7® ROYAL SOCIETY

Polymer
P OF CHEMISTRY

Chemistry

View Article Online

View Journal | View Issue

An efficient cyclodepolymerization route for the

{ M) Check for updates ‘
chemical recycling of poly(ethylene adipate)t

Cite this: Polym. Chem., 2023, 14,
1019
Hongjuan Li,1*€ Xiangxiang Yan,$° Jie Huan,® Sheng Wang,® Xiaohong Li,”

Yatao Wang, Yingfeng Tu {2 ** and Zhiping Li 2 *@

Cyclodepolymerization is a special chemical recycling (upcycling) method for polyesters based on ring—
chain equilibria in solution, yet it is usually carried out in halogenated solvents at temperatures around
200 °C. We present here a green cyclodepolymerization route for the efficient chemical recycling of poly
(ethylene adipate) (PEA) to its cyclic oligomers, cyclic oligo(ethylene adipate)s (COEAs), using dibutyltin
oxide as a catalyst and toluene as a solvent. The effect of solvent on the COEAs yield was studied, and
toluene was found to be a better solvent than chlorobenzene since it provides higher yields in addition to
the facile purification of COEAs from the reaction mixture due to the solubility difference between PEA
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and COEAs. The effects of PEA concentration, reaction time and catalyst amount on the yield of COEAs
are thoroughly studied. Our results show that the yield of COEAs increases with reduced PEA concen-
tration, prolonged reaction time and increase of catalyst amount. Since COEAs are readily polymerized to
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Introduction

Poly(ethylene adipate) (PEA) is a well-known crystalline ali-
phatic polyester with applications as plasticizers and as precur-
sors for the synthesis of polyurethanes."™ With the dramatic
increase of polyurethane production, which reached around
28 million tons in 2020,° the annual production of PEA is now
ranked the largest among aliphatic polyesters. Since aliphatic
polyesters are considered as biodegradable materials, they are
usually discarded directly into the environment. Yet their degra-
dation is very slow in sea water or under conventional waste man-
agement conditions like landfill.”™* In addition, the environ-
mental issues caused by small molecular byproducts during
degradation are not clear. Thus, it is of great significance to
study the chemical recycling of PEA for sustainable development
through material regeneration. However, to our knowledge, the
chemical recycling (upcycling) of PEA has not been reported.
Hydrolysis, alcoholysis (glycolysis), and aminolysis are tra-
ditional chemical recycling strategies for aromatic
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pristine PEA, our strategy affords a closed-loop chemical recycling way of PEA.

polyesters.”>>” Due to the high energy cost and waste treat-

ment during the recycling process, the obtained products/
monomers are quite expensive compared to their petroleum-
based counterparts. The cyclodepolymerization method can be
considered as a fourth way for the chemical recycling of poly-
esters and polycarbonates, although it is much less studied,
where polyesters are converted to corresponding cyclic oligoe-
sters based on ring-chain equilibria in dilute solutions.*®™’
The obtained cyclic oligoesters can be used as monomers for
ring-opening polymerization (ROP), yielding high molecular
weight polyesters that cannot to be synthesized by typical con-
densation polymerization.***® Recently, we developed a
cascade polycondensation-coupling ring-opening polymeriz-
ation (PROP) method, where high molecular weight polyesters
with high functional group content can be synthesized via the
polymerization of cyclic oligoesters with functional diols,
greatly extending the applications of cyclic oligoesters and
polyesters.*””>! Although cyclic monomers can be synthesized
by the pseudo-high dilution cyclization (PHDC) of diacyl chlor-
ides with diols, their yields are quite low (20-40%) with large
amounts of solvents used.”>>® Thus, the cyclodepolymeriza-
tion method provides an efficient and low-cost method for the
preparation of high-value added cyclic monomers, and shows
great advantages among chemical recycling methods.

