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Abstract In order to recover propylene carbonate (PC) from waste lithium-ion battery electrolyte, the electrolyte was coupled with dimethyl succinate
(DMSu) to prepare degradable polyester PPS. To further enhance the performance of PPS, ethylene glycol (EG) was introduced to prepare copolyester
PPSG, and the effects of the amount of added EG on the performance of copolyester were explored. The results show that the synthesized polyester was the
target product. With the increase in the amount of added EG, the molecular weight of the copolyester gradually rose, but the glass transition temperature
(T,) of PPSG gradually decreased, and the degradation rate was significantly faster than that of PPS. Within 24 d, the mass loss rate of PPSG-30%

reached 75.8% .
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In order to promote the control of plastic pollution in China,
the state has introduced a series of policies and laws. In 2019, to
solve the issue of plastic pollution, the state called for the promo-
tion of degradable alternative products. In 2020, relevant state de-
partments issued opinions, such as prohibiting or restricting cer-
tain plastic products, promoting degradable products, and stand-
ardizing recycling and high-value utilization'".

The carbonate ester in the electrolyte of waste lithium batter-

ies is a highly potential chemical raw material® >,

In low-boil-
ing-point electrolyte, dimethyl carbonate (DMC) , diethyl carbon-
ate (DEC), and methyl ethyl carbonate (EMC) can all partici-
pate in polyester synthesis. In high-boiling-point electrolyte, eth-
ylene carbonate (EC) and propylene carbonate (PC) have high
chemical reactivity, and can also be used as monomer materials for
polyester synthesis. Therefore, recycling the waste electrolyte and
synthesizing degradable polyester can not only realize the high-val-
ue utilization of the waste electrolyte, but also provides a new ap-
proach for the preparation of degradable polyester™® ™.

In this paper, polyphenylene sulfide (PPS) was prepared by
the coupling reaction of high-boiling-point electrolyte PC and DM-
Su'®""). The core reaction mechanism of the synthesis of polyester
by the two was the ester exchange reaction. However, due to the
large steric hindress of THE ring-opening of PC, the performance
of the prepared PPS needs to be optimized. Therefore, PPSG was
prepared by adding a third monomer ethylene glycol (EG), ai-

ming to improve the comprehensive performance of PPS.

1 Materials and methods

1.1 Materials and instruments The main experimental rea-
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gents are as follows: lithium-ion battery electrolyte ( industrial
grade) was purchased from Suzhou Dingcheng New Energy Tech-
nology Co. , Lid. ; dibutyltin oxide ( AR grade), dimethyl succi-
nate (DMSu, AR grade) , propylene carbonate (PC, AR grade) ,
ethylene glycol (EG, AR grade), dichloromethane ( AR grade)
were brought from Aladdin; Fourier transform infrared spectrome-
ter (Magna-IR750) was purchased from American Nicolet Instru-
ment Corporation; nuclear magnetic resonance spectrometer
(Bruker 400M AVIIT) was provided by German Bruker Company;
differential scanning calorimeter (DSC822e¢) was offered by Mett-
ler — Toledo of Switzerland.

1.2 Synthesis and preparation of degradable polyester PPS
and its copolyester PPSG The synthesis reaction of degradable
polyester PPS is carried out in two steps, and the reaction process
is shown in Fig. 1.

Step 1 (transesterification reaction) ; Firstly, DMSu and PC
recovered from the waste electrolyte were weighed according to a
molar ratio of PC : DMSu =1 : 1. EG was used as the third mono-
mer for copolymerization. Four groups of EG with different con-
tents were set up to synthesize copolyester PPSG, where the molar
ratio of PC to EG was 10 : 0,9 : 1,8 :2, and 7 : 3, respective-
ly, and the corresponding products were respectively recorded as
PPS, PPSG-10, PPSG-20, and PPSG-30. Afterwards, the raw
materials were put into 250 mL four-necker flasks, to which a cer-
tain amount of catalyst (accounting for 1% of the total mass of the
raw materials ) was added. The airtightness of the device was
checked. Nitrogen was slowly input into the system to expel all the
air in the device, and then the condensate water was turned on.
The temperature was enhanced slowly to 210 °C by heating. The
ester exchange reaction was conducted under normal pressure. The
reaction ended when the temperature at the top of the reaction col-

umn dropped below 60 °C. Finally, the distillate was collected
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and characterized.

