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ABSTRACT: Chemical recycling to monomers is one of the key

strategies in tackling the issues deriving from persistent plastic pollution

in the environment, and poly(ethylene terephthalate) (PET) is among HO
the most used polymers in modern society. In this context, we herein

describe the glycolysis of PET to bis-hydroxyethyl terephthalate

(BHET), promoted by basic cholinium salts differing for the anions,

also comprising amino acid anions. We investigated the optimal reaction

conditions, finding that the best-performing catalyst is [Ch][Gly], in the

presence of which a conversion of 85% and a yield of 51% are achieved at A

150 °C after 6 h, from PET deriving from a clear water bottle. We used Task Specific € Ho M

our protocol to carry out the glycolysis of PET deriving from different A3K PECiiic Mild conditions
postconsumer waste, like opaque and colored bottles and food packages, lonic Liquids @ ot

finding that the performance is better in the former compared with the
latter starting materials.

KEYWORDS: PET depolymerization, task-specific ionic liquids, glycolysis, waste valorization, BHET, cholinium salts

B INTRODUCTION

The widespread use of plastic materials is one of the hallmarks
of the technological advancement of the contemporary era.
Owing to its lightness, inertness, versatility, and resistance,
plastic is practically ubiquitous in every human endeavor.
Unfortunately, the very same properties that make these
polymers so successful are at the root, together with poor
disposal management and slow recycling rate, of the pressing
issue of plastic pollution, nowadays emblematically pictured by
the island of plastic waste floating in the ocean, like the so-
called Great Pacific Garbage Patch.' One of the reasons of the
low portion of plastic waste that is actually recycled is due to
the possible loss in properties, contamination, or degradation
undergone by the polymers at their end-of-life stage, which
renders its reuse impractical. A possible solution to this issue is
given by chemical recycling of polymers, i.e., their treatment
through suitable processes, thermal or catalytic, aimed at
converting plastic waste into industrially relevant products
(open-loop recycling).”” In this context, an interesting route is
chemical recycling to monomers (CRM) or closed-loop
recycling, in which the polymers are converted back to their
monomers, which then can be introduced back into the
synthesis of the same polymers.»” This entails, in principle, the
possibility of using waste as feedstock, in full compliance with
the requirements of circular economy.”” This process is not
viable for every polymer and depends on the thermodynamic
and kinetic features of the polymerization process.” For
example, extremely exothermic polymerizations will require

impractically high temperatures to achieve acceptable recovery
of monomer. This is the case, for example, of polyolefins like
polyethylene and polypropylene or poly(vinyl chloride), which
would require a very high energy input.” Among the polymers
that are most suitable to be chemically recycled by this
strategy, we can include polyesters.” Indeed, the presence on
their backbone of ester groups makes them susceptible to
nucleophilic attack, fulfilling one important requirement.
Among these polymers, poly(ethylene terephthalate) (PET)
appears particularly suitable to chemical recycling. It is indeed
a widely used and commercialized polymer, due to its high
mechanical resistance, transparency, and barrier properties. It
is therefore applied in many fields, from food and beverage
packages9 to textile and construction sectors.'’ Since the
formation of PET is only mildly exoergonic,'' PET is amenable
to depolymerization and chemical recycling at relatively
accessible temperatures and pressures. Given the massive
yearly production of this polymer, estimated in 2020 to 70
million tonnes,"" a significant portion of which escapes waste
management and contributes to pollution of the environment,
chemical recycling of PET is also very important from this
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Chart 1. Glycolysis of PET and TSILs Used
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perspective. In practice, depolymerization of PET is carried out
with different nucleophiles, such as water (hydrolysis),
methanol (methanolysis), amines (aminolysis), and glycols
(glycolysis), mainly ethylene glycol.”*

In this context, glycolysis is currently the most widely used
method of chemical recycling of PET, leading to the formation
of bis-hydroxyethyl terephthalate (BHET). The latter can be
used not only to obtain PET by repolymerization but also gives
access to unsaturated polyester resins and textile softeners.”'”
Generally, this reaction is carried out under pressure, at
temperatures between 180 and 240 °C, in the presence of
catalysts like Zn(OAc),, and an excess of ethylene glycol.
However, such catalyst has the drawbacks of toxicity,
corrosiveness, and difficulties to recover the metal salt so
that a large body of work has focused on finding alternative,
safer, and more environmentally friendly catalysts. To this aim,
safer salts like Na,CO;"* or Na,SO,'* were shown to promote
PET glycolysis with good selectivity in BHET.

