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Abstract

Depolymerization of polyethylene terephthalate (PET) is a promising technology for producing recycled monomers. Using
a deep eutectic solvent (DES)-based catalyst, the PET glycolysis process produces bis-(2-hydroxyethylene terephthalate)
(BHET). This recycled monomer reacts with isocyanate and forms polyurethane foam (PUF). The DES-based one-pot reac-
tion is advantageous because it is a low-energy process that requires relatively lower temperatures and reduced reaction times.
In this study, choline chloride/urea, zinc chloride/urea, and zinc acetate/urea based DESs were adopted as DES catalysts for
glycolysis. Subsequently, the conversion of PET, BHET yield, and OH values were evaluated. Both filtered and unfiltered
reaction mixtures were used as polyols for PUF polymerization after characterization of the acid and hydroxyl values of the
polyols, as well as the NCO (-N=C=O0) value of isocyanate. In the case of unfiltered reaction mixtures, PUF was obtained
via a one-pot reaction, which exhibited higher thermal stability than PUF made from the filtered polyols. This outcome
indicated that oligomeric BHET containing many aromatic moieties in unfiltered polyols contributes to the thermal stability
of PUF. This environmentally friendly and relatively simple process is an economical approach for upcycling waste PET.
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Introduction

Over the last decade, polyethylene terephthalate (PET)
has been extensively used for various applications owing
to its excellent chemical and mechanical properties, such
as transparency, non-toxicity, light weight, thermal stabil-
ity, and ease of processing. However, the slow degradation
of PET waste is harmful for the environment, ecosystems,
and circular economic principles [1, 2]. Waste recycling,
waste landfilling, waste incineration, and other treatment
technologies are among the possible disposal mechanisms.
Many studies have been conducted on various approaches of
depolymerization, such as hydrolysis, glycolysis, aminolysis,
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ammonolysis, and methanolysis [3—6]. Among these, it is
relatively easier to obtain bis-(2-hydroxyethylene tereph-
thalate) (BHET) monomers under mild reaction conditions,
including the use of ethylene glycol (EG) and a catalyst [7,
8].

Deep eutectic solvents (DESs) comprise a combination
of quaternary ammonium salts or Lewis acids as hydrogen
bond acceptors (HBAs) and hydrogen bond donors (HBDs),
such as urea [9, 10]. DESs have interesting features, such
as low cost, easy processing, environmental friendliness,
and biological compatibility [11, 12]. Ser et al. [13] investi-
gated the DES reaction parameters for the glycolysis reaction
between EG and waste PET.

DESs comprise two to three components that are capable
of hydrogen bonding to form a eutectic mixture with a melt-
ing point lower than that of each component [14]. Choline
chloride/urea and ZnCl,/urea based DESs have been adapted
for PET glycolysis [11, 15]. Guanidine hydrochloride/urea-
based DES has been used as a recyclable and reusable cata-
lyst in synthetic chemistry [16, 17]. The green characteristics
of DESs are based on the non-volatility and benign nature of
HBASs and donors. Various catalysts, such as metal acetates,
oxides, carbonates, sulfates, titanium phosphate, zeolites,
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ionic liquids, metal-organic frameworks, and melamine,
have been applied for the glycolysis of PET [18-20].

As polyurethane (PU) is produced by reacting diisocy-
anate or tri-isocyanate with a polyol, recycled monomers
such as BHET can function as polyols to produce polyure-
thane foam (PUF). PUFs commonly consist of hard and soft
segments, of which blocks are mainly influenced by compo-
nents such as polyols, isocyanates, chain extenders, blowing
agents, surfactants, catalysts, and defoaming agents [21, 22].
Therefore, DES-based glycolysis induced by EG intrinsically
produces a large number of short chains, which leads to the
rigid structure of PUFs. The chemical structure of polyol has
a significant influence on the thermal and hydrolytic degra-
dation of PUFs, as well as the hydrophobic characteristics
[23]. The presence of aromatic ring structures on BHET
increases the resistance to thermal degradation as thermal
energy tends to dissipate along the aromatic chain [24]. This
distinct advantage of the BHET bespeaks the potential for
a one-pot reaction.

