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A catalyst-free amino-alcoholysis depolymerization protocol was
explored for the chemical recycling of poly(bisphenol A carbonate)
(BPA-PC). Under mild conditions, the initial monomer bisphenol A
(BPA) and value-added oxazolidinone chemicals were recovered
with high efficiency and yield. The chemical cycle was closed by
producing new BPA-PC from recovered BPA.

Plastic has been deeply integrated into the basic necessities of
daily life. Originally, plastics based on fossil resources were
designed for performance and durability, rather than degrad-
ability and recyclability. As a result, plastic waste is now one
of the major crises threatening sustainable development.*”
Plastic sustainability is an inevitable requirement to solve the
problem of the plastic crisis. Therefore, transformation from
the traditional “linear plastic economy mode” into the promis-
ing “circular plastic economy mode” should be paid more and
more attention.®™

When considering the circular plastic economy mode,
mechanical recycling of plastics is first taken into
consideration.’®* However, thermomechanical degradation
caused by the harsh remelting conditions eventually results in
material downcycling.'? In contrast, through chemical re-
cycling, plastics can be converted into virgin monomer or
useful synthetic chemicals/feedstocks to realize polymer re-
cycling and upcycling.”*™** Focusing on chemical recycling,
one approach is to design and synthesize chemically recyclable
polymers through a concept of “chemical recycling to mono-
mers (CRM)”."®*® These new polymers exhibit simultaneously
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high degradability and excellent thermal-mechanical pro-
perties, thus providing an opportunity to achieve the closed-
loop mode for polymer material usage. There has been a flurry
of examples in this area in recent years."”” However, most of
the research design is still in the laboratory stage, and there is
a long path to achieve industrialization due to the complicated
monomer preparation steps and high catalyst cost, and so on.
In addition to designing new polymers, attention should also
be paid to the chemical recycling of plastics that are being
used on large scale, which is of great significance to solve the
current plastic crisis caused by the accumulation of polymer
wastes. A prominent representative is poly(bisphenol A carbon-
ate) (BPA-PC). As an engineering plastic with many desirable
properties, the production of BPA-PC has gradually increased
up to 5 million tons per year.*® However, the potential environ-
mental hazards due to the release of BPA make the recovery of
BPA-PC particularly important.®®*°

Tremendous progress has been made to achieve chemical
recycling of BPA-PC. It mainly includes pyrolysis, hydrolysis,
alcoholysis and aminolysis.*'™** The pyrolysis and hydrolysis
methods are energy-intensive and poorly selective due to the
harsh reaction conditions, such as extremely high temperature
and pressure.***> However, alcoholysis and aminolysis can not
only recover BPA but also capture the carbonyl in BPA-PC and
yield the corresponding carbonyl products, such as dimethyl
carbonate, ethylene carbonate, urea, etc.*>*” For example, Kim
reported that upon employing 1,5,7-triazabicyclo[4.4.0]-dec-5-
ene (TBD) as an organocatalyst, a complete degradation of
BPA-PC occurred, resulting in BPA monomers and carbon-
ates.® Besides, Dove and Sardon demonstrated that functiona-
lized cyclic carbonates and BPA can be obtained when using a
combination of TBD with MSA (methane sulfonic acid) as the
catalytic system.*® Although great progress has been made, the
participation of a catalyst or elevated temperature was
required. Liu reported the methanolysis process in ionic
liquids.>® Although no additional catalyst was involved, actu-
ally ionic liquids acted as both the solvent and the catalyst.
The high cost of ionic liquids and the complex preparation
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processes limited their applications. In contrast, catalyst-free
depolymerization processes assisted by the use of low-cost con-
ventional solvents or even solvent-free depolymerization have
never been reported.

