET fabric was fully
deconstructed, while the polypropylene and polyethylene
remained unreacted and were quantitatively recovered by mass.
We further demonstrated the versatility of TBD : PABA catalyst by
deconstructing mixed post-consumer waste such as bers from
an automobile oor mat, consisting of both polyester and Nylon,
and portions of a mixed fabric shirt composed of 50 : 50 cotton
and polyester. The oormat was pretreated by shearing the bers
off the PE backing and subjecting them to the conditions used for
Nylon 6,6 deconstruction. Aer 2 h, the reaction was cooled to RT
and the residue was dissolved in HFIP (Fig. 4B) and sampled for
SEC analysis, which revealed an 88% reduction in molecular
weight of Nylon 6,6 from 32 300 to 3800 g mol−1 (Fig. S29), while
the fully deconstructed polyester remained in solution. The
∼50% polyester, ∼50% cotton mixed fabric shirt (2.5 g total
weight) was cut into pieces and deconstructed at 190 °C for 2 h
(note: 20 equiv. of EG were used for these post-consumer mate-
rials to submerge the sample). The reactionmixture was cooled to
RT and diluted with tetrahydrofuran (THF), resulting in 1.19 g of
the unreacted cotton (Fig. 4C), roughly corresponding to the
composition. The polyester portion was fully deconstructed, as no
detectable polymer was observed in the subsequent SEC trace
(Fig. S30). These data further demonstrate that TBD : PABA can
act as a versatile catalyst resistant to the additives present in post-
consumer waste plastics.
This journal is © The Royal Society of Chemistry 2025
Facile scalability of TBD : PABA

We further demonstrated facile preparation of TBD : PABA salt
by dissolving TBD and PABA individually in THF. Upon mixing,
a precipitate formed, indicating the formation of a 1 : 1 molar
ratio salt (Movie S1), while excess TBD or PABA remained
soluble in THF. The salt was isolated by vacuum ltration,
washed with additional THF, and dried under vacuum. 1H NMR
spectroscopy conrmed peak integrations consistent with 1 : 1
salt formation (Fig. 4D). Compared to previously reported
catalysts such as TBD : TFA, the TBD : PABA catalyst offers the
advantage of not requiring thermal management, as no
observable excessive heat is produced that could evaporate
volatile compounds like TFA. As such, it was possible to readily
increase the scale of the salt synthesis to 10 g in open beakers
without additional equipment, achieving a 94% isolated yield.
We envision that this process can be safely scaled up to
industrial scales.

The robustness of TBD : PABA was further demonstrated by
multiple deconstruction cycles. To interrogate this, we per-
formed a catalyst cycling experiment where PET was continually
glycolyzed under the action of our TBD : PABA catalyst. In
a typical experiment, PET (200 mg, 1.04 mmol) was suspended
in 10 equiv. EG (0.58 mL, 10.4 mmol) along with 5 mol% of
TBD : PABA (14.4 mg, 0.052 mmol) in ve 20 mL vial at 190 °C
with stirring. The heterogeneous mixture became homoge-
neous aer 1 hour and 1 vial was removed from heating and an
aliquot was removed for 1H NMR analysis followed by dilution
with water (10 mL). A second portion of PET (200 mg) and 2
equiv. of EG was added to the remaining four 20 mL vials. All
reactions were homogeneous aer 1 h and this process was
repeated ve times. We observed near quantitative conversion
of PET to soluble terephthalate species (95–99%) via 1H NMR
analysis of the aliquots (Fig. S31). Taken together, these results
indicate that TBD : PABA suffers no discernible decrease in
performance across ve cycles of PET deconstruction at 190 °C,
a trait that is highly desirable for industrial processes.

