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Dihydroxyterephthalate—A Trojan Horse PET Counit for

Facile Chemical Recycling

Ting-Han Lee, Michael Forrester, Tung-ping Wang, Liyang Shen, Hengzhou Liu,
Dhananjay Dileep, Baker Kuehl, Wenzhen Li, George Kraus, and Eric Cochran*

Here, low-energy poly(ethylene terephthalate) (PET) chemical recycling in
water: PET copolymers with diethyl 2,5-dihydroxyterephthalate (DHTE)
undergo selective hydrolysis at DHTE sites, autocatalyzed by neighboring
group participation, is demonstrated. Liberated oligomeric subchains further
hydrolyze until only small molecules remain. Poly(ethylene terephthalate-
stat-2,5-dihydroxyterephthalate) copolymers were synthesized via melt
polycondensation and then hydrolyzed in 150-200 °C water with 0-1 wt%
ZnCl,, or alternatively in simulated sea water. Degradation progress follows
pseudo-first order kinetics. With increasing DHTE loading, the rate constant
increases monotonically while the thermal activation barrier decreases.

The depolymerization products are ethylene glycol, terephthalic acid,
2,5-dihydroxyterephthalic acid, and bis(2-hydroxyethyl) terephthalate dimer,
which could be used to regenerate virgin polymer. Composition-optimized
copolymers show a decrease of nearly 50% in the Arrhenius activation energy,
suggesting a 6-order reduction in depolymerization time under ambient
conditions compared to that of PET homopolymer. This study provides

new insight to the design of polymers for end-of-life while maintaining key

1. Introduction

Most  petroleum-derived plastics like
poly(ethylene terephthalate) (PET) are
long-lived, resulting in “white pollution”
due to their nondegradable characteristics
and leakage into the environment due to
inappropriate waste management prac-
tices.["? Since its adoption by Pepsico for
use in bottles in the 1970s,3) PET has sur-
passed glass and metal as the dominant
packaging material, accounting for about
6% of the global plastic market share.l
This success has been by its low cost, high
strength-to-weight ratio, impact strength,
optical clarity, chemical resistance, and
barrier properties. In 2021 alone, =81 mil-
lion metric tons of PET were produced,
with market forecasters anticipating
115 million tons by 2028, driven by the
rising global population and attendant

properties like service temperature and mechanical properties. Moreover,
this chemical recycling procedure is more environmentally friendly compared
to traditional approaches since water is the only needed material, which is

green, sustainable, and cheap.
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increase in food consumption.’! This is
accompanied by the increased production
of its precursors terephthalic acid (TPA)
and ethylene glycol (EG), mostly from
petroleum resources. In spite of highly
visible bottle recycling efforts, far less
than half of PET is recycled; moreover,
even recycled PET is often landfilled, with
only a paltry 7% used for bottle-to-bottle
recycling.®l Ultimately, the quality of all
mechanically recycled PET becomes unsuitable for use such
that the landfill and/or the environment are the terminal des-
tinations. More than 8 million tons of plastics leak into the
ocean each year, and the mass of all plastic waste is projected
to exceed that of fish by 2050.% Even though PET has a higher
recycling rate than any other type of plastic, its environmental
leakage rates were about 10% of market inputs in 2018.

Since the structure of PET makes it resistant to natural
degradation and energy intensive for chemical recycling, it is
imperative to establish new strategies for PET and PET-like
materials designed for closed-loop circularity due to these
ecological and economic considerations. Today, PET is reused
almost exclusively via primary or secondary recycling, com-
plex physical processes that involve sorting, cleaning, grinding,
melting, and reforming.®l The associated energy consumption
is process dependent, ranging from 8 to 55 MJ kg .1l Moreover,
there is a notable deterioration of product performance due to
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degradation, oxidation, contamination, and altered molecular
weight distribution.®!

Tertiary recycling, known commonly as chemical recycling
or chemolysis, promises the recovery of virgin monomers that
can be used to regenerate brand-new plastics, even from highly
damaged and contaminated feedstocks. Multiple approaches
for PET chemolysis have been considered including glycolysis,
alcoholysis, and hydrolysis.'”! Hydrolysis uses aqueous solu-
tions with acidic, alkaline, or neutral catalysts, whereas glyco-
lysis and alcoholysis use glycols or alcohols, respectively. Other
approaches such as aminolysis and ammonolysis use aqueous
amine solutions or ammonia, but these are seldom considered
due to the lack of product application.

As the simplest and oldest approach to PET depolymeriza-
tion, glycolysis has been studied thoroughly. Generally, EG is
used to attain the precursor bis(hydroxyethyl) terephthalate
(BHET) for subsequent PET regeneration. Besides tempera-
ture and time, various catalysts, including metal acetates, metal
oxides, carbonates, sulfates, ionic liquids, and others have been
investigated. Metal acetates are the most widely used with activ-
ities ordering as Zn?* > Pb?* > Mn?* > Co?* and BHET yields
ranging 70-100%. Imran et al. used pure oxides and mixed-
oxide spinel as catalysts and indicated better efficiency com-
pared to single oxides due to higher surface area and acid site
concentration. The type of metal cation, coordination geometry
(tetrahedral or octahedral), and the spinel geometry (tetragonal
or cubic) affected yield."” Al-Sabagh et al. studied glycolysis
using Cu- and Zn-acetate-containing ionic liquids as catalysts
which evidently retained activity for up to six reuses.3] More-
over, product recovery from ionic liquid catalyzed processes was
simpler compared to conventional catalysts like metal acetates.
Microwave-assisted glycolysis of PET has gained consider-
able attention due to the 300 s time scale required to achieve
nearly complete conversion, albeit at energy requirements near
60 MJ kg10415

Alcoholysis involves the degradation of PET in an alcoholic
medium under high temperature and pressure, with methanol-
ysis having drawn the most attention over recent years. It can
proceed under three forms: liquid (conventional), super-heated
(vapor), or supercritical.'*'8l The conventional process uses the
same catalysts as glycolysis, whereas the super-heated pathway
leads to a lower decomposition rate but has higher tolerance
for contaminated PET. The supercritical process achieves sig-
nificantly higher PET decomposition rates without catalyst,
albeit at the expense of severe reaction conditions (T > 240 °C,
P> 8 MPa).