A more recent development is represented by the use of
ionic liquids (ILs) as glycolysis catalysts, following the seminal
report by Wang, describing the use of imidazolium-based ILs."*
Given the aforementioned efficacy of transition-metal salts to
promote the glycolysis of PET, a number of earlier reports
focused on the use of metal-containing ILs, bearing anions
such as [Zn(OAc);”], [FeCl,”], or [ZnCl,*~], which entail the
sustainability issues discussed above.'*™"”

ILs are low-melting organic salts, often liquid at room
temperature, and are nonconventional solvents, generally
regarded as safer alternatives to conventional organic solvents,
due to their low vapor pressure and flammability.”" An
attracting feature of ILs is that their properties can be changed
to a great extent simply by varying the constituting ions. These
properties encompass different aspects as catalytic efficiency as
well as toxicity or biodegradability. In this respect, using ILs
bearing reactive or catalytically active ions yields the so-called
task-specific ionic liquids (TSILs).”"** Similarly, the suitable
choice of nontoxic and eco-compatible ions enhances the
sustainability of the IL.**

In this context, it is now widely acknowledged that ILs based
on naturally occurring aliphatic cations, such as the (2-
hydroxyethyl)trimethylammonium, also known as cholinium,”*
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and carboxylates or amino acid anions, are among the best
combination of ions in terms of eco-compatibility of ILs.”> In
an ideal scenario, such a choice of ions would be associated
with a high catalytic activity, in compliance with the 4th, 7th,
and 9th principles of Green Chemistry.*

Not surprisingly, reports of cholinium-based ILs as a catalyst
for PET glycolysis have recently started to surface in the
literature, mostly coupled with basic inorganic ions.””%®

In the light of all of these considerations, we studied the
glycolysis of PET into BHET, in the presence of cholinium-
based task-specific ILs as catalysts. In particular, we employed
salts with amino acid anions, such as glycinate ([Ch][Gly]),
lysinate ([Ch][Lys]), alaninate ([Ch][Ala]), and other basic
salts such as cholinium hydroxide ([Ch][OH]), cholinium
phosphate [Ch][PO,] cholinium imidazolate [ Ch][Im] (Chart
1), and, for comparison, tetrabutylammonium hydroxide
triakonta hydrate (TBA(OH)-30 H,0). It is worth noting
that, in the case of amino acid-based ILs, a low environ-
mentally impacting cation is associated with a naturally
occurring anion, thus maximizing the sustainability of the
process and making for a completely safe catalyst. This
approach, which makes use of completely safe catalysts, is
different from the majority of the reports dealing with IL-based
catalysts for PET glycolysis, in which a strongly basic anion is
often privileged. A catalyst that is entirely composed of
sustainable species, avoiding the use of metal salts or corrosive
reactants, and is efficient under milder conditions, is desirable
not only in terms of safety and sustainability but also can
contribute to the many factors that could improve the potential
of the process for scalability.

First, we optimized experimental parameters such as reaction
temperature and time, as well as catalyst loading. Then, we
went on to determine which catalyst is the most efficient under
the optimized reaction conditions. Finally, we used the best-
performing catalyst to carry out glycolysis of PET deriving
postconsumer PET waste, such as beverage bottles and food
packaging, obtaining in most cases good yields and
conversions. The results obtained showed that in the presence
of [Ch][Gly], the best-performing catalyst, we observed good
conversion and yield of 85 and 51%, respectively, for the
glycolysis of PET deriving from a colorless transparent bottle

https://doi.org/10.1021/acssuschemeng.1c04060
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Figure 1. Conversion and yield for the glycolysis of PET at different temperatures in the presence of (a) TBA-30 H,O after 6 h and (b) [Ch][Gly]
after 4 h in the presence of a catalyst:polymer mole ratio of 1:5. Conversions and yields are reproducible within +5%, based on triplicate

experiments.

at 150 °C. Comparison with related works reported in the
literature reveals that this is competitive with most examples
reported for the same process. Moreover, the reaction
temperature used in this work is in several cases lower than
that reported in the literature, thus evidencing the benefit of
milder reaction conditions.