Despite the potential benefits from the cyclodepolymeriza-
tion strategy in the chemical recycling of aromatic polyesters,
it must be carried out at high temperatures (~180 °C) in high
boiling point toxic solvents like dichlorobenzene due to solubi-
lity problems, with a long reaction time (typically a few days),
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severely limiting its applications.”®** In this work, we would
like to investigate the chemical recycling of PEA to its cyclic oli-
gomers, cyclic oligo(ethylene adipate)s (COEAs), using dibutyl-
tin oxide as a catalyst, as shown in Scheme 1a. The solution
cyclodepolymerization of PEA in dichlorobenzene was studied
first to testify if the strategy works. Since aliphatic polyesters
and the corresponding cyclic oligoesters have much better
solubility than their aromatic counterparts, and while toluene
is a good solvent for COEAs but a non-solvent for PEA at room
temperature, an energy-saving chemical recycling method for
PEA was established by carrying out the cyclodepolymerization
reaction in toluene under mild reaction conditions, with a
facile purification process utilizing their solubility difference.
The effects of concentration, reaction time and catalyst
amount on the yield of COEAs have been systematically
studied. Finally, the obtained COEAs were polymerized to PEA
diols to test the closed-loop chemical recycling of PEA.

Experimental section
Synthesis of COEAs via the PHDC method

COEA control samples were synthesized by the cyclization of
adipoyl chloride and ethylene glycol under pseudo-high
dilution conditions, as shown in Scheme 1b.>* A 500 mL three-
necked flask with a magnetic stirrer and a nitrogen inlet, was
charged with a solution of pyridine (1.90 g) in 200 mL of di-
chloromethane (CH,Cl,). The solution was set to 40 °C, and a
solution of adipoyl chloride (2.01 g) and ethylene glycol
(0.62 g) in a CH,Cl,/THF mixture (10 mL/10 mL) was added
slowly over 1.5 h. The reaction was quenched with ammonium
hydroxide (5 mL), filtered, and the organic layer was washed
with dilute hydrochloric acid (1 M) and then deionized water
three times, and dried over sodium sulphate. After filtration,
the crude product was obtained by the removal of the solvent.
Pure COEAs were obtained by column chromatography (eluent:
4% acetone in dichloromethane). The product was dried under
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vacuum at room temperature for 12 h and denoted as COEAs-
C. Yield: 31%. MALDI-TOF mass: [2-mer + Na]" (C;6H,,05Na’",
m/z theoretical value: 367.37, detected: 367.01), [3-mer + Na]"
(C,4H3601,Na", m/z theoretical value: 539.56, detected: 539.30).

Synthesis of COEAs via cyclodepolymerization

PEA solutions in toluene (10 ¢ L™ to 100 g L™") were heated at
reflux temperature and reacted for different times (3-120 h) in
the presence of dibutyltin oxide (0.5-4 wt% to the PEA
amount). The reaction was finished by cooling to room temp-
erature and then refrigerated (~4 °C). After filtration, the
organic layer was washed three times with diluted HCI, and
then deionized water and dried. The solvent was removed by
vacuum evaporation, and COEAs were obtained after vacuum
drying without further purification. Yield: 8-99%. MALDI-TOF
mass: [2-mer + Na]' (Cy6H,40sNa’, m/z theoretical value:
367.37, detected: 367.29), [3-mer + Na]" (CpyH3601,Na’, m/z
theoretical value: 539.56, detected: 539.27), [4-mer + Na]
(C3,H45016Na’, m/z theoretical value: 711.76, detected: 711.32),
[5-mer + Na]" (C4oHeoO20Na’, m/z theoretical value: 883.95,
detected: 883.40), [6-mer + Na]" (C,5H,,0,4Na’, m/z theoretical
value: 1056.14, detected: 1055.48), [7-mer + Na]" (Cs56HgO,5Na’,
m/z theoretical value: 1228.33, detected: 1227.57), [8-mer + Na]"
(CesHogO3,Na", mfz theoretical value: 1400.53, detected:
1399.66), [9-mer + Na]" (C;,H;0503Na’, m/z theoretical value:
1572.72, detected: 1571.74), [10-mer + Na]" (CgoH120040Na", m/z
theoretical value: 1748.32, detected: 1748.51).