Another large advantage of TBD : PABA includes the cost and
availability of PABA. PABA is a naturally occurring compound
and is more commonly known as vitamin B10. As such, it is
considered nontoxic with an LD50 > 6 g kg−1 for rats,25 and can
readily be purchased from vendors and is even sold by
commercial sources such as Amazon. PABA can also be
purchased from commercial sources such as Millipore Sigma at
a price of $174 per kg, while other sources such as Ambeed lists
prices as low as $42 per kg. When we compared to our previ-
ously reported catalyst TBD : TFA, with its TFA cost at approxi-
mately $326 per kg in the same vendor, Millipore Sigma, the
cost for producing TBD : PABA is drastically lower, further
improving its viability for commercialization. With its
simplicity of catalyst preparation, cost effectiveness, relative
nontoxicity (PABA only exhibits minor allergenic properties),26

and availability as vitamin B10, TBD : PABA, compared to TBD :
TFA, could be a more attractive candidate for scalable polymer
deconstruction via glycolysis and other solvolysis in sustainable
recycling processes.
J. Mater. Chem. A, 2025, 13, 32111–32121 | 32117
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Fig. 4 (A) Deconstruction of mixed plastics and PET fabric achieved in 30 min and leaves unreactive plastics behind. (B) Deconstruction of fibers
from automobile floor mat. (C) Deconstruction of 50 : 50 polyester : cotton blend clothing. (D) Stacked 1H NMR spectra of TBD, PABA, & TBD :
PABA.
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Conclusions

We have demonstrated that tailoring catalyst structure and
applying Hammett analysis revealed the role of electronic effects
in catalytic efficiency, where electron-donating substituents
moderately enhanced reaction kinetics. Additionally, thermal
stability and melting temperatures for each acid–base pair
correlated with their binding energies, as calculated by DFT,
where higher binding energy corresponded with higher thermal
32118 | J. Mater. Chem. A, 2025, 13, 32111–32121
stability and higher melting temperatures. The predictive nature
of Hammett analysis guided the design of the TBD : PABA cata-
lyst, enabling the selection of the most effective acid–base pair
based on its electronic properties. TBD : PABA was the superior
glycolysis catalyst due to its highest pKa and lowest s-value with
lowest binding energy. TBD : PABA's lower cost and high thermal
stability situate it as a desirable deconstruction catalyst for
condensation polymers. The catalyst's thermal stability is
advantageous for enabling deconstruction at higher
This journal is © The Royal Society of Chemistry 2025
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temperatures without degradation, which is critical for process-
ing the diverse polymers found in post-consumer waste. The use
of TBD : PABA allowed effective sequential deconstruction of PC,
PET, and Nylon 6,6 under temperature-dependent conditions.
The ability to combine these deconstructions into a single reactor
while taking a stepwise approach with different temperatures to
enable sequential polymer deconstruction provides a possible
route for mixed plastic deconstruction in scaled process.
Compared to previously reported organocatalysts, TBD : PABA
offers safer preparation and signicant cost advantages, with
PABA being far more economical and abundant as vitamin B-10.
This affordability, combined with its robust performance and
ease of synthesis, makes TBD : PABA a promising candidate for
industrial chemical recycling, contributing to the development of
scalable and sustainable solutions for managing polymer waste.
Materials

TFMBA, BA, MeOBA, TA and PABA and TBD were purchased
from commercial sources and used without further purication
unless specied. Poly(caprolactone), Mn = 95 000 g mol−1, and
poly(bisphenol A carbonate), Mw = 40 000 g mol−1, used in the
deconstruction kinetics study were purchased from Millipore
Sigma. Poly(ethylene terephthalate) C60A,Mw = 60 000 g mol−1,
was obtained from Eastman Chemical. Nylon 6,6 S240,Mw= 84
700 g mol−1, was purchased from Akulon.
Methods
Glycolysis of poly(caprolactone)

