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Polyesters are among the most used plastics in everyday domestic and
industrial applications, mainly in textiles and in food packaging. This
involves their substantial contribution to the huge amount of plastic waste
produced every year. Developing efficient depolymerisation processes may
foster the transition from a linear to a circular economymodel for plastics,
where wastes are converted into reusable building blocks. However, most
The hydrolytic depolymerisation of polylactic acid (PLA) and poly-

ethylene terephthalate (PET) was accomplished in neat water using

heterogenous ZnO catalysts. Up to 100% and 98% selectivity to the

complete hydrolysis products was achieved at full PLA and PET

conversion at 130 °C and 180 °C, respectively. The catalytic species

could be partially (for PLA) recovered and reused, though with

a gradual activity drop.
existing technologies for the chemical recycling of polyesters are unsus-
tainable, requiring concentrated mineral acids or bases, soluble
promoters, harsh conditions, organic reagents and the management of
considerable amounts of by-products. Selectivity may also be an issue. All
the above result in an underuse of waste plastic, for instance to produce
fuel mixtures. In the present work, we show that the complete depoly-
merisation of PLA and PET can be achieved in high selectivity over easily
separable heterogeneous ZnO catalysts, using neat water and mild reac-
tion conditions. The advancements of the work are relevant to multiple
targets dened by the SDG12 “Ensure sustainable consumption and
production patterns”.
Introduction

Plastic scraps accumulation in the environment is a major issue
worldwide. Most plastics are oil-derived synthetic polymers
recalcitrant to decomposition, and liable to release toxic
components, thus representing severe pollutants for soils,
oceans, crustaceans and rain.1 Presently, the majority of post-
consumer plastics are landlled (40%), leaked in the environ-
ment (20%) or incinerated (25%).2 Only a minor portion is
mechanically recycled and reused.3 Besides being a threat to the
ecosystem and health, plastic materials are a wastage of useful
matter, if dumped. Indeed, waste plastics are valuable
secondary raw materials for the production of reprocessable
chemicals, which is the concept at the basis of the circular
economy for plastics.4 This requires the implementation of
selective depolymerisation processes,5 which can be accom-
plished by chemical recycling.‡ However, depolymerisation is
not enough to achieve sustainability of plastic value chains.
This must be performed at competitive economic and envi-
ronmental costs.6 Unfortunately, the current technologies are
poorly developed, mostly relying on organic solvents,
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considerable amounts of soluble promoters, toxic reagents or
harsh reaction conditions, which ultimately result in the
generation of large quantities of undesired products, costly
downstream purications and in high energy inputs.7 As
a matter of fact, as low as 1% of waste plastics are chemically
recycled to date.8 Therefore, new (catalytic) systems shall be
developed, which enable the depolymerisation of plastics to
occur selectively and effectively, under friendly conditions.9

Dedicated research policies address the topic both in the EU
and in USA,10 whilst targets 12.4 and 12.5 of the UN's Sustain-
able Development Goals closely relate to the issue.11§

Polyesters contribute with around 18% to the ca. 300 million
tonnes plastic wastes globally generated every year,12 which
accounts for their massive use in the packaging, beverage and
textile industries (Fig. 1).13,14 Chemical recycling of polyesters
may provide a variety of useful monomers, mainly depending
on the cleaving agent used: acids in the case of water, esters for
alcohols and glycols, amides in the case of amines. However,
the existing solvolysis processes are awed by the use of
concentrated solutions of soluble metal salts (e.g. zinc acetate),
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Global primary plastic waste generation in 2015 (million tons),
according to type. Data from ref. 14.
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View Article Online
strong mineral acids or bases, excess of (harmful) organic
reagents (e.g. methanol), or high reaction temperatures, as well
as in the management of considerable amounts salt by-prod-
ucts.15 Hydrogenolysis may be a cleaner option, though practi-
cally limited to bench, homogenous, and non-reusable metal
complex catalysts.16 Aiming at a method for the selective
depolymerisation of polyesters to reusable, added-value chem-
icals under sustainable conditions, in the present work we
investigated the chemical recycling of market polyesters (PLA,
PET), using water as lytic agent and solid catalysts.