Synthesis of PEA via PROP

COEAs and 1,10-decanediol with a weight ratio of 5/1 were
charged to a three-necked flask with a mechanical stirrer and a
nitrogen inlet. The reaction mixture was heated to 230 °C for
5 min under a nitrogen atmosphere, and then Ti(n-C,Ho0),
(0.05 wt%) was charged to start the polymerization. The
mixture was polymerized for 120 min, and subsequently
quenched by cooling to room temperature. The obtained

COEAs-C

Scheme 1 Synthetic route to cyclic oligo(ethylene adipate)s (COEAs) via a cyclodepolymerization (CDP) method (a) and a pseudo-high dilution

cyclization method (b).

1020 | Polym. Chem., 2023, 14,1019-1026

This journal is © The Royal Society of Chemistry 2023


https://doi.org/10.1039/d2py01613c

Published on 31 enero 2023. Downloaded by Fail Open on 7/5/2025 09:58:24.

Polymer Chemistry

product was subjected to gel permeation chromatography
(GPC) measurement without further purification.

Results and discussion
Solubility of PEA and COEAs

The cyclodepolymerization of polyesters in a diluted solution
based on ring-chain equilibria has been well-established for
the preparation of aromatic cyclic oligoesters. In the presence of
a suitable catalyst, equilibria can be established between poly-
ester linear chains and their corresponding cyclic
oligomers.”®° The equilibria depends greatly on the concen-
tration, and previous reports revealed that at dilute concen-
trations (<3% w/v), cyclic oligoesters are the main products.>*~*
As the cyclodepolymerization of aromatic polyesters is usually
carried out in toxic chlorobenzene or dichlorobenzene solvents
at elevated temperatures due to solubility problems, a less toxic
solvent for the cyclodepolymerization of PEA is preferred since
it has much better solubility than its aromatic counterparts. In
addition, considering that cyclic oligomers typically exhibit
better solubility than their corresponding linear polymers, we
would like to find a solvent in which COEAs and PEA have a
large solubility difference at room temperature, thus the purifi-
cation would be made quite easy just by filtration.

For property investigations, controlled COEA samples
(COEAs-C) were synthesized under pseudo-high dilution con-
ditions, as shown in Scheme 1b. The MALDI-TOF MS spectrum
of COEAs-C is presented in Fig. 1a. The peaks match well with
the mass of sodium-cationized cyclic oligoesters, where the
peak at 367.01 (m/z) can be assigned to the cyclic dimer (C2EA)
(C16H,405Na", theoretical value: 367.37), while that at 539.30 to
the cyclic trimer (C3EA) (C,4H360,,Na’, theoretical value:
539.56). Interestingly, there are no cyclic oligoesters with a
higher degree of oligomerization observed, suggesting that the

a) C2EA

C3EA
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Fig. 1 MALDI-TOF mass spectrum (a) and GPC curve (b) of COEAs-C.
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dimer and trimer are more kinetically favored. No linear oligoe-
ster is observed, indicating the high purity of cyclic oligoesters.

Fig. 1b shows the GPC curve of COEAs-C. Only two distin-
guished peaks are observed, consistent with the results from
MALDI-TOF mass spectrometry experiments. The peak at
retention volumes of 22.9 mL and 24.0 mL can be assigned to
C3EA and C2EA, respectively. The weight fraction of cyclic oli-
gomers can be roughly estimated by the corresponding peak
areas. The contents of dimer and trimer are around 89% and
11%, respectively.