B EXPERIMENTAL SECTION

Materials. Poly(ethylene terephthalate) (Bottle grade, intrinsic
viscosity 0.82 dL/g), cholinium hydroxide (50% solution in water),
tetrabutylammonium-30 H,O, choline chloride, L-glycine, L-lysine, L-
alanine, phosphoric acid, imidazole, Amberlite IRA-400-chloride form,
and ethylene glycol were obtained from commercial sources and used
without further purification.

General Procedure for the Synthesis of Cholinium ILs. All
cholinium salts, with the exception of [Ch][Lys], were prepared
according to a reported procedure.”” To 7.5 g of a choline hydroxide
solution in water (50 wt %), a stoichiometric aqueous solution of the
suitable acid was added dropwise, on an ice bath. In the case of amino
acids, a slight excess was added (1.2 equiv). The ensuing solution was
left stirring at room temperature for 72 h. Subsequently, the solvent
was removed under reduced pressure, yielding the IL. To remove
unreacted amino acid, the residue was dissolved in methanol and left
to stand at room temperature overnight. The precipitate was then
filtered off and washed with methanol, while the filtrate was
evaporated to obtain the IL as a viscous liquid. In the case of
[Ch][Gly], the filtrate was further filtered through a pad of aluminum
oxide. The resulting solution was then evaporated to yield the IL as a
pale yellow liquid.

Cholinium Lysinate [Ch][Lys]. [Ch][Lys] was prepared from the
corresponding chloride salt by anion exchange on a resin, according to
a reported procedure.’® To this aim, a column packed with anion-
exchange Amberlite resin IRA-400 (15.9 g) was first washed with an
aqueous solution of NaOH (20 mL, 10% w/v) and subsequently
washed with water until the eluate was neutral, to convert the chloride
form of the resin into the hydroxide form. Cholinium chloride (0.037
mol) was dissolved in 25 mL of a methanol/water (70:30, v/v)
mixture, and the resulting solution was eluted onto the column, using
the same methanol/water mixture as an eluent. The eluate, containing
the salt in the hydroxide form, was collected in a flask containing a
solution of lysine (1.2 equiv). The resulting solution was kept at 4 °C
overnight; then, the solvent was concentrated until a small volume
remained. To the residue, acetonitrile/methanol (9:1, v/v) was added
and the resulting mixture was kept under stirring overnight.
Subsequently, unreacted lysine was filtered off and the solvent was
removed from the filtrate, obtaining a pale yellow liquid.

Glycolysis of PET. In a screw-cap bottle, 100 mg of PET, the
suitable amount of IL, and 0.4 g of ethylene glycol were added. The
reaction mixture was heated at the chosen temperature in a sand bath
for a suitable reaction time. Workup of the reaction was carried out
according to a reported procedure.®” To this aim, the reaction mixture
was allowed to cool down at room temperature; then, S mL of water
was added. The resulting mixture was vigorously stirred and filtered
off to separate unreacted PET. The filtrate was concentrated to a
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small volume (~1 mL), and to the residue, 3 mL of water was added.
The solution obtained was stored at 4 °C overnight, during which
white crystals of BHET separate. The precipitate, constituted by pure
BHET, was then filtered and weighed.

For the glycolysis of postconsumer PET waste, samples were first
washed with water and detergent to remove superficial impurities and
then dried. Subsequently, the polymer was first manually cut into
small pieces (~1 cm) and then subjected to glycolysis as described
above. The conversion of PET and the yield in BHET were
determined as shown in eqs 1 and 2, respectively

PET initial weight — PET residual weight
Conversion (%) = .

PET initial weight
100 (1)
BHET final weight
Yield (%) = i -1
BHET theroretical weight (2)

The theoretical weight of BHET was calculated by eq 3

PET initial weight

BHET theroretical weight = [
MWpgr

J'MWBHET
(3)

where MWy is the molecular weight of the PET repeating unit and
MWyt is the molecular weight of BHET.

B RESULTS AND DISCUSSION

Firstly, we optimized the reaction temperature by carrying out
the glycolysis of commercial PET pellets in the presence of
TBA(OH)-30 H,0 as well as [Ch][Gly]. In particular, the
reactions were carried out at temperatures of 120—180 °C in
the presence of 20 mol % catalyst, for 6 and 4 h, respectively.
Conversions of PET were obtained by the weight of unreacted
PET, while yields were determined from the amount of BHET
isolated by crystallization, as described in detail in the
Experimental Section. Conversions and yields in BHET
obtained are reported in Figure 1 and Table S1.