This work aims to develop an economical, practical and
green route for the chemical recycling of BPA-PC. For a depoly-
merization process in which a catalyst is involved, the disad-
vantages are manifold: (1) the preparation of the catalyst
increases the cost; (2) the reaction is not easy to scale up; and
(3) the residual catalyst reduces the purity of the product and
post-treatment purification is a necessity. While, catalyst-free
has always been one of the criteria for green chemistry,>" in
this study, we propose that by choosing a stronger nucleophile
and promoting the solvation effect, it is possible to depolymer-
ize BPA-PC without a catalyst. Herein, a catalyst-free amino-
alcoholysis depolymerization protocol was explored. Under
mild conditions, the initial monomer BPA and high value-
added oxazolidinone chemicals were recovered from BPA-PC
with high efficiency and yield (Scheme 1). The recycled BPA
could be polymerized to prepare new BPA-PC materials, thus
realizing real chemical recycling. Besides, oxazolidinones with
different structures were obtained, showing the universality of
this strategy. As far as we know, oxazolidinones have been
extensively used as pharmaceutical intermediates in medical
chemistry.>>>® Therefore, a chemical upcycling progress was
achieved.

Primarily, the catalyst-free degradation process of BPA-PC
was systematically examined using ethanolamine as the depo-

lymerizing reagent. No moisture-sensitive reagents were
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Scheme 1 The catalyst-free amino-alcoholysis depolymerization of
BPA-PC.
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involved; therefore, the reactions did not require the protection
of inert gases. Firstly, under bulk conditions, 5 equiv. ethanol-
amine was employed as both the depolymerization reagent
and solvent, without the participation of auxiliary solvents. As
shown in Fig. 1, the complete conversion of BPA-PC was
achieved after 57 h. The relatively low reaction activity may be
due to the poor solubility of BPA-PC in ethanolamine, thus the
heterogeneous reaction hindered the contact between reagents
and polymers. Therefore, the influence of adding the assisted
solvent was investigated. Ethyl acetate (EtOAc) was the first to
be considered. Two equivalents of ethanolamine relative to the
BPA-PC repeating unit were applied. However, under these
conditions, the yield of BPA and 2-oxazolidone could only
reach 60%, and the reaction could not proceed to the end even
with a prolonged reaction time. Similar results were also found
when dichloromethane (DCM) was used as the solvent, in
which BPA-PC showed good solubility. In these processes, pro-
ducts without ring closure were recognized (Fig. S1t). These
products were observed to precipitate from EtOAc and DCM
during the reaction, thus making the reaction difficult to
proceed. More common solvents were then brought into
account. The reaction in toluene required 20 h to complete the
depolymerization process. While for the oxygenated solvent
tetrahydrofuran (THF) and 2-methyl tetrahydrofuran
(2-Me-THF), the reaction time was further extended to 61 h
and 74 h. Throughout the above results, ethanolamine as a
strong nucleophile enabled a catalyst-free depolymerization
process that was realized but was less efficient. Therefore,
efforts to further improve efficiency were implemented.

