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Polyethylene furan-2,5-dicarboxylate (PEF) is a high-performance, bio-based analog to traditional pet-
roleum-derived polyethylene terephthalate (PET). While the chemical recycling of PET has been well
studied, PEF recycling studies are limited. This work investigated PEF depolymerization via heterogeneously
catalyzed glycolysis using microwave-assisted heating. Various PEF polymers were characterized to under-
stand how the molecular weight, crystallinity, and polymerization catalysts affect the depolymerization. The
effects of the reaction temperature and PEF particle size were also studied. The glycolysis of PEF occurred at
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lower temperatures with faster overall kinetics compared with PET. Recovery of the PEF monomer, bis(2-
hydroxyethyl) furan-2,5-dicarboxylate (BHEF), via crystallization was the slowest step in the overall recycling
process. The recovered BHEF was repolymerized into virgin-like higher-performance PEF compared with the
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original material, demonstrating polymer circularity and a potential for upcycling.

1. Our work advances the field of green chemistry by focusing on bio-based plastics as a sustainable alternative to fossil fuel-derived plastics such as PET. We
have developed a method for the closed-loop recycling of a bio-based polyester, PEF, utilizing microwave-assisted heating, which can be powered by renewable
energy. Our study highlights the recovery of monomers and provides a detailed approach to achieving effective chemical recycling.

2. We achieved a recycling rate of 880 g PEF per g catalyst per h at 175 °C, demonstrating the efficiency of our process. Notably, we are the first to show that
ZnO is an effective catalyst for the glycolysis of PEF. Our approach also provides a comprehensive recycling process, including the recovery of monomers,

which are then recycled back into PEF, closing the loop on the material’s lifecycle.
3. While we have demonstrated full circularity, further research into optimizing monomer recovery could substantially reduce energy costs and enhance

overall recycling efficiency.

Introduction

The production of plastic has grown exponentially since 1950,
with projections estimating the presence of 12 billion tons of
plastics waste in landfills or the environment by 2050." Less
than 9% of plastics are recycled, mainly using mechanical re-
cycling owing to its process simplicity and low cost.
Mechanical recycling entails sorting, shredding, and melting
plastic into new products. However, plastics are typically
degraded via discoloration and a decrease in molecular
weight,> and as a result, they are often recycled only once.
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Chemical recycling, in contrast, can break down plastics waste
into monomers that can be re-polymerized into a virgin-quality
product.’ Considering its potential to handle mixed plastics
and multilayer films, chemical recycling has emerged as the
most versatile approach to cope with feedstock complexity.
Polyethylene terephthalate (PET), a versatile plastic used in
consumer single-use beverage bottles and textile fibers, rep-
resents an excellent example material for chemical recycling
owing to its easy-to-cleave ester bonds.* It is nearly the only
polymer that can be recycled back into its monomer form with
a high yield to enable a circular economy.

Sustainability demands more than just a circular economy.
Because of the lack of perfect carbon atom efficiency in depoly-
merization and polymer recycling, some of the original carbon
of plastic waste is lost in each cycle as a byproduct into waste
streams. Thus, new carbon is needed. The use of renewable
carbon to make plastics would fulfil this need while minimiz-
ing or eliminating the need for fossil fuel-derived carbon pro-
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ducts. In this strategy, carbon dioxide is captured from the
atmosphere via photosynthesis and is converted into biomass.
The biomass can then be converted into renewable monomers
and polymerized into bioplastics (renewable plastics). While
bioplastics are an enticing proposition, their end-of -life man-
agement (recycling) is important. Finally, chemical recycling
and bioplastic product manufacturing must be performed sus-
tainably to avoid converting the carbon in plastics into atmos-
pheric carbon dioxide using excessive energy for reactions and
subsequent separation. This, in turn, requires decarbonization
of chemical processing via electrification. Meeting all these
requirements is crucial for ensuring sustainable practices. The
enhanced recycling (>80%) of bioplastics constitutes the most
sustainable plastic management strategy.>®

Despite efforts to produce bioplastics, very little is known
about their recyclability. Recycling bioplastics could lead to
carbon-negative systems if the recycling is performed sustain-
ably. Among bioplastics, renewable polyesters have attracted
significant interest for their inherent recyclability and large
market share.” One example is polyethylene furan-2,5-dicar-
boxylate (PEF), which can be synthesized from 2,5-furan dicar-
boxylic acid (FDCA), produced via oxidizing 5-hydroxymethyl-
furfural (HMF),® a compound that can be easily synthesized
from fructose or glucose.”™ A detailed review on the synthesis
and properties of PEF can be found elsewhere.'’ PEF has the
potential to reduce greenhouse gas (GHG) emissions unlike
PET"? while possessing improved gas-barrier properties toward
oxygen and carbon dioxide,"*'* which can improve the shelf-
life of products and reduce the amount of plastic needed.">*®
A similar strategy for PEF production using biowaste and
industrial CO, excitingly demonstrated a reduction in energy
consumption by 40% relative to PET production.'” There are
diverse approaches available for chemically recycling PEF, each
with their own distinct chemistry. Agostinho et al. investigated
the breakdown and repolymerization of PEF using an urea:
zinc acetate deep eutectic solvent.'® An approach involving the
methanolysis of PEF using ionic liquids was also introduced."’
Recently, PET hydrolases were reported to convert PEF into
FDCA at mild temperatures (65 °C), but the reaction time
(72 h) was long.* Long reaction times, harsh toxic conditions,
and the challenges in catalyst/product separation motivated us
to study PEF depolymerization using inexpensive, earth-abun-
dant, nontoxic, heterogeneous catalysts.