In this study, glycolysis of waste PET directly to flame
retardant PUF was performed in the presence of several
DESs. The acid and hydroxyl values of the polyols and
NCO (-N=C=0) values of isocyanate were controlled for
the polymerization process. Dual catalytic systems such as
tertiary amine and organotin catalysts were adopted for PUF
synthesis. This one-pot method was preferred because of its
simplicity. Moreover, this environmentally benign approach
can contribute toward minimizing the depletion rate of non-
renewable energy sources, such as fossil fuels. Analytical
methods, namely scanning electron microscopy (SEM),
Fourier transform-infrared spectroscopy (FT-IR), X-ray
diffraction (XRD), micro-combustion calorimetry (MCC),
gel permeation chromatography (GPC), and thermogravi-
metric analysis (TGA) were used to check the morphology
of the product, verify completion of polymerization, analyze
the effect of BHET monomers on DESs, and validate the
enhanced thermal stability, respectively, for DES-based PUF
from waste PET.

Experimental Section
Materials

1,4-Diazabicyclo[2.2.2]octane (DABCO 33-LV), dibutyl-
tin dilaurate (DBTDL), potassium acetate, tetrahydrofuran
(THF), zinc chloride (ZnCl,), zinc acetate (ZnC,H¢0,),
choline chloride (CsH,,CINO), sodium hydroxide (NaOH),
potassium hydroxide (KOH), EG, and polyethylene tere-
phthalate (PET) were purchased from Sigma Aldrich. Tris
(2-chloropropyl) phosphate (TCPP), thiourea, and urea were
purchased from Samchun Pure Chemical Co., Ltd. (Korea).
Silicon surfactant (DC 193) was purchased from Dow Inc.
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Fig.1 Schematic diagram of the one-pot reaction for waste PET to
flame retardant PUF

Table 1 Chemical compositions of seven DESs

DES HBA HBD HBA:HBD pH Temp ('C)
mole ratio
Choline chloride Urea 1:2 8.71 80
2 Zinc chloride Urea 1:4 5.13 80
3 Guanidine Hydro- Urea 1:2 7.71 80
chloride
4 Choline chloride Thiourea 1:2 542 80
5 Zinc chloride Thiourea 1:4 4.34 120
6 Zinc acetate Urea 1:4 6.34 140
7 Zinc acetate Thiourea 1:4 - -

(USA). 4,4-Diphenylmethane diisocyanate (MDI) and guan-
idine hydrochloride (GHCL) were purchased from Junsei
Chemical Co. Ltd. (Japan).

Synthesis

A schematic diagram of the total synthesis route starting
from PET glycolysis to PUF polymerization is shown in
Fig. 1.

Glycolysis of PET

Seven DES systems were prepared, as shown in Table 1, and
heated for 1 h [11, 13, 17, 25, 26].

In the case of DES 1-based glycolysis, 12 g of DES was
mixed with 3 g of PET and 15 g of EG. For DES 2 and 6,
0.15 g of the respective DES catalyst was added to 3 g of
PET and 15 g of EG [11, 13]. The DES-based glycolysis
reactions were carried out at 180 °C for 2 h under reflux in
a nitrogen atmosphere. After glycolysis, the unreacted PET
was manually removed. The mixture was vacuum-filtered to
separate out the precipitated BHET oligomers. Thus, the as-
made BHET (a-BHET) comprised BHET, DES catalyst, EG,



Journal of Polymers and the Environment (2022) 30:333-343

335

and BHET oligomeric compounds. In contrast, the filtered
BHET (f-BHET) contained BHET, DES catalyst, and EG.

Urethane Polymerization

As listed in Table 2, a-BHET and f-BHET were pre-mixed
with TCPP, DABCO 33-LV, DC 193, DBTDL, and H,0.
These polyol compounds were mixed with MDI to produce
PUF samples in consideration of cream, gel, and tack-free
time.

Urethane Polymerization from Commercial PET Bottles

Coca Cola bottles were purchased from a market and washed
with deionized (DI) water after the drink had been con-
sumed. The PET was chopped into small pieces and used
with glycolysis in the presence of the DES 2 catalyst, as
shown in Table 1. A one-pot reaction for the polymeriza-
tion of the PUF was followed by the synthesis of the same
recipes, as shown in Table 2. Finally, IR and TGA analyses
were carried out on the PUF sample made from the Coca
Cola bottle waste.

