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Abstract

Polyethylene terephthalate (PET) is among the most used plastics in domestic and industrial
applications, particularly packaging, food containers and textiles. However, its recalcitrance
to decomposition and biodegradation mostly results in landfilling and accumulation of
PET waste in the environment if not processed. Chemical recycling of PET via selective
depolymerization into its monomers may represent a pivotal step in the development of
a truly circular economy of PET, which is still limited by economic and environmental
sustainability issues. In this work, the depolymerization of PET is reported using ZnO
as an insoluble catalyst, and ethanol as both a lytic agent and green solvent. A detailed
investigation of reaction parameters, including reaction temperature, time and catalyst
loading, showed that complete conversion of PET to diethyl terephthalate (DET) can be
achieved with 92.5% selectivity at 180 °C and 48 h, with the potential for full DET selectivity
at longer reaction times. The solid catalyst could be recovered and reused by simple
centrifugation, with no loss of conversion or selectivity over three consecutive reuses.

Keywords: chemical recycling; ZnO; polyethylene terephthalate; depolymerization;
ethanolysis; heterogeneous catalysis

1. Introduction

Polyethylene terephthalate (PET) is one of the most common synthetic organic poly-
mers. PET is a durable thermoplastic resistant to shrinking and stretching; additionally, it is
cheap. These properties allow for the versatile use of PET in the food packaging (containers,
bottles, ca. 24 Mt/y) and textile (furniture, clothing, ca. 48 Mt/y) sectors, and in other
niche industrial applications (electronics, 3D printing, adhesives) [1]. Accordingly, the
global production of PET in 2019 was 74 Mt, which accounted for about 20% of all plastics
manufactured [2]. Unfortunately, PET is not efficiently biodegradable, which results in
its accumulation in the environment and in serious environmental issues [3,4]. The most
recent data available, referring to 2019, indicate that 56 Mt of PET waste were generated,
of which 18% were mechanically recycled, 25% were incinerated and 54% were landfilled
or dispersed (Figure 1) [5,6]. It is estimated that about 2% of PET in clothing is lost in
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the oceans just upon washing [7,8]. On the other hand, mechanical recycling of PET is
limited by the lower quality and economic value of the recycled material, for instance,
due to oxidative or hydrolytic degradation, as well as by the high energy inputs of the
related processes [9,10]. A more attractive option is the chemical recycling to re-processable
monomers achieved by depolymerization [11,12], as this may enable the implementation
of a true Circular Economy for Plastics [13,14]. Use of post-consumer plastics as secondary
raw material allows for minimising the depletion of natural resources and the accumulation
of scraps in the environment, while contributing to the decrease in the carbon footprint of
the polymer industry at the same time [15,16]. Depolymerization processes may or may not
be catalytic, though the latter benefits from milder reaction conditions, higher selectivity
and faster kinetics, i.e., improved sustainability [17,18]. To this aim, heterogeneous (metal)
catalysts are preferred due to the easier separation from the reaction mixtures, potential
reuse and integration into existing reactor equipment [19,20]. However, achieving efficient
depolymerization over heterogeneous catalysts is challenging because of the low solubility
of most plastics in common organic solvents. This is usually circumvented by carrying out
the reactions in the melt, i.e., at high temperatures, which may result in insufficient catalyst
stability and in high energy inputs [21,22]. Depolymerization of PET to monomers has
been reported using chemolytic methods, i.e., solvolysis (hydrolysis, alcoholysis, glycolysis,
aminolysis) and hydrogenolysis [23-25]. Among the catalysts reported, zinc-based species
stand out for their remarkable efficiency in facilitating polyester depolymerization [26].
Still, current technologies are energy intensive, require strong acidic/basic treatments,
stoichiometric amounts of soluble promoters, harmful reagents or produce huge amounts
of salt waste [27,28], which is disadvantageous for a large-scale production [29,30]. More
sustainable methods for PET depolymerization are thus actively sought [31,32].
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Figure 1. Global primary PET production (left) and waste generation, with fate (right), in million
tonnes (2019) [5].