Hydrolysis of PET can be performed with acids like H,SO,
and HNO;, alkalis like NaOH and KOH, or neutral materials
including metal acetates, phase transfer agents, or hydrotalcite
in aqueous or nonaqueous media.’® Campanelli et al. dem-
onstrated complete depolymerization to monomers in excess
water at 265 °C for 2 h.?% Giiclii et al. carried out neutral
hydrolysis of PET with different amounts of water and different
catalysts in xylene. They concluded that xylene facilitated both
depolymerization and subsequent monomer purification.l?!
Mancini and Zanin used 7.5 M sulfuric acid to reach 80-90%
depolymerization over 4 days at 100 °C and in 5 h at 135 °C.1?
Karayannidis et al. conducted alkaline hydrolysis at 120-200 °C
with aqueous NaOH solutions to yield high purity disodium
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terephthalate.?)] Recently, Wang et al. showed nearly quantita-
tive hydrolysis of PET at 180 °C after 8 h in aqueous 70 wt%
ZnCl, solution.*¥

While these recycling pathways are fascinating and hold great
promise, they are still too resource-intensive to merit large-
scale implementation, all requiring some combination of harsh
conditions, time, and separations with energy consumption on
the order of 60 M] kg! or higher.2*2% In practice, glycolysis
products comprise a significant number of oligomers besides
BHET, imposing separations challenges that impede commer-
cial adoption.’” While methanolysis produces relatively pure
dimethyl terephthalate (DMT) and EG, it requires relatively
high temperature and pressure. Moreover, most PET manu-
facturing is based on TPA rather than DMT, the conversion of
which would impose further processing costs.l?*l Hydrolysis is
the only method to directly recover TPA and EG from PET, but
the harsh catalytic conditions would cause high corrosion to the
facility and generate undesirable inorganic salts due to the con-
centrated acidic or basic solution used.l?®l

Thus in general, chemolytic processes all require some com-
bination of organic solvents, concentrated acidic/basic solu-
tions, catalysts, and/or extreme conditions like high tempera-
ture or pressure. These requirements significantly increase the
capital cost combined with the environmental cost.?’! More-
over, the separation and purification of products like BHET is
difficult. As a result, further efforts to achieve resource-efficient
and environmentally benign methods for PET chemical recy-
cling are indicated.

Herein, we introduce a family of PET copolymers embedded
with a “Trojan Horse” (TH) counit that enables depolymeriza-
tion under far milder conditions as illustrated in Figure 1. Our
previous work with poly(1,5 dimethoxy-2,6 ethylene naphtha-
late) showed that unlike other poly(ethylene naphthalates) with
thermal stability to over 400 °C, this material underwent rapid
chain scission in both aerobic and anaerobic environments
near 200 °C.13% Evidently, the ortho-substituents coordinated to
facilitate decomposition reactions through an autocatalytic pro-
cess known as “anchimeric assistance” or “neighboring group
participation” (NGP).BU In fact, Kaplan and Sawodny used a
similar substitution pattern to demonstrate complexation with
metals in a series of polyesters based on 2,5-dihydroxytereph-
thalic acid.’?l These authors noted decreases in the thermal sta-
bility as measured by TGA under N, by up to 100 °C depending
on the complexed metal cation. Based on these observations,
we hypothesized that chemically reversible NGP-activated reac-
tions in terephthalate analogs like 2,5-dihydroxyterephthalate
could be exploited to insert a chink into the armor of other-
wise chemically resilient polymers. By copolymerizing with
<20 mol% DHTE, PET retains or improves upon key perfor-
mance features while exhibiting drastically enhanced sensi-
tivity to hydrolysis under selective conditions. DHTE can be
synthesized readily from biobased succinic acid (SA), a diacid
sugar fermentation product recognized as one of the top 12
value-added platform chemicals derived from biomass by US
Department of Energy (DOE).333% It should be noted that SA
along with other aliphatic-like diacids, including adipic, sebacic,
and maleic acids, have been used as comonomers to modify
the properties of PET, especially in terms of its crystallinity and
hydrophobicity in order to gain biodegradability.*®! However,
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Figure 1. Conceptual illustration of the Trojan-Horse paradigm for PET chemical recycling.

while the introduction of these chemicals into PET polymer reaction and high precursor recovery while retaining the
backbone increased its degradability, they also reduced the thermal and mechanical performance of legacy PET.

thermal and mechanical properties. Here, appropriately chosen

TH counits could both retain the high performance of PET due

to their aroma.tic structure while intro.ducing dggradability due 9 Results and Discussion

to NGP. In this work, abundant and inexpensive water served

as both solvent and reactant. The PET copolymers were depo-  The characteristics of the materials that were synthesized for
lymerized with zinc-based catalysts through selective cleavage  this study are summarized in Table 1. The sample codes of the
of C-O bonds due to the metal ion coordination with ester and  copolymers are denoted as Poly(ethylene terephthalate-stat-
phenolic groups. Additionally, we found appreciable activity  2,5-dihydroxyterephthalate)X (X), where X represents the mole
even without catalyst and in a simulated marine environment.  fraction % of DHTE units relative to the total amount of diester
The depolymerization products, TPA and 2,5-dihydroxytere- and diacid.

phthalic acid (DHTA), readily precipitated from water at room PET and PEDHT copolymers were synthesized by a
temperature. This strategy provides several orders of magnitude  two-step polymerization similar to the industrial manu-
improvement of relatively inefficient chemical deconstruction  facturing process. The first step is monomer preparation

Table 1. Composition and reaction conditions of PET and PEDHT copolymers.

Sample code? Feed ratio TPA/DHTE/EG Polycondensation
[equiv]” temp. /time®) Insoluble fraction  Soluble fraction M,®  Soluble fraction M, Soluble fraction
[ChT] [%] [kDa] [kDa] [P
PET 1/0/10 240/8 0.0 15.7 313 2.00
PEDHTS5 0.95/0.05/10 240/2.5 39 1.8 51.5 4.35
PEDHTIO 0.9/0.1/10 240/2 5.4 3 58.2 513
PEDHT20 0.8/0.2/10 240/1.75 1.3 12.2 72.0 5.88

ASample code: PEDHTX, X = mol% of dihydroxyterephthalate repeat unit; ®Equivalents of terephthalaic acid (TPA) & diethyl dihydroxyterephthalate (DHTE) on a 10 equiv.
basis of ethylene glycol (EG); 9The esterification/transesterification reaction was carried out at 220 °C for 5h and bis-hydroxy ester monomer conversion of each precursor
is 299%, which was determined by gas chromatography-mass spectrometry; 9Insoluble fraction by dissolving sample in phenol/1,1,2,2-tetrachloroethane (60/40, v/v) at
120 °C for 16 h; )Number-average molecular weight; )Weight-average molecular weight; & Dispersity calculated by M,,/M,.. The molecular weights were determined by GPC
in 1,1,1,3,3,3-hexafluoro-2-propanol solution with Poly(methyl methacrylate) standards.
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Figure 2. Step-growth polycondensation of pure PET and PET-PEDHT copolymer via a two-step polymerization.