A perusal of results reported in Figure la reveals that in the
presence of TBA-30 H,O at 120 °C, the polymer remained
unaltered, while good conversion of PET was observed on
increasing the temperature to 150 and 180 °C, with
conversions of 64 and 88%, respectively. However, this
increase in conversion is not accompanied by an increase in
yield, which stays practically constant at 30%. This suggests
that a higher temperature helps break down the polymer into
oligomers, but the reaction system is not able to further break
down these oligomers into BHET. Higher conversions resulted
from the preliminary glycolysis tests in the presence of
[Ch][Gly], in which case, already at 120 °C, a very good
conversion of 83% is detected. Further increasing the
temperature to 180 °C led to a quantitative conversion of

https://doi.org/10.1021/acssuschemeng.1c04060
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Figure 2. Conversion and yield for the glycolysis of PET at different reaction times in the presence of (a) TBA-30 H,0O and (b) [Ch][Gly] at 150
°C, in the presence of a catalyst:polymer mole ratio of 1:S. Conversions and yields are reproducible within +5%, based on triplicate experiments.
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Figure 3. Conversion and yield for the glycolysis of PET after 6 h at 150 °C in the presence of (a) TBA-30 H,O and (b) [Ch][Gly], employing
different amounts of catalyst. Conversions and yields are reproducible within +5%, based on triplicate experiments.

the polymer, although with no increase in yield. On the
grounds of these results, we chose 150 °C as the optimal
reaction temperature. To optimize the reaction time, we
carried out the glycolysis of PET, in the presence of both
catalysts, at 150 °C, for reaction times ranging from 4 to 8 h.
The results obtained are reported in Figure 2 and Table S2.

The results reported in Figure 2 show once again the
different behavior of the two catalysts. In particular, in the
presence of TBA(OH)-30 H,O, prolonging reaction time from
6 to 8 h significantly improves conversion, which increases
from 64 to 92%, and also yield increases from a modest 28% to
a much better 63%. On the other hand, when [Ch][Gly] was
used as a catalyst, both conversion and yield underwent only
moderate changes with increasing reaction time. In this case, a
good conversion of 83% is already detected at 4 h and reaches
90% after 8 h. Similarly, the yield has a modest increase from
29 to 38% upon doubling the reaction time from 4 to 8 h.
Based on these considerations, it is apparent that 8 h is the best
reaction time for the reaction promoted by TBA(OH)-30
H,O, whereas 6 h is the optimal reaction time in the presence
of [Ch][Gly]. However, from the viewpoint of energy saving
and to better compare the efficiencies of the catalysts, we chose
a common reaction time for both catalysts, equal to 6 h.
Consequently, for the rest of the study, we conducted PET
glycolysis for 6 h in the presence of both TBA(OH)-30 H,O
and [Ch][Gly].

Having set the optimal reaction temperature and times, we
went on to investigate the optimal catalyst loading. To this
aim, we performed PET glycolysis under the optimized
conditions, in the presence of increasing amounts of both
catalysts, ranging from 1:10 to 1:5 molar ratios, expressed as
moles of catalyst:moles of repeating unit of PET. The results
obtained are reported in Figure 3 and Table S3.

The results reported in Figure 3 clearly show a different
behavior of the two catalysts as a function of their amount in
the reacting mixture. In particular, for TBA(OH)-30 H,O, an
initial increase in catalyst loading is beneficial since conversion
significantly increases from 70 to 85% and so does the yield, in
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BHET, which increases from 49 to 61%. On the other hand,
further increasing the amount of catalyst to 1:5 causes a steep
drop in conversion, to 64% and even more on yield, which
practically halves, decreasing from 61 to 28%. This reduction
in yield can result from the increase of water content in the
reaction mixture, and the consequent catalyst inactivation,
resulting from the higher amount of hydrated salt in solution.
Since the yield in BHET depends on the crystallization of
BHET during the workup phase, a higher amount of water
could increase its solubility, thus leading to a reduction in the
amount of crystallized BHET. This perfectly agrees with the
drop in yield observed in the literature for the §1ycolysis of
PET promoted by imidazolium carboxylate salts.’

Overall, in the presence of TBA(OH)-30 H,O, the optimal
molar ratio between catalyst and repetitive units of polymer is
1:7.5.