The glycolysis of poly(caprolactone) (PCL) was conducted as
a homogeneous deconstruction using the following benzoic
acid derivatives—4-aminobenzoic acid (PABA), 4-methoxy-
benzoic acid (MeOBA), p-toluic acid, benzoic acid (BA), and 4-
(triuoromethyl)-benzoic acid (TFMBA). Glycolysis reactions for
the kinetics studies were done in a 5 : 1 : 0.05 ratio of ethylene
glycol-to-repeat units of polycaprolactone-to-catalyst, respec-
tively. Deconstruction reactions were performed by rst di-
ssolving 0.5 g of PCL in 7.5 mL of N-methyl-2-pyrrolidone (NMP)
in a sealed 20 mL scintillation vial at 110 °C. Once the polymer
was dissolved, 1.22 mL of ethylene glycol (EG) (21.9 mmol) was
added to the vial. Upon the addition of EG, there is some visible
precipitation of PCL, but further heating and stirring redis-
solves the polymer at the concentration the reactions were
performed. Once the polymer solution was homogeneous again,
0.31 mg (0.219 mmol) of triazabicyclodecene (TBD) and an
equimolar amount of the corresponding acid is added to the
solution and sealed to allow the deconstruction to occur. To
track reaction progress, aliquots of the reaction were taken at
1 h, 2 h, 3 h, 4 h, 5 h, 6 h, 8 h, and 16 h marks. These samples
(∼25 mg) were then subsequently dissolved in tetrahydrofuran
(THF) for further analysis via size exclusion chromatography.
Sequential deconstruction of mixed plastics

Sequential deconstruction of three types of condensation poly-
mers was achieved using heterogeneous deconstruction with
This journal is © The Royal Society of Chemistry 2025
ethylene glycol and TBD : PABA as the catalyst. A stock solution
of EG (50 mL, 0.89 mol), TBD : PABA (1.236 g, 4.47 mmol), and
1,3,5-trimethoxybenzene (0.5 g, 2.97 mmol) was prepared and
stirred at room temperature until fully dissolved. PC (0.33 g)
pellets, PET (0.33 g) powder, and Nylon 6,6 (0.33 g) pellets were
added to a 15 mL pressure tube containing a stir bar. Then,
1.63 mL of the stock EG/catalyst solution was added into the
pressure tube, before sealing and heating to the specic
deconstruction temperature for each polymer. Unlike previous
methods that targeted specic polymer repeat unit-to-EG/
catalyst ratios, this sequential deconstruction methodology
was designed to use a xed amount of stock solution at each
step, simulating a potential continuous reaction process.

PC was deconstructed rst at 140 °C. The kinetics experi-
ment was conducted using four separate pressure tubes, each
allowing an aliquot to be removed every 30 minutes to monitor
the formation of BPA. Aer removing an aliquot, the pressure
tube was returned to the heating block and allowed to complete
the 2 h reaction time. At the end of the PC deconstruction, PET
and Nylon 6,6 remained intact, while BPA was present in the
liquid fraction. The liquid fraction was vacuum ltered to
isolate BPA, leaving unreacted PET and Nylon 6,6, which were
then reintroduced into the pressure tube. Another 1.63 mL of
stock solution was added, and the temperature was raised to
190 °C for PET deconstruction. Aliquots were similarly collected
during this stage to monitor the formation of BHET. During the
PET reaction, Nylon 6,6 may melt and disperse into the liquid
fraction, losing its pellet form. However, since BHET is soluble
in chloroform, it can be extracted from the Nylon 6,6 by washing
and ltering with chloroform. Finally, Nylon 6,6 was decon-
structed at 230 °C into its respective monomers.

Automobile oor mat bers deconstruction

An automobile oor mat was pre-treated via the removal of its
bers comprised of Nylon and polyester (Mn = 32 300 g mol−1)
from backing. Glycolysis reactions for the bers were done in
a 20 : 1 : 0.05 ratio of EG-to-repeat units of PET-to-catalyst,
respectively. The separated bers (1 g, 5.2 mmol) were loaded
into a 10 mL round-bottom ask (RBF) along with a stir bar, 20
equivalents of EG (5.8 mL, 104 mmol), and 5 mol% of TBD :
PABA (71.9 mg, 0.26 mmol). The RBF was equipped with a Fin-
denser, and the reaction vessel heated at 230 °C and allowed to
reux for 2 hours. Once the reaction had completed, the system
was allowed to cool, and the crude reaction mixture was diluted
with HFIP (50 mL) and aliquots were removed for HFIP-SEC
analysis. SEC traces depicting the bers before and aer
glycolysis are shown in Fig. S29. Photographs showing various
steps in the deconstruction process shown in Fig. 4B.