(esterification/transesterification), in which diacid/di-ethyl ester
is converted to bis-hydroxy ester. The conversion reached >99%
within 5 h using excess EG without side reactions, as shown
in Figure S1, Supporting Information. Following the comple-
tion of monomer preparation and distillation to remove excess
EG, the bis-hydroxy ester was mixed with additional catalyst
and converted into polyester through transesterification under
dynamic vacuum. It should be noted that viscosity was higher
during the polymerization of PEDHT copolymers compared to
pure PET. Therefore, this reduced the reaction time and fur-
ther caused limitations on the growth of the polymer chain. In
solvating the polymers for GPC analysis, we noted that a por-
tion of the PEDHT specimens was insoluble. Soluble PEDHT
fractions had number-average molecular weights comparable to
pure PET. The dispersity (D) of PEDHT copolymers exceeded
over two times that typically associated with a polycondensa-
tion material, and D increases with DHTE content (Figure S2,
Supporting Information). The increased viscosity, insoluble
fraction, and elevated dispersity are ascribed to the perma-
nent covalent network that formed due to the chain extension,
branching, and/or cross-linking reactions via reaction of phe-
nolic and carboxylic/ester, as indicated in Figure 2. The insol-
uble fraction (Table 1) results indicate that the degree of cross-
linking increases with DHTE content. In general, PEDHT
copolymers are within the conditions required to assess the
performance of these materials and well enough to make a
comparison with pure PET.

In addition to solution state analyses, FTIR spectroscopy was
used to analyze the microstructure of the copolymers in the
solid state as shown in Figure 3. The strong absorption peaks in
the region of 1714 and 1681 cm™ are assigned to the stretching
vibration of the carbonyl group (C=O) of PET and PEDHT
units, respectively, while the peaks at 1237 and 1191 cm™ cor-
respond to carbonyl (C-O) stretching vibration of PET and
PEDHT units, respectively. The frequency of carbonyl (C=0)
stretching peak of PEDHT unit is 33 cm™ lower than that of
PET due to the electron-withdrawing effect of the additional
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phenolic groups on the aromatic ring.””! In general, the FTIR
spectra of PEDHT copolymers show different absorption peaks
of C=0 and C-O stretching vibration for PET and PEDHT
units, respectively, and the ratio of absorption intensities (I;74/
Ligg; and Iyp37/11191) decreases with the increase in the PEDHT
unit content. Although FTIR is not well-suited to the precise
quantitation of the DHTE composition, the intensity ratios
observed in the spectra are consistent with the monomer feed
ratios. These values are also consistent with the DHTA/TPA
ratio determined via NMR after depolymerization as described
below. Furthermore, it should be mentioned that the phenolic
(-OH) group of DHTE was observed at 3286 cm™, while there
was no significant peak showing up in this region of PEDHT
copolymers. This is consistent with the esterification of phe-
nolic groups during polycondensation, resulting in a 3D net-
work. This supports the hypothesis that the insoluble fraction

PET backbone
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Figure 3. ATR-FTIR spectra of PET and PEDHT copolymers.
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Figure 4. DSC thermograms of PET and PEDHT copolymers: a) second heating and b) second cooling (scan rate was 10 °C min).

of the copolymers is attributed to the permanent covalent net-
work formed due to phenolic ~OH esterification.l?®3]

To elucidate the effect of DHTE loading on the thermal
properties of the copolymers, differential scanning calorimetry
(DSC) was performed (see Figure 4 and Table 2). The melting
point T, decreases monotonically with DHTE loading. This
trend is observed in studies on other statistical copolymers,
including polyamides, and can be attributed to the suppres-
sion of the crystal thickness resulting from the comonomer
unit within the polymer chain.***! In most cases, crystals are
comprised solely of majority component, with the minority
counits relegated to the amorphous phase. In this case, as
DHTE fraction increases, the crystal thickness is suppressed
due to shorter PET sequences. This depresses the melting
point as anticipated by the Thompson-Gibbs equation.[*’!
Moreover, a similar trend is observed in melting enthalpy and
degree of crystallinity, which supports the suppression effect
of crystal thickness by the comonomer units. On melt recrys-
tallization, DHTE loading also depresses the recrystallization
temperature T, crystallization enthalpy, and the degree of crys-
tallinity obtained. These effects are in part due to disruption of
crystallizable PET sequences with DHTE defects. Additionally,
suppression of chain rearrangements owing to the covalent
network likely plays a role. Chain diffusivity will be increas-
ingly attenuated with increasing DHTE composition and the
attendant increase in cross-link density. Similar crystallization
behavior effects have been noted in branched/cross-linked

Table 2. Thermal transition properties of PET and PEDHT copolymers.

poly(butylene terephthalate)s.* Turning to the amorphous

phase, where the vast majority of the DHTE content evidently
resides, all PEDHT copolymers show one unique T, value
via DSC, indicating a homogeneous amorphous phase. The
PEDHT copolymers show T, values 4-7 °C higher compared to
PET, which is likely a consequence of the restricted segmental
motion due to DHTE-mediated crosslinking.

Based on thermal property characterization, PEDHT copoly-
mers are similar to pure PET for a wide range of practical appli-
cations since the copolymers show higher service temperature
and ease-of-processing due to the improved T, and reduced T,
respectively, compared to PET. Additionally, we characterized
the thermal stability of PEDHT copolymers using thermogravi-
metric analysis (TGA) (See Figure 5 and Table 2). The results
indicate that the thermal stability of PEDHT copolymers is sim-
ilar to that of PET, while producing similar char residue and
slightly higher Tj ., values. The enhancement of the thermal
stability is attributed to the permanent covalent network
formed by DHTE, which reinforces the dimensional stability of
the polymer structure. In summary, the thermal analysis dem-
onstrates that PEDHT copolymers retain thermal properties
comparable to PET.

The presence of the melting behavior indicates that the
copolymers are melt processable. This means PEDHT copoly-
mers could be processed analogously to PET, that is, via injec-
tion or blow molding for commodity production. Therefore,
to confirm this hypothesis, injection molding was used to

Sample DSC TGA

code? T AH T AH) A AHY T 1 Tuss? Tamae®  Ruooo [WH%]9
PET 71.2 N.D.9 N.D. 432 191.7 38.6 237.5 27.5 404.8 4421 16.0
PEDHTS 78.6 N.D. N.D. 37.7 168.4 35.8 235.3 25.6 404.8 444.8 17.7
PEDHT10 75.5 8.5 155.5 10.9 150.9 30.6 222.0 219 391.3 442.9 16.4
PEDHT20 77.8 10.1 135.2 N.D. N.D. 18.3 190.0 13.0 369.0 444.6 14.6

@Sample code: PEDHTX, X = mol% of dihydroxyterephthalate repeat unit; Glass transition (T,), crystallization (T,), cold crystallization (T,.), and melting (T,,) tempera-
tures; The enthalpies (AH,, A H, and A H,,) corresponded to each thermal transition; 9Tss: decomposition temperatures at which the weight loss reached 5% of its
initial weight; Ty may the temperature at the maximum rate of decomposition; Rygg: The residual mass at 1000 °C; 9 Not detected by DSC.
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Figure 5. a) TGA thermograms and b) DTG curve of PET and PEDHT copolymers. Heating rate was 10 °C min~".