As already mentioned, the results reported in Figure 3b
show a different trend upon employing [Ch][Gly] as a catalyst.
In this case, yield and conversion increased on increasing the
amount of catalyst, reaching a good conversion of 90% in the
presence of a catalyst:polymer molar ratio equal to 1:5,
whereas the yield showed a more modest increase, from 23 to
36% on increasing the catalyst amount from 1:7.5 to 1:5, with
respect to the moles of PET. It is worth noting that no
appreciable conversion of PET occurred when a catalyst:pol-
ymer molar ratio equal to 1:10 was employed. To sum up,
when the glycolysis of PET was promoted by [Ch][Gly], the
optimal reaction conditions employed a catalyst to polymer
molar ratio of 1:5 at 150 °C for 6 h. The occurrence of much
higher values of conversions, compared to the yields in BHET,
suggests that the polymer is indeed broken down to oligomers,
but these latter are converted to BHET with more difficulty. It
is indeed reported that the scission of shorter oligomers is
generally slower than the breakdown of longer polymer chains
and that the conversion of dimer to BHET is the rate-
determining step."” Moreover, in the presence of excess EG,
BHET can revert back to the dimer, giving rise to equilibrium.

https://doi.org/10.1021/acssuschemeng.1c04060
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All of these factors contribute to the difference between
conversion and yield observed.

Since we want to explore for milder conditions and greener
catalysts for the glycolysis of PET, we went on to use other
cholinium salts, under the optimal reaction conditions found
for [Ch][Gly]. In particular, to investigate the effect exerted by
the anion of the cholinium salt on the extent of PET
depolymerization, we conducted the reaction in the presence
of [Ch][Ala], [Ch][Lys], [Ch][OH], [Ch][Im] and
[Ch];[PO,]. It is worth noting that all of these salts are
thermally stable at the temperature used for glycolysis since
their decomposition temperatures are in the range of 170—180
°C, as determined by thermogravimetric analysis (TGA).””*
The results obtained are reported in Figure 4 and Table S4.

100

9 = Conversion (%) = Yield (%) 80
- 80 72
2
>
= 60 50
S
£ 0 43
.E 32 " 27
o
2z 20 17
s 9
8 So 0 ] I

o ™ |

[Ch][Ala] [Ch][im] [Ch][OH] [Ch][Lys] [Ch]3[PO4] [Ch][Gly]

Figure 4. Conversion and yield for the glycolysis of PET after 6 h at
150 °C in the presence of different cholinium salts. Conversions and
yields are reproducible within +5% based on triplicate experiments.

A first glance at the results reported in Figure 4 reveals a
pronounced effect exerted by the ionic liquid anion. In
particular, no evidence of BHET formation was observed in
the presence of [Ch][Ala] and [Ch][Im], associated with very
low conversions, lower than 10%. In the other cases, both
conversion and yield increased along the series [Ch][Lys] <
[Ch],[PO,] < [Ch][Gly].

To further verify that the best-performing catalyst, [Ch]-
[Gly], did not undergo decomposition under the reaction
conditions used, we recorded the '"H NMR spectrum of a
solution of catalyst in EG, at the same ratio used in the
reactions. Then, we treated the solution under the same
reaction conditions described, 6 h at 150 °C, and subsequently,
we recorded the '"H NMR spectrum of the resulting solution.
Comparing the expanded spectra, reported in Figure S2a,b,
reveals that there is no significant difference between the
spectra, and no extra peaks are detected. Therefore, we are
reasonably confident that the catalyst does not undergo
significant decomposition under the experimental conditions
used. We also investigated in the same way what happens when
the same mixture is heated at 180 °C for 6 h. In this case, some
degradation occurs as can be seen from the expanded spectrum
reported in Figure S2c. In this case, we added a known amount
of maleic acid as internal standard. Integration of the peaks of
maleic acid olefinic protons and the methyl protons of
cholinium cations show that the amount of salt degraded
amounts to 22%.

The outcome of PET glycoléysis to BHET arises from the
interplay of several factors.”**° In particular, both basicity of
the catalyst and steric effects concur to the reactivity observed
as evidenced in the metal-catalyzed glycolysis of PET in deep
eutectic solvents.””