50% cotton 50% polyester fabric deconstruction

A 50 : 50 cotton : polyester fabric was deconstructed in a 20 : 1 :
0.05 ratio of EG-to-repeat units of PET-to-catalyst, respectively.
In a typical reaction, a 25 mL RBF was charged with 2.5 g of the
fabric (1.25 g polyester, 6.5 mmol), a stir bar, 20 equivalents of
EG (7.27 mL, 130 mmol), and 5 mol% TBD : PABA (90 mg, 0.325
mmol). The RBF was equipped with a Findenser and the
J. Mater. Chem. A, 2025, 13, 32111–32121 | 32119
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reaction vessel heated at 190 °C with stirring. The reaction is
allowed to reux for two hours, aer which the system is cooled
to room temperature. The crude reaction mixture was diluted
with THF, to recover deconstructed polyester, and subsequently
vacuum ltered to isolate unreacted cotton. The recovered
cotton bers were then washed with more THF and dried for
16 h under high vacuum. The THF solution of deconstructed
polyester in THF was concentrated to dryness, and a 5 mg
sample was dissolved in HFIP for SEC analysis via HFIP GPC.
Photographs showing various steps in the deconstruction
process shown in Fig. 4C. SEC traces of the shirt before and the
recovered residue shown in Fig. S30.
Nylon 6,6 TBD : PABA deconstruction and thermal
degradation

Nylon 6,6 (Mn = 70 700 g mol−1) was deconstructed in a 10 : 1 :
0.05 ratio of EG-to-repeat units of Nylon 6,6-to-catalyst and 10 :
1 : 0 ratio (no catalyst). In a typical reaction, a 10 mL RBF was
charged with Nylon 6,6 pellets (1 g, 4.4 mmol) a stir bar, 10
equivalents of EG (2.47 mL, 44 mmol), and 5 mol% TBD : PABA
(61 mg, 0.22 mmol) or no TBD : PABA. The RBF is equipped with
a Findenser, and the vessel is immersed in an oil bath at 230 °C
and allowed to reux. The deconstruction kinetics are moni-
tored by removing aliquots from the reaction solution every 30
minutes. The aliquots are then diluted with HFIP and analyzed
by SEC viaHFIP GPC. Plot depictingMn vs. reaction time shown
in Fig. S28.
Size exclusion chromatography

Size exclusion chromatography (SEC) for PCL deconstructions
were performed on a Tosoh EcoSEC Elite system. The instru-
ment is equipped with two Tosoh TSKgel Super AWM-H
columns (15 cm × 6 mm ID, 9 mm pore size), an integrated
differential RI detector, and has a mobile phase of THF (HPLC
grade) with a ow rate of 0.6 mL min−1. Weight average
molecular weight (Mw), number average molecular weight (Mn),
and dispersity (Đ = Mw/Mn) are all calculated based on PMMA
standards. SEC analysis was performed on an Agilent 1260
Innity II LC system equipped with an Agilent MiniMIX-C
Guard column (PL Gel 5 mM, 50 × 4.6 mm) and two Agilent
PL HFIPgel (250 × 4.6 mm, 9 mm). HFIP was used as the mobile
phase at a ow rate of 0.3 mL min−1. Molecular weights were
determined from RI detection (Table S1).
Organosalt synthesis

The salts for TBDwith TFMBA, BA, MeOBA, and TA were prepared
by dissolving TBD and the respective acids in chloroform in
equimolar ratios. Once the solution appears to be homogeneous,
chloroform is evaporated, and the resulting salt is dried in
a vacuum oven overnight to remove excess solvents. The prepa-
ration of TBD : aminobenzoic acid salt was done by dissolving
TBD and aminobenzoic acid in THF in separated beakers. Once
both solutions have been prepared, a stir bar is added to the
beaker with TBD. The aminobenzoic acid solution was poured
into the TBD beaker while stirring and resulted in precipitating
32120 | J. Mater. Chem. A, 2025, 13, 32111–32121
out the salt. The resulting salt is vacuum ltered and washed with
additional THF before vacuum drying overnight.