process PEDHT copolymers. The injection molding condi-
tions used for PEDHT and PET were identical; the increased
PEDHT melt viscosity did not interfere with this process. Fur-
thermore, the melting point of PEDHTs is lower, indicating
that PEDHT possesses the potential to improve energy con-
sumption during the manufacturing process and reduces
thermal polymer chain degradation. However, further study
on product processing is necessary to give a comprehensive
understanding of PEDHT processability. The produced tensile
samples were used to determine the mechanical properties,
shown in Table 3. (see Figure S3, Supporting Information for
representative stress-strain curves) The Young's modulus of
PEDHT copolymers shows an increase of 40% compared to
that of PET. This result can be attributed to the presence of
the DHTE network, which enables the materials to withstand
higher load under the same degree of deformation. Likewise,
the copolymer yield strength increases from 74 to 102 MPa for
>10 mol% DHTE loading. This observation can be attributed
to the increase in the rigidity of the copolymers due to the
change in the cross-link density; as this increases, the mate-
rial can withstand with stronger forces before necking. Based
on these effects, a similar trend is observed in the ultimate
strength, which shows an improvement of 110% from 45
to 96 MPa with DHTE loading 210 mol%. While the cross-
linking improves the rigidity and strength of the materials,
elongation-at-break decreases from 358% to 23% with DHTE,
changing the fracture fashion of the copolymers from ductile-
to-brittle. This can result from the disruption effect of 3D
network which disrupts the strain-induced crystallization and
lead to material fracture, indicating a tradeoff for the increase
in the stiffness of the polymer. Therefore, the mechanical

Table 3. Mechanical properties of PET and PEDHT copolymers.

properties are tunable through DHTE content to meet a range
of performance specifications.

Traditional PET hydrolysis is mediated through catalysis with
acidic, basic, or heavy metal solutions. The cations attack the
acyl O of the ester, which results in the shift of the electronic
cloud away from the acyl C. This allows the O of H,O to attach
to the activated acyl C, cleaving the polymer chain.[*] While this
process is quite facile in solvated esters, the highly crystalline
nature of PET severely impedes the ingress of reactive species
into the solid bulk. Ostensibly, the onset of hydrolysis is rele-
gated to the amorphous phase near the surface. In this work, we
hypothesized that TH counits like DHTE would facilitate depo-
lymerization by more rapidly releasing oligomeric subchains
with far greater affinity for the aqueous phase. To test this, we
conducted several depolymerization experiments varying time,
temperature, and catalyst composition. The results are summa-
rized in Table 4 and Tables S1 and S2, Supporting Information;
Figure 6 and Figures S4 and S5, Supporting Information.

Given the demonstrated efficacy of Zn?* in the catalysis of
PET hydrolysis and glycolysis,[?*4!l we first determined the sen-
sitivity of ZnCl, concentration on depolymerization kinetics
comparing PET and PEDHTI0 at 170 °C and 8 h. PET is
quite resilient without catalyst under these conditions, losing
only 16 wt% of its mass. Using the staggering 70 wt% ZnCl,
employed by Wang et al. > mass loss increases nearly three-
fold to 47 wt% (Table 4). In comparison, uncatalyzed depo-
lymerization of PEDHTI0 realizes 67% mass loss, increasing
slightly to 72 wt% with 1 wt% ZnCl,. While we mainly attribute
the significant depolymerization of PEDHT10 in the absence of
ZnCl, to the NGP autocatalysis afforded by the DHTE counits,
we also suspect that residual Zn(CH3COO), used in polymer

Sample code? Young's modulus [MPa]

Toughness [M) m~3]

Yield strength [MPa] Elongation at break [%)]

PET 1040.5 +13.0 157.5+8.2 741124 358.2+14.4
PEDHT5 1477.5 £16.5 46.2+538 83.5%£0.8 60.1£7.0
PEDHTI0 1449.5 £42.2 327+40 102.3+£2.2 36.8+4.3
PEDHT20 1491.6 + 96.4 18.0£2.0 97.7%1.1 22.8£1.4

3Sample code: PEDHTX, X = mol% of dihydroxyterephthalate repeat unit.
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Table 4. Hydrolysis degradation results of PET and PEDHT copolymers
under different reaction conditions.

Sample code ZnCl, Temperature Time Degradation
concentration [%] [°C] [h] conversion? [%]
PET 0 170 8 16.3
70 170 8 46.5
PEDHT5 0 160 8 34.4
0 170 8 59.6
0 180 8 81.0
Sea water 160 8 38.1
Sea water 170 8 66.5
Sea water 180 8 82.0
0 200 2 98.7
PEDHT10 0 170 8 66.9
1 160 8 43.7
1 170 8 72.4
1 180 8 93.4
PEDHT20 0 150 8 211
0 160 8 59.5
0 170 8 93.6

Mass ratio of polymer to aqueous solution was 1:30; 2 Degradation conversion was
calculated from NMR quantitative analysis.

synthesis plays an important role.” The rate constants and

conversions vary slightly when ZnCl, concentration increases
from 0% to 1% (see Figure 6a), which suggests that a residual
amount of Zn(CH3;COO0), ( 0.004 wt% of solution) already
significantly facilitates hydrolysis. The more efficient catalytic
effect of Zn(CH3COO); could be attributed to the fact that it is
homogeneously distributed in the powder phase versus in solu-
tion, and also that the acetate ion is a stronger base compared
to chloride ion in the solution.

Based on the 11.3 kDa molecular weight estimate for
PEDHT10, a random distribution of DHTE repeat units implies
that roughly 1 kDa oligomers (67 repeat units) are first liber-
ated by the NGP-accelerated hydrolysis. These could be retained
in the polymeric solids or lost to the supernatant. To investi-
gate the hydrolysis products, 'H-NMR and GC-MS were per-

(@) (b)

0.160 4 -

0.155 1 -7
— -

0.150 4 J

www.advmat.de

formed, Figures S6 and S7, Supporting Information. The NMR
of the solids precipitated from the aqueous solution shows the
peak signal at 8.02 ppm, which indicates the four aromatic
TPA protons, while the signal at 727 ppm corresponds to the
two aromatic DHTA protons. The peak signal at 4.66 ppm is
the methylene unit from the ethylene glycol linkage in BHET
dimer, while the signals at 4.30 and 3.71 ppm are the terminal
methylene units of BHET dimer, in accordance with the NMR
result of BHET dimer reported in the literature.®¥! In the case
of liquid products, the peaks of 3.40 and 4.75 ppm are desig-
nated to protons of the methylene and hydroxy groups of EG,
respectively. GC-MS was used to further verify the purity and
the composition of the solid products, and results appear in
Figure S7 and Table S3, Supporting Information. The GC-MS
chromatographs show three major peaks, corresponding to
three distinct molecules. The peaks with retention times of 9.48
and 12.15 min have mass spectra matching TPA and DHTA,
respectively, while the peak at 11.48 min is consistent with
BHET dimer. Both the yield and the purity of the solid products
are over 90%. Furthermore, DHTA in the composition of the
solid products is consistent with the DHTE loading inside the
copolymers. Based on this analysis, we conclude that the liber-
ated oligomers from the PEDHT subsequently undergo hydrol-
ysis exclusively to monomers and BHET dimer.