Finally, we investigated the possibility of recycling the IL
catalyst [Ch][Gly] by following a reported procedure.”® The
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resulting mixture containing the recovered catalyst and EG was
then charged with a fresh batch of PET, which was subjected
to glycolysis under the same experimental conditions
described. Unfortunately, no significant formation of BHET
was detected.

It is apparent that any protocol aiming at the chemical
recycling of PET or other plastic material, to meet the
requirements of sustainable chemistry in the real world, must
be addressed to the depolymerization of postconsumer PET
waste samples. This is indeed a more difficult task because the
material used in bottles or packages is not pure crystalline PET
but is blended with coloring or stabilizing additives, which
could pollute the obtained monomer, reducing its purity and
thus preventing its repolymerization. To this aim, we studied
the glycolysis of PET deriving from plastic bottles, transparent,
white opaque, or colored, as well as PET deriving from food
package, under the same reaction conditions described above.
Prior to reaction, each sample was cut manually to small pieces
(average size, 1 cm). Representative pictures of the transparent
bottle and the relevant pieces subjected to glycolysis are
reported in Figure 5, whereas the ones relevant to the other
samples are reported in Figure S1.

Figure S. Transparent colorless bottle (left) and relevant portions
subjected to glycolysis (right) at 150 °C for 6 h in the presence of
[Ch][Gly] as a catalyst.

The results obtained from these reactions are reported in
Table 1.

Looking at the results reported in Table 1 reveals that the
optimized reaction conditions allowed the depolymerization of
PET deriving from a transparent bottle. In particular, a
conversion of 85% and a yield of 51% were obtained, which are
in close agreement with those obtained using pristine PET,
which amount to 81 and 43%, respectively. The higher yield
obtained from the PET deriving from the plastic bottle can be
ascribed to its lower thickness, which favors the dissolution of
the polymer.”” To assess the purity of BHET obtained, we
recorded the '"H NMR spectrum of the product obtained, as
reported in Figure 6.

The spectrum reported in Figure 6 shows that the product
obtained is practically pure BHET, confirming the suitability of
our protocol, for real-life samples of plastic waste. Encouraged
by these results, we went on to carry out the glycolysis of PET
deriving from the other plastic waste samples considered. In all
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Table 1. Conversions, Yields, and Reaction Temperatures
for the Glycolysis of PET Deriving from Plastic Waste, in
the Presence of [Ch][Gly], at a 1:5 Molar Ratio with respect
to the Polymer, after 6 h”

temperature conversion yield
PET waste sample °C) (%) (%)
1 colorless transparent 150 85 S1
bottle
2 colored transparent bottle 150 62 31
3 opaque bottle 150 84 20
4 180 91 61
S bakery package 150 75 28
6 180 61 36
7  processed meat package 150 38

“Conversions and yields are reproducible within +5% based on
triplicate experiments.

cases, we recorded the 'H NMR spectra of the BHET obtained
and reported them in Figure S3.

When we carried out the glycolysis on PET deriving from
the colored bottle, we obtained lower conversion and yield, 62
and 31% respectively, compared with that observed using a
transparent bottle as a starting material (entries 1 and 2 of
Table 1). It is worth noting that in all of these cases,
conversions and yields are calculated under the assumption
that additives are present in the plastic material in a negligible
amount with respect to PET. For instance, coloring agents are
usually employed in very low concentrations, typically lower
than 500 ppm,'® while additives are §enerally present in ~5 wt
%, in simpler PET-based packaging."’ Besides the lower yield
in BHET, the '"H NMR spectrum of the monomer obtained,
reported in Figure S3a, shows that the amount of impurities
present is limited. Notably, this entails the advantage of

achieving PET depolymerization without the need for a further
discoloration step.