In a previous paper, we described the hydrolysis reaction of PET over a heteroge-
neous ZnO catalyst using neat water as the only reagent [33]. The process resulted in the
complete depolymerization of PET to the valuable monomers terephthalic acid (TPA) and
ethylene glycol (EG) in high selectivity, at reaction temperatures (180 °C) well below that
of the melting point of PET (250-260 °C). Compared to conventional methods employing
acid-base catalysts, soluble Zn salts or catalyst-free processes, the system offers significant
advantages in terms of higher productivity and selectivity, reduced operating tempera-
ture, minimisation of waste generated and elimination of soluble additives. However,
the heterogeneous ZnO catalyst is flawed by its scarce reusability due to its instability
under hydrolysis reaction conditions. We showed that the amphoteric ZnO reacts with
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the incipient TPA formed upon hydrolysis to give insoluble yet poorly active ZnO-TPA
MOF-like materials.

To overcome this limitation, while aiming at the production of reusable chemicals by
depolymerization, herein we explored the catalytic ethanolysis reaction of PET over an
insoluble ZnO catalyst. In this case, the valuable monomer expected is the transesterification
product diethyl terephthalate (DET), which is devoid of carboxylic acid groups susceptible
to reacting with ZnO. However, the ethanolysis reaction of PET may be complicated by
the number of products potentially obtainable (Scheme 1), thus selectivity to the desired
product is a crucial parameter. Ethanol is a non-toxic [34,35], inexpensive and abundant
chemical obtained from renewable sources that can be readily recovered by distillation,
which facilitates solvent recycling and reduces waste. Although its use at the industrial
level requires safety measures due to its flammability and minor health issues, its use
generally enhances the sustainability of the overall process [36,37].
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Scheme 1. Schematic representation of the ethanolysis reaction of PET, with main potential products.

The ethanolysis reaction of PET has been described in the past, mostly using supercrit-
ical ethanol to maximise the yield of DET (P, = 60.6 atm, T = 241 °C) [38]. Despite diverse
heterogeneous catalysts being reported, these invariably required harsh reaction pressures
and temperatures [39]. Low PET conversions and DET yields have been previously reported
in subcritical ethanol [40].

2. Materials and Methods
2.1. Materials

Polyethylene terephthalate technical grade (PET, film, thickness 0.05 mm, Tm
252-260 °C) was obtained from Aldrich, St. Louis, MO, USA (product n. GF31588229) and
used as received without further treatments, after cutting into ca. 2 x 2 mm pieces. Waste
PET feedstock was obtained from an end-of-life water bottle (blue colour) and was used
without any treatment after cutting into 2 x 2 mm pieces. Bis(2-hydroxyethyl)terephthalate
(BHET, product n. 465151), ethylene glycol (EG, product n. 102466), and diethylene glycol
(DEG, product n. 03128) were obtained from Aldrich. Diethyl terephthalate (DET, product
n. BD124771) and 4-(Ethoxycarbonyl) benzoic acid (MET, product n. BD292776) were ob-
tained from BLDpharm (Shanghai, China). Ethanol absolute EMPATAR® > 99.5% (product
n. 107017) was obtained from Supelco (Bellefonte, PA, USA). ZnO was prepared according

https://doi.org/10.3390/su18094578


https://doi.org/10.3390/su18094578

Sustainability 2026, 18, 4578

4of 14

to a reported procedure [33]. All other reagents were commercial products and were used
as received without further purification.