This work reports the catalytic glycolysis (Scheme 1) of
various PEF polymers using a heterogeneous catalyst (zinc
oxide) in ethylene glycol solvent. Owing to the excellent micro-
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Scheme 1 Glycolysis of PEF to BHEF using ethylene glycol as a solvent.
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wave-absorbing properties of ethylene glycol®* and the econ-
omic scale-up potential of this system,** we leveraged micro-
wave-assisted heating as the primary energy source. Microwave-
assisted heating has emerged as a crucial energy platform for
meeting the 2050 decarbonization goals because of its use of
green electricity”® and energy efficiency compared with tra-
ditional heating.”* Recent work by Enthaler and coworkers
showed the potential of microwave-assisted heating for PEF
methanolysis.”> Under mild temperatures, high yields of
dimethyl 2,5-furandicarboxylate (>90%) were achieved.
However, this study was performed using zinc acetate, a homo-
geneous catalyst, which poses separation challenges. Besides
methanolysis, glycolysis represents a strategic depolymeriza-
tion route because the recovered monomer, bis(2-hydroxyethyl)
furan-2,5-dicarboxylate (BHEF), can be repolymerized to PEF
in a single polycondensation step. Herein, we characterized
PEF samples to reveal their thermal properties and molecular
makeup and studied the effects of temperature, time, and par-
ticle size on their apparent depolymerization kinetics. We sub-
sequently studied the isolation of BHEF from an ethylene
glycol solution via crystallization. Lastly, the recovered BHEF
was repolymerized to PEF, and the PEF was characterized and
compared with virgin PEF. We show that it is possible to
recycle lower-quality PEF into a higher-quality polymer. This,
in essence, constitutes an upcycling strategy. Nevertheless,
unlike other upcycling strategies that deconstruct polymers to
fuels, lubricants, and other compounds, the polymer (PEF)
synthesized using our strategy was chemically identical to the
original material but with different properties, such as the
degree of polymerization and microstructure.

Materials and methods
Polymer synthesis

Five lots encompassing varied grades of PEF were obtained
from CovationBio upon setting a material transfer agreement.
Two comparative lots of PET pellets were purchased from
Indorama (product numbers 3301 (lower grade) and 1101
(higher grade)). The following amounts of ingredients were
charged into a 500 mL three-neck glass reactor fitted with a
nitrogen inlet, a condenser, and a mechanical stirrer: 2,5-furan
dicarboxylate dimethyl ester (FDME) (0.2 kg, 1.09 mol) and
ethylene glycol (0.121 kg, 1.96 mol). The mole ratio of ethylene
glycol to FDME was 1.8. The flask was then placed in a metal
bath, which was preheated to a set temperature of 160 °C. The

HO/\/OH (0] (0]
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reaction mixture was stirred at 180 rpm to obtain a homo-
geneous solution under a nitrogen atmosphere. The amount
of the catalyst required was calculated as a ppm ratio between
the weight of the metal present in the catalyst alone and the
total theoretical weight of the polymer obtained.
Consequently, <250 ppm of the total catalyst (esterification
and polycondensation catalysts) was added to the mixture at
this set temperature. Typical transesterification catalysts may
include titanium alkoxide, organotitanates, organozirconates,
and catalysts based on Ti, Sb, Co, and Mn in small amounts."?
The metal bath temperature was programmed to reach
230 °C in 90 min to initiate the transesterification reaction,
with the first drop of the condensed distillate collected noted
as the start of the reaction (time zero). The reaction was contin-
ued at 230 °C for 30 min, in which time, most of the distillate
(~87 mL) could be collected, and the distillate rate signifi-
cantly slowed down, indicating the reaction was almost com-
plete. A vacuum ramp was started while stopping the nitrogen
purge. The pressure was gradually decreased from atmospheric
to a final low pressure of ~0.4 mm Hg absolute over 30 min
while raising the temperature to 260 °C. The polycondensation
reaction was continued for 3 h at 260 °C. The polymer, after
melt polymerization, was recovered and analyzed. A fully amor-
phous polymer was made via melting under an inert atmo-
sphere and rapid quenching in an ice bath to prevent crystalli-
zation. PEF particles of various sizes were made via cryo-
milling and subsequent sieving to the desired particle size
ranges. The identities of the catalysts used in the synthesis
have been withheld from this report for proprietary reasons.