To further understand the depolymerization of PEDHT
copolymers, the mechanism should be considered. According
to previous studies, the catalyst used for depolymerization
will interact with the solvent (water/EG) and the ester bonds
of PET to facilitate depolymerization.*?*# In the case of the
TH-containing PEDHT copolymers, the proposed degradation
mechanism is presented in Figure 7. Water is first activated in
the presence of ZnCl, and Zn(CH;COO), via hydrogen bond
interactions.’” Next, depolymerization reactions are consid-
ered at both TH repeat units and PET repeat units. Note that
the phenolic group of DHTE reacts with the hydroxy ester end
group of the polymer chain to form an ester bond. We assume
that the chelate forms when Zn?* of ZnCl, and Zn(CH;COO),
coordinates with the oxygen atom of the ester bond in the
polymer backbone and on the TH unit. This coordination
effect would allow the ester bonds to be more reactive with the
hydroxide ion (OH") of H,O as reported by Sara et al.P! Mean-
while, electronic destabilization occurs, and the electronic cloud
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Figure 6. Effect of the reaction conditions on the degradation kinetics of PET and PEDHT copolymers. a) Ink versus ZnCl, concentration of PEDHT10
at 170 °C, and b) Ink (left axis, () and E, (right axis, o) versus DHTE loading. Filled symbols are 0% ZnCl, (except for 10% loading which is 1% ZnCl,).
Open symbols denote sea water experiments. Color gradient from light blue to dark blue indicates temperature from 150 to 190 °C).
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Figure 7. Proposed TH-unit mediated degradation mechanism in PEDHT copolymers via selective cleavage of ester bonds in the presence of Zn-based

catalysts.

shifts to the oxygen atom, making the carbon atom of the ester
bond to be positively charged. Then, the nucleophilic oxygen of
H,O0 attacks the acyl carbon of the ester bond to form carboxylic
(-COOH) end group, whereas the proton (H*) of H,O reacts
with the acyl-oxygen of PET to form HOCH,CH,—. During this
stage, the copolymers break into shorter PET chains. Afterward,
the shorter chains go through a similar degradation mecha-
nism as reported elsewhere.>?4>% The Zn?* only coordinates
with the oxygen atom of the ester bonds in the polymer chains,
which displays a similar coordination effect to that of the TH
component. Nonetheless, the depolymerization rate of the PET
part decreases dramatically due to the absence of the chelate for-
mation. Finally, hydrolysis of the shorter polymer chains occurs,

Adv. Mater. 2023, 2210154 2210154 (8 of 13)

and oligomers, dimers, as well as monomers are generated
sequentially. Based on the proposed mechanism mentioned
above, the formation of the chelate due to the coordination
effect between metal ions and specific side functional groups
plays an important role in the hydrolysis degradation process.
To further interrogate the efficacy of DHTE in the promo-
tion of PET hydrolysis, we conducted a comprehensive series
of depolymerization experiments varying the DHTE content
and temperature with no added catalyst. As shown in Table 4
and Tables S1 and S2; Figure 6D, the 8 h degradation conver-
sion of PEDHTS5 in pure water increased by about 50% for
each 10 °C increment from 160 to 180 °C. Moreover, the rate
constant of PEDHTS5 shows a twofold increase every 10 °C. A
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nearly quantitative hydrolysis was carried out at 200 °Cin 2 h
in pure water. PET and other PEDHTS show similar trends of
the conversion and rate constant with respect to temperature
compared to those of PEDHTS.

Compared with the traditional chemolysis pathways, here
the high activity of the TH-unit is key to PET depolymeriza-
tion over modest time periods with truly catalytic quantities of
catalyst. The rapid scission at TH-units releases shorter chain
fragments, disintegrates large solid particles, which reduces the
mass transfer limitations of solid state polyester hydrolysis. The
effect of TH-unit composition at 170 °C and 8 h is presented
in Table 4 and Tables S1 and S2, Supporting Information;
Figure 6b. The degradation conversion increases from 16.3% to
59.6% on moving from 0 to 5 mol% DHTE, and 93.6 wt% at
20 mol% DHTE. A similar trend is observed in the depolymeri-
zation rate constant, which shows an increase of around 150%
with every 5% increase in DHTE loading, illustrating that depo-
lymerization is strongly dependent on DHTE content.

Besides landfills, an unfortunate final destination for PET
waste is the ocean. Accordingly, an ideal PET copolymer would
degrade to small molecules rather than microplastics over rea-
sonable time scales. Sea water is rich in metallic ions, such as
Na®, Mg? *, and Ca? ¥, which could act as natural catalysts for
electronic destabilization of the polymer chain to facilitate the
bond cleavage. Therefore, ocean chemistry could be considered
in the design of bottle-grade PET as a triggering condition for
hydrolysis. Here, the influence of sea water was investigated by
using PEDHTS5 and was compared to the results in pure water,
as presented in Table 4 and Figure 6b. The results under the
condition of 160 to 180 °C for 8 h were used for comparison.
The range of degradation conversion increases between 1.2% to
11.5% in the presence of sea water with corresponding increases
in rate constant. These results have proved that the efficiency
of PEDHT degradation is better in sea water than that in pure
water, which could be attributed to the multiple kinds of metal
ions in sea water that coordinate with TH units to catalyze
hydrolysis. This suggests that ocean-specific TH units could
be designed to better capitalize on marine chemistry to create
more environmentally-friendly materials if accidentally released
into the ocean.

