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Glycolysis of waste polyethylene terephthalate (PET) is a green and high-value PET recovery approach, the
product of which can be used as raw materials to prepare polyurethanes. Enhancing the conversion rate
and monomer selectivity of PET glycolysis through the development of efficient catalysts is crucial for
reducing both the energy consumption and operational costs associated with the process. In this study, a
series of deep eutectic solvents (DESs) were synthesised based on L-proline (Pro) and its derivatives and
used as catalysts for the glycolysis of PET using 1,4-butanediol (BDO). Under the optimized reaction con-
ditions (5.0 g PET, 25.0 g BDO, 2 wt% Pro/Zn(Ac), catalyst, 210 °C, 15 min and atmospheric pressure), PET
was degraded completely, and the yield of monomeric bis(4-hydroxybutyl)terephthalate (BHBT) reached
67.1%. Based on the results of in situ-IR, *H NMR and density functional theory (DFT), the possible catalytic
mechanism of DESs synergistically promoting PET depolymerization was proposed. Finally, aromatic-
based polyurethane elastomers (PUEs) were prepared with PET glycolysis products bis(2-hydroxyethyl)
terephthalate (BHET) and BHBT as chain extenders. Compared with the control group, the thermal and
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1 Introduction

Polyurethanes (PUs) are highly adaptable polymers, whose
characteristics can be readily adjusted by varying the types and
functionalities of the polyol and isocyanate components. Thus,
PUs have excellent physical and chemical properties and are
widely used in foams," coatings,” adhesives, elastomers,** and
medical materials.” As the main raw material of PUs, the devel-
opment of the polyol industry relies heavily on petroleum-
based resources. With the consumption of petroleum
resources and the prominence of environmental problems, the
replacement of raw petroleum-based resources with recycled or
environmentally friendly resources is currently a common
global trend.®
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utilization of PET glycolysis products.

PET as one of the most important thermoplastic polyesters
has exploded in the marketplace over the past decade, increas-
ingly used for bottles and containers as it is light weight,
resealable and shatter-resistant.” In 2020, the global demand
for PET bottles was 27 million metric tons and it is expected to
reach 42 million metric tons by 2030.% The dramatically increas-
ing consumption of PET leads to great environmental pressure,
including the demand for non-renewable fossil fuel precursors,
the resulting waste accumulation, and the CO, emissions associ-
ated with both the production and disposal of PET products.”°
Therefore, the recycling of waste PET is a top priority. However,
the cost of producing PET from petroleum raw materials is
lower than the cost of recycling waste PET, which poses a big
challenge for the recycling of PET. With this in mind, it is a
solution to improve the economics of PET recycling by using
waste PET as the raw material to prepare high-value PU pro-
ducts."* As one of the main recycling methods of waste PET,
chemical methods offer the possibility of reintroducing waste
PET into the material cycle without downgrading of quality."?
To date, the commercially available chemical recycling techno-
logies include hydrolysis,"* glycolysis,"* aminolysis,">"'® and
alcoholysis'” reactions. In the glycolysis process, diverse glycols
are used to depolymerize PET in the presence of catalysts to
obtain various oligomers and/or monomers with different

This journal is © The Royal Society of Chemistry 2024
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structures under relatively mild conditions. These glycolysis pro-
ducts of PET can be introduced into PU by two approaches. The
first is to directly introduce the products into the soft segment
of PU as polyester polyols, and the second is to introduce them
into the hard segment of PU as chain extenders. The above two
approaches can not only partially replace petroleum resources,
but also retain the aromatic ring structure of PET to prepare aro-
matic-based PU products.'®

PUs incorporating benzene rings typically exhibit enhanced
heat resistance and higher hardness. However, an excessive
content of rigid benzene rings can result in reduced flexibility of
the PU. Aiming at adjusting the proportion of the rigid benzene
ring and enriching the structure of products obtained by PET
degradation, thereby tailoring properties of PUs, we prefer to
make PET more efficiently degraded by different kinds of diol
compounds. This is achieved by promoting more efficient degra-
dation of PET using various diol compounds. The efficiency of
PET degradation reactions, however, is influenced by the choice
of the diol. The reactivity of diol compounds in PET glycolysis is
primarily governed by their chemical properties. The nucleophi-
lic activity of diols is influenced by both the intermolecular elec-
tronic effect and steric hindrance. Consequently, the relative
reactivity of diols follows the order: 1,2-propanediol > ethylene
glycol (EG) > 1,4-butanediol (BDO). To mitigate the potential
reduction in reactivity associated with diols, the development of
efficient catalysts is a suitable strategy to enhance the reactivity
and overall process efficiency.