Characterization
ATR-FT-IR Analysis

An FT-IR spectrometer (ALPHA-II, Bruker, Billerica, US)
with an attenuated total reflectance (ATR) module was
employed to verify the completion of polymerization reac-
tions upon PUF synthesis. The IR spectrum of EG-PUF was
recorded using an FT-IR run with the OPUS software. The
conditions for FT-IR measurements were a scan range of
350-8000 cm™! with 24 scans, and a resolution of 4 cm™".

Viscosity Measurement

The viscosity of polyols prepared from DES 1, DES 2, and
DES 6 was measured at 25 °C using a Brookfield viscometer
(Model DV3T) and spindle (SC4-31). The rotational speed
was maintained at 250 rpm.

Gel Permeation Chromatography

A gel permeation chromatograph (GPC, Waters 2695 Alli-
ance) was used with a differential refractometer (DRI) con-
nected to Styragel HR-0.5, 1, 4E, 4 (7.8 mm X 300 mm) col-
umns. The polyols were diluted with tetrahydrofuran (THF)
and filtered before being injected into the GPC. The THF
eluent flow rate was set to 0.6 mL/min with an injection
volume of 100 pL. As EG-PUFs were not easily solubilized
in THE, it took 24 h with magnetic stirring to dissolve.

Thermogravimetric Analysis

The thermal degradation behavior of PUFs was investigated
using TGA (EVO II TG8120 series, Rigaku) in a nitrogen
atmosphere to analyze the effect of DES components on the
thermal stability of the synthesized PUFs.

Micro-combustion Calorimetry (MCC) Analysis

Micro-combustion calorimetry (MCC) was performed using
an FTT micro calorimeter (Fire Testing Technology Ltd.,
United Kingdom). Samples (5 mg) were heated from 100 to
600 °C at a heating rate of 1 °C/s under a stream of nitro-
gen. After pyrolysis, the gas stream with oxygen at the rate
of 80:20 (v/v) entered the combustor at 900 °C, where the
samples were completely oxidized. The oxygen consumption
and heat release rates were determined using the oxygen
concentrations and flow rates of the combustion gases.

SEM and XRD Analysis

In terms of morphology, DES-based PUFs from waste PET
were examined using SEM (XL30S FEG, Philips) with
Schottky field emission as an electron gun at an acceleration
voltage of 10 kV after approximately 5 nm-thick platinum
coatings.

XRD patterns of the DES-based PUFs were also
employed to further characterize the polymer properties of
a-BHET and f-BHET based PUFs.

Table 2 Chemical composition

¢ | e ; MDI(g) DES-based Organotin (g)  Tertiary Silicon sur-  Flame Blowing
of PUF polymerization using polyol (g) amine (g) factant (g) retardant agent
recycled polyols
(® ®
DES1 42 10 0.15 0.15 0.5 10 0.1
DES2 52 10 0.15 0.15 0.5 10 0.1
DES6 36 10 0.15 0.15 0.5 10 0.1
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Calculation of Hydroxyl Value (OH Values) of Polyols

Based on the BHET obtained from DES-based glycolysis of
waste PET, the hydroxyl and acid values of the polyols were
calculated as follows. The acid value is the number of milli-
grams of potassium hydroxide, which is required to neutral-
ize the acid function in 1 g of polyol. The sample was dis-
solved in a mixture of THF (20 mL) and water (4 mL). This
solution was titrated with a solution of potassium hydroxide
(0.83 N KOH/ethanol solution). Bromothymol blue was used
as an indicator. The acid value was calculated using the fol-
lowing equation:

56.1 (VO—-VIDT
Acid value (mg/g) = 361 (V0= VDT

where V1 is the volume (mL) of the KOH solution used
for the test sample, VO is the volume (mL) of the KOH solu-
tion for the blank sample, m (g) is the mass of the sample,
and T is the normality of the KOH solution (mol/L).