PET deriving from opaque plastic waste samples is widely
recognized as more recalcitrant to glycolysis than transparent
ones, due to the presence of additional additives as, for
instance, mineral nanoparticles as UV blockers.*' Notably, in
our case, glycolysis of PET from an opaque bottle occurred
with a conversion comparable to the one observed for the
colorless transparent bottle (entries 1 and 3 of Table 1).
Conversely, the yield in BHET was much lower, amounting to
only 20% compared with the 51% vyield obtained using the
colorless transparent bottle, and even lower than the yield
afforded when plastic from the colored bottle was used as a
starting material, i.e., 31% (entries 2 and 4 of Table 1).
Notably, the NMR spectrum of BHET, reported in Figure S3b,
shows that the monomer was obtained with a good degree of
purity. The sharp drop in yield could be hypothetically
explained with inactivation of the catalyst by the additives, or
alternatively to kinetic effect by the latter, leading to a
reduction in rate. To distinguish between these two
hypotheses, we carried out the glycolysis of the PET deriving
from the opaque bottle, at a higher temperature, 180 °C,
keeping the other operational parameters constant. As a result,
a significant increase in yield was obtained, reaching 61%,
coupled with a slightly increased conversion, 91% (entry 4 of
Table 1). However, the purity of the monomer obtained
worsened, as shown in the 'H NMR spectrum reported in
Figure S3c. In the light of this result, we can infer that the drop
in yield, observed at 150 °C, with respect to the postconsumer
PET samples previously described, can be attributed to a
kinetic effect. Lower rates of PET breakdown induced by
additives have been previously reported in the literature.”
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Figure 6. '"H NMR spectrum in CD;OD of BHET obtained from the glycolysis of PET deriving from a clear plastic bottle.
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The results obtained from the glycolysis of PET deriving
from different food packages highlight a different behavior. In
particular, using the bakery package reported in Figure Slc,
glycolysis afforded a good conversion, 75%, but a much lower
yield, 28%, compared with the results obtained when using
bottles as a starting material (entry S of Table 1). Increasing
the temperature to 180 °C was not successful, resulting in a
practically constant conversion and a slightly higher yield, 36%
(entries S and 6 of Table 1). Despite the lower yield, the NMR
spectra of the BHET obtained at 150 °C, reported in Figure
S3d, shows that the purity of the product is still comparable to
the ones obtained from the glycolysis of postconsumer PET
bottles. Conversely, increasing the reaction temperature to 180
°C affords a product with lower purity as evidenced by the
integral relevant to the impurity at 3.61 ppm, in the spectrum
reported in Figure S3e. Regarding these impurities, the absence
of extra peaks in the aromatic protons region allows us to rule
out that they could be oligomers. Moreover, the fact that these
impurities were found only during glycolysis of postconsumer
waste and not from pristine PET induces us to rule out that
they may be due to residual reactants, which are removed
during the filtration step within the aqueous phase. Therefore,
we hypothesize that these extra peaks derive from additives in
the polymeric blend, which we were not able to further
identify, as the composition of the polymeric material is not
known. In these cases, yields are calculated assuming that the
amount of such impurities is negligible, and so they should be
considered as a limit value.

Finally, the last sample of postconsumer PET waste
considered was a package for processed meat. In this case,
we observed the worst results, as a low conversion was
associated with a nondetectable yield in BHET (entry 7 of
Table 1). Overall, our results show that the present protocol is
well suited to carry out the glycolysis of PET, under relatively
mild conditions, and in the presence of low-impacting catalysts.
However, an important testing ground for a protocol aiming at
the chemical recycling of PET is its application to
postconsumer waste. In this regard, glycolysis promoted by
[Ch][Gly] performs best when bottles are used as starting
materials, either clear or opaque, affording a pure product. A
lower yield, but still acceptable, has been observed from a
bakery package, affording a product with good purity.
However, the performance of the present catalytic system
worsened, when a thicker package was used as a starting
material.

To better assess the performance of our catalytic system, we
compared the reaction outcome obtained by us, with other
systems and protocols reported in the literature, dealing with
the same process.

In addition, we will compare the results obtained using the
same type of PET source as the starting material. These results
are reported in Table 2.

In general, most of the works reported use pristine PET as
the substrate, and the ones that address the glycolysis of
postconsumer waste focus mainly on water bottles. With
regard to glycolysis of pristine PET, our results are in line with
early work by Li et al.*” In both cases, an IL is the catalyst, but
our protocol achieves the same yield in a lower time and at a
much lower temperature (entries 1 and 4). In the other cases,
we obtained a lower yield compared with other works using
pristine PET pellets as a substrate for glycolysis. However,
yield is not the only parameter to consider in assessing the
sustainability of a given process. In particular, comparing our