Catalyst cycling

Catalyst cyclability was monitored by ve different reactions.
Glycolysis reactions were performed in a 10 : 1 : 0.05 ratio of EG-
to-repeat units of PET-to-catalyst, respectively. In a typical
experiment, a six-vial heating block is set to 190 °C. Five 20 mL
vials were charged with PET (200 mg, 1.04 mmol), 10 equiva-
lents of EG (0.58 mL, 10.4 mmol), and 5 mol% TBD : PABA
(14.4 mg, 0.052 mmol) and loaded into the heating block and
capped with a rubber septa. Each vial is stirred at 190 °C. Aer
an hour, a single vial is removed from heating and an aliquot of
the homogeneous solution is taken for 1H NMR analysis fol-
lowed by dilution of the bulk reaction with water (10 mL). The
remaining vials are then charged with an additional portion of
PET (200 mg, 1.04 mmol) and 2 equivalents of EG (0.116 mL,
2.08 mmol) and allowed to react once more for an hour. This
process is repeated until the last vial has gone through ve
successive deconstruction reactions. The aliquots were di-
ssolved in DMSO-d6 followed by addition of external standard
mesitylene (5 mL, 0.035 mmol) and subject to 1H NMR spec-
troscopic analysis. Bar chart depicting conversion to soluble
terephthalate (i.e., BHET, dimeric, & trimeric) species shown in
Fig. S31.

Nuclear magnetic resonance spectroscopy
1H NMR was obtained using Bruker Avance III 400 NMR spec-
trometer operating at 400MHz. Trimethoxybenzene was used as
an internal standard for the deconstruction of the various step-
growth polymers, and unless it was specied, CDCl3 was used as
the solvent. To determine NMR conversion for catalyst cycling,
the theoretical maximum weight of BHET at the end of each
cycle was determined assuming full conversion. The
relative wt% of BHET, with respect to total reaction weight, was
calculated (Table S2). With these theoretical maximum wt%
values determined, we determined the maximum possible
BHET in each aliquot (Table S2). The amount of BHET and
other soluble aromatics for each cycle were determined using
added external standard and compared to the theoretical total
to determine conversion. Bar chart depicting these calculated
conversions are shown in Fig. S31.

Thermogravimetric analysis

Thermogravimetric analysis (TGA) was performed using
a TGA55 manufactured by TA Instruments. The instrument
measures all TGA samples under a constant ow of nitrogen,
and all samples were run at a heating rate of 5.0 °C min−1 from
room temperature to 600 °C.

Differential scanning calorimetry

Differential scanning calorimetry (DSC) was performed using
a TA Instruments Discovery Series TGA55. Samples of∼5mg are
loaded onto T-zero pans and heated at rates of 10 °C min−1. Tg
and Tm are calculated based on points of inection.
This journal is © The Royal Society of Chemistry 2025
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Density functional theory (DFT)

All-electron density functional theory (DFT) calculations were
carried out using the NWChem suite of codes (version 7.0.2).27

For the DFT calculations, the hybrid meta functional m06-2x28

and the aug-cc-pvdz basis set29 were used (we also checked
binding energy trends using a aug-cc-pvtz basis set). Full
geometry optimization for TBD paired with BA and benzoic acid
derivatives (BA, PABA, MeOBA, TA, TFMBA) was performed with
tight convergence criteria. The binding energy was computed as
the difference between the optimized TBD–benzoic acid pairs
and the optimized TBD and benzoic acids molecules. Since we
were looking for trends, we did not correct the binding energies
for basis set superposition error. These calculations were done
in the gas-phase agnostic of solvent.
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