Step 2 (polycondensation reaction) ; after the transesterifica-
tion reaction was completed, the system temperature was reduced
to 160 °C. Then, the vacuum pump was started to reduce the
pressure, and the reaction temperature was slowly increased to
210 °C. Under vacuum conditions, the reaction continued for 5 h
to increase the molecular weight of the polyester. After the reac-
tion was completed, the product was dissolved in dichlorometh-
ane, and then the dissolved liquid was dropped into the excess
methanol to precipitate the polymer. It was dried in a vacuum dr-

ying oven at 40 °C for 24 h to obtain the final polyester product.
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Fig.1 Schematic diagram of the synthesis of PPSG by the coupled
reaction method

2 Results and analysis

2.1 FTIR The infrared structures of polyester PPS and copoly-
ester PPSG were characterized, and the infrared spectra are shown
in Fig. 2. It can be seen from the figure that the absorption peak at
2 966 cm ™' was the characteristic peak of the C — H stretching vi-
bration of methyl and methylene groups in the carbon chain, and
the strong absorption peak at 1 728 ¢cm™' was the characteristic
peak of the stretching vibration of carbonyl group C = Oj; the
strong absorption peak at 1 142 cm ™' was the characteristic peak of
the stretching vibration of C — O — C bond, and the vibration peak
at 763 cm ™' corresponded to the C — H bending vibration genera-
ted when the succinic acid chain segment was connected to two
methylene groups in the ethylene glycol chain segment. It is pre-
liminarily proved that the structure of the synthesized PPS and its
copolyester PPSG was correct.

2.2 '"H NMR analysis

PPSG contains two repetitive structural units (A and B), as

The molecular formula of copolyester

shown in Fig. 3. The nuclear magnetic resonance hydrogen spectra
of PPS and its copolyester PPSG-30% samples are shown in
Fig. 4.

The molecular chain structure of PPS and its copolyester
PPSG-30% was characterized by nuclear magnetic resonance hy-
drogen spectroscopy ('H NMR). The results show that there were
five characteristic peaks of H (a, b, ¢, d, and e) in the spectrum
of PPSG-30% . The integral area ratio and splitting mode of each
peak were analyzed. It is concluded that the five peaks of H corre-

sponded respectively to the five characteristic peaks of H in differ-

ent environments in the figure.
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Fig.2 FT-IR spectra of PPS and PPSG
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It can be seen from the figure that § =7.26 corresponded to
the solvent deuterated chloroform; & =2. 63 represented the chem-
ical shift of hydrogen at position a on the methylene group adjacent
to the ester group in the succinic acid fragment; & =1.29 meant
the chemical shift of hydrogen at position b on the side methyl
group in the propylene glycol fragment in the repetitive structural
unit A; 8 =3.68 was the chemical shift of hydrogen at position ¢
on the methylene group connected to propylene glycol and succinic
acid; 8 =5. 13 represents the chemical shift of hydrogen at posi-
tion d on the methine group connected to the side methyl group on
propylene glycol; 8 =4.20 represents the chemical shift of hydro-
gen at position e on the methylene group in the ethylene glycol
fragment in the repetitive structural unit B. According to the anal-
ysis results of infrared spectra, it is further verified that the struc-
ture of the synthesized PPS and its copolyester PPSG was correct.
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Fig.3 Two structural units of PPSG copolyester

2.3 Analysis of molecular weight The intrinsic viscosity and
viscosity-average molecular weight of the synthesized PPS and co-
polyester PPSG samples were tested by the dilute solution viscosity
method. The results are shown in Table 1.