In the past decade, most catalysts have been developed
focusing on the process of PET glycolysis with EG, such as tra-
ditional metal salts'® and metal oxides, new solid acid cata-
lysts,”® polyoxometalates,”® metal-doped graphene hybrid
materials,*® as well as ionic liquids (ILs),**** DESs,***° etc.
The special properties of ionic liquids make it easy to separate
the catalyst from the solid glycolysis products and also provide
an excellent catalytic effect on PET glycolysis. Wang et al
applied [3a-C3P(C,4)3][Gly] to PET glycolysis for the first time,
achieving 100% PET conversion and proposing a detailed reac-
tion mechanism of the glycolysis of PET.>” But the yield for
monomeric BHET was not high at the time. With the progress
of research, a series of new ionic liquids have been continu-
ously synthesized, such as [Bmim]ZnCl;, [Amim]ZnCl;, etc.,
which not only ensured the complete degradation of PET, but
also achieved more than 80% of monomer yield. However,
ionic liquids are expensive, which limits their large-scale appli-
cation. As a novel catalyst with an adjustable structure, low
cost, and easy preparation,”® DESs initially showed excellent
catalytic effects in PET degradation.’® The excellent catalytic
effect of DESs is due to the synergistic catalysis between the
hydrogen bond donor (HBD) and the hydrogen bond acceptor
(HBA), which eventually leads to the cleavage of PET chains.
Wang et al. conducted glycolysis of PET using urea/metal salts
DESs and EG, and PET completely degraded after only
30 min.*° However, urea is easy to decompose in the reaction
and the catalyst’s cycle performance is poor. In order to
improve the stability of the catalyst, Liu et al. prepared DESs
with 1,3-dimethylurea instead of urea. Under the optimized
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conditions, PET degraded completely and the yield of BHET
was 82%.°! The above studies indicate that it is feasible to
design DESs with high stability for efficient degradation of
PET. Proline and its derivatives have relatively high thermal
stability. In addition, their amino and carboxyl groups can
form hydrogen bonds with the hydroxyl group of diols, which
is expected to improve the electronegativity of oxygen in diols,
enhance its reactivity and accelerate PET depolymerization.
Therefore, proline and its derivatives were used as DES com-
ponents for PET glycolysis in this study.

As mentioned above, long chain diols such as BDO have
lower reactivity and more demanding reaction conditions.
Accordingly, high requirements for catalysts are put forward.
At the same time, considering that 1,2-propanediol and di-
ethylene glycol are more difficult to separate from the alcoholy-
sis products, they are suitable for utilization in the form of
whole components. Therefore, the PET depolymerization
monomer products of EG and 1,4-butanediol are more suitable
for direct industrial application. And 1,4-butanediol has a
moderate carbon-carbon chain length, which can make the
soft and hard segments produce microphase separation, so
that the crystallinity of the urethane hard chain segments is
better. Thus, the isocyanate-1,4-butanediol hard chain can be
better oriented, so that the crystallization and the oriented
arrangement make it easier for the polymer molecules to form
hydrogen bonds between the polymer molecules, which also
means that it can produce a better ordered crystallization,
which ultimately manifests itself in the polymer with excellent
toughness and hardness. Therefore, the process of polymeriz-
ing PU using the butanediol glycolysis product of PET is of
great importance. However, the current studies on butanediol
glycolysis PET are quite few, and the studies on the preparation
of PUs from its glycolytic products are even fewer. Most of
them are the study of mixing butanediol with other diols,*?
and all of them use traditional Zn(Ac), as the catalyst,>*3?
which is prone to heavy metal residue and makes it difficult to
separate and purify the glycolysis products. Thus, in this
study, an alkaloid-containing DES was used for the first time
to achieve efficient butanediol glycolysis of PET and to opti-
mize the glycolysis process.

In summary, considering the low activity of long-chain alco-
hols for PET alcoholysis and the structure-regulating role of 1,4-
butanediol in polyurethane synthesis, in this work, a series of
DESs were synthesized by using the reaction of PET glycolysis
with BDO as the probe reaction, and the PET conversion rate and
the monomer yield rate obtained by the process were used as
indicators to screen the catalyst. The performance of the selected
catalysts was evaluated once more, by the process of PET glycoly-
sis with EG. Finally, aromatic-based polyurethane elastomers
(PUEs) with application prospects were prepared from monomers
obtained by PET glycolysis, and the thermal and mechanical pro-
perties of the polyurethane samples were comparatively analysed
using the aliphatic chain extender 1,4-butanediol as a control.
This work can improve the economy of the green recovery route
of PET and provide preliminary theoretical guidance and experi-
mental support for the industrialization of the process.
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2 Experimental
2.1 Materials

PET pellets were provided by Jindong Commercial Co. Ltd
(Jiangsu, China), and ground into 40-60 mesh with a small
grinding mill (ZN-02). Zinc acetate (Zn(Ac),), manganese
acetate (Mn(AC),), cobalt acetate (Co(AC),) and anhydrous lead
acetate (Pb(AC),) were purchased from Xilong Chemical Co.
Ltd (Guangdong, China). Ethylene glycol (EG), 1,4-butanediol
(BDO), 2-pyrrolidinone,  N-ethyl-2-pyrrolidinone  (NEP),
L-proline (Pro), isophorone diisocyanate (IPDI), N,N-dimethyl-
formamide (DMF) and the other reagents were purchased
from Aladdin Reagent Co., Ltd (Shanghai, China). All reagents
were used as provided without further purification.

2.2 Synthesis of DESs

Six DESs: 2-pyrrolidinone/Zn(Ac),, NEP/Zn(Ac),, Pro/Zn(Ac),,
Pro/Co(Ac),, Pro/Pb(AC), and Pro/Mn(Ac), were synthesized by
a heating and stirring method.** In a typical procedure, 2-pyr-
rolidinone, Pro, and NEP were mixed with metal salts respect-
ively at a molar ratio of 1:1 at the temperature of 80 °C-110 °C
until a clear and homogeneous liquid formed. In this process,
nitrogen should be introduced in advance to avoid side reac-
tions such as oxidation during heating. Finally, the resulting
liquid was put into a vacuum drying oven and dried at 70 °C
for 48 h to remove water.