The hydroxyl value was determined using the standard
method, NF T 52-113. Briefly, 0.5 g of the sample was
added to 20 mL of an acetylating solution containing a
1000:127(v/v) pyridine and acetic anhydride mixture in a
50 mL round-bottomed flask fitted with a condenser and
a magnetic stirrer. The solution was heated at 100 °C for
approximately 2 h. Thereafter, it was cooled to room tem-
perature and diluted using 100 mL of water. Under vigor-
ous stirring, the resulting solution was titrated with a 0.5 N
NaOH standard solution using phenolphthalein as an indica-
tor [27, 28].

mg
Hydroxyl value | —
g

_56.1(VO— VDT
- m

+ Acid value

where V1 is volume (mL) of NaOH solution used for the
test sample [29], VO is the volume (mL) of NaOH solution
for the blank sample, m (g) is the mass of the sample, and T
is the normality of the NaOH solution (mol/L).

NCO value of MDI was also obtained as follows.

Weight of NCO

NCO value =
Weight of isocyanate

X No. of NCO x 100

The NCO value of MDI was 33.19, and the equivalent
weight of isocyanate was 126.56.

Calculation of the Reaction Conversion of PET to BHET

PET (3 g) was degraded using ethylene glycol at a prede-
termined ratio of PET and EG. The mixture was heated
at 180 °C for 2 h. After the reactants reached the desired
temperature, DES was added as a catalyst. After the gly-
colysis reaction, the unreacted PET pellets were separated
from the reaction mixture, dried, and weighed to calculate
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the conversion of PET. The glycolysis reaction mixture was
subsequently stirred, 10 mL of boiling water was added,
and the sludge was mixed for 10 min. The resulting sludge
was filtered through filter paper. The filtrate was stored in a
refrigerator, and the filter cake was dried in an oven at 65 °C.
The unreacted PET was weighed to calculate the conver-
sion, and the filter cake was weighed to calculate the yield
of BHET [29, 30].

Results and Discussion

As illustrated in Fig. 1, according to the schematic of syn-
thesis routes to PUF from PET, glycolysis of waste PET
was first carried out. The reaction products of glycolysis
contained BHET, DES catalyst, EG, BHET oligomers,
and unreacted PET. After the unreacted PET was manu-
ally removed, vacuum filtration was performed to sepa-
rate the BHET oligomers from the as-made BHET mixture
(a-BHET). Both a-BHET and f-BHET were adopted as
polyols for PUF, and the physicochemical properties of
the resulting PUF samples were compared and evaluated.

Seven DESs reported in the literature were prepared,
and their corresponding properties were studied, as shown
in Table 1. DESs 1, 2, 3, and 6 resulted in a homogeneous
and transparent liquid. Despite its formation as a transpar-
ent liquid, DES 3 was unable to glycolyze PET. In con-
trast, gray opaque liquid and slurry mixtures from DESs
4 and 5 were obtained, respectively, while DES 7 formed
a white solid. DESs 1, 2, and 6 were found to be the most
efficient catalysts for PET depolymerization.

When DES-based glycolysis of waste PET was com-
pleted, it looked like a white milky liquid, as shown in
Fig. 2a. DES 2 based glycolysis reactions exhibited fast
PET conversion; > 75% of PET was converted to BHET
species and the conversion maximum reached 90%, as
shown in Fig. 2b. The DES 6-based reaction showed
slightly lower PET conversion than that of the DES 2 reac-
tion, and > 85% of PET conversion was obtained after 2 h
of glycolysis. The lowest reaction rate was observed for
the DES 1 reaction, where the conversion was only ~20%
after 1 h. It is understood that Zn>* ions and CI~ ions in
DES 2 would have functioned as the main catalyst and
co-catalyst, respectively, which resulted in high PET con-
version. The similar roles of Zn>* and CI~ through coor-
dination bonding in the PET glycolysis reaction have been
reported in the literature.[11]. On the other hand, because
only Cl™ ions and Zn** ions were in DES 1 and DES 6,
respectively, these reactions would lead to lower PET con-
version [31]. As DES 1 is a nonmetal DES system, the
recycled monomer is also free of potential metal poison-
ing. However, the activity of the DES 1 catalyst in the
conversion of PET was relatively lower than that of metal
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Fig.2 Conversions of PET to polyols in DES catalysis. a A picture of a polyol, b conversion of PET, ¢ BHET yield of DES-based PUF, and d

GPC of polyols

based DES catalysts. By vacuum filtration, the a-BHET
was segregated into a filter cake and f-BHET isolated. As
shown in Fig. 2c, the yield of BHET in the filtered phases
was linked to PET conversion, where the reaction with
DES 2 gave rise to a higher BHET yield, and the lowest
yield was obtained with DES 1. This result further showed
that the PET chains were efficiently cleaved by transesteri-
fication during the DES 2-based catalysis. The viscosities
of the polyols obtained from the DES 1, DES 2, and DES
6 catalyst systems were 83, 28, and 32 cP, respectively.
The molecular weight of polyols obtained from DES 2 and
DES 6 exhibited a similar molecular weight of 602.6 g/
mol, and the polyols from DES 1 were slightly lower at
562.3 g/mol (Fig. 2d).