Materials and catalyst preparation

EG (anhydrous, 99.8%), DMSO-ds (99.9%), 1,1,1,3,3,3-hexa-
fluoroisopropanol (HFIP, for synthesis), ZnO (<50 nm particle
size (BET), >97%) and methanol (high-performance liquid
chromatography (HPLC) grade) were purchased from Sigma
Aldrich. Manganese oxide catalysts were synthesized via the
precipitation of manganese nitrate in sodium carbonate and
then calcined at 450 °C and 500 °C (denoted as MnO,, SC-450
and SC-500); the synthesis details can be found elsewhere.?®
Manganese heteroatom BEA-type zeolites were synthesized
using a procedure described elsewhere.”” Lastly, a zinc-manga-
nese mixed metal oxide was made by colloidal synthesis.

Polymer characterization

Differential scanning calorimetry (DSC) was conducted using
TA-instruments Discovery 250 at a heating rate of 10 °C min™"
and cooling rate of 1 °C min~" with typically about 5-10 mg of
the sample. Percent crystallinity was calculated by dividing the
measured melting enthalpy by the theoretical limit at 100%
crystallinity (137 J g').*® Thermogravimetric analysis (TGA)
was carried out using TA Instruments Discovery 5500 at a
heating rate of 10 °C min~" under 40 sccm air or nitrogen
flow. Attenuated total reflectance Fourier-transform infrared
spectroscopy (ATR-FTIR) of the polymers was conducted using
a Nicolet Nexus 640 spectrometer with a Smart Orbit Diamond
ATR accessory. The X-ray diffraction patterns of the polymers
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were collected on Bruker D8 with Cu Ko radiation (1 =
1.54056 A) at 40 kv and 40 mA.

For size exclusion chromatography (SEC), 0.6 mg mL ™"
solutions were prepared by dissolving the material as received
in HFIP with 10 mM tetraethylammonium nitrate (TEAN) and
agitating overnight at room temperature. Sample solutions
were filtered with 0.22 pm Pall PTFE pipette tip filters prior to
injection (7 pL) into the system. SEC was performed using a
Waters APC® system, with a flow of HFIP with 10 mM TEAN at
0.25 mL min~" at 50 °C through a set of Waters APC® XT 2 x
150 mm 450 A-45 A or Waters APC® XT 150 mm 900 A-75 mm
200 A-150 mm 45 A columns in series and a detector (Waters
Acquity UV spectrometer) set at 251 nm. The relative molecular
weight was determined using a three-point linear calibration
with broad standards. Data reduction was done in Empower 3
with auto integration. Sample set validation was performed by
calibrating the first injection and quantifying a duplicate injec-
tion as the final run.

Microwave-assisted depolymerization of PET and product
quantification

Depolymerization reactions were conducted in a 10 mL glass
vial using an Anton Parr Monowave 450 microwave reactor.
The temperature, time, power level, and stir rate were set and
controlled using the 450-user interface. The temperature was
monitored using an IR sensor within the reactor cavity. The
stir rate was set to 600 rpm and the maximum power level was
held at 100 W for each run. The desired temperatures were
reached within a couple of minutes. Reactor contents con-
sisted of PEF pellets, EG, and the catalyst. For catalyst screen-
ing and standard depolymerization, 0.5 g of PEF, 5 mL of EG,
and 5 mg of the catalyst were used. These conditions were opti-
mized based on a previous work.>®

After the reaction, the vial was cooled to room temperature,
and the contents were vacuum-filtered. Using 100 mL of de-
ionized water (18.2 MQ cm™"), BHEF was separated from any
of the remaining solids. The oligomers were collected on filter
papers and eventually dried overnight. A 1 mL aliquot from
the 100 mL BHEF solution was removed and diluted to 10 mL.
HPLC was then used to quantify the BHEF concentrations
using an Agilent 1260 Infinity system coupled with a UV detec-
tor and a Zorbax Eclipse Plus C8 column. The mobile phase
contained equal volumes of methanol and ultrapure water at a
flow rate of 0.6 mL min~" with an injection volume of 10 uL. A
BHEF calibration curve was constructed using the purified
monomer. Conversions of the PEF and the yields of BHEF were
calculated using the following equations:

Wreri — WpErf

x 100%, 1
WhoEr i (1)

PEF conversion (%) =
where Wpgr; corresponds to the initial weight of PEF and
Weers to the weight of the unreacted PEF obtained via fil-
tration. The BHEF yield was calculated as follows:

molgyer

BHEFyield (%) = x 100% (2)

mOlpEF
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WhoEr,i

mOlpEF (%) = X 100(%)7 (3)