2.3 General process of PET glycolysis

For the glycolysis of PET with BDO, 5.0 g PET and a certain
amount of BDO were added to a 50 mL three-necked flask
equipped with a thermometer, magnetic stirring device, nitro-
gen inlet and reflux condensing device. After the oil bath is
heated to the specified reaction temperature, a specified
amount of catalyst is added to the flask. The PET glycolysis
reactions were carried out at temperatures ranging from 170 to
220 °C for reaction times from 5 min to 60 min, under atmos-
pheric pressure. In the experiments of PET glycolysis with EG,
5.0 g PET waste, 25.0 g EG and 5 wt% Pro/Zn(Ac), (based on
weight of PET as the catalyst) were added to a glass reactor at
190 °C for 60 min.

After the reaction was completed, the reaction solution was
added to the right amount of acetonitrile. Undegraded PET
powder and crude product were separated by filtration, respect-
ively. The undegraded PET was dried at 70 °C for 12 h and
weighed. The monomer products BHBT and BHET are
obtained by PET glycolysis with BDO and EG, respectively. The
conversion of PET (Cpgr) and the yield of BHBT (Ypypr) and
BHET (Ygugr) are calculated using eqn (1) and (2) as follows:

Wy — W,
CPET = M X 100% (1)
()
. _ Waugr/susr/Mpuer /st 2)
BHET /BHBT —
Wo/Mpgr

where W, is the initial weight of PET; W, is the weight of unde-
graded PET; Mpgr, Mpupr and Mpygr are the molar mass of
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PET repeating unit, BHBT and BHET, respectively. Wgyupr and
Weuer are the weights of BHBT and BHET, which are calcu-
lated by HPLC according to the peak area of BHBT and BHET,
respectively. The remaining solution was vacuum distilled to
remove acetonitrile and then the crude product was washed
with distilled water. High purity BHBT and BHET can be separ-
ated by further recrystallization, and then dried in a vacuum
oven at 50 °C for 48 h.

2.4 Synthesis of aromatic-based PU

Three groups of PUEs were synthesized to analyse the impact
of glycolysis monomers on final PU properties. All the samples
were synthesized according to the following process: 0.02 mol
of IPDI, 0.01 mol of PTMEG-2000 and DMF (70 g) were added
to the reactor. The reaction mixture was stirred at 60 °C under
a nitrogen atmosphere for 4 h. Then stoichiometric amounts
of the chain extenders (0.01 mol) were added to the homogen-
ized mixture at 70 °C for about 2 h and cast in a polytetra
fluoroethylene (PTFE) mold and cured at 70 °C for 48 h. The
differences among the three samples are as follows: (1) in the
synthesis of PUE-1, the chain extender of polyurethane was
BHET; (2) in the synthesis of PUE-2, the chain extender of poly-
urethane was BHBT; (3) in the synthesis of PUE-3, the chain
extender of polyurethane was BDO. Overall, the synthesis
process is shown in Fig. 1.

2.5 Characterization

The analysis for catalysts and main products was conducted by
ESI-MS, 'H NMR, *C NMR, HPLC, FT-IR, DSC and TGA. Mass
spectra (MS) were obtained on a Bruker micro-TOF instrument
with electrospray ionization (ESI). Nuclear magnetic resonance
(NMR) spectra were obtained using a Bruker Avance-III600
with DMSO-d; as the solvent. High performance liquid chrom-
atography (HPLC) spectra were obtained on a BET-C18 column
with the flow phase being acetonitrile/water (7:3). The flow
rate was 0.5 mL min~" using an injection volume of 20 L, at
the column temperature of 35 °C. The FT-IR analysis was per-
formed using a Thermo Nicolet 380 (USA). Solid samples were

[ 0.01mol PTMEG2000 |———
Mixing, 60 °C . 4 h
DIVF (70 g)

Prepolymer

0.02 mol IPDI )

Chain extender:
1) 0.01 mol BHET

2 0.01 mol BHBT
@ 0.01 mol BDO

Mixing, 70 °C,2 h

Polyurethane
Curing, 70 °C, 48 h

PUE products

PUE-1 PUE-2 PUE3

Fig. 1 Process flowchart of aromatic-based PU synthesis.
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tested by the potassium bromide tablet method; liquid
samples are directly coated on smooth KBr wafers and thin
film samples can be tested directly. The thermal performance
was tested by using a DTG-60H (Shimadzu, Japan) and DSC1
(Mettler-Toledo, Switzerland) at a heating rate of 10 °C min™*
under a N, atmosphere. The melting point and thermal stabi-
lity of the samples were measured by DSC1 and TGA, respect-
ively. TGA controlled temperature ranges from 25 °C to 600 °C.
The mechanical properties of the samples were determined
using a universal testing machine INSTRON.3365 (USA). The
test sample size was 80 mm, width was 5 mm, and fixture dis-
tance was 30 mm. Data for all mechanical properties were col-
lected under the same environmental conditions.

2.6 DFT calculations

All calculations were carried out using the Gaussian 09
program. The B3LYP/6-311+G(d,p) method was used to opti-
mize the structure, and subsequent frequency calculations at
the same level verified that the optimized structure was the
ground state without any virtual frequency (NImag = 0).

3 Results and discussion

3.1 Investigation of the catalytic activity

DESs synthesized with metal salts and 1-proline (Pro) and its
derivatives were used as catalysts for the glycolysis of PET,
respectively. The catalytic performances of these catalysts were
investigated based on the conversion of PET, the yield of BHBT
and BHET, which is shown in Table 1.