Fig. 2 shows the "*C NMR spectra of COEAs-C and PEA,
with the peak assignments presented in the figure insets.
COEAs and PEA exhibit similar ">’C NMR spectra. The peaks
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Fig. 2 '*C NMR spectra of COEAs-C and PEA.
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OOCCH,CH,CH,CH,COO), 33.7 ppm (peak b,
OOCCH,CH,CH,CH,COO0) and 172.9 ppm (peak d, COO) are
assigned to the carbon atoms from adipic acid segments. The
peaks at 62.1 ppm (peak ¢, OCH,CH,0) are assigned to the
carbon atoms from ethylene glycol segments, respectively. For
PEA, two additional peaks at 61.1 ppm (peak e, OCH,CH,0OH)
and 66.1 ppm (peak f, OCH,CH,0H) were observed, ascribed
to the chain-end groups, which are absent in COEAs. Similar
results were also observed in their "H NMR spectra (Fig. S17),
where the chain-ends for PEA are detected while COEAs-C
show no chain-ends. The above characterization results
confirm the successful synthesis of COEAs-C with high purity.
PEA was synthesized via traditional condensation polymer-
ization as shown in Scheme S1.f In this study, PEA with a
number-average molecular weight (M,,) of 9860 g mol™" and a
polydispersity (D) of 1.97 was used as a raw material for the
synthesis of COEAs via cyclodepolymerization, with its GPC
curve presented in Fig. S2.1 Quite interestingly, besides the
major peak at a retention volume of 17.0-21.0 mL, there are a
few weaker peaks observed at a retention volume of
21.7-25.0 mL. By comparison with the curve of COEAs-C, these
peaks can be ascribed to COEAs with different ring sizes,
formed as the thermodynamic ring-chain equilibrium pro-
ducts during condensation polymerization. The COEA content
is a few percentages, calculated from the peak area ratio. This
is consistent with the typical results during bulk condensation
polymerization of aromatic polyesters, where there are about
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Using COEAs-C as a controlled sample, its solubility in
different solvents was tested in addition to that of PEA. The
results are summarized in Table 1. It shows that COEAs-C have
very good solubility in most common solvents at room temp-
erature except alkanes. For PEA, it has good solubility in polar
solvents like dichlorobenzene, DMF and dioxane, but limited
solubility in non-polar solvents like toluene and alkanes.
When heated to around 100 °C, the solubility increased greatly
and PEA can be dissolved in toluene. Solubility tests in alco-
hols and esters were not performed as these solvents may react
with PEA via the transesterification mechanism under cyclode-
polymerization conditions.

Cyclodepolymerization of PEA

Since PEA and COEAs have good solubility in DCB and chloro-
benzene (CB), the cyclodepolymerization of PEA in these sol-
vents was carried out with the results summarized in Table 2.
The concentration was fixed at 25 g L™", using 3% SnO(C4H,),
(vs. PEA amount) as catalyst, similar to the reaction conditions
reported for the cyclodepolymerization of aromatic
polyesters.”®° Preliminarily studies show that cyclodepoly-
merization proceeded well in DCB and CB, with the yield
ranging between 35 and 70% (trials 1 to 5). The reaction
carried out in CB provided a better yield than it did in DCB,
despite the temperature (130 °C) being much lower than that
in DCB (~180 °C) (trial 1 vs. 3); the latter is the traditional
cyclodepolymerization temperature used for aromatic poly-

1-3% cyclic oligoesters coexisting with linear polyesters.***° esters. As the ring-chain equilibrium is based on the transes-
Table 1 Solubility of PEA and COEAs in different solvents

Sample DCB CB Toluene DMF Xylene THF CHCl, Decane
COEAs* ++ ++ ++ ++ ++ ++ ++ -
PEA” ++ ++ — ++ —_ + ++ —_
PEA? ++ ++ ++ ++ + N.A. N.A. +

“ At room temperature. ? At 80 °C. ++: >200 g L™}, ——: <0.1 g L™, +: ~100 g L™", N.A.: not applicable.

Table 2 The yield of COEAs under various cyclodepolymerization conditions

Entry Solvent T (°C) Time (h) Concentration (g L™") Catalyst Yield (%)
1 DCB 180 24 25 3% 45

2 CB 130 6 25 3% 35

3 CB 130 24 25 3% 48

4 CB 130 72 25 3% 59

5 CB 130 120 25 3% 67

6 Tol 110 6 25 3% 24

7 Tol 110 12 25 3% 56

8 Tol 110 24 25 3% 59

9 Tol 110 48 25 3% 89

10 Tol 110 96 25 3% ~99

11 Tol 110 24 10 3% 88

12 Tol 110 24 17 3% 79

13 Tol 110 24 50 3% 33

14 Tol 110 24 100 3% 30

15 Tol 110 24 25 0.5% 8

16 Tol 110 24 25 1% 21

17 Tol 110 24 25 2% 30

18 Tol 110 24 25 4% 67

1022 | Polym. Chem., 2023, 14, 1019-1026
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terification between the ester bonds of PEA and COEAs, this
suggests that the activation energy for aliphatic polyesters is
lower than that for aromatic polyesters, probably due to the
reduced steric hindrance from aliphatic chains. Thus, the
cyclodepolymerization of PEA can be carried out at much
lower temperatures, which facilitates the utilization of less
toxic solvents with a low boiling point.