Results and discussion

Polylactic acid (PLA) is a bio-derived thermoplastic broadly used
in microelectronics, textiles, biomedical and packaging appli-
cations.17 In 2019, the production of PLA was around 290 kt,
mostly based on the processing of starch from corn, cassava,
potato and sugar cane feeds.18 Due to the properties of being
renewable sourced, soluble in a number of organic solvents and
Scheme 1 Schematic representation of the hydrolysis reaction of PLA (to
and methylene proton groups used for evaluation of process selectivity

© 2023 The Author(s). Published by the Royal Society of Chemistry
compostable, PLA is assuming a prevalent role as disposable
commodity in the food sector (dishes, cutlery, containers) and
in a variety of single-use products.19 As a consequence, manu-
facture of PLA is foreseen to increase to 560 kt in 2025.20

However, biodegradability of PLA oen leads to a misunder-
standing that it easily degrades in the environment, hence to
a mismanagement of its “End-of-Life”. Actually, the complete
depolymerisation of PLA can take up around a year in soil or in
domestic composter, and 100 days in a composter at elevated
temperature.21 Types of microorganism, pH, temperature and
humidity have an effect on the rate of decomposition. PLA
degradation in marine environments depends on several vari-
ables, and no changes were observed within a year.22 On the
other hand, lactic acid (LA) is considered among the top plat-
form molecules from biomass, allowing the production of
a wide range of chemicals, thus underpinning a bio-based
economy.23 Current demand of LA is around 400 kt per year,
which is expected to grow signicantly.24 Thus, in the light of
the above mentioned circular economy policies for plastics, the
development of effective methods for the hydrolytic depoly-
merisation of post-consumer PLA to LA can be signicant.
Unfortunately, the applicability of biocatalysis for the produc-
tion of LA from PLA at large is still uncertain.25 Despite the mild
operative conditions, the low energy consumption and the
possibility of stereo-specic synthesis of LA,26 this technology
requires considerable amounts of specialized enzymes, a long
time for the complete conversion of highly crystalline polymers
and additional purications to separate the monomer/
oligomers mixtures usually obtained, which oen results in
poor LA yields.27 In addition, reaction temperature cannot be
high when protein catalysts are used. As a matter of fact,
enzymatic biodegradation of PLA oen affects the morphology
and the bulk properties of the material, rather than its molec-
ular weight.28 All the above justify for the search of alternative
hydrolytic depolymerisation routes based on chemical
catalysts.29
p) and PET (bottom)with products detected. Red circles indicatemethyl
in the aqueous phase via 1H NMR.

RSC Sustainability, 2023, 1, 1394–1403 | 1395
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Fig. 2 Selected data for the hydrolysis reaction of PLA over solid
catalysts. Reaction conditions: 20 mg PLA, 10 mL water, 52 mg cata-
lyst, 24 h reaction time. Data from HPLC analysis, based on number of
PLA repetition units.

Fig. 3 LA yield for the hydrolysis reaction of PLA over ZnO catalyst at
130 °C (20 mg PLA, 10 mL water). (Left) Effect of catalyst amount at
fixed reaction time 24 h. (Right) Effect of reaction time at fixed catalyst
amount 52 mg. Data from HPLC analysis, based on number of PLA
repetition units.
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Thus, in a rst set of experiments, the hydrolysis reaction of
PLA (Mn 10 100, GPC; 5630, 1H NMR) was carried out in neat
water during 24 h reaction time, over a variety of commercial
(TiO2, Nb2O5, Al2O3, Dowex) and home-made (ZnO, CeO2,
boehmite) solid catalysts (Scheme 1). In line with previous
observations,30 blank experiments in the absence of catalyst
showed the reaction to occur in 100% and in 12% LA yield at
160 and 130 °C, respectively. Within the same timeframe, use of
zinc oxide catalyst resulted in signicantly higher LA yields at
low temperatures (Fig. 2): 100% yield at 130 °C and 54% yield at
110 °C (Table 1). Compared to catalyst-free runs, use of the
other catalysts did not improve PLA hydrolysis, with lower LA
yields observed over purely acidic solids (Nb2O5, Dowex) (Table
S1, Fig. S6†). Irrespective of the catalyst, no oligomers or
products other than LA were detected by 1H NMR, HPLC, GC-Ms
and GPC in the aqueous phase fraction of the reaction mixture
recovered at the end of the catalytic runs, unless for very inef-
fective depolymerisations (i.e.#12% PLA conversion), for which
small amounts of lactate dimer were observed (see ESI†).31 This
nding can be explained in terms of high hydrolysis rate of
water-soluble LA oligomers.32 LA oligomers were reported to be
Table 1 Selected data for the hydrolysis reaction of PLA over ZnO catal

Catalyst PLA Mnb Temperaturec (°C)

None 5630 130
ZnO 5630 130
ZnO 5630 110
ZnO 10 761 130
ZnO 30 963 130

a Reaction conditions: 10 mL H2O, 20 mg PLA (0.028 M based on PLA
c Reaction temperature. d PLA conversion, based on PLA mass loss. e Da
PLA. Selectivity 100%.