According to the blank experiment (entry 1), PET glycolysis
reactions, without a catalyst, show almost no degradation of
PET even at high temperatures such as 210 °C. As a common
kind of catalyst for PET glycolysis research, when metal salts
were used alone for PET glycolysis with BDO (entries 9-12), the

Table 1 The catalytic activities of PET glycolysis with different catalysts

Temp. Time Cpgr Yeusr YeuET
Entry Catalyst (°C) (min) (%) (%) (%)
1 — 210 20 01 — —
2 Pro 210 20 14.3 2.0 —
3 NEP/Zn(Ac), 210 20 100.0 62.7 —
4 2-Pyrrolidinone/Zn 210 20 100.0 639 —
(Ac),
5 Pro/Zn(Ac), 210 20 100.0 66.4 —
6 Pro/Co(Ac), 210 20 99.8 60.7 —
7 Pro/Pb(Ac), 210 20 97.5 481 —
8 Pro/Mn(Ac), 210 20 97.0 47.0 —
9 Zn(Ac), 210 20 98.4 549 —
10 Co(Ac), 210 20 97.1 47.1 —
11 Pb(Ac), 210 20 9.7 403 —
12 Mn(Ac), 210 20 96.1 39.2 —
13 Pro/Zn(Ac), 190 60 100 — 87.3

Reaction conditions (entries 1-12): PET (5.0 g), BDO (25.0 g), catalysts
(0.10 g), atmospheric pressure; reaction conditions (entry 13): PET
(5.0 g), EG (25.0 g), catalysts (0.10 g), atmospheric pressure.
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results of PET conversion are almost the same under the same
reaction conditions. But, in the yield of BHBT, it is obvious
that Zn>" is superior to other metals, including Co**, Pb>* and
Mn*", This is consistent with the results of PET glycolysis with
EG using these metal salts as catalysts. Pro and derivatives,
another component of the synthesised DESs, their amino and
carboxyl groups can form hydrogen bonds with the hydroxyl
group of diols, which is expected to improve the electro-
negativity of oxygen in the diol and accelerate PET depolymeri-
zation. Thus, Pro was used alone as the catalyst for PET glycoly-
sis with BDO (entry 2). The result showed that the conversion
of PET was only 14.3%, and the yield of BHBT was even lower,
only 2%. However, when Pro and derivatives and metal salts
with good catalytic performance were used to prepare DESs for
PET glycolysis with BDO (entries 3-8), both the PET conversion
rate and BHBT yield were significantly improved. The catalytic
activity order of the DESs containing Pro and derivatives
(entries 3-5) is Pro/Zn(Ac), > 2-pyrrolidinone/Zn(Ac), > NEP/Zn
(Ac),. When Pro was used as a component of the synthesised
DESs (entries 5-8), the catalytic effect follows the rule of metal
salt order: Pro/Zn(Ac), > Pro/Co(Ac), > Pro/Pb(Ac), > Pro/Mn
(Ac),. Under the presence of Pro/Zn(Ac), (entry 3), PET can be
completely degraded and the yield of BHBT reached up to
66.4%. It suggests that the high catalytic activity of the DESs
can be attributed to the synergetic catalysis between Pro and
derivatives and metal salt. That is to say, the metal ion may
play a major catalytic role as Lewis acids, while the basicity of
Pro and its derivatives are enhanced by forming hydrogen
bonds with metal salts, which improves the overall catalytic
performance of acid-base synergistic DES catalysts. Also, the
screened Pro/Zn(Ac), catalyst was applied and showed an excel-
lent catalytic effect for PET glycolysis with EG (entry 13), where
the conversion of PET reached 100%, and the yield of BHET
reached 87.3% at 190 °C within 60 min, which is higher than
that catalysed by the other catalysts.””*>° The detailed com-
parison results of degradation conditions and catalytic activi-
ties are shown in Table 2.

In order to better represent the reaction efficiency of this
process of PET butanediol glycolysis catalysed by this catalyst,
quantitative typical metrics were calculated according to the
CHEM21 Metrics Toolkit,>” as shown in Table 3. The selectivity
was 67.1%, the atom economy (AE) was 83.3%, the reaction
mass efficiency (RME) was 25.0%, the optimum efficiency (OE)
was 30.0%, and the total process mass intensity (PMI) was
5.7 g g . (The details of the calculations are shown in section
5 of the ESL.¥)

In summary, the catalyst, consisting of proline and Zn(Ac),,
is biodegradable and has an excellent catalytic effect on both
butanediol and ethylene glycol glycolysis. And the metal con-
tents of the DESs are considerably less than those using tra-
ditional metal salts, which reduces the difficulty of subsequent
product purification. This kind of DESs is both environment-
friendly and energy-efficient. Due to the advantages of easy
preparation, high activities and relatively low cost, this kind of
catalyst showed a promising industrial prospect in the efficient
recycling of waste PET.