In previous reports, the participation of highly polar sol-
vents facilitated the reaction.”*> Hence, the dipolar solvents
N,N-dimethylformamide (DMF) and methyl sulfoxide (DMSO)
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Fig.1 The degradation of BPA-PC in different solvents.
Depolymerization conditions: BPA-PC pellets (sizes: 3-4 mm, M, =
25.8 kg mol™, B = 2.27, 254 mg, 1 mmol based on BPA unit), ethanol-
amine (122 pL, 2 mmol), hexamethylbenzene (32 mg, 0.2 mmol) as an
internal standard, acetic acid as the quencher, Voyent = 1 mL, 25 °C.
Bulk condition: 5 equiv. ethanolamine.
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were further tried. To our surprise, in DMF, after only 5 h full
conversions were achieved, and near-quantitative yields of
BPA (>99%) and 2-oxazolidone (>99%) were obtained without
any by-products (entry 1). Almost identical results were
obtained in DMSO (entry 2). In addition, to improve the
economy of the reaction process, the amount of ethanol-
amine added was reduced. When the equivalent of ethanol-
amine was decreased from 2.0 to 1.1, the reaction activity
decreased only slightly (entries 3 and 4). Furthermore, upon
reducing the depolymerizing reagent to 1.0 equivalent
amount, an obvious increase in degradation time was
observed (6 h vs. 14 h, 7 h vs. 48 h, entries 5 and 6).
Intriguingly, increasing the temperature from room tempera-
ture to 50 °C, resulted in a significant increase in depolymeri-
zation activity (14 h vs. 3 h, entries 5, 7). These data show
that the high depolymerization performance was still
obtained even if the amount of ethanolamine was decreased
to 1 equivalent (entries 7 and 8). Considering that the degra-
dation efficiency was higher in DMSO than in DMF, DMSO
was determined to be the best solvent. Besides, to get closer
to the principles of green chemistry, the solvent-free depoly-
merization reaction was further explored under different con-
ditions. When 1 equiv. of ethanolamine was introduced, the
reaction was difficult to proceed at 50 °C (entry 9). After 36 h,
a large number of BPA-PC particles remained undissolved.
This may be because it was difficult for the small amount of
ethanolamine to make adequate contact with BPA-PC.
Considering this reason, the temperature was further
increased to 120 °C at which point the depolymerization
process was smoothly achieved even with as few as 1 equiv. of
ethanolamine (entry 10) (Table 1).

To clarify the degradation mechanism, diphenyl carbonate
was used as a simplified model to simulate the reaction
process (Fig. 3). The reaction results with 1 equiv. ethanol-
amine in DMSO versus chloroform were explored separately. As
shown in Fig. 3a and b, diphenyl carbonate was rapidly con-
verted into the ring-opened product and the oxazolidinone in
DMSO, and then the ring-opened product was further con-
verted into the oxazolidinone. Whereas in chloroform, a
gradual conversion of ethanolamine into the ring-opened
product was observed; however, conversion to the oxazolidi-

Table 1 The depolymerization results of BPA-PC in DMSO and DMF
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none was difficult. Moreover, the stability of the ring-opened
product in different deuterated reagents was also verified. A
gradual conversion of the ring-opened product into phenol
and oxazolidinone was observed in deuterated DMSO
(Fig. S271). However, in deuterated chloroform, the ring-opened
product was stable (Fig. S3T). These results amply illustrated
the promotion effect of DMSO for the aminolysis of carbonate
and ring-closure to generate oxazolidinones. When it comes to
solvent-free depolymerization, the ring-opened product was
heated to 120 °C, and after 2 h, the production of phenol and
2-oxazolidone was similarly observed, which proved that temp-
erature also played a key role in this process (Fig. 3c). Based on
the above experimental phenomenon, a possible mechanism
was proposed. At the beginning of the reaction, the amino
group in ethanolamine acted as a strong nucleophile that
attacks the carbonyl group in BPA-PC. Then, the hydroxyl
group further attacked the ester group to generate oxazolidi-
none through the ring-closing reaction. In the second step, the
ring-closing reaction was the rate determining step. In dipolar
solvents, such as DMSO, the presence of hydrogen bonds and
dipolar interactions between DMSO and the hydroxyl groups
promoted the ring-closing reaction.’® While under solvent-free
conditions, heating was necessary to promote the ring-closing
reaction to generate oxazolidinone.

Encouraged by these results, eight common BPA-PC com-
modities were also explored (Fig. 2). It is noteworthy that these
BPA-PC commodities, varying in molecular weight (M, =
16.1 kg mol™'-33.0 kg mol™") and dispersity (P = 1.99-2.86),
are suitable for this strategy. All samples were depolymerized
completely, affording the corresponding BPA with 94-99%
yields and 2-oxazolidone with 93-99% yields, respectively.
When the reaction was carried out at room temperature, the
conversion could be completed within 8 h. As anticipated, a
more efficient process was obtained when raising the tempera-
ture to 50 °C and the polymers could be completely depoly-
merized in 3 h. Under solvent-free conditions at 120 °C, the
BPA-PC commodities achieved the degradation process as well.
These experimental results showed that even if there are
different additives in the commercial BPA-PC products, they
barely have an obvious influence on this depolymerization
approach.