Based on the discussion of the rate constant and the deg-
radation conversion mentioned above, we can conclude that
DHTE is an effective trigger for breaking down the PET
polymer chain. Nonetheless, to understand the role of TH
unit in PET more deeply, the degradation kinetics of PEDHT
copolymers with multiple compositions were investigated, as
presented in Figure 6b. The activation energy for hydrolysis
degradation is 225, 117, 137, and 193 k] mol~! for PET, PEDHTS,
PEDHTI10, and PEDHT?20 systems, respectively. The activation
energy decreases by nearly 50% with the insertion of 5% DHTE
loading, followed by an increasing trend along with DHTE
content. This observation could be ascribed to two opposing
effects: on one hand, TH units tend to reduce the activation
energy owing to the coordination effect with metal ions. On
the other hand, DHTE forms additional ester bonds through
its phenolic group, which increases the activation energy due
to the increased branch/crosslink density and associated reduc-
tion in chain mobility. At low DHTE loading (5%), the energy
saved by the coordination effect exceeds the energy needed to

Adv. Mater. 2023, 2210154 2210154 (9 of 13)

www.advmat.de

break the additional ester bonds. However, as DHTE loading
keeps increasing (>10%), the energy needed to break the addi-
tional ester bonds keeps growing and finally overwhelms the
energy saved by metal coordination effect. Therefore, low
DHTE loading decreases activation energy due to the coordi-
nation effect, but passes through a minimum value due to the
network formation thereafter. The pre-exponential factor (A),
which implies the collision spots for the reaction, also showed
a similar trend as that of activation energy, and the values
were e’** €293 32 and >4 for PET, PEDHT5, PEDHTIO,
and PEDHT20, respectively (Figure S5, Supporting Informa-
tion). The maximum value shown from PET could be due to
the linear and unbranched chain structure, which allows water
to go more deeply into the polymer and increase the reactive
spots to proceed with the hydrolysis degradation. With DHTE,
the permanent covalent network formed by cross-linking could
suppress water penetration and decrease the hydrolysis reactive
spots, favoring surface erosion. However, as more DHTE are
introduced into the polymer, the value of pre-exponential fac-
tors increases, suggesting that any reduction in water ingress
is overwhelmed by the increasing hydrolytic sensitivity from
DHTE. Thus, the pre-exponential factor decreases initially,
followed by an increasing trend thereafter. That these trade-
offs could possibly be eliminated by using a non-phenolic
TH counit, like 2,5-dimethoxy terephthalic acid, since the
methoxy functional group would likely be stable throughout the
polymerization process.

To help visualize the permanence of plastics in the environ-
ment, we extrapolated the Arrhenius kinetic model to condi-
tions representative of ambient marine environments based on
the parameters shown in Figure 6. There are several complex
phenomena involved in polymer degradation, including the
change in specific surface area, reaction order, crystallinity, and
other microplastic degradation mechanisms.3l As an illustra-
tive simplification, Table 5 neglects these features to show the
extreme time scales over which even partial hydrolysis occurs
in average surface water temperatures of different locations
and seasons of the ocean. This perspective shows how drasti-
cally the TH-unit-mediated reduction in the activation energy
affects depolymerization under such mild conditions. 50%
PET degradation in the tropical zone of the Indian Ocean is
from about four to ten times faster than the Pacific Ocean or
Mediterranean Sea, indicating a wide range of PET degradation
rates. In neat PET, the large times reinforce the resilience of
this resin under ordinary conditions. In contrast, the PEDHT
data suggest that depolymerization in a natural environment
could be shorter by several orders of magnitude. Other factors
like UV radiation, current/wave force, enzymes, and microbes
could further accelerate depolymerization beyond the simple
chemical process considered here.’3-6 In the case of PEDHT
copolymers, the trend of the required time is similar to that of
activation energy and pre-exponential factor. The time passes
through a minimum in PEDHTS, which shows a significant
decrease of 6 orders of magnitude compared to that of pure
PET. Further optimization of TH content and chemical design
may also prove to be effective, which is promising in that
chemically recyclable and even potentially biodegradable PET
copolymers functionally indistinguishable from legacy PET
may be achievable.
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Table 5. Time needed for modified PET hydrolysis degradation under simula ted marine environment.2

Sample Code Time needed [years] for hydrolysis degradation ~ Time needed [years] for hydrolysis degradation Time needed [years] for hydrolysis degradation
conversion up to [%] under tropical zone of conversion up to [%] under tropical zone of conversion up to [%] under warm season of
Pacific Ocean (30 °C) Indian Ocean (35° C) Mediterranean Sea (27 °C)
50% 99% 50% 99% 50% 99%
PET 6.429 10° 4.26% 10'° 1.50%) 10° 9.99% 10° 1.572 10" 1.043 10"
PEDHTS5 1.73% 10 1.15% 10 8.15% 10? 5.412) 10° 2.759 10° 1.83% 10
PEDHTS5* 8.112 107 5.399 10° 3.95% 102 2,629 10° 1.269 10° 8.40% 10°
PEDHTI0 1.40% 10* 9.329) 10* 5.829 10° 3.87210* 2.419 10* 1.60%) 10°
PEDHT20 8.07% 10° 5.36% 107 2.32310° 1.54% 107 1743107 1154 102

APEDHTS in seawater.

While these observations point toward the possibility of
designing high-performance biodegradable plastics, we envi-
sion that the most immediate use of the TH concept would
be to improve the practicality of chemical recycling. Recent
life cycle assessments of bottle-to-bottle PET recycling via
enzymatic hydrolysis clearly show the severe impacts associ-
ated with the use of catalysts.?”l In the enzymatic process,
the overall energy requirement was estimated to be about
74 M] kg™!, comparing favorably with a 127 M] kg™ expense
for virgin PET bottles. However, it was found that as high as
57% of the embodied energy and other impact factors were
associated with additional chemicals like NaOH and purifi-
cation steps like TPA recrystallization. Additionally, Uekert
et al. estimate that these purification steps involve 20-30%
material losses, reducing the number of product lifetimes
supported by the process. The internally catalyzed TH
copolymers will eliminate these catalyst-related material and
energy requirements, for example to as low as 32 M]J kg™
for recycled PET bottles.?) Furthermore, TH copolymer
hydrolysis may be more tolerant of contaminated feedstocks,
potentially simplifying the pretreatment phase of the recy-
cling process. A detailed process model incorporating the
TH depolymerization and recovery steps will be developed
to provide a more rigorous analysis. This will further help
researchers understand the improvement in the recycling
processes in order to meet industrial-scale standards and
reduce environmental impacts.

To facilitate objective comparisons amongst the various
chemolytic processes in the absence of such detailed process
analysis, Barnard et al. proposed a simplified set of heuristics to
provide a rough scoring in terms of temperature, solvent use,
catalyst use, or other material requirements®!

£=— )
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where ¢ is the “energy economy coefficient,” E is the “environ-
mental factor,” £ is the “environmental energy impact factor,” ¢
is the depolymerization time (min), T is the reaction tempera-
ture (°C), Y is the fractional TPA/DMT/BHET mass yield, m; is
the mass of component i, and My is molecular weight.