1396 | RSC Sustainability, 2023, 1, 1394–1403
water-soluble for molar mass below 1000 g mol−1.33 Whenever
PLA conversion was incomplete, a solid residue could be
recovered showing to consist in a distribution of lower molec-
ular weight PLA polymers (typically Mn ∼ 7000 by GPC and
∼3000 by 1H NMR, Table S1†). We then decided to focus on the
hydrolysis of PLA over ZnO catalyst. The reaction was examined
in detail at 130 °C, showing the process to be viable even upon
decreasing the amount of catalyst used or the reaction time
(Fig. 3, Table S2†). A 93% LA yield was obtained aer 24 h upon
lowering by 60% the catalyst amount, and a 98% LA yield was
obtained aer 18 h, using a xed catalyst weight. The LA yield
could be invariably brought to 100% by appropriate selection of
the reaction conditions. Aer use in the hydrolysis process, the
solid ZnO catalyst could be easily recovered by centrifugation
and reused in further catalytic experiments under identical
conditions, showing a slight drop (ca. 10%), but a pretty
constant activity, aer the rst cycle (Fig. S7†). The aqueous
solutions recovered aer each cycle were analysed by ICP-OES,
indicating a mean 23% wt Zn leaching in solution over three
cycles. The amount of soluble Zn species leached in the catalytic
solution was easily reduced by more than 99% via ltration over
ion-exchange resin (see ESI†). The powder X-ray diffraction
pattern (PXRD) of the solid catalyst recovered aer use was
identical to that of the original ZnO material (Fig. S9†). No
catalytic activity was shown by the aqueous solution recovered
aer catalysis, within the experimental errors (ESI†): this rules
ysta

PLA conversiond (%) LA yielde (%)

12 12
100 100
54 54

100 100
100 100

repetition units), 52 mg catalyst, reaction time 24 h. b From 1H NMR.
ta from HPLC analysis, calculated on the basis of repetition units in

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 Typical HRTEM image of ZnO catalyst after sonication.
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out the contribution of homogeneous-phase active species
leached in solution to the catalytic performance of the system.34

The above results indicate the ZnO catalyst to be heterogeneous
under the hydrolytic depolymerisation conditions adopted.
Activity decrease upon recycling can be tentatively attributed to
both catalyst loss due to leaching and to sample manipulation.
Additional experiments were performed to test the catalyst
stability under operating conditions at full substrate conver-
sion, i.e. in the presence of an equivalent amount of LA, con-
rming that ca. 80% wt solid ZnO could be recovered intact,
whereas ICP data of the aqueous phase were compatible with
the portion of Zn leached in solution (ESI†). On the basis of the
experimental data and the known literature, we can hypothesize
that the interaction between amphoteric ZnO and the incipient
LA formed upon hydrolysis is responsible for the formation of
soluble, yet catalytically inactive, zinc species.35 Experiments
performed using PLA samples with higher molecular weights
showed the hydrolysis reaction not to be signicantly affected
by the PLA chain length, which still resulted in 100% LA yield
under the usual reaction conditions (Table 1). This suggests the
hydrolytic depolymerisation of PLA to occur via an ester linkage
random-scission process, as previously reported for homoge-
nous catalysts.36