2.2. Catalytic Depolymerization of PET via Ethanolysis

Catalytic experiments under batch, subcritical conditions were performed using a
stainless-steel autoclave constructed at ICCOM-CNR (Sesto Fiorentino, Italy), equipped
with a magnetic stirrer and a Teflon® inset (37 mL internal total volume). In a representative
procedure, the reactor was charged with 15 mL of ethanol, 100 mg of PET pieces of a ca.
2 x 2 mm size (0.52 mmol, 0.035 M, based on PET repetition units) and 100 mg of solid
catalyst. The reactor was closed and dipped into an oil bath at 180 °C under magnetic
stirring (500 rpm). The autogenous pressure was 8 bar. After the desired time, the reactor
was cooled down to room temperature using an ice bath (30 min). The obtained suspension
was centrifuged (45 min @ 4000 rpm) to separate the liquid and solid fractions. The solid
was then washed under stirring with ethanol for 15 min, and the obtained suspension
was centrifuged as described above. The liquid fractions were gathered, filtered using
a 0.20 pm Whatman syringe filter (Aldrich) and diluted to 20 mL for further analysis. The
liquid solution was analysed by GC to quantify EG and DEG content, HPLC to quantify
BHET, MET and DET content, ICP-OES to quantify metal leaching (Zn) in solution, GC-MS
and 1H NMR, the latter using DMSO-d6 (Aldrich), to dissolve the residue of the ethanolic
solution after evaporation. On the other hand, the solid recovered after centrifugation was
dried in the oven at 70 °C overnight, then examined via ICP and PXRD.

2.3. Product Characterisation

The reaction products were unequivocally identified through comparison of the GC
and HPLC-MS retention times, mass spectra, 1H NMR and 13C{1H} NMR resonances, with
those of authentic specimens, whenever commercially available. In all other instances, they
were identified by a combination of spectroscopic techniques (see ESI). Quantitative analysis
of the ethanol-soluble reaction products with aromatic moiety, particularly BHET, MET
and DET, was carried out via HPLC based on calibration curves of the pure compounds
in ACN:water (1:1 v/v) solution. Calibration curves obtained within the concentration
range [0.3-50] pM had all R? values of 0.999. Yields were calculated with respect to the
number of PET repetition units in the amount of PET used. The relative amount of other
products found in the ethanolic fraction of the reaction mixture recovered at the end
of the catalytic runs was estimated by integration of selected 1H NMR resonances (see
Supporting Information).

Commercial PET used in our catalytic experiments was insoluble in ethanol within
the temperature range under investigation. PET conversion was calculated on the basis of
mass loss, as follows:

Conversionpgr (%) = Weolid = Wzn0 x 100 (1)
Woeer
where Wz,0 and Wpgt correspond to the weight of the ZnO and of the initial amount of
PET used, respectively, while Wg,j;q equals the weight of the solid residue recovered at the
end of the catalytic experiments.

Selectivity of the catalytic runs was referred to the complete ethanolysis product, i.e.,
to the molar amount % of DET among all soluble terephthalate products detected in the
ethanolic solution recovered at the end of the catalytic runs (see Scheme 1):

molDET

lectivit %) =
Selectivityper (%) molgyeT + mMolyger + Molpgr + molyvier + molvier

x 100 (2)
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Qualitative analysis of soluble products was supported by the detection of selected
'H NMR resonances in DMSO-d6 (see Supporting Information, Section S5). There were no
significant formations of HEET and MHET observed.

3. Results and Discussion
3.1. Catalytic Depolymerization of PET

The depolymerization reaction of PET using neat ethanol as the lytic agent, un-
der subcritical batch conditions, was investigated in detail within various temperature
(160-200 °C), time (16-72 h) and catalyst amount (50-100 mg) ranges. The previously
reported, fully characterised, home-made ZnO catalyst was used for this purpose [33],
supported by the well-known ability of zinc-based catalysts to promote the depolymer-
ization of oxygenated polymers [41]. All operations were performed in a metal-free tank
reactor with magnetic stirring, where the autogenous pressure generated under the reaction
conditions investigated was invariably below the ethanol critical point. An ethanol-to-PET
weight ratio of 118 was used throughout. No other reagents, solvents or purification steps
were used during the process, except for the recovery of the solid catalyst at the end of
the catalytic runs, which was achieved by centrifugation. The commercial PET examined
was insoluble in ethanol under the adopted experimental conditions [42], whereas the
depolymerization products diethyl terephthalate (DET), monoethyl terephthalate (MET),
bis(2-hydroxyethyl) terephthalate (BHET) and ethylene glycol (EG) were fully soluble, even
at room temperature. Therefore, the unreacted PET, if any, could be easily separated from
the catalytic reaction mixture by simple centrifugation.