Green Chem., 2024, 26, 9802-9813 | 9805
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Table 2 Comparison of catalytic activities of PET glycolysis
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Source Catalyst Solvent Temp. (°C) Time (min) Cper (%) Yield (%)

This work Pro/Zn(Ac), BDO 210 20 100 66.4
Pro/Zn(Ac), EG 190 60 100 87.3

Ref. 32 Zn(Ac), BDO 180-210 — 100 —

Ref. 33 Zn(Ac), BDO & TEG 220 600 — —

Ref. 34 Zn(Ac), EG 197 100 98.78 —

Ref. 30 Urea/ZnCl, EG 170 30 100 82.8

Ref. 27 [3a-C5P(C,)5][Gly] EG 180 480 100 —

Ref. 35 [Bmim][FeCl,] EG 178 240 100 59.2

Ref. 36 MAF-6 EG 180 240 92.4 81.7

Table 3 Quantitative typical metrics for the PET reaction route from
1,4-butanediol alcoholysis

PMI (g g7
5.7

Route  Selectivity (%) AE (%) RME (%) OE (%)

BDO 67.1 83.3 25.0 30.0

3.2 Characterization of the optimized DES

The structure of the prepared DES (Pro/Zn(Ac), (1:1)) was ana-
lysed by FT-IR and NMR. The thermal properties were checked
by DSC and TGA.

In order to prove the interaction in the eutectic solvent, 'H
NMR spectra of Pro, Zn(Ac), and Pro/Zn(Ac), DES catalysts syn-
thesized from Pro and Zn(Ac), were comparatively studied
(Fig. 2(a—c)). It can be seen from Fig. 2(a—c) that DES contains
the basic displacement peaks of the two raw materials. § =
2.078 ppm in DES and 6 = 2.088 ppm in Pro represent the
chemical shift of hydrogen directly linked to nitrogen, while
the peaks of § = 1.823 ppm in DES and é = 1.808 ppm in Zn
(Ac), represent the chemical shift of methyl hydrogen in the
acetic acid root, respectively. In addition, in Zn(Ac),, the peak
of water normally appears at 6 = 3.300 ppm, while in DES and
Pro, the chemical shift of the water peak is at § = 4.330 ppm
and § = 4.205 ppm, respectively. This increase of chemical
shift is mainly caused by the formation of a hydrogen bond
between the carboxyl group in Pro and water. It is noteworthy
that the movement degree of water peak to low field in the
DES is significantly higher than that in Pro. From this result, it
can be reasonably inferred that in the synthesis process of the
DES, Pro acted as the HBD and its carboxyl group reacted with
Zn(Ac), to form a stable hydrogen bond, and the target DES
catalyst Pro/Zn(Ac), was synthesized.

FT-IR spectra are shown in Fig. 2(d). It shows the spectra of
the DES and the two raw materials, respectively. The similarity
between the DES and raw materials suggests that the DES con-
tains basic functional groups of two kinds of raw materials,
such as peaks at 790.5 and 689.1 cm™'. But there are some
obvious differences between them. It can be seen that the
peaks of the O-H bond and N-H bonds in Pro showed obvious
blue shifts from 3445.4 cm™ to 3221.2 cm ' and from
3058.4 cm™" to 2963.4 cm™" in the DES, which also indicated
that new intermolecular hydrogen bonds were formed by the
coordination between Pro and Zn(Ac),.

9806 | Green Chem., 2024, 26, 9802-9813

The DSC curve of the DES is shown in Fig. 2(e). According
to the figure, the melting endothermic peak of the DSC curve
at 211 °C corresponds to the melting point of DES synthesis,
which is lower than the melting point of Zn(Ac), (253 °C) and
Pro (228 °C) under the same test conditions. It is due to the
formation of hydrogen bonds between Pro and Zn(Ac),. This
also proves that the catalyst for the preparation is the DES
rather than a simple mixture.

3.3 Characterization of the main product BHBT

NMR, ESI-MS and DSC were carried out to identify the
structure of the main product obtained by PET glycolysis with
BDO.

It can be seen from the ESI-MS spectra in Fig. 3(a) that
the peak at m/z 311.1593 was obtained, which is consistent
with the molecular weight of BHBT after being ionized by H"
(in ESI, the fraction could be ionized by H', Na‘, or K').
Therefore, it can be initially inferred that the main product is
BHBT.

The DSC curve of the main product is shown in Fig. 3(b), a
sharp melting endothermic peak appears at 76.3 °C, corres-
ponding to the melting point of the product. This value is con-
sistent with the melting point of the BHBT reported by Lyoo,*®
and no other peaks appear on the spectrum, so it can be deter-
mined that the product is BHBT with high purity.

'"H NMR and "*C NMR spectra are shown in Fig. 3(c) and
(d), respectively. The signals are shown as follows. "H NMR: § =
8.08, 4.47, 4.32, 3.46, 1.76, 1.55; *C NMR: § = 165.52, 134.23,
129.92, 65.66, 60.73, 29.37, 25.45. The signal at § 8.08 ppm rep-
resents the four aromatic protons of the benzene ring. § =
4.47 ppm is characteristic of the protons of the two -OH.
Signals at 4.32, 1.76, 1.55 and 3.46 ppm indicate the presence
of the methylene protons from COO-CH, to CH,-OH in turns.
In the spectrum of "*C NMR (Fig. 3d), the characteristic signal
at 6 165.52 ppm is of the carbon atom of -COO-. The signal at
6 134.23 ppm is the benzene ring carbon directly connected
with esteryl carbon, and § = 129.92 ppm is the carbon on the
benzene ring that has not been replaced by substituents. § =
65.66, 60.73, 29.37 and 25.45 ppm were the four methylene
carbon atoms of -CH,-CH,-CH,-CH,-, respectively. The results
of "H NMR and "*C NMR spectra were consistent with the pre-
dicted results of BHBT. Thus, the main product of PET glycoly-
sis with BDO is the monomer BHBT.