MWpgrru
where molgygr are the moles of BHEF produced, molpgr the
initial moles of PEF repeating units, and MWpgr.ry the mole-
cular weight of the PEF repeating unit (MWpgpry = 184 u). The
solids retained on the filter paper were attributed to the for-
mation of long-chain oligomers and their yields were calcu-
lated using the following equation:

MmasSoligomer

Oligomeryield (%) = x 100% (4)

masSpgr

The presence of BHEF in solution was confirmed through
liquid chromatography-mass spectrometry (LCMS) and "H/**C
NMR spectroscopy. Thermo Fisher Scientific Q-extractive
Orbitrap with an electrospray ionization-mass spectrometry
(ESI-MS) setup was used for LCMS analysis with formic acid as
the mobile phase. 'H and "*C NMR spectra were recorded with
Bruker Neo operating at a 'H precession frequency of
400 MHz. The samples were diluted in DMSO-ds.

Monomer recovery and recycling

The monomer was recovered from the EG solutions via crystal-
lization at —10 °C. ICP-MS and XRF were used to determine
the amount of Zn metal present after the separation and
washing of the recovered monomer. Briefly, measurements
were carried out using an Agilent 7500cx series instrument.
Samples were diluted in a solution of 80% nitric acid. Circular
PEF, called hereafter rPEF, using BHEF produced by PEF
chemical recycling, was synthesized using the same setup used
for the virgin PEF synthesis. As BHEF is the transesterified
product of FDME and EG, the polycondensation of BHEF was
the only step. Herein, 30 g of BHEF charged to the same three-
neck flask was brought under vacuum to 0.4 mmHg for
30 min while raising the temperature to 260 °C. Once the
temperature was reached, the polycondensation was continued
for 3 h before quenching and recovering the polymer. The
method and catalysts used were consistent with CovationBio’s
original method to produce PEF Lot 1. The polymer was then
recovered via cryogenic crystallization. For structural analysis
of the polymers, 'H and "*C NMR spectra were recorded with a
Bruker cryoprobe operating a 'H precession frequency of
600 MHz. The samples were diluted in an 80:20 solution of
CD;Cl: TFA-d. The diethylene glycol (DEG) content was
measured from the 'H NMR data using a method described
elsewhere.*® The spectra were analyzed using TopSpin software
from Bruker.

Results and discussion
Polymer characterization

The characterization data for the five PEF samples are pre-
sented in Fig. 1. The X-ray diffractograms of the different PEF
lots (Fig. 1a) show the same peaks consistent with the a-crystal
form of PEF obtained through cold crystallization.*' This ruled
out any polymorphism in the samples. DSC thermograms indi-
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cated that the lots had varying thermal properties (Fig. 1b).
The relatively lower glass transition temperature (7,) for Lot 4
suggested that more diethylene glycol (DEG) units may exist in
the polymer chains than in the other samples.*” Its melting
point distribution was also the narrowest, while those of the
other lots were much broader, with shoulders attributed to the
melting of secondary and original crystals formed during iso-
thermal crystallization.> The PEF samples had higher 7, and
lower T, compared with PET. FTIR spectra show their similar
molecular makeups (Fig. 1c). Furanic moiety contributions,
such as the peak for o(HC=CH) at 750 cm™"; ring breathing
vibration at 1022 cm™; and ring stretching bands at 1580,
1505, and 1390 cm ™' were present. The peak at 1340 cm ™' was
correlated to the trans EG segments in the chain, ascribed to
the crystalline regions of PEF.*’ Lastly, a strong 1(C=0) contri-
bution at 1710 cm ™" due to the ester group was seen for all the
samples.

Fig. 1d displays the molecular weight distributions
obtained via SEC. Generally, all the samples exhibited uniform
peak distributions. TGA revealed a similar trend for all the
samples, where their degradation began at 400 °C (Fig. 1le).
This was consistent with PEF decomposition observed else-
where.** It was also found that the level of transesterification
catalyst in the samples or impurities could result in subtle
changes in the later degradation of the polymers (inset). This
could explain why Lot 1, which had the lowest catalyst concen-
tration, still had some mass left at 550 °C while the other
samples did not. Lot 5 had the fastest degradation, while Lot 2
and Lot 3 followed similar overall patterns because the same
catalyst in the same concentration was used in their synthesis.
Table 1 summarizes the specific attributes of the polymer
samples deduced from the DSC and SEC analyses. In the table,
the column titled “Catalyst” indicates the polymerization cata-
lyst used in the polymer synthesis, while the last column is the
concentration.

The impact of the molecular weight on polymer degra-
dation was investigated. Lots 1, 2, 4, and 5 were chosen as
their molecular weights ranged from 25.5 to 42.0 kg mol™".
Fig. 2a displays the TGA profiles of the four PEF samples at
300 °C, 325 °C, and 350 °C. The weight loss curve at each
temperature showed a similar pattern. At 300 °C, the TGA
profile was predominantly linear, with only a slight decrease in
the sample mass. At 350 °C, the profiles exhibited sigmoidal-
like shapes due to severe degradation. Lot 2 displayed an expo-
nential degradation profile at 350 °C. The difference in degra-
dation behaviors can be due to less water being initially
present in the sample, fewer lower molecular weight frag-
ments, or lower impurities.>> By fitting the linear regions
across the same weight loss values for each sample, degra-
dation rates (% s ') were obtained.