From the table, it can be seen that with the increase of EG,
the molecular weight of PPS and its copolyester PPSG both rose,
and the intrinsic viscosity [ m] first increased and then decreased.
When EG content was low, the terminal hydroxyl group of EG as a
highly active diol monomer could promote the ester exchange reac-
tion, increase the polymerization degree of the reaction, accelerate
the growth of molecular chains, and increase the molecular weight
of the PPS system, thereby leading to an increase in intrinsic vis-
cosity. With the further increase of EG content, the proportion of
amorphous phase in the PPS system rose, and the regularity of mo-
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lecular chains declined, resulting in an increase in short chains
and a decrease in the overall molecular weight, which in turn led

to a reduction in intrinsic viscosity.
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Fig.4 'H-NMR spectra of PPS and PPSG

Table 1 Intrinsic viscosity and viscosity-average molecular weight of
PPS and PPSG

PPS or PPSG Intrinsic viscosity[ n] //dL/g M, // &/ mol

PPS 0.42 21 088

PPSG-10% 0.50 26 607

PPSG-20% 0.47 24 500

PPSG-30% 0.46 23 808

2.4 Analysis of the glass transition and melting transforma-
tion behaviors of EG-modified PPS copolyester

transition and melting transformation behaviors of PPS and its co-

The glass

polyester PPSG were tested by DSC, and the results are shown in
Fig. 5. The results reveal that with the gradual increase of EG con-
tent, the glass transition temperature (7,) gradually decreased
from —15.6 to —21.4 “C. Due to the short chain structure of
EG, the flexibility of molecular chain segments increased, and the
hydrogen bond interaction between molecules weakened, thereby
reducing the interaction force and bulk density of molecular
chains, and ultimately leading to a significant decrease in T,. In
addition, the asymmetry and lower molecular rigidity of EG further
enhanced the free movement ability of the chain segments, in-
creasing the proportion of amorphous phases in the system and
thereby affecting the thermodynamic properties of the polymer.
This is because the asymmetry and lower molecular rigidity of EG
made the polymer chain segments more prone to movement, resul-
ting in a decline in crystallization ability, crystallinity, and then
melting temperature (T, ). The introduction of EG weakened the
stability of the crystalline zone, made the crystalline structure of
PPS more disordered, improved the flexibility of PPS, and en-

hanced the adaptability of the material in processing procedures

such as injection molding, extrusion and film forming.
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Fig.5 Curves of glass transition and melting transition of PPS and
PPSG

2.5 Analysis of the biodegradation performance of copolyes-
ter PPSG The biodegradation performance of PPS and its copol-
ymer samples PPSG-10% , PPSG-20% , and PPSG-30% was test-
ed, and the degradation curves are shown in Fig. 6. With the ad-
dition of ethylene glycol monomer, the degradation ability of PPSG
was higher than that of polymer PPS. Moreover, the enzymatic
degradation of the four polyesters was a relatively fast in the first
15 d, because the enzyme mainly acted on the material surface
and amorphous regions, and more ester bonds of the polymer were
day, the

degradation slowed down, because the remaining part was the

th

exposed in the early stage of degradation. Since the 15

crystalline region or the cross-linked region of the molecular
chains, making it difficult for the enzyme to further penetrate.
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Fig.6 Curves of degradation weight loss of PPS and PPSG

3 Conclusions
In this study, a new copolyester PPSG was prepared by

adding a third monomer, ethylene glycol (EG) , to the reaction
(To page 74)
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system of dimethyl succinate (DMSu) and propylene carbonate
(PC). The results show that the structure of the prepared PPSG
copolyester was correct. Moreover, with the addition of the third
monomer EG, the glass transition temperature of the copolyester
reduced from —15.6 to —21.4 °C, and the melting temperature
declined from 94.5 to 72.8 C. With the increase of the amount
of added EG, the biodegradability of PPSG gradually was im-
proved, and the degradation weight loss rate of PPSG-30% with-
in 24 d reached 75. 8% . Therefore, the comprehensive perform-
ance of copolyester PPSG prepared with EG as the third monomer
was superior to the original polyester PPS.
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