The above ndings demonstrate that, despite PLA being
insoluble in water under our experimental conditions,37 the use
of a heterogeneous ZnO catalyst may effectively increase the
hydrolysis reaction rate of PLA, so as to result in the complete
chain cleavage to LA within acceptable reaction times, and even
at temperatures signicantly below the melting point of PLA
(149–154 °C for Mn 5630).38 Compared to the catalyst-free
system, use of ZnO provides an eight times higher PLA
conversion within the same time frame at 130 °C, while it allows
to achieve full PLA conversion at 30 °C lower operating
temperature over the same reaction time (Table S1†), i.e. with
signicant energy consumption saving. Reusability of the
catalyst provides additional benets in terms of productivity/
cost ratio of the overall process, where a xed catalyst cost of
0.8V per g is estimated.{ The ZnO catalyst, which was obtained
by calcination of the hydroxy-carbonate precursor at 400 °C, was
characterised by a combination of solid-state techniques. The
PXRD of the catalyst (Fig. S1 and S2†) indicated a hexagonal
wurtzite phase (JCPDS card no. 36-1451).39 The crystallite size of
the phase was of 28.4 nm, estimated by means of the Scherrer
method, and based on the (101) Bragg reex centred at 36.28°
(2Q). A combined SEM/HRTEM analysis showed the catalyst to
consist in 100 O 200 mm aggregates of a narrow size distribu-
tion of ca. 25 nm ZnO particles (Fig. 4 and S3†). The d-spacing of
the lattice fringes is 0.26 nm (Fig. S4†), which agrees with the
(002) crystallographic plane of the hexagonal structure observed
by PXRD. The nitrogen isotherms (type IV, H3 hysteresis loop)
were associated to mesopores with an average pore diameters
11.7 nm and a 7.1 m2 per g BET surface area (BJH desorption
cumulative pore volume 0.024 cm3 g−1) (Fig. S5†). The role of
the various solid catalysts herein investigated is difficult to
ascertain, due to their very different morphologies, structures
and acidic properties (type, strength, density). However,
© 2023 The Author(s). Published by the Royal Society of Chemistry
a detrimental effect of Brønsted acid-rich catalyst can be
speculated.40

Catalytic methods for the molecular recycling of PLA to
reusable monomers were described in the past.41 Several reports
exist on the hydrolysis of PLA to LA by chemical catalysts.42 As
for other polyesters, the inherent insolubility of PLA in water
necessitates high temperatures to increase the water diffusion
rate, and it is usually achieved using soluble catalysts to access
the ester linkages in the bulk polymer, which makes the process
economically unattractive.43 To the best of our knowledge, no
heterogeneous catalysts have been previously reported for the
complete hydrolysis of PLA to LA in neat water. On the indus-
trial scale, the LOOPLA process provides lactate esters, or the LA
mixtures thereof, via PLA depolymerisation with ethyl lactate at
140 °C, or with an excess of NaOH at 90 °C.44 NatureWorks
recycles PLA wastes into reusable LA feeds through PLA
hydrolysis mediated by nitric acid.45 Other patents describe the
complete hydrolysis or alcoholysis of PLA, however using strong
acids or bases (e.g.H2SO4, Ca(OH)2), soluble metal catalysts (e.g.
FeCl3), or harsh reaction conditions.46 In a recent paper, the
depolymerisation of PLA into reusable lactide and acrylic acid
was reported using ionic liquids and an acidic co-catalyst.47

Having established ZnO to be an effective heterogeneous
catalyst for the hydrolysis reaction of PLA, we then investigated
the hydrolysis of a more complex co-polymer, namely poly-
ethylene terephthalate (PET). PET is one of the most common
synthetic organic polymers. The world production of PET is
around 72 Mt per year (2019), which represents about 20% of all
manufactured polymers.48 PET is a thermoplastic widely used in
the food packaging (bottles, containers, ca. 24 Mt per year) and
textiles sectors (clothing, furniture, ca. 48 Mt per year), with
other minor technological applications (e.g. photovoltaic, elec-
tronic, adhesives, 3D printing).49 PET is not practically biode-
gradable.50 In 2019, 56Mt of PET waste were generated, of which
around 10 Mt were mechanically recycled, 14 Mt were inciner-
ated and 30 Mt were landlled or dispersed.51 Processes for the
chemical recycling of PET have not yet reached commercial
maturity,52 which justies for methods of PET depolymerisation
being intensively studied.53

Analogously to PLA, we accomplished the hydrolysis of PET
in neat water over solid catalysts at signicantly lower
RSC Sustainability, 2023, 1, 1394–1403 | 1397
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Fig. 5 Selected data for the hydrolysis reaction of PET over hetero-
geneous catalysts. Reaction conditions: 100 mg PET, 15 mL water,
100mg catalyst, 24 h reaction time. Data fromHPLC analysis, based on
number of PET repetition units.