Subsequently, the hydroxyl value of f-BHET was char-
acterized to determine the amount of isocyanate required
for PUF polymerization. The number average functionality
of the polyols was 2. In the case of the f-BHET mixture

produced by DES 2 (DES 2-f-BHET), a highest hydroxyl
value of 2297 was obtained. Interestingly, the hydroxyl
value of DES 1-BHET (1881) was higher than that of DES
6-BHET (1585), even though the PET conversion by DES 1
was lower than that of DES 6. This was because the fraction
of EG in DES 1-BHET was high due to the low conver-
sion of PET into BHET species. With regard to filter cakes,
another phase separated from a-BHET and the presence of
a hydroxyl group was not detected by the titration method.
Thus, the PUF reaction using a-BHET, including filter cake
components, could have fewer hydroxyl values than f-BHET.
Based on the hydroxyl value, the relative amount of isocy-
anate to f-BHET was determined, and the detailed composi-
tions for PUF polymerization are summarized in Table 2. In
the one-pot reaction using a-BHET, the isocyanate value was
compared with that of f-BHET produced by the same DES.
Thus, the isocyanate/hydroxyl group rate in a-BHET based
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Fig.3 SEM images of DES-
based PUFs. f-BHET with

a DES 1, ¢ DES 2, e DES 6.
a-BHET with b DES 1, d DES
2, and f DES 6

polymerization was slightly higher than that in f-BHET
based polymerization.

Figure 3 shows the SEM images of six representative
PUF samples after polymerization reactions using the reci-
pes listed in Table 2. In the polymerization, the morphology
varied because of differences in the hydroxyl values accord-
ing to the types of BHET and the presence of BHET oligom-
ers in a-BHET. However, similar anisotropic cell morpholo-
gies with spherical structures were observed in all samples,
regardless of the reaction composition, as shown in Fig. 3.
Furthermore, the cell sizes reflecting the speed of gelation
and crosslink density both appeared to be approximately
200 pm. Thus, a significant difference in PUF according to
the type of BHET was not identified by SEM.

To further explore the microstructure of the synthesized
PUF samples, XRD data were obtained from the six sam-
ples, as shown in Fig. 4. A broad spectrum at 20=21° was
observed for all the samples, indicating the amorphous
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nature of the PUFs. When the peaks of PUF prepared from
f-BHET were compared, a slight peak shifting to lower 26
angles was observed. PUF prepared from f-BHET using the
DES 2 catalyst (PUF-f-DES 2) was located at the lowest 26,
whereas PUF-f-DES 1 was observed at a higher 26 position.
This peak shift is believed to be associated with the hydroxyl
values in f-BHET, which eventually led to tighter polymer
chain spacing of PUF-f-DES 2. Peak broadening was also
observed in PUF samples prepared from a-BHET, compared
with PUFs prepared using f-BHET. This implied that the
orientation of the PU chains were significantly disturbed by
the presence of oligomeric BHET in a-BHET. Thus, it was
evident that the PUF prepared in this study comprised differ-
ent microstructures depending on the synthesis composition.