This journal is © The Royal Society of Chemistry 2024
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3.4 Optimization of reaction conditions

In order to evaluate the influence of process parameters on
PET glycolysis by BDO, four factors including reaction temp-
erature, reaction time, amount of catalyst and glycolysis agent
BDO were specifically investigated, as shown in Fig. 4. (Specific
glycolysis data are shown in Tables S1-S4.7)

Reaction temperature is the main factor to determine the
energy consumption and reaction time, so we first studied the
effect of reaction temperature on the reaction. The scope of
investigation was as follows: temperature in the range of 170 °C
to 220 °C, reaction time 30 min, 2% catalyst ratio, 5 g PET and
25 g BDO, as shown in Fig. 4(a). The results showed that the
reaction of PET glycolysis was greatly affected by temperature.
PET reacted completely at 210 °C, and the yield of BHBT
reached 65.4%. Glycolysis is a typical endothermic reaction, so
rising temperature is beneficial for the forward reaction.
However, when the temperature further increases to 220 °C, the
yield of BHBT decreases to a certain extent, which is about
62.6%, because there is a chemical reaction balance between
monomer BHBT and oligomer in the reaction process.
Increasing the temperature will promote the balance to move
towards oligomer generation, resulting in a decrease in the yield
of monomer BHBT.*! Therefore, 210 °C is the relatively suitable
reaction temperature in the range of reaction conditions.

Fig. 4(b) reflects the effect of reaction time on PET conver-
sion rate and BHBT yield. At the initial reaction stage, that is,

1004

804

60 -

40

—=— Conversation of PET |
—o— Yield of BHBT

204

T T T T T T
170 180 190 200 210 220

Conversation of PET and Yield of BHBT (%)

Temperature (°C)

100 ¢ .

804 B

60 B

40 1

20 g
—=— Conversation of PET
—e—Yield of BHBT
0 T T T T

0 1 2 3 4

Catalyst ratio (wt%)

Conversation of PET and Yield of BHBT (%)

View Article Online

Green Chemistry

within 10 min, the PET conversion rate and BHBT yield
increased rapidly with time, reaching 98.1% and 57.1% at
10 min, respectively. When the reaction time was 15 min, the
PET conversion rate and BHBT yield reached the maximum
value of 100% and 67.1%, respectively,
unchanged with the further extension of reaction time. This
reaction trend is due to the low concentration of BHBT, the
surface product of PET, and the low mass transfer resistance.
Because the reaction reached equilibrium at 15 min, continu-
ing the reaction for a longer period of time not only increased
the reaction energy consumption, but also led to more side
effects, such as the increase of product EG content, which
would cause ester exchange reaction with the monomer
BHBT.*® In addition, the proportion of by-products at 5.8 min
in HPLC analysis increased from 2.5% to 4.2% when reaction
time was changed from 15 min to 30 min, which could prove
the above speculation. Although it will not affect the degra-
dation of PET, the yield of the main product BHBT monomer
will be reduced due to the influence of the side reaction men-
tioned above, so 15 min is determined as the best reaction
time.

The amount of catalyst is one of the considerations related
to the process economy in the process of industrialization.
Considering this, the optimization of catalyst dosage is also of
great significance. Using the above optimized reaction temp-
erature of 210 °C and time of 15 min, the influence of catalyst
dosage was investigated as shown in Fig. 4(c). As can be seen
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from Fig. 4(c), PET could hardly degrade even at 210 °C in the
absence of a catalyst. When the amount of the catalyst is only
0.5% of the mass of PET, the degradation rate of PET can
reach 97.6% after 15 min, and the yield of BHBT can reach
55.5%, which directly shows that the synthesized DES catalyst
has excellent catalytic performance. On this basis, the PET
conversion rate and BHBT yield can be improved by increasing
the amount of catalyst. When the amount of catalyst is 2%, the
catalytic effect is the best. When the amount of catalyst is
increased, the index data remain basically stable. Thus, a 2%
catalyst dosage is relatively suitable for PET glycolysis with
BDO in the range of reaction conditions.

In the PET glycolysis reaction system, BDO is not only the
substrate raw material for the reaction with PET, but also as
the solvent of the reaction to make catalyst DES and PET
powder full contact, and promote the reaction. The influence
of the amount of BDO on PET glycolysis reaction was investi-
gated as shown in Fig. 4(d). When other conditions remain the
same, the PET conversion rate and the yield of BHBT increase
gradually with the increasing amount of BDO, and finally
remain basically unchanged. When the mass ratio of
PET:BDO = 1:5, the conversion of PET was 100%, and the
yield of BHBT was 67.1%. When PET: BDO = 1: 6, the conver-
sion of PET remained 100%, while the yield of BHBT was
67.2%. Therefore, through the comprehensive consideration of
economy and production efficiency, when the mass ratio of
PET: BDO = 1: 5, the basic requirements of the reaction can be
met at the same time, and the economy of the process can be
maximized.