Fig. 6 Diagram of PET conversion/selectivity to the complete
hydrolysis products, as a function of reaction temperature, over ZnO
catalyst. Aqueous phase. 24 h reaction time.
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temperatures compared to catalyst-free experiment, with best
performance observed for ZnO (Fig. 5 and Table S4†). The
complete hydrolytic depolymerisation of PET provides equi-
molecular amounts of ethylene glycol (EG) and terephthalic
acid (TPA), the latter being scarcely soluble in water at room
temperature.54 For incomplete hydrolyses, besides EG and TPA,
in the aqueous phase fraction of the mixture recovered at the
Table 2 Selected data for the hydrolysis reaction of PET over ZnO cata

Catalyst Temperatureb (°C) PET convers

None 180 15
ZnO 180 100
ZnO 165 92
ZnO 150 14

a Reaction conditions: 15mLH2O, 100mg PET (0.035M based on PET repe
c PET conversion, based on PETmass loss. d Aqueous phase. Data from HP
phase. Selectivity to the complete hydrolysis products based on 1H NMR

1398 | RSC Sustainability, 2023, 1, 1394–1403
end of the catalytic reactions, we detected variable quantities of
sparingly water-soluble, partially hydrolysed monomers,
namely bis(2-hydroxyethyl)terephthalate (BHET) and mono(2-
hydroxyethyl)terephthalate (MHET), as well as the self-
condensation product diethylene glycol (DEG) (Scheme 1).
The amounts of the products obtained affects the selectivity of
the hydrolysis process. Despite the depolymerisation of PET
over ZnO was effective even at 150 °C, we explored in detail the
reaction at 180 °C, because of the higher selectivity. Aer 24 h
reaction time, the selectivity observed to the complete hydro-
lysis products was 98% and 94% at 180 °C and 165 °C, respec-
tively, where a 4% molar amount of MHET was detected in the
latter case (Table S5†). Formation of the partially hydrolysed
compounds decreases with increasing reaction temperature,
whereas a slight increase in DEG amount is observed. A
conversion–selectivity diagram is reported in Fig. 6. A 98% EG
yield was obtained at full PET conversion at 180 °C (Table 2),
which is well below the melting point of PET. Compared to the
catalyst-free experiment, a seven-fold higher EG yield was
observed under identical reaction conditions (14%, Table 2,
entry 1), whereas complete depolymerisation was achieved at ca.
60 °C lower operating temperature.55 No signicant amounts of
other products were detected in the aqueous phase by 1H NMR,
HPLC, GC-Ms and GPC analysis. A section of the 1H COSY NMR
spectrum recorded on the aqueous fraction recovered aer
catalysis at 165 °C is reported in Fig. 7. The effect of the reaction
time and the catalyst amount used was investigated at xed
reaction temperature, showing no signicant change of selec-
tivity in both instances (Fig. 8 and Table S5†), where comparable
depolymerisation yields were obtained even upon 50% reduc-
tion of the catalyst weight. As in the case of PLA hydrolysis, no
catalytic activity was shown by the aqueous solution recovered
aer catalysis, which indicates the catalyst to be heterogeneous
(ESI, section 3.2.2†), whereas, irrespective of the conditions, the
amount of zinc leached in solution was below 1% of the amount
used. At the end of each catalytic run, a white solid could be
recovered by centrifugation of the reaction mixture, which
contains the zinc species, the undissolved TPA formed and the
residual insoluble polymer, if any. In this latter case, GPC data
indicated the presence of CHCl3-soluble lower molecular weight
PET oligomers. The solid recovered aer PET hydrolysis was
analysed, tested for catalyst reuse and for TPA yield. Recycling
experiments without intermediate TPA separation resulted in
a catalytic activity decrease of about 10% in each cycle
(Fig. S11†). PXRD analysis of the solid revealed the incremental
lysta

ionc (%) EG yieldd (%) Selectivitye (%)