Entry” Temp. (°C) Solvent Ethanolamine (equiv.) Time (h) BPA? (%) 2-Oxazolidone? (%)
1 R.T. DMSO 2 5 >99 >99
2 R.T. DMF 2 5 >99 >99
3 R.T. DMSO 1.1 6 >99 >99
4 R.T. DMF 1.1 7 90 87
5 R.T. DMSO 1 14 >99 98
6 R.T. DMF 1 48 96 96
7 50 DMSO 1 3 >99 >99
8 50 DMF 1 3 82 83
9 50 Bulk 1 36 — —
10 120 Bulk 1 44 99 87

“ Depolymerization conditions: BPA-PC pellets (sizes: 3-4 mm, M,, = 25.8 kg mol™!, P = 2.27, 254 mg, 1 mmol based on BPA unit), dimethyl-
sulfoxide and N,N-dimethylformamide as the solvent, Vgjyent = 1 mL. b Determined by "H NMR spectroscopy.
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Fig. 2 The degradation of BPA-PC commodities. Depolymerization
conditions: BPA-PC commaodities (254 mg, 1 mmol based on BPA unit),
ethanolamine (61 pL, 1 mmol) in DMSO (1 mL) at 50 °C, dibromo-
methane (145 pL, 2 mmol) as an internal standard, acetic acid as the
quencher.! The reaction was conducted at 120 °C, solvent-free, 1 equiv.
ethanolamine.? The reaction was conducted at room temperature.

Moreover, to further explore the practical application of this
strategy, the BPA-PC tube was subjected to gram-scale depoly-
merization under standard conditions (Fig. S4 and 47). Firstly,
100 g of BPA-PC tube was subjected to DMSO and 1 equiv. of
ethanolamine was added simultaneously. As represented in
Fig. S4,T the depolymerization process was completed within
2 h at 80 °C. Then, DMSO was recovered by vacuum distillation
with a recovery rate of 93%. The NMR spectrum showed that
the recovered DMSO was pure without impurities (Fig. S177).
After that, a certain amount of water was introduced to the
remaining solids under uniform stirring. The suspension was
filtered to collect the precipitate and filtrate. Quite interest-
ingly, BPA is insoluble in water, while 2-oxazolidone is soluble,
which means that the resulting products can be easily separ-
ated under convenient-to-perform conditions. The precipitate

o
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was vacuum dried, and then 88 g of BPA with a yield of 98%
was obtained. After evaporative concentration and ether
washing of the filtrate, 28 g of 2-oxazolidone was afforded with
a yield of 83%. The chemical structures and high purity of the
recovered BPA and 2-oxazolidone were characterized by IR, "H
NMR spectra, *C NMR spectra and HPLC (Fig. S18-24%). A
gram-scale depolymerization experiment under solvent-free
conditions was also performed (Fig. 4). 30 g of PC tubes was
fully degraded by 1 equiv. of ethanolamine under heating to
120 °C. Since there was no excess solvent, catalyst as well as
other reagents present, the post-treatment process was greatly
simplified. The separation process of BPA and 2-oxazolidone
could be realized by directly adding water after degradation.
The final yields of these products were 98% and 71%, respect-
ively. The prices of ethanolamine and 2-oxazolidone on the
market were checked (Table S5t), which illustrated that the
depolymerization products were relatively expensive compared
with ethanolamine (ethanolamine vs. 2-oxazolidone; TCI, $
23.00 vs. $ 284.00), which further proved the economic benefit
of the depolymerization process. This gram-scale depolymeri-
zation process unequivocally confirmed that this strategy is an
economical, practical and green route to convert BPA-PC into
its monomers and high value-added products.