3.5 Reaction mechanism

The process of PET glycolysis with BDO was monitored con-
tinuously for 6 h by in situ infrared spectroscopy. The monitor-
ing temperature of 170 °C was lower than the optimal reaction
temperature of 210 °C. The reaction time at this temperature
was longer and it was easier to capture the changes in the reac-
tion system. As shown in Fig. 5, the characteristic peaks of
1720 ecm™t, 1271 em™! and 737 cm™" are the characteristic
peaks of carbonyl C=0 bond, C-O single bond and benzene
ring in the product BHBT and soluble oligomer ester group
respectively. These three characteristic peaks appear and
increase rapidly in the initial 20 min of the reaction. The peak

0050
w0

0520
1
=
a0
S
-
—

View Article Online

Paper

intensity increases gently from 2.5 h to 6 h, indicating that the
alcoholysis rate of PET is fast at the initial stage of the reac-
tion, and the apparent reaction rate decreases with the exten-
sion of time. When the reaction approaches 6 h, the reaction
basically reaches equilibrium. In the reaction process, the car-
bonyl peak of the characteristic group in the infrared spectrum
shows an obvious red shift from 1717 em ™" to 1723 cm™". This
is due to the existence of a strong electron-sucking effect,
which reduces the electron cloud density near the carbonyl
C=O0 of PET and low polyester, thus resulting in a blue shift.
This phenomenon is mainly related to the strong electron-
absorbing effect of Zn®>" in Pro/Zn(Ac), hydrogen bond
receptor.*’

Previous studies have shown that DES catalysts can activate
the hydroxyl group of alcohol, thus improving the activity of
the PET glycolysis reaction. To confirm this prediction, 'H
NMR was used to study the interaction between Pro/Zn(Ac),
and BDO. As shown in Fig. 6, in the "H NMR spectrum of pure
BDO, the chemical shift of its hydroxyl hydrogen (marked with
“|” in Fig. 6) was 3.92 ppm. When the ratio of butanediol to
Pro/Zn(Ac), was 3, 1 and 1/3, respectively, the chemical shift of

hydroxyl hydrogen in butanediol gradually shifted to
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4.27 ppm, 4.38 ppm and 4.49 ppm. That is, as the amount of
Pro/Zn(Ac), increases, the chemical shift of hydroxyl hydrogen
of butanediol gradually increases. This displacement change is
mainly due to the strong hydrogen bond between the -OH of
BDO and the catalyst. In other words, hydrogen bonding
between the Pro/Zn(Ac), catalyst and the glycolysis agent BDO
enhances the electronegativity of hydroxyl oxygen in the gly-
colysis agent and its reactivity, thus accelerating the depoly-
merization of the PET chain.

In order to explore the specific interaction sites between the
catalyst and the alcohol solvent butanediol even further, we
used density-functional theory (DFT) to investigate the optimal
interaction structure between the low-eutectic solvent catalysts
with different hydrogen bond donors and the alcohol solvent
butanediol, and finally obtained the stable structure with the
lowest energy as shown in Fig. 7. Meanwhile, the interaction
energies between the catalyst and butanediol in the optimal
interaction structure were obtained as shown in Table 2. From
Table 3, it is easy to find that the interaction energy between
the low eutectic solvent with Pro as the hydrogen bond donor
and butanediol is the largest at 23.42 kcal mol ™, followed by
pyrrolidinone/Zn(Ac), and NEP/Zn(Ac),, which gives some
theoretical support to the experimental results of the order of
the catalytic activity for catalyst performance evaluation in
section 3.1. Also, this finding confirms the activation of
alcohol hydroxyl groups by hydrogen bond donors during PET
glycolysis.

Based on the above studies, the catalytic mechanism of
Lewis acid-hydrogen bond synergistically promoting PET depo-
lymerization during PET glycolysis was proposed, as shown in
Fig. 8. As the hydrogen bond acceptor of Lewis acid, the strong
electron-absorbing effect reduces the density of electron cloud
around carbonyl group, which enhances the carbon positivity
of carbonyl group. The hydrogen bond donor forms strong
hydrogen bond with the glycolysis agent BDO, and elongates
the hydroxy-oxygen hydrogen bond of BDO, thus increasing
the electronegativity of hydroxy-oxygen in butanediol. The
synergistic effect of hydrogen bond donor and acceptor com-
ponents promoted the transesterification reaction, and finally
accelerated the rupture of long-chain PET (Table 4).

3.6 Characterization of aromatic-based polyurethane

The structure and thermal properties of aromatic-based poly-
urethane elastomers (PUE-1 and PUE-2) prepared with BHET
and BHBT as chain extenders and the control group of poly-
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Table 4 The interaction energy of DES and BDO

The interaction energy AE

DES component (keal mol™)

Pro + Zn(Ac), 23.42
2-Pyrrolidone + Zn(Ac), 16.96
NEP + Zn(Ac), 12.98

urethane elastomers (PUE-3) prepared with BDO as chain
extenders were characterized by FT-IR, TGA and DSC.
Mechanical properties were measured with a universal testing
machine.

FT-IR spectra of PUE-1, PUE-2 and PUE-3 are shown in
Fig. 9(a). It can be seen from the figure that the structures of
the three synthetic materials are very similar. The absorption
peak of the amide group -CO-NH- is at 3325 cm™". The wider
absorption peak at 2900 cm™" is due to the stretching vibration
of alkyl C-H.

The characteristic absorption peaks of carbonyl C=0O bond
and C-O bond are located at 1695 cm™ and 1240 cm™?,
respectively.

Because the benzene rings of samples PUE-1 and PUE-2 are
symmetrically substituted substituents with the same struc-
ture, the absorption peaks of 1600 cm™ and 1580 cm™" do not
appear. However, the bending vibration absorption of benzene
ring C-H exists in samples PUE-1 and PUE-2 at 733 cm™ .
However, the PUE-3 sample showed no peak at 733 cm™", indi-
cating the presence of a benzene ring in PUE-1 and PUE-2
structures, and BHET and BHBT were successfully introduced
into the sample. The formation of the carbamate group
(-NHCOO-) can be determined by combining the wave
numbers of 3325 cm™?, 1695 cm ™" and 1240 cm™*. In addition,
there is no absorption peak near 2250 cm™" of the isocyanate
group (-NCO), indicating that the reaction of -NCO is basically
complete.*’ FT-IR spectra showed that polyurethane was suc-
cessfully prepared, and PET glycolysis monomers were success-
fully introduced into PUE-1 and PUE-2.