14 96
98 98
86 94
11 77

tition units), 100mg catalyst, reaction time 24 h. b Reaction temperature.
LC analysis, calculated on the basis of repetition units in PET. e Aqueous
analysis.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 7 Section of the 1H COSY NMR spectrum in the aliphatic region
(300.13 MHz, 296 K, D2O coaxial insert) of the aqueous phase mixture
recovered at the end of catalytic hydrolysis reaction of PET over ZnO
(165 °C, 24 h). x = unidentified –CH2CH2– containing product.
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formation of a Znx(OH)y(TPA)z MOF-like heterostructure,56

which was conrmed by ZnO stability tests under PET catalytic
hydrolysis conditions in the presence of an equivalent amount
of TPA (ESI, Fig. S12†). Hydrolytic depolymerisation experi-
ments using preformed ZnO–TPA MOF showed this species to
have a lower catalytic activity than the original ZnO, and in line
with that observed in recycling experiments (ESI†). On the above
basis, we can assume that, in the case of PET hydrolysis and
under our reaction conditions, the interaction between ZnO and
the incipient TPA produced by depolymerisation leads to an
insoluble, less active, MOF-like catalyst, which is responsible for
the catalytic activity drop observed upon recycling. Noticeably,
Fig. 8 EG yield for the hydrolysis reaction of PET over ZnO catalyst at
180 °C (100 mg PET, 15 mL water). (Left) Effect of catalyst amount at
fixed reaction time 16 h. (Right) Effect of reaction time at fixed catalyst
amount 100 mg. Data from HPLC analysis, based on number of PET
repetition units.

© 2023 The Author(s). Published by the Royal Society of Chemistry
a mild basic treatment of the insoluble ZnO–MOF/TPA mixture
obtained upon PET hydrolysis allowed to restore the catalytic
activity, with concurrent TPA separation. Thus, addition of
a stoichiometric amount of diluted NaOH to the solid recovered
aer the rst catalytic cycle, followed by ltration, gave a solid
Zn catalyst with almost the original catalytic activity (Fig. S11†),
and a solution from which 99% purity TPA (by PXRD, NMR, IR
and ICP analysis, Fig. S15–S17†) could be isolated aer neu-
tralisation in a yield comparable to that of EG (by gravimetry,
ESI, Table S5†). Alternatively, to avoid any acid/base treatment,
the excess of TPA accumulated aer several catalytic cycles
could be separated by sublimation of the overall solid recov-
ered. Aer three catalytic cycles, this procedure gave 70 mg of
100% purity TPA on one hand (i.e. 27% yield based on the
overall amount of TPA formed, including that part of the MOF
generated), and the reusable ZnO–MOF catalyst on the other
hand (ESI†). Some solid TPA was lost upon manipulation of the
lab-scale quantities in this case.

TPA is a valuable chemical produced in a 40 Mt per year
scale, and almost entirely employed in the manufacturing of
PET and polybutylene terephthalate.57 The industrial synthesis
of TPA is based on the Amoco process, which involves the use of
petroleum-derived p-xylene as substrate, cobalt-manganese
catalysts, bromide additives, acetic acid as solvent and harsh,
corrosive reaction conditions.58 Purication, separation and
quantication is a common issue for TPA obtained by chemical
recycling of PET, mainly due to its poor solubility in water and
in most common organic solvents, and it is usually achieved by
an intensive, strong basic/acidic treatment.59

Several reviews describe the methods reported for the
depolymerisation of PET, particularly via hydrolysis.60,61 Most of
these require temperatures above 200 °C, concentrated alkali
(e.g. NaOH) or acidic solutions (e.g. H2SO4), which results in
corrosive reaction mixtures, considerable amounts of liquid
and solid wastes and demanding purication procedures
(particularly for EG), thus ending up in very expensive
processes.62,63 Use of soluble transition metal salts was
described for the catalytic hydrolysis of PET. Good depolymer-
isation yields were obtained using a 35 : 1 (w/w) excess of 70%wt
aqueous ZnCl2 at 180 °C,64 and 1.5% wt ZnAc2 at 240 °C,65

respectively. More recently, a process for the hydrolysis of PET
was claimed over solid acid zeolite catalysts under microwave
heating.66 The NextChem company operates a demonstration
plant for the depolymerisation of PET based on microwave-
assisted alkaline hydrolysis (NaOH, KOH, or LiOH), using
a technology co-licensed with the Swiss start-up Gr3n.67,68 A
demonstration facility for the bio-catalytic hydrolysis of PET,
showing good depolymerisation rate using an engineered
enzyme, was started up by Carbios.69

Other depolymerisation processes of post-consumer PET,
other than hydrolysis, are being commercialised. Although
usually faster than hydrolysis, they necessitate (soluble) cata-
lysts and organic solvents to give re-polymerisable phthalate
esters. Scale-up of pilot plants have been announced either for
methanolysis (by Eastman Chemical, Loop Industries, Renu)
and glycolysis (Jeplan, Ioniqa, Garbo, Cure Technology,
RSC Sustainability, 2023, 1, 1394–1403 | 1399
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PerPETual, IBM) reactions. Comprehensive surveys can be
found in the literature.7b,52a,70