Table 2. Reaction Conditions, Catalysts, and Yields in
BHET for the Glycolysis of PET in This Work and Other
Systems Reported in the Literature

temperature  time  yield

entry PET source catalyst °C) (h) (%)
pellets” [Ch][Gly] 150 6 43
clear bottle”  [Ch][Gly] 150 6 S1
3 opaque [Ch][Gly] 180 6 61
bottle”
pellets* [bmim][Cl] 180 8 42
5 pellets’ Zn(OAc), and 1,3- 190 0.3 82
DMU
6 pellets* [bmim],[CoCl,] 175 1.5 81
pellets™® [Ch][OAC] 180 4 85
8 clear bottle®®  imidazolium 180 1 60
zwitterion
9 clear bottle’”  [Ch],[PO,] 120 3 61
10 commercial ultrasmall cobalt NP 180 3 77
bottle™
11 clear bottle”  Fe;O, boron nitride 200 S 100
composite

“This work.

results with the ones described by Lu’’ and Zhang,™ our
system, despite the lower yield, has the advantages of operating
at lower temperatures (entries 1, S, and 6) and not requiring
metal-based catalysts. In one case,’’ glycolysis required
applying a pressure of 3 MPa, whereas in our case, glycolysis
is conducted at atmospheric pressure. Finally, the performance
of our system, when using pristine PET pellets, is inferior to
the one reported by Lu and Zhang® (entries 1 and 7), which
employs a related ionic liquid as the catalyst and a higher
reaction temperature.

Moving our comparison to works employing postconsumer
PET waste as starting materials allows us to draw some
interesting conclusions. In particular, our result employing
clear bottle as PET source is only slightly lower than the one
described by Holbrey,”* employing an imidazolium zwitterion
as a catalyst (entries 2 and 8), in which case the lower
temperature used in the present work is counterbalanced by a
shorter reaction time. Similar considerations can be made
comparing our result with the one reported by Singh,27 in
which, however, also a lower temperature is used (entries 2 and
9). It is worth noting that our results become competitive with
the ones here discussed, when the glycolysis was carried out on
PET deriving from an opaque bottle (entries 3, 8, and 9) both
in terms of yield and reaction temperature, with the exception
of a system employing ultrasmall cobalt nanoparticles as a
catalyst™ (entries 3 and 10). Finally, the performance of our
system is inferior to the one of a system employing a
composite formed by Fe;O, nanoparticles and boron nitride
nanosheets (entries 3 and 11).** In this case, a quantitative
yield in BHET was reported, although the reaction occurred
under much harsher conditions, at 200 °C, and under
autogenous pressure. Finally, given the difference of conditions
between our work and those listed in Table 2, we carried out
control experiments, performing glycolysis in the presence of
two of the catalysts reported in Table 2, namely, cholinium
acetate, [Ch][OAc] and [bmim][Cl], employing the opti-
mized experimental conditions used in this work, i.e., 6 h at 150
°C. In both cases, we observed no appreciable conversions of
PET.

It is worth noting that, to the best of our knowledge, to date,
there are no reports addressing the glycolysis of PET deriving
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from postconsumer waste different from bottles, like the ones
studied by us. Although these appear more recalcitrant, we
claim that our protocol shows good versatility, being applicable
to a diverse range of PET waste.

B CONCLUSIONS

We studied the glycolysis of PET to BHET in the presence of
different cholinium salts also comprising amino acid-based
ones. To the best of our knowledge, this is one of the few
reports in which amino acid-based cholinium salts are used to
perform such a kind of process. The use of these catalysts
perfectly fulfills the 3rd and 7th Principles of Green Chemistry.
Indeed, according to previous reports in the literature,™® these
ILs can be obtained from renewable sources and should exert
negligible toxicity effects at the time of their disposal.

Our results demonstrate that the best-performing catalyst is
[Ch][Gly], in the presence of which we observed a conversion
of 85% and a yield in BHET of 51%, at 150 °C and after 6 h,
using a clear PET bottle as a starting material. The above
reaction conditions proved to be milder and competitive with
respect to the ones so far reported in the literature, using
metal-based catalysts or imidazolium-based ILs, having a more
significant environmental impact. For the first time, IL-
catalyzed glycolysis of PET was applied to different
postconsumer PET samples like colored and opaque bottles,
and food packages. Results obtained clearly show the wide
applicability of the proposed protocol and, even if the best
results were collected in the case of bottles, the good quality of
BHET obtained in the case of food packages open the way to
further optimization of the procedure. This could be used in
combination with nonconventional methodologies, like ultra-
sounds of microwaves irradiation, to further reduce the
harshness of the experimental conditions and to attempt the
catalyst recycling.
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