€ is a measure of the energy consumption of the depolym-
erization process, exclusive of any up- or down-stream pro-
cessing, while E is related to the material requirements, and
& is the ratio of these. To a first approximation, smaller E,
smaller &, and larger € values are associated with better material
and energy efficiency. We applied these heuristics to PEDHT
hydrolysis and several other PET chemolytic processes reported
in the literature, as shown in Table S4 and Figure S8, Sup-
porting Information. The low values of E and ¢ are observed as
a consequence of the usage of TH counits, compared to other
traditional chemical recycling processes. Moreover, the repre-
sentative environmental energy impact factor & of TH-aided
depolymerization shows a decrease of over 90% compared to
that of pure PET. This result indicates that this novel strategy
is a promising one toward the direct depolymerization of PET
polymer chain in solely water-based system with excellent
energy economy.

3. Conclusions

In this work, PET incorporated with bioderived diphenolic TPA
counits was successfully synthesized by a two-step polycon-
densation reaction. FTIR analysis revealed that trend of DHTE
loading in the copolymers was consistent with the change in
ratio of absorption intensity, and the phenolic group reacted
with hydroxy ester group of the monomer and polymer chain to
form the permanent covalent network. Based on the investiga-
tion on multiple reaction parameters, including catalyst concen-
tration, hydrolysis time/temperature, and DHTE loading, the
hydrolytic degradation of PEDHT copolymers with dilute metal
catalytic aqueous solution can proceed easily under far milder
conditions with no emission of toxic substances compared
to traditional PET hydrolysis. Herein, the effect that DHTE
imposed on degradability behaviors was the key to the improve-
ment of PET chemical recycling. According to the hydrolysis
kinetic data, the solid state degradation of PEDHT copolymers
is first-order. DHTE destabilizes the chemical resilience of PET,
where PEDHTS5 showed the most rapid depolymerization rate.
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Simple extrapolation of the Arrhenius kinetic model to ambient
temperatures suggests an increase in the speed of PEDHTS
degradation by almost 6 orders of magnitude compared to neat
PET. Moreover, the low values of E and & in the energy model
show that this strategy has good energy economy in pure water
system free of organic solvent and added catalyst.

The proposed mechanism of PEDHT hydrolysis degrada-
tion involves interactions between backbone ester bonds, ortho-
substituted DHTE esters, and the metal ions, which result in
the formation of a chelate. This coordination effect promotes
the reactivity of the ester bonds in the polymer toward being
attacked by the hydroxide ion of the water molecule, which
facilitates  depolymerization. Post depolymerization, the
reclaimed solid product are two precursors (TPA and DHTA)
and BHET dimer, which could be easily separated from water,
and could further be regenerated into brand new polymer
without performance deterioration. Furthermore, the thermal
properties of PEDHT copolymers showed slightly higher T,
(4-7 °C) than that of PET, due to the increased energy barrier
for the chain motion of the permanent covalent network in
the amorphous domain. The suppression effect on the crystal
thickness caused by the comonomer unit leads to T;, depres-
sion, indicating the potential to improve processibility. In the
case of mechanical performance, the 3D network reinforced the
rigidity of the copolymers, including Young’s modulus, yield
strength, and plastic deformation strength, but also caused the
elongation at break to decrease along with increasing DHTE
loading. These results suggest that DHTE is not only capable of
being used for modifying PET degradability, but also conserves
the thermal performance and is able to tune the mechanical
properties of the materials to match requirements for the
specific application.

In summary, this work provides a new strategy for PET
chemical recycling while potentially maintaining full functional
equivalency and compatibility with legacy PET. Moreover, the
TH chemical used for polymer synthesis can be derived from
biobased SA and the overall degradation procedure is environ-
mentally friendly compared to those traditional approaches
since water is the only needed material. Further studies
including toxicology, techno-economic and life-cycle assess-
ment, and gas barrier aspects, will be needed to provide a more
comprehensive understanding of these materials before they
are ready for end-use applications like food packaging.

4. Experimental Section

Materials:TPA (99+%, Acros Organics), EG (anhydrous, 99.8%,
Sigma-Aldrich), and DHTE (97%, Oakwood Chemical) were used
as precursors in polymer synthesis. Zinc acetate (Zn(CH;COO),),
anhydrous, 99.8%, Alfa Aesar) and antimony(lll) oxide (Sb,Os3;, 99%,
Sigma-Aldrich) were respectively used as catalysts in the esterification/
transesterification  and  polycondensation  reactions.  Triphenyl
phosphate (=299%, Sigma-Aldrich) was used as a thermal stabilizer in
the polycondensation reaction. Sea water (Imagitarium, Pacific Ocean
Water) and zinc chloride (ZnCl,, anhydrous, 98+%, Thermo Scientific)
were used to study the degradation efficiency in a simulated marine
environment. The product is natural sea water that is already filtered,
sanitized, and pH balanced. Solvents and chemical reagents for analysis,
such as dimethyl sulfoxide-d (DMSO-d), trifluoroacetic acid (TFA-d),
chloroform-d (CDCls, 1 v/v% TMS), and pyridine (GCMS solvent) were
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purchased from Fisher and used as received. N,O-bis(trimethylsilyl)
trifluoroacetamide with 1% trimethylchlorosilane was purchased from
Sigma-Aldrich and used as received.

Synthesis:PEDHT copolymers and pure PET were synthesized
according to a classic two-step polycondensation reaction, as shown
in Figure 2. Two-step polymerization was performed in a stainless-steel
reactor (Parr Instrument Company, type 4560). The first step involved
the esterification and transesterification of TPA and DHTE with EG,
respectively, using zinc acetate (0.13% molar ratio relative to diester/
diacid) as the esterification/transesterification catalyst. Diacid/diester
and EG were charged into the autoclave reactor at a molar ratio of
1:10. The system was then purged with argon for 30 min, followed by
increasing the reaction temperature up to 220 °C for 5 h with the pressure
at 110 psi and an argon sweep to remove the byproducts (water and
ethanol). Agitation was provided by a stainless-steel impeller at 250 rpm.
After the first step reaction, the bis-hydroxy monomers and excess EG
were transferred to a round-bottom flask for the distillation of EG using
an oil bath set to 110 °C under vacuum for 12 h. The monomers were
brought back to the autoclave reactor with antimony(lll) oxide (0.02%
molar ratio relative to the diacid/diester) and triphenyl phosphate (0.1%
molar ratio relative to the diacid/diester) acting as catalyst and thermal
stabilizer, respectively. The second step of polycondensation was carried
out at 240 °C under high vacuum with the stirring speed set at 600
rpm to produce polymer. At the end of the reaction, the pressure was
returned to ambient pressure using argon to prevent thermal oxidation
of the product. The polymers were scraped out from the reactor followed
by drying under vacuum at room temperature for 24 h.