Figure 5 illustrates the FT-IR analysis of PUF prepared
from f-BHET and a-BHET. Characteristic peaks of polyu-
rethane can be seen at approximately 3250 cm~! (N-H
stretching), 1715 cm™! (hydrogen-bonded urethane), and
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Fig.4 XRD patterns of DES-based PUFs with a-BHET and the
respective f-BHET

1600-1200 cm™! (N-H bending and C-N stretching). The
peak at~2260 cm™! is attributed to isocyanate. As shown
in Fig. 5a, clear IR absorption at ~3300 cm™! was observed
for all PUF samples made from f-BHET, while the N-H
stretching peak appeared to be weak for PUF-f-DES 1.
The hydrogen bonds of urethane and N-H bending/C-N
stretching bands attributed to the interaction between the
polyurethane chains were clearly seen in Fig. 5a. The iso-
cyanate peak at~2260 cm~! was observed for PUF-f-DES
1, indicating the incomplete consumption of isocyanates.
In the case of PUF-f-DES 2 and PUF-f-DES 6, the iso-
cyanate peak was barely observed. Similar trends were
also observed for the PUF samples made from a-BHET,

(a) s PUF-f-DES 6
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Isocyanate Hydrogen N-H bending
(N=C=0) bond
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as shown in Fig. 5b. Both PUF-a-DES 2 and PUF-a-DES 6
exhibited higher degrees of PUF chemical structures with
a minimum presence of isocyanates. From the data, it can
be said that PUF polymerization effectively occurred from
both filtered and unfiltered BHET, whereas the degree of
polymerization did not significantly change depending on
the a-BHET and f-BHET compositions. Thus, the presence
of oligomeric BHET in a-BEHT did not inhibit the polym-
erization of PUF, and PUF could be prepared by a one-pot
reaction with no additional filtration processes. As shown
in Fig. 5b, unreacted isocyanates remained in the order
of DES 1> DES 2> DES 6-based PUF. As previously
discussed, the fraction of EG in DES 1-BHET was high
because of the low conversion of PET into BHET species,
which could lead to overestimation of the hydroxyl value
in the DES 1 polyol batch. In the case of the DES 6-BHET
batch, shown in Table 3, the hydroxyl value was far lower
than that of the other two polyol batches, although the
depolymerization degree for the DES 6 batch was compa-
rable to that of the DES 2 batch. We believe that this dis-
crepancy originated from the buffering action of acetates
in the DES 6 batch, which consumed the OH™ moiety in
the polyol, and led to a lower loading of isocyanates for
polymerization. However, further investigation is required
to elucidate this phenomenon.

TGA analysis was performed on the PUF samples to
evaluate their thermal stability. Figure 6a—c show the TGA
thermograms of PUF samples prepared with a-BHET or
f-BHET, obtained from reactions using the same DES cat-
alysts. The TGA thermograms of PUF samples prepared by
a one-pot reaction using a-BHET are compared in Fig. 6d.
In general, all the PUF samples exhibited similar TGA
curves. The first weight loss started at temperatures above
200-300 °C, which occurred mainly by the dissociation of
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Fig.5 ATR-IR spectra for DES 1, 2, and 6 based PUF with a f- BHET or b a-BHET
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thermograms

urethane bonds into isocyanates and alcohol. There were
a series of gaseous quenching reactions and radical scav-
enging from zinc, chloride, phosphorus, and polymeric
urethane chains. The phosphorus and chloride ions reacted
with the excited OH- and H- radicals to produce less reac-
tive free radicals [32, 33]. Weight loss above 300 °C was
attributed to the intensified loss of urethane bonds, genera-
tion of amines and oxidized carbons, and degradation of
BHET and EG structures. Charring barrier degradation
started from the condensed phase [34-36].

As shown in Fig. 6a, there was no significant change in
the TGA curve. This was due to the low conversion of PET
and choline chloride contents such that most of the hydroxyl
groups reacted with isocyanate as polyols, and the effect of
chloride on flame retardancy was minimized. On the other
hand, using DES 2 and DES 6 catalysts displayed distinct
differences where PUF samples from a-BHET showed less
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weight loss over the entire temperature, as shown in Fig. 6b,
c. This indicated that the PUF samples prepared through a
one-pot reaction had better thermal stability and flame retar-
dancy. These improved thermal properties originated from
the aromatic contents of the oligomeric BHET in a-BHET
[37]. Among the PUF samples from a-BHET in Fig. 6d,
PUF-a-DES 2 showed the lowest weight loss over the tem-
perature range examined. The gaseous radical quenching
by zinc and chloride ions, and the accelerated formation of
charred layers by zinc salts in the condensed phase led to
the highest thermal stability of PUF-a-DES 2 [38]. Based on
TGA, thermally stable PUF can be prepared using a one-pot
reaction using BHET prepared from the glycolysis of PET.
The selection of the DES catalyst and the presence of oligo-
meric BHET can be engineering factors to yield thermally
stable PUFs. The FT-IR spectra indicated a marked differ-
ence in the remaining unreacted isocyanate after urethane
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Fig.7 HRR and TGA of PUFs. a PUF-a-DES 1, b PUF-a-DES 2, and ¢ PUF-a-DES 6