Eyring plots were performed to show the degradation rate at
different temperatures (Fig. 2b). The data were fitted using the

AS*

following equation,
k —AH* Kk
‘“(f) —T+T“n(7)’
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Fig. 1 Polymer characterization. (a) XRD. (b) DSC. (c) ATR-FTIR. (d) SEC. (e) TGA under 40 sccm air at a ramp rate of 10 °C min™%; inset represents

the degradation from 400 °C to 600 °C at low weight percent values.

Table 1 Polymer lot parameters

Lot # Ty (°C) Tm (°C) Crystallinity % M, (kg mol™) M,, (kg mol™) Catalyst Catalyst conc. (ppm)
1 85 173 25 19.8 41.9 A 120

2 82 176 26 13.5 25.5 B 200

3 89 204 13 23.2 50.4 B 200

4 81 212 39 18.3 35.0 C 154

5 88 201 20 20.5 42.0 D 130

PET 1 77 234 38 25.3 51.1 E —

PET 2 77 242 33 26.2 52.6 F —

where k is the degradation rate, AH” is the enthalpy of degra-
dation under standard conditions, T is the temperature, R is
the gas constant, AS™ is the entropy of degradation under stan-
dard conditions, x is the transmission coefficient, &, is the
Boltzmann constant, and 4 is Planck’s constant. Fig. 2c dis-
plays the standard enthalpy of degradation as a function of the
polymer molecular weight. The linear trend indicates that the
enthalpy strongly depended on the molecular weight, consist-
ent with other polyesters.>® The enthalpies for Lots 1 and 5
were very close (170 vs. 173 kJ mol™"), indicating the different

This journal is © The Royal Society of Chemistry 2025

polymers with similar molecular weights showed similar
degradation behaviors.

Catalytic glycolysis

Fig. 3a displays depolymerization catalyst screening results for
PEF (Lot 4) glycolysis using ZnO and Mn,03, which were active
catalysts for PET glycolysis,”>*” and Mn-BEA and Zn-Mn were
mixed metal oxide catalysts. We assumed that the superior per-
formance of ZnO over the other depolymerization catalysts, as
shown in Fig. 3a, will translate to the other PEF lots. It is

Green Chem., 2025, 27, 5753-5763 | 5757
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Fig. 3 Depolymerization of PEF. (a) Screening of heterogeneous catalysts using Lot 4. Conditions: 175 °C, 0.5 g of 2.36 mm pellets, 5 mL EG, and
5 mg catalyst. (b) Comparison of PEF and PET depolymerization. Conditions for each experiment: 175 °C, 30 min, 710—1000 pm particle size, 5 mg
ZnO, and 5 mL EG. (c) PEF particle size effect on depolymerization. Conditions: 175 °C, 0.5 g PEF (Lot 4), 5 mL EG, 5 mg catalyst, and 60 min. (d)
Catalyst (left) effects on depolymerization yields. Conditions: 175 °C, 0.5 g PEF (Lot 3), 710—1000 um particle size, 5 mL EG, and 5 mg catalyst (indi-
cated by ZnO at 15 min). Polymer crystallinity (right) effects on depolymerization yields. Conditions: 175 °C, 15 min, 0.5 g PEF (Lot 3), 710-1000 pm

particle size, and 5 mL EG.

essential to note the role of polymerization catalysts on depoly-
merization, as discussed later. ZnO performed the best at 1 h
of reaction. The morphology of ZnO was optimized in our pre-
vious work, where the particle size was shown to strongly

5758 | Green Chem., 2025, 27, 5753-5763

control overall rates.”® The same catalyst was used in this
study. The selectivity to the monomer was generally high
unless noted otherwise. LCMS was used to verify the BHEF
monomer (Fig. S1}). Trace amounts of dimers and trimers

This journal is © The Royal Society of Chemistry 2025
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were also detected. Importantly, PEF recycling was feasible.
Although the reaction was run at 175 °C, considerably below
the melting temperature of Lot 4 (Table 1), depolymerization
was relatively fast. The swelling of the plastic by EG and the
volumetric heating of the pellets using microwaves enabled
depolymerization below the melting temperature, similar to
PET.”’

Interestingly, the depolymerization of PEF and PET showed
stark differences. Fig. 3b compares the monomer yield and
polymer conversion of PEF and PET under the same con-
ditions (175 °C but with a shorter reaction time of 30 min
using smaller plastics pellets). PEF was converted much faster
than PET under comparable conditions. The lower-grade My
PET sample (PET 1) only achieved a 16% conversion, while the
higher-grade My sample (PET 2) exhibited essentially no con-
version. This exciting result demonstrated the upside potential
of employing PEF over PET for the chemical recycling of consu-
mer polyesters.