The effect of reaction time on the yield of COEAs in CB was
studied, and the results are plotted in Fig. 3. The yield
increases with prolonged reaction time, but the increment rate
slows down after 72 h. This suggests that the ring-chain
thermodynamic equilibrium state may be achieved under such
reaction conditions, with the yield of COEAs at around 60%.

As PEA can be dissolved well in toluene at around 100 °C,
but precipitates out after cooling to room temperature, while

70

60 -

Yield (%)
3

40

30 T T T T
0 30 60 90 120

Time (h)

Fig. 3 The yield of COEAs as a function of the cyclodepolymerization
time of PEA in chlorobenzene.
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COEAs are well dissolved in toluene even at refrigerated temp-
erature, we anticipate that the cyclodepolymerization of PEA in
toluene has many merits if it works, as the purification
process will be greatly shortened and energy cost reduced just
by cooling down the solution to room temperature or lower.
The unreacted PEA will precipitate from the solution, and pure
COEAs can be obtained after filtration, washing and removal
of the solvent. Subsequently, the cyclodepolymerization of PEA
in toluene was carried out at reflux temperature, and the post-
reaction solution was treated following the above protocol.

Fig. 4a shows the MALDI-TOF mass spectrum of COEAs
after the cyclodepolymerization of PEA in toluene for 24 h at
reflux temperature (trial 8). Unlike the COEAs-C sample,
COEAs with different ring sizes are observed, from the dimer
(C2EA) to the nonamer (C9EA). Among these, the tetramer
(C4EA) shows the highest peak intensity. This indicates that
the solution depolymerization of PEA in toluene works with
the ring-chain equilibrium, although the reaction temperature
is much lower than that for aromatic polyesters. Moreover,
there is no linear PEA observed, suggesting that the purifi-
cation protocol works well here.

Fig. 4b shows the GPC curve of the obtained COEAs from
trial 8. By comparison with the curves of COEAs-C, the peak
assignment is annotated at the peak top. Distinct peaks from
the dimer (C2EA) to the pentamer (C5EA) are observed, with
those products at a lower retention volume being a mixture of
cyclic oligomers with a higher degree of oligomerization.
However, differing from the MALDI-TOF mass spectrum, the
GPC result shows that C2EA is the largest portion present
among the products estimated from the peak area. This is
reasonable as the MALDI-TOF mass spectrometry technique is
not sensitive to very low molecular weight products.

The effects of concentration, catalyst amount and reaction
time on the COEA yield were studied, and the results are pro-
vided in Table 2. Fig. 5 shows the effect of reaction time on the
yield of COEAs. The yield increases with a prolonged reaction

a) C4EA b) C2EA
C3EA e
SEA C6EA
C3EA
C7EA
C4EA
C8EA
C5E
C2EA
300 600 900 1200 1500 18 20 22 24 26
Mass (m/z) Retention Volume (mL)

Fig. 4 MALDI-TOF mass spectrum (a) and GPC curve (b) of COEAs obtained from trial 8 after purification.

This journal is © The Royal Society of Chemistry 2023
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Fig. 5 The yield of COEAs as a function of the PEA cyclodepolymeriza-
tion time in toluene. Conditions: PEA initial concentration of 25 g L™,
3% SnO(C4Ho)s.

time, and reaches ~99% after 4 days of depolymerization.
When compared to chlorobenzene, the reactions carried out in
toluene provide higher yields. This suggests that the solvent
also has a significant effect on the ring—chain equilibrium. In
addition, at lower reaction temperatures, side reactions like
oxidation will be greatly suppressed, thus a higher product
yield is obtained. Using toluene instead of chlorobenzene
greatly increases the yield of COEAs, with 90% or higher being
achieved after a long reaction time.