Table 3 Hydroxyl and equivalent diol values for urethane polymeri-
zation

DES 1 DES 2 DES 6
Hydroxyl value 1881+94 2297+92 1585+63
(mg/g)
Equivalent weight 30 24 35
of diol (mg)
Table 4 HRC, HRR, and THR data of PUF samples
PUF-a-DES 1 PUF-a-DES 2  PUF-a-DES 6
HRC (J/g K) 84 80 94
Peak HRR (W/g)  81.1 69.4 86.3
THR (kl/g) 16.5 15.7 17.2

polymerization, which was in good agreement with the TGA
curves, showing the enhanced thermal resistance of DES 2
and 6 based PUFs.

Micro-combustion calorimetry (MCC) was performed to
study the flame retardancy of the PUF samples. Figure 7
shows the HRR and DGA data of PUF-EG samples, and
the associated heat release rate (HRR), total heat release
(THR), and heat release capacity (HRC) are reported in
Table 4. MCC experiments were performed three times, and
the average values are listed in Table 4. As shown in Fig. 7
and Table 4, PUF-a-DES 2 exhibited lower heat release and
weight loss, demonstrating higher flame retardancy than the
other PUF samples. However, the degree of improvement in
flame retardancy was not substantial, and the PUF-a-DES 6
sample showed lower flame retardant properties than that of
PUF-a-DES 1, where the MCC data were not well correlated
with the TGA data shown in Fig. 6. This outcome indicated
that there should be further additions of flame retardants to

synthesize PUF with high flame retardancy, although the
presence of BHET could contribute to flame retardancy.
Figure 8 shows the one-pot synthesis of PUF obtained
from waste Coca Cola PET bottles. As shown in Fig. 8a,
the PET bottle were washed with DI water and chopped
into small pieces. After the glycolysis reaction using DES
2 catalyst under the reaction conditions shown in Table 1,
a slightly gray colored solution was obtained, which dif-
fered from the PET purchased from Sigma Aldrich (Fig. 2a).
This indicated that some impurities were present in the Coca
Cola bottles. Following PUF polymerization, a yellowish
solid was isolated. In addition, the glycolysis reaction pro-
ceeded well with no bulk PET observed after the reaction.
As shown in Fig. 8b and c, the corresponding IR and TGA
data of PUFs from the Coca Cola PET were similar to those
of PUF-a-DES 2. Therefore, PUF preparation from waste
PET material through the one-pot reaction was successful.

Conclusion

The depolymerization of waste PET was carried out to pro-
duce high-value products such as flame retardant PUFs.
Based on the DES, the glycolysis of waste PET was applied
to produce the recycled monomer BHET, which was then
polymerized to PUF. In this study, among the seven tested
DES systems, DES 1, 2, and 6 were best suited for glycolysis
and produced DES-based polyols. The polyol was reacted
with isocyanate to produce PUFs. The thermal stability and
flame retardancy of the PUF-prepared recycled polyol were
evaluated using TGA and MCC. In the case of unfiltered
reaction mixtures, PUF could be obtained through a one-pot
reaction, which exhibited higher thermal stability than PUF
made from the filtered polyols. Among the PUF samples
prepared using the one-pot reaction, PUF-a-DES 2 exhibited
higher thermal stability and flame retardancy than the other
samples because of the higher degree of depolymerization.
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Fig.8 Preparation of PUF from waste PET bottles. a Photos of preparation procedure, b FT-IR of the PUF, and ¢ TGA of the PUF

However, the enhancement in the flame retardancy of the
PUF, as measured using MCC, was not significant. This out-
come indicated that further addition of flame retardants, such
as expandable graphite and silica, is needed to obtain PUF
with high flame retardancy. This one-pot reaction is an envi-
ronmentally friendly and relatively simple process; there-
fore, it is a promising pathway for waste PET upcycling.
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