Fig. 3c displays the effect of the particle size of the starting
polymer. The results indicated a strong mass-transfer effect in
the depolymerization, with smaller particle sizes generating a
higher monomer yield. The depolymerization mechanism fol-
lowed a shrinking core-like mechanism, as reported in pre-
vious PET glycolysis studies.’® The apparent rate constant was
inversely dependent on the radius (1/r), resulting in the
smaller particles (180-300 pum) with a 2.4-5.5-times higher rate
constant compared with the larger ones (710-1000 pm). The
smaller particles’ higher surface area to volume ratio enhanced
the diffusion of EG needed to break the bonds of the PEF
network. While small particles depolymerized faster, they
required more energy, and thus, energy and technoeconomic
analyses will be needed to find the optimal size. Mechanical
shredding followed by chemical recycling was demonstrated to
produce high monomer yields for PET glycolysis.>®

Next, the effect of the ZnO catalyst on depolymerization was
investigated (Fig. 3d). The time-dependent depolymerization
of PEF with and without the catalyst (ZnO) showed interesting
behaviors (Fig. 3d, left). At 15 min without ZnO, the yields of
monomers and solid oligomers were comparable. The conver-
sion remained constant for up to 30 min, whereas the oligo-
mers were converted to BHEF. This was due to the solvent
swelling the solid particles, leading to rapid heating and
homogeneous depolymerization, forming oligomers before
they could further depolymerize into monomers.”” We believe
that traces of the polymerization catalyst from the synthesis
catalyst participated in this process. ZnO could catalyze C-O
bond breaking of the oligomers and accelerate conversion with
almost complete selectivity to BHEF, even at short times
(15 min), by converting the oligomers to monomers and
removing the system from this quasi-equilibrium.

Polymer crystallinity demonstrated a strong effect on
product distribution (Fig. 3d, right). Rapid quenching of the
PEF sample to 0 °C after melting in an inert atmosphere could
ensure there was no crystallization, resulting in a fully amor-
phous sample. Under the glycolysis of amorphous PEF, no
starting polymer was left, and mostly solid oligomers formed.

This journal is © The Royal Society of Chemistry 2025
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This was in stark contrast to the semicrystalline PEF, where
full conversion was not reached. The difference in conversion
highlights how crystalline domains act as a barrier to
diffusion,*® whereas amorphous domains enable EG diffusion.

The production of oligomers instead of monomers at short
times without a depolymerization catalyst opens an exciting
chemical recycling prospect, as the overall reaction time for
depolymerization is shorter compared to producing mono-
mers, and the separations are easier at room temperature (oli-
gomers are solids at room temperature). The process may also
not even need a depolymerization catalyst. Importantly, the oli-
gomers can act as scaffolds for block copolymer synthesis.*!
Furthermore, the solid oligomers recovered after the reaction
exhibit an earlier onset of degradation than PEF and similar
trends after 400 °C, as shown in the TGA (Fig. S2t). DSC also
highlighted an interesting behavior (Fig. S31), wherein under
the first heating cycle, the oligomers melted around 135 °C,
much lower than PEF (215 °C). The crystallization rate of PEF
was much slower than PET, and the cooling rate was set to
1 °C min~"'. Under cooling, the crystallization peak occurred at
175 °C, consistent with another work.*> GPC revealed a mole-
cular weight value of 4300 Da, about 1/10th that of the original
polymer. A similar finding for PET oligomer formation
revealed the ratio of EG solvent: PET strongly controlled the
yield of oligomers but did not affect the molecular weight.?”
Under the same conditions, as time increased, the molecular
weight remained the same and the yield of oligomers
decreased. This was due to the successive depolymerization of
the longer oligomers into monomers.

The remaining PEF samples after partial conversion
revealed an interesting change. While the T;,, and crystallinity
% remained the same, the T, post-reaction (Table S1f) was
noticeably reduced consistent with a plasticization effect
caused by EG seen in other polyesters.”> The T, shift for the
PET samples after the reaction was not as significant. The
more dramatic T, downshift in PEF vs. PET could be due to
the enhanced sorption of EG within the PEF polymer matrix.
PEF enhances the sorption of CO, over PET owing to the
greater interactions of CO, with the polar carbonyls caused by
the hindered ring flipping of the furanic moiety."* Thus, it is
plausible that EG sorption within PEF is more favored because
of a similar effect, resulting in its faster dissolution to oligo-
mers and depolymerization.