Fig. 6 shows the effect of the starting PEA concentration on
the yield of COEAs. The yield increases by lowering the PEA

90 1

75 -

Yielg (%)

45 4

30 -

0O 20 40 60 80 100
Concentration (g/L)

Fig. 6 The yield of COEAs as a function of the initial concentration of
PEA in toluene. Conditions: 24 h cyclodepolymerization time, 3% SnO
(C4Ho)2.
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0 L] L] T
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Fig. 7 The yield of COEAs as a function of the catalyst amount (relative
to PEA) in toluene. Conditions: 24 h cyclodepolymerization time, PEA
initial concentration of 25 g L™,

concentration. This is consistent with Jacobson and
Stockmayer’s theory of ring—chain equilibria,*® where the yield
decreases with an increase of concentration. However, the reac-
tion efficiency will be reduced at lower concentrations since a
large quantity of solvents should be used and their removal
will require a lot of energy.

Fig. 7 shows the effect of catalyst amount on the yield of
COEAs. Roughly, the yield increases linearly with an increase
of SnO(C4H,), catalyst concentration. This suggests that di-
butyltin oxide effectively promotes ring—chain equilibria and
the formation of cyclic products. Although an increase in the
catalyst amount will enhance the depolymerization speed of
PEA and increase the yield of COEAs, it also increases the cost
since the catalyst is more expensive than PEA. In addition, the
removal of SnO(C,H,), may be a problem when its concen-
tration is high, and its contamination in COEAs may affect
their polymerization to PEA-based copolymers.

Synthesis of PEA using COEAs

To test whether the obtained COEAs could be used as mono-
mers for the synthesis of PEA, COEAs and 1,10-decanediol
(weight ratio 5: 1) were mixed together and their melt polymer-
ization was carried out following the PROP method, as shown
in Scheme 2. Fig. S31 shows the GPC curves of the resultant
PEA. After the polymerization, a single peak at a much lower
retention volume compared to COEAs is observed. The esti-
mated M, and P of the resultant PEA are 22.2 kg mol™" and
1.82, respectively, indicating the successful synthesis of PEA.
The peaks for COEAs are nearly diminished, showing the high
conversion of COEAs.

The thermal properties of raw PEA synthesized by CP and
used for cyclodepolymerization studies (PEA-CP), and the
chemically recycled PEA synthesized by PROP (PEA-PROP) were

This journal is © The Royal Society of Chemistry 2023
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Scheme 2 Synthetic route to PEA using COEAs and via a polycondensation-coupling ring-opening polymerization (PROP) method.

studied. Fig. S41 shows the TGA curves of PEA-CP and
PEA-PROP, where a single weight loss stage is observed for
both samples. The 5% weight loss temperature (74) under
nitrogen is at 282 °C for PEA-CP, and 315 °C for PEA-PROP,
respectively. The PEA sample from chemical recycling shows
better thermal stability, probably due to the better thermal
stability from 1,10-decylene adipate (DA) segments in the poly-
ester main chain.

Fig. S51 shows the DSC curves of raw PEA and chemically
recycled PEA. The melting temperature (7,,) of PEA-CP
detected (47 °C) is much higher than that of PEA-PROP
(33 °C). This is due to the incorporation of DA segments in
PEA chains, which act like defects and thus decrease the
crystal melting temperature. The crystallization temperature
(T.) detected under cooling is much less affected (8 °C for
PEA-CP and 7 °C for PEA-PROP, respectively), as it is more
kinetically controlled.

Conclusions

We have established a special chemical recycling method by
the cyclodepolymerization of PEA in toluene solution to its
cyclic oligomers following ring-chain equilibria. Our results
show that in differing from their aromatic counterparts, ali-
phatic polyesters can be converted to their cyclic oligoesters
under mild conditions in the presence of a tin catalyst. The
yield of COEAs increases with increasing reaction time and
catalyst amount, and by decreasing the initial concentration of
PEA. The obtained COEAs can be polymerized to PEA, provid-
ing chemical closed-loop recycling of PEA. This strategy should
work for other aliphatic polyesters, and would greatly improve
the sustainable development of polymers.
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