TGA was used to measure the thermal stability of three
kinds of synthetic polyurethane elastomer materials. As shown
in Fig. 9(b), the samples with BHET and BHBT as chain exten-
ders have better thermal stability, while the samples with BDO
as chain extenders have slightly lower thermal stability, which
may be due to the stronger heat resistance of benzene rings
compared with aliphatic carbon chains. Therefore, the thermal
stability of the products has been improved. In the process of

This journal is © The Royal Society of Chemistry 2024
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heating up, all three samples showed thermal weight losses
twice. The first loss occurred at about 270 °C, which was
caused by the decomposition of the carbamate group in the
hard segment of the polyurethane material. And the tempera-
ture range was 270-370 °C. When the temperature is higher
than 370 °C, the dissociated soft and hard segment decom-
pose gradually.*> Compared with aliphatic-based PUEs, this
kind of aromatic-based PUEs has a relative advantage in heat-
resistant products.

The glass transition temperature of the synthetic poly-
urethane elastomer was measured by DSC, as shown in
Fig. 9(c). The glass transition temperature of the soft and hard
segments of the three samples is shown by Ty, and Ty, respect-
ively. As can be seen from the figure, the Ty, and Ty, values of
the three samples are not significantly different, but the T
and Ty, values of the samples using BHET and BHBT as chain
extenders are higher, while the Ty, and Ty, values of the
samples using BDO as chain extenders are lower. Crystallinity
and crosslinking degree are two important parameters
affecting the glass transition temperature T, of polymers. In
general, increasing crystallinity and/or crosslinking in the
polymer structure results in an increase in T,. When the
polymer chains are stacked together in a regular manner as in
linear polyurethanes, the crystallinity is high and the structure
is more regular. Due to the rigid structure of the benzene ring,

This journal is © The Royal Society of Chemistry 2024
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the crystallinity of the sample is improved. Therefore, the regu-
larity of PUE-1 and PUE-2 prepared with BHET and BHBT as
chain extenders is higher than that of PUE-3 prepared with
flexible aliphatic chain BDO as the chain extender.****

The stress-strain curve of the polyurethane elastomer
sample is shown in Fig. 9(d). Under the same elongation, the
samples prepared with a chain extender containing a benzene
ring have higher tensile stress, that is, higher tensile strength.
The order of tensile strength is PUE-2 > PUE-1 > PUE-3,
because the rigid benzene ring structure enhances its tensile
strength.> However, the elongation at break of the PUE-1
sample using BHET as the chain extender was 707%, and its
tensile strength was 3.7 MPa. The PUE-3 sample with BDO as
the chain extender has the largest elongation at break, but its
tensile strength is low, its elongation at break is 1193%, and
its tensile strength is 3.1 MPa. PUE-2 samples using BHBT as
the chain extender have moderate tensile strength and high
elongation at break. Compared with PUE-1, it has higher
elongation because BDO can better neutralize the rigid struc-
ture of the benzene ring and obtain moderate flexibility. In
addition, the rigidity conferred by the benzene ring makes
PUE-2 have higher tensile strength than PUE-3. The elongation
at break of PUE-2 is 1063%, and its tensile strength is 5.2 MPa.
The results of tensile property studies show that the aromatic-
based polyurethane elastomers have relatively high tensile
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strength. The tensile strength and elongation at break of
PUE-2 are greater than those of PUE-1, because BHBT has a
longer chain length than BHET, which produces a more suit-
able microphase separation. And the isocyanate-BHBT chain
can be better arranged in the curl orientation so that the
polymer molecules are more likely to form hydrogen bonding
between the polymer molecules, which exhibits excellent
tensile strength elongation at break.

The above results comprehensively show that compared
with aliphatic BDO, the thermal and mechanical properties,
including thermal stability and tensile properties, of the poly-
urethane materials prepared by using the alcoholysis product
monomers of PET, BHET and BHBT, as chain extenders are
improved.

4 Conclusions

In this study, we successfully synthesized six deep eutectic sol-
vents (DESs) with high catalytic efficacy, using a combination
of metal salts and r-proline (Pro) along with its derivatives.
These DESs demonstrated superior catalytic performance com-
pared to their respective metal salt counterparts, with Pro/Zn
(Ac), identified as the most effective catalyst. The synergistic
effect of the HBD and HBA in the DES was confirmed by in situ
IR, '"H NMR and DFT calculation. This effect makes the
hydroxyl oxygen in the glycolysis agent BDO attack carbonyl
carbon in PET more easily, thus accelerating the depolymeriza-
tion of the PET chain. The benzene ring, being rigid, offers
improved heat resistance compared to aliphatic small mole-
cules. Consequently, incorporating the glycolysis products of
PET into polyurethane formulations is expected to enhance
the heat resistance and tensile strength of the resulting
materials. Indeed, aromatic-based polyurethane elastomers
synthesized from bis(2-hydroxyethyl) terephthalate (BHET) and
bis(4-hydroxybutyl) terephthalate (BHBT) exhibited superior
thermal stability and tensile strength when compared to their
aliphatic-based counterparts. The results show that it is feas-
ible to prepare polyurethane products from waste PET.
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