Polymer Degradation Procedure:The general degradation procedure of
the polymers is as follows: ZnCl, and H,0 were mixed in a 100 mL glass
liner in the desired ratio and stirred for 5 min. (1 and 0.1 wt% ZnCl,
solutions were prepared by weighing 0.3 and 0.03 g of ZnCl,, respectively;
then added DI water up to 30 g. Other concentrations followed the same
procedure. 100% sea water purchased from Imagitarium was used
to simulate marine environment) A transparent ZnCl,/H,0O solution
was formed followed by adding 1 g of PET or PEDHT powder after
cryogrinding (Retsch). The liner was placed into a stainless-steel reactor
(Parr Instrument Company, type 4560). The reactor was purged with
argon gas and the inner pressure was increased up to 300 psi in order
to keep the water in the liquid state during reaction. The reactor was
heated and the starting point of the reaction was defined as reaching
the set point of the target temperature. After the required reaction time,
the reactor was removed from the heating mantle and cooled rapidly
back to room temperature. The degradation products were filtered with
quantitative filter paper (Whatman, ashless Grade 42) followed by two
water washings. The remaining polymer and the precipitated monomers
were recovered as solids due to poor solubility at room temperature,
whereas EG was filtered as the liquid product. The reclaimed solid
products were dried in a vacuum oven at 60 °C for 24 h. The dried
products were weighed and analyzed by using '"H NMR to study the
chemical structure and to evaluate PET conversion. GC-MS was further
used to identify the composition and the purity of the solid products.

Characterization:Chemical structures were analyzed by using solution
'H NMR spectroscopy (Bruker Avance Il 600 MHz spectrometer).
DMSO-d was used for analysis of the solid products, while CDCl;
and TFA-d (75/25 v/v) solvent mixtures were used for degradation
kinetic study.

The composition and the purity of the solid products were quantified
by using an Agilent 6890 GC coupled with an Agilent 5975C MS detector.
Chromatographic separation was performed by using an Agilent
DB-1 column.

The functional groups of the copolymers were analyzed by FTIR
(iD7 ATR Accessory for the Nicolet iS 5 Spectrometer, ThermoFisher).
The spectra were obtained from 4000 to 400 cm™ from 32 scans at a
resolution of 4 cm™.

Due to crosslinking between the phenolic hydroxy of DHTE and
terephthalate, swelling tests were used to determine the insoluble
fraction in the copolymers. 150 mg of copolymer powder was immersed
in a solvent mixture of phenol/1,1,2,2-tetrachloroethane (60/40 v/v) for

© 2023 The Authors. Advanced Materials published by Wiley-VCH GmbH

85U8017 SUOLLLIOD BATeR10 3(edl|dde ayy Aq peuseno aJe ssjpie YO ‘8sn JO sa|n 1oy ArIqiT8uljuO A8|IA UO (SUONIPUCD-PUR-SLLIBY/LID"AB | IM ARIq 1 Ul UO//:SANL) SUORIPUOD pUe SWiB | 8L 88S *[£202/70/T0] uo Ariqiauliuo A8|im ‘Ariqi AisIeAIuN aTels emO| AQ 1STOTZZ0Z eWPe/Z00T 0T/10p/oo’ A3 | 1M AReld 1 |Buluo//:sdny woiy papeojumod ‘0 ‘S60vTZST



ADVANCED
SCIENCE NEWS

ADVANCED
MATERIALS

www.advancedsciencenews.com

16 h at 120 °C. The gel was carefully filtered by membrane filter (0.22 um
pore size, hydrophobic PTFE, 47 mm membrane, MilliporeSigma) from
the solution, washed in chloroform for 24 h, dried at 50 °C for 16 h under
vacuum, and weighed.

Molecular weight and dispersity of the soluble fraction were
determined using a Tosoh Ecosec GPC (Tosoh Ecosec HLC-8320GPC)
equipped with a UV and RI detector. HFIP and DCAA (50/50 v/v) were
used to dissolve the samples at a concentration of 6 mg mL™". HFIP was
used as the eluent at a flow rate of 0.3 mL min~'. The molecular weights
were determined relative to poly(methyl methacrylate) standards.

Thermal properties of polymers were analyzed by using DSC (TA
instruments Discovery DSC Q2500) under N, atmosphere. The samples
were made by injection molding in order to study glass transition and
crystallization behaviors. The samples were heated from 25 to 300 °C
at a rate of 10 °C min~', where they were held for 5 min before being
cooled back to 25 °C at a rate of 10 °C min~'. The glass transition,
crystallization, and melting temperature were obtained by using “Trios”
software of TA Instruments. The thermal stability of the polymers was
evaluated by TGA (STA 449 F1 Jupiter, NETZSCH). For each experiment,
5-6 mg of the samples in alumina crucible pan were heated from 80 to
1000 °C at a rate of 10 °C min~' under N, atmosphere.

Tensile specimens following the 1SO 527-2 standard were prepared
via injection molding (HAAKE Minijet, ThermoFisher) at 270 °C into a
40 °C mold. Tensile tests were conducted on an Instron 3369 at room
temperature with a 1 kN load cell at a crosshead speed of 10 mm min~".
The dimension of the tensile bar is type 1BB with 2 mm (thickness) x
10 mm (gauge length).

The factors of hydrolysis degradation including catalyst concentration,
temperature, reaction time, and copolymer composition, which affect
the efficiency of the reaction, were identified. The degradation kinetics in
various reaction conditions were also studied to clarify the roles of these
factors. In the hydrolysis depolymerization kinetics of PET, the reaction
order was usually considered pseudo-first-order since water is in excess
over PET.[246263] As a result, the TH-induced copolymer hydrolysis in the
presence of metal catalyst was initially assumed to be controlled by the
pseudo-first-order kinetic equation

Rate =kCy,6Cp =kC, (4)

where k is the rate constant and C, is the concentration of PEDHT
copolymer at time t.

Cp=Cpo(1-X) )

where X is PEDHT copolymer hydrolysis conversion. Then, Equation (4)
could be converted as follows
d(x)

SEi=k-X) (6)

Equation (6) was integrated over time to give Equation (7)
T _
|nm =kt @)

By using the rate constants, the activation energy Ea is obtained from
Arrhenius Equation (8)

_Ea
k=Ae RT ®)
Take the natural logarithm of both sides and get
=Ina-fa
Ink=InA RT ©)

where A is the pre-exponential factor which corresponds to the
collision frequency, R is the gas constant (8.314 ] k™' mol™), and T is
the temperature in Kelvin. By using Equation (9), the rate constant at
different temperatures can be calculated and further used in Equation (7)
to estimate the time required for PET degradation to a certain degree.
Statistical Analysis:Data collected for this work were used without
transformation. With the exception of tensile data in Table 3, tabulated
values are single-point measurements. Table 3 values show mean and
standard deviation mechanical properties derived from three repetitions.
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Depolymerization experiments were fit to a first-order kinetic model
using least-squares regression using Origin Pro software.
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