To verify the purity of recovered BPA, the preparation of new
BPA-PC by repolymerization was explored. A melt transesterifi-
cation method was used by employing KOH as the catalyst
(BPA/DPC = 1/1.1, 0.01 mol% KOH, melt transesterification at
170 °C, polycondensation at 260 °C and 0.001 mbar).’”*®
Under these conditions, the '"H NMR spectra of the obtained
polymers proved that BPA-PC with high purity was successfully
synthesized (Fig. S261). As demonstrated in Fig. 5, the pro-
perties of BPA-PC from recovered BPA were comparable to that
prepared using commercially available BPA. The number-
average molecular weights of 14.3 kg mol ™" and 13.5 kg mol ™"
were obtained by GPC tests, respectively. In addition, a similar
glass transition was observed (137 °C vs. 138 °C), indicating
that the polymers had consistent thermal properties.
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(a) Results of the reaction of diphenyl carbonate with 1 equiv. of ethanolamine in chloroform (purple column is the concentration of ethanol-

amine, green column is the concentration of the ring-opened product, orange column is the concentration of 2-oxazolidone). (b) Results of the
reaction of diphenyl carbonate with 1 equiv. of ethanolamine in DMSO. (c) Heating promoted the ring-closing process to generate oxazolidinone

under solvent-free conditions.
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Moreover, the transmittance of regenerated BPA-PC was tested
via spectrophotometer (Table S6t). The BPA-PC prepared from
recovered BPA and commercial BPA have high transmittance
values of 98.17% and 98.19%, respectively. Thus, the compar-
able high transparency of the regenerated BPA-PC was proved.
The slightly lower values than the original BPA-PC tube
(99.10%) may be due to the differences in the process of
BPA-PC synthesis in our laboratory compared to industrialized
conditions. These results fully demonstrated the high purity of
the recovered BPA while also achieving the closed-loop chemi-
cal recycling process.

Oxazolidinones were important intermediates in organic
synthesis.”®®® However, their synthesis usually required the
participation of toxic reagents such as phosgene.®™*> Through
this protocol, a range of organic oxazolidinones from polycar-

956 | Green Chem., 2023, 25, 952-959

Temp. (°C)

(a) GPC traces and (b) DSC analysis of BPA-PC from commercialized BPA (yellow line) and recycled BPA (green line).

bonate waste were attempted to be synthesized by varying the
amino alcohols. As shown in Table 2, when (R)-2-amino-1-pro-
panol and (R)-phenylalaninol were employed as depolymeriz-
ing reagents, the depolymerization reactions were completed
efficiently within 5 h and the yields of the products were more
than 98% (entries 1 and 2). When an amino-alcohol-bearing
sterically demanding tert-butyl substituent was used, quanti-
tative yield was still achieved, albeit with a slight decrease in
activity (entry 3). In addition, with the participation of (S,S)-2-
aminocyclohexanol, cyclohexyl oxazolidinone also
obtained with a high yield (99%) (entry 4). Besides, secondary
amino alcohol was considered as well. The depolymerization
efficiency declined significantly, indicating that the steric
effect of amine moieties had a great influence on the depoly-
merization. To our delight, high yields were still obtained

was

This journal is © The Royal Society of Chemistry 2023
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Table 2 The depolymerization results of BPA-PC with different depoly-
merizing reagents

Entry® Reagent Products Time (h) BPA’? (%) Products® (%)
1 NH, JOL 4 99(93)  99(99)
OH
HN™ O
/
2 NH, Q 5 99(95) 98(99)
Avon
/
B
3 NH, o 25 97(96) 99(93)
aion
J
By
4 HN  OH 0 4 99(99) 99(58)
S
5° \”/\/OH o 84 95(95) 91(98)
=N O
/

“Depolymerization conditions: BPA-PC pellets (sizes: 3-4 mm, M, =
25.8 kg mol™, P = 2.27, 254 mg, 1 mmol based on BPA unit), amino
alcohol (1 mmol), DMSO as the solvent at 50 °C, Vyoyen: = 1 mL. ? The
yields were determined by "H NMR spectroscopy in DMSO-dg using
dibromomethane as an internal standard. ¢ Reaction was carried out at
100 °C. “ Numbers in parentheses are reaction results under solvent-
free conditions: 120 °C, 1 equiv. ethanolamine, 12 h.