Next, kinetic investigations into the PEF glycolysis reaction
were carried out for Lots 1-3 (Fig. 4). These specific samples
were chosen to illustrate the effect of molecular weight (con-
trasting Lots 2 and 3) and the catalyst package (contrasting
Lots 1 and 3). The red points (yield) closely trace but are below
the black points (conversion), indicating a high monomer
selectivity and the formation also of some oligomers. Fig. 4a
depicts the depolymerization of Lot 2 at two temperatures and
particle sizes. The time for depolymerization to be completed
dropped from 60 to 8 min (~8x) as the temperature increases
from 160 °C to 175 °C for 180-300 pm particles and from 30 to
8 min (~4x) at 175 °C with a lowering of the average particle
sizes from 710-1000 to 180-300 um. Clearly, both the tempera-
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Fig. 4 Kinetic depolymerization of PEF. (a) Lot 2 at 160 °C and 175 °C with 180-300 and 710-1000 pym sized particles; the inset is a zoomed-in
image in the 0—35 min range. (b) Lot 3 at 160 °C and 175 °C with 710-1000 pm sized particles. (c) and (d) Lot 1 at 160 °C and 175 °C with
180-300 ym and 710-1000 pm sized particles, respectively. Conditions: 0.5 g PEF, 5 mL EG, and 5 mg ZnO. Squares represent 175 °C and triangles
160 °C. Solid lines are for 710—-1000 pym particles and dashed lines for 180-300 pm particles. Error bars indicate the standard deviation from dupli-

cate experiments wherever shown.

ture and particle size play a crucial role in the kinetics of gly-
colysis. The depolymerization times could be shortened at
sufficiently higher temperatures with smaller particles due to
the effective heating of EG by microwaves and the swelling of
the particles, which promotes their rapid heating. Also, in
practice, short processing times require less energy and would
allow more plastic waste to be processed. These results also
indicate there was a tradeoff in energy use between raising the
temperature and applying milling (mechanical shredding) to
generate smaller particles.

Fig. 4b shows the depolymerization kinetics of Lot 3, which
was a higher molecular weight polymer than Lot 2 (Fig. 4a)
synthesized using the same transesterification catalyst and
had sizes of 710-1000 um. At 160 °C, full depolymerization
was slightly longer (105 vs. 90 min), but at 175 °C, the depoly-
merization times for Lots 2 and 3 were comparable. Although
higher My, PEF provides improved mechanical properties, it
exhibits slower depolymerization kinetics, suggesting there is
an optimum My, for achieving economically circular PEF.

Lastly, Fig. 4c and d depict the depolymerization of Lot 1 at
two temperatures and sizes. Lot 1 had a similar molecular
weight to Lot 3 but a lower catalyst concentration than Lots 2
and 3 (Table 1). At 160 °C, Lot 1 took more than twice as long

5760 | Green Chem., 2025, 27, 5753-5763

as Lot 2 to achieve complete conversion (Fig. 4c), which was
also slower than Lot 3. The slower rate was due to the lower
catalyst concentration used in the PEF synthesis, although the
higher crystallinity of Lot 1 may have also affected EG
diffusion. As shown in Fig. 4d, the monomer yield started to
plateau at 160 °C as the conversion increased. The HPLC trace
showed increased amounts of the dimer, but the sample did
not depolymerize further, indicating larger tetramers and
trimers were still being broken down.

Taking all the data together, PEF depolymerization depends
on the temperature, particle size, molecular weight, degree of
crystallinity, and catalyst package. The production rate of BHEF
varied tremendously, from 880 to 30 g BHEF per h per g catalyst
over our conditions. While the monomer production rate is a
key metric for assessing depolymerization, the aforementioned
experimental factors (temperature, particle size) are crucial to
evaluate the feasibility of the process (economic, life cycle, scale-
up). The final amount of catalyst present in the polyester is also
a key factor that should be considered. The catalyst used in the
synthesis and the catalyst amount in the product are also key
factors that should be considered. Thus, future work should
include this information to properly assess which system and
technology are the most attractive for chemical recycling.

This journal is © The Royal Society of Chemistry 2025
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Monomer recovery and recycling

The recycling of the BHEF monomer back into PEF is shown
in Fig. 5. The concentration profile of the monomer in solu-
tion during the crystallization process is shown in Fig. 5a. The
crystallization of BHEF was much slower than that of BHET in
EG under the same conditions.?® This was consistent with the
relatively slow crystallization kinetics of PEF vs. PET. Solids did
not appear for the first 7 days, indicating that the primary
nucleation to induce crystallization may have been hindered.
Pi—pi stacking of the aromatic ring in the BHET monomer
allows for rapid molecular alignment compared with the polar,
asymmetric furan ring that cannot be oriented as easily. The
equilibrium point for the monomer recovery approached
~70%, suggesting a thermodynamic equilibrium has been
reached. The crystallization kinetics followed the behavior of a
modified Avrami equation** of the form:

2e(&) =wi(1 —e™0") (1 — e 01",

where y. is the fraction crystallized, k; and k, are the overall
crystallization rate constants, n is the Avrami exponent, w; and
w, are the weight fractions for each domain, and ¢ is the time.
This model fitted the data well, indicating a binary domain-
independent type of crystallization.** The fitted values were w;
=0.036, k; =1.68 x 107 h™', w, = 0.677, k, = 7.68 x 10~°, and
n=3.3.
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After isolating BHEF, we sought to recycle it back into PEF
(referred to as rPEF) using the synthesis procedure with Lot 1.
Some dimer was present in the isolated solids, as shown by
the NMR (Fig. S47). rPEF was recovered and analyzed to assess
its inherent properties. The DSC scans of Lot 1 and (rPEF) are
shown in Fig. 5b. The T, of rPEF was 94 °C, which was higher
than that for the Lot 1 sample (85 °C). Higher T, values are
desired as they show improved robustness and suppressed
hydrolytic degradation.*” Using 'H NMR (Fig. S51), we sought
to measure the amount of DEG units present in both the
virgin and recycled polymer, as lower T, values have typically
been tied to higher amounts of DEG units within polyesters.*?
We observed a 1% reduction in the relative DEG content in the
rPEF sample, which rationalized the increased T,. Since rPEF
was synthesized using a direct one-step polycondensation
rather than a two-step transesterification followed by polycon-
densation, DEG formation was likely suppressed as EG dimeri-
zation to DEG can happen during transesterification.*® The
enhanced T, of rPEF is an attractive quality and points to
another advantage with the chemical recycling of PEF. Lastly,
the crystallinity of rPEF increased from 25% to 31% while Ty,
remained the same.

Further characterization of rPEF was conducted using TGA
(Fig. 5c). The obtained thermograms indicated some solids
were still present in rPEF at high temperatures. Besides this
difference, the TGA profiles of Lot 1 and rPEF profiles were
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Fig. 5 Recycling assessment. (a) Concentration of the monomer in solution during crystallization at —10 °C. (b) DSC scans of the new polymer and
original polymer. (c) TGA thermogram of the new and original polymer under 40 sccm air/N,. (d) GPC data indicating molecular weight distribution.
(e) Depolymerization kinetics of Lot 1 and rPEF. Conditions: 175 °C, 0.5 g PEF, 710-1000 pm particle size, 5 mL EG, and 5 mg ZnO.
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very similar. Lastly, the molecular weight of rPEF increased sig-
nificantly compared with Lot 1 (My, 56.5 vs. 39.6 to kg mol™?)
for a similar dispersion index (P) value (Fig. 5d). Gabirondo
et al. studied the chemical recycling of PEF films using an
organocatalyst; their rPEF had a moderate My, (38 kg mol™") at
high D (3.4)."” The higher My and the increased T, represent
an exciting upcycling prospect for PEF chemical recycling.

Lastly, the depolymerization of rPEF was carried out and
compared to that from Lot 1. As shown in Fig. 5e, the depoly-
merization of rPEF displayed slightly improved kinetics under
the same conditions. Thus, the lifecycle of PEF was robust,
demonstrating a high potential for circularity. Approximately
2/3 of the BHEF monomer could be recovered from the depoly-
merized rPEF solution in the same time (30 days). The
upgraded properties of rPEF, its faster depolymerization kine-
tics, superior barrier properties of PEF relative to PET, and the
renewable sourcing of PEF point to it being a highly advan-
tageous polymer over traditional PET. While these are all excit-
ing findings, the significantly slower monomer recovery due to
crystallization is a drawback for fully realizing PEF chemical re-
cycling. Enhancing the crystallization kinetics via seeding®®
could be conducive to eliminating this challenge.

Conclusions

We characterized and investigated the glycolysis of various PEF
polymers under microwave-assisted heating. Higher molecular
weight polymers exhibited higher values for the enthalpy of
degradation. ZnO displayed the highest activity for PEF glycoly-
sis compared with other heterogeneous -catalysts tested.
Oligomers were initially formed without a depolymerization
catalyst, probably owing to the catalyst used in the polymeriz-
ation process, but they were rapidly depolymerized into BHEF
by ZnO. A reduced polymer crystallinity, smaller particle size,
and higher temperature enhanced oligomer formation and
PEF conversion. The effect of the polymer’s particle size on
apparent kinetics indicated substantial mass-transfer limit-
ations. Increasing the temperature from 160 °C to 175 °C
enhanced the activity 4-fold in some cases. For the lowest My,
polymer tested, we achieved a BHEF production rate of 880 g
BHEF per h per g catalyst at 175 °C. The recovery of
BHEF via crystallization was significantly slow and only
reached 70% over 30 days. Recycling of the recovered BHEF
yielded rPEF with an improved My, and T, and favorable depo-
lymerization kinetics. Thus, the circularity of PEF demon-
strated herein offers an exciting opportunity for obtaining sus-
tainable, recyclable plastics. Chemical recycling can also facili-
tate the synthesis of better quality polymers than the original
ones, indicating the upside potential for upcycling.
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