The properties and the catalytic applications of zinc oxides
were reviewed in the literature.71 Zinc oxide is categorised as
non-toxic, although nano powders can be hazardous by inha-
lation. Soluble zinc salts are instead considered very toxic for
aquatic life.72 ZnO was previously used in the catalytic glycolysis
and methanolysis reaction of PET, to give BHET and dime-
thylterephthalate (DMT), respectively. In the former case, using
ZnO supported onto 60 nm silica nanoparticles at 300 °C,73 and
similarly for methanolysis, where a dispersion of 4 nm ZnO
nanoparticles was used as pseudo-homogeneous catalyst at
170 °C.74 In the latter case, the catalyst could be reused with ca.
30% activity decrease aer ve runs, which was attributed to
catalyst manipulation. A mechanism for the hydrolytic degra-
dation of antimicrobial PLA/ZnO nanocomposites, in phos-
phate buffered or in NaOH solutions, has been proposed.75

Analogously to the above literature, the Zn centres were
hypothesized to act as Lewis acid activators of the carbonyl ester
bond, which then undergoes a nucleophile attack by water. In
another report, it was suggested that the hydrolysis of PLA/ZnO
nanocomposites occurs via anchoring of the acid end groups of
PLA on a hydroxylated ZnO surface, followed by attack of the
ester bond by hydroxyl anions.76 ZnO was previously used, in
conjunction with ionic liquids, in the glycolysis reaction of
polycarbonates in THF solution.77

Conclusions

In conclusion, we carried out a detailed investigation on the use
of zinc oxide as catalyst for the hydrolysis reaction of polyesters.
It was shown that ZnO is effective in achieving the complete
depolymerisation of PLA and PET smoothly by a straightforward
procedure. The system provides multiple benets compared to
conventional chemical recycling techniques, including:

(1) Use of neat water as the only reagent.
(2) No need for additives, soluble promoters, co-solvents,

strong acids/bases or homogenous catalysts.
(3) Mild reaction conditions (particularly, temperatures

below the melting point of the polymer).
(4) >98% selectivity to the complete hydrolysis products at

full polyester conversion.
(5) Recoverable and reusable heterogeneous catalytic

species.
(6) Cheap and readily available catalyst.
(7) No management of excess of salt by-products.
(8) Obtainment of high added-value, reusable chemicals (LA,

TPA), with no deed of organic solvents at any stage.
(9) Negligible leaching of Zn species in solution in the case of

PET hydrolysis.
(10) Flexibility in terms of processable polyesters.
One limitation of the method is the decrease of catalytic

activity upon catalyst recycling, which is attributable to the
formation of Zn species having lower or no catalytic activity, and
resulting from the interaction of ZnO with the nascent carbox-
ylic acids. In the case of PLA hydrolysis, these species are water-
soluble, thus leading to Zn loss in solution and to partial ZnO
1400 | RSC Sustainability, 2023, 1, 1394–1403
recovery. In the case of PET hydrolysis, insoluble MOF-like
catalytically active compounds are formed, which are stable to
high temperatures, but not to alkaline hydrolysis, which
enables TPA recovery and catalytic activity regeneration.

The implementation of sustainable depolymerisation routes
may promote the competitiveness of chemical recycling of
plastics, particularly with respect to mechanical recycling,
which is usually favoured.78,79 Advancements in the eld should
address both technological viability and low environmental
impact.80 A solution to this may be provided by heterogeneous
(metal) catalysis,81 which are still hampered by the lack of
appropriate strategies.82,83 Overall, compared to conventional
(non-catalysed) processes, the system herein examined
contributes to sustainability mostly in terms of higher produc-
tivity, reduced energy inputs, minimisation of waste, no need of
soluble promoters and, in the case of PET, enhanced selectivity.
Elucidation of catalyst deactivationmechanism also contributes
to the identication of factors affecting catalyst stability, hence
to the design of improved catalysts. We believe that the results
herein reported may be helpful in the development of effective
heterogeneous catalysts for the chemical recycling of plastics.
The approach may support the ambitious circular economy
targets for plastics established in Europe,84 by producing key
building blocks from secondary raw materials, while reducing
the emissions of greenhouse gas and dependence on fossil
sources.
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