(95% and 91%, entry 5). Furthermore, depolymerization
attempts utilizing different amino-alcohols under solvent-free
conditions were also made (Table 2, numbers in parentheses).
Within 12 h, the polymers were all completely degraded even
with different depolymerization reagents. Notably, the depoly-
merization efficiencies of different substituents under temp-
erature-increasing conditions are approximate, which indicates
that temperature played a decisive role in this process. Overall,
all these successful cases highlighted the broad adaptability of
this strategy.

Compared with other BPA-PC depolymerization processes,
this work mainly has the following environmental benefits: (1)
The reaction could be carried out under mild conditions
without harsh conditions such as high temperature and high
pressure. (2) The reaction did not require the participation of
the catalyst, which avoided the environmental damage caused
by the metal residue of the catalyst and reduced the energy
consumption of the catalyst preparation process. (3)
Oxazolidinones were recovered by capturing carbonyl groups
in BPA-PC through amino alcohol. By this method, oxazolidi-
none could be prepared under more environmentally friendly
conditions without the participation of toxic reagents such as
phosgene. (4) The reaction could proceed smoothly with the
participation of 1 equivalent of ethanolamine rather than the
involvement of excess reagents; hence the atom utilization of
the whole process was 100%, conforming to the principles of
green chemistry. (5) The reaction could also be completed

This journal is © The Royal Society of Chemistry 2023
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Fig. 6 Degradation of (a) PLA, (b) PBS and (c) PET by using ethanol-
amine in bulk. Conditions: plastics (2 g), ethanolamine (5 mL), 80 °C.

under solvent-free conditions, which was more consistent with
the principles of green chemistry.

In addition, other commercial polyester materials, such as
PLA cups, PBS straws and PET bottles, were also investigated
to verify the broad polymer adaptability of this strategy.
Different aminolysis products were obtained under solvent-
free conditions with high yields (Fig. 6). As depicted in Fig. 6a,
PLA cups exhibited a high degradation reactivity and were
transformed into 2-hydroxy-N-(2-hydroxyethyl)propanamide in
less than 1 h with a yield of 97%, indicating that PLA degrades
faster than BPA-PC under the same conditions. For the amino-
lysis depolymerization of PBS straw, it took 5 h to achieve high
conversion under the same conditions, producing the resul-
tant degradation product with high yield (98%) (Fig. 6b). In
addition, PET bottles were consumed completely within 24 h
under bulk depolymerization conditions to produce bis(2-
hydroxyethyl) terephthalamide (BHETA) with a yield of 96%
(Fig. 6¢). Although the degradation products were not the
initial monomers, the introduction of NH made it possible to
synthesize polymers with exceptional properties compared to
the initial monomers.®*®* Further developmental applications
of these monomers are under investigation in our laboratory.

Conclusions

In summary, an economical, practical and green route for the
chemical recycling of BPA-PC has been developed through
a catalyst-free amino-alcoholysis depolymerization strategy.
Using the strong nucleophilic ethanolamine as the depolymer-
ization reagent and promotion by a highly polar solvent, the
reaction could be carried out efficiently under mild conditions.
Moreover, BPA-PC could also be degraded with high yields
under solvent-free conditions with only 1 equivalent of depoly-
merization reagent. These strategies proved to be applicable to
different types of commercial BPA-PCs. The feasibility of the
practical applications of this method was further verified by
the scale-up reaction. Besides, the recovered high-purity BPA
could be repolymerized to prepare new polymer materials, rea-
lizing a closed-loop recycling process. In addition, oxazolidi-
nones with various structures were recovered from this
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process. These strategies are of great significance for plastic re-
cycling and economic sustainability. Further investigations of
this new strategy using different plastics are in progress in our
laboratory.
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