A preliminary set of experiments was performed to ascertain the stability of ZnO
under reaction conditions (see Supporting Information, Section 52.1). Thus, no soluble
Zn species leached in solution were detected by ICP-OES after standing ZnO in ethanol
at 180 °C for 24 h. The insoluble ZnO could be quantitatively recovered intact, as shown
by PXRD analysis, which confirms the stability of the catalysts. Analogous findings were
obtained either by contacting ZnO with a stoichiometric amount of DET at 180 °C for 24 h
or by analysing the ZnO recovered after the catalytic experiments at full PET substrate
conversion (vide infra).

Irrespective of the reaction conditions adopted for the ethanolysis reactions of PET,
no ethanol-soluble products, other than DET, BHET, MET, EG and the self-condensation
product diethylene glycol (DEG), were detected by 'H NMR, 13C NMR, HPLC, GC-MS and
GPC analysis in the ethanolic solution recovered by centrifugation of the reaction mixture
after catalysis (Scheme 1), unless for very low PET conversions (<50%), for which minor
amounts of unidentified compounds were observed (particularly for catalyst-free runs).
Similarly to previous reports, PET conversion was calculated on the basis of PET mass
loss [42]. Herein, selectivity is defined as the molar amount of the complete transesterifica-
tion DET product formed with respect to the cumulative molar amount of all terephthalate
products detected in solution (i.e., DET, BHET and MET, which were quantified by HPLC).
Representative results are reported in Table 1. A more complete data set is provided in the
Supporting Information (Table S1).

To demonstrate the catalytic activity of the ZnO, catalyst-free depolymerization exper-
iments were performed and compared with those in the presence of ZnO under identical
reaction conditions. Indeed, these indicated the ability of the solid catalyst to accelerate
the conversion of PET at a given temperature. Experimental data are reported in graphical
format in Figure 2. After 24 h reaction time at 180 °C, the conversion of PET was around
ten times higher using 100 mg of solid ZnO, compared to the blank experiment (Table 1,
entry 1 and 5). Under these conditions, complete PET conversion was achieved over ZnO
for reaction times above 30 h.
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Table 1. Representative data for the ethanolysis reaction of PET over heterogeneous ZnO catalyst @).

Catalyst DET ©
Entry
Type Weight[mg]  Temp. [°C]® Time [h] © PET Conv. [%] @ Yield [%] © Selectivity [%]

1 none - 180 24 9.3 2.0 215
2 30 26.2 48 18.5
3 40 41.1 8.8 21.3
4 ZnO 100 180 16 92.0 45.9 49.9
5 24 98.7 61.6 62.4
6 30 99.8 76.7 76.8
7 40 100.0 88.1 88.1
8 48 100.0 92.5 925
9 72 100.0 96.4 96.4
10 ZnO 100 160 30 385 14.5 37.8
11 200 30 99.9 95.1 95.2
12 ZnO 50 180 30 87.4 51.0 58.3

13®  ZnO 100 180 24 91.1 40.0 457

@ Reaction conditions: 15 mL ethanol, 100 mg PET (0.035 M based on PET repetition units). ® Reaction
temperature. (© Reaction time. (D PET conversion, based on PET mass loss. © The ethanolic fraction of the
reaction mixture was recovered at the end of the catalytic run. Data from HPLC analysis, based on PET repetition
units. © Based on molar amounts. ® PET bottle.

100 - ./.——0—0
80 A
S
eE 60 - —e—7n0
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$ 40 -
[=
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0 T T T T
0 10 20 30 40

Reaction time (h)

Figure 2. Comparison of catalyst-free and ZnO-catalysed ethanolysis reaction of PET. Reaction
conditions: 15 mL ethanol, 100 mg PET (0.035 M based on PET repetition units), 100 mg ZnO, 180 °C.

In all depolymerization experiments using ZnO, regardless of the reaction conditions,
the amount of Zn leached in solution was less than 0.15% wt by ICP-OES, confirming the sta-
bility of the catalyst. Furthermore, the absence of catalytic activity in the solution recovered
after removal of the solid catalyst, besides that provided by thermal self-depolymerization,
indicates the absence of soluble catalytically active species. Collectively, these findings
provide strong evidence that the ZnO catalyst operates as a truly heterogeneous system
(see Supporting Information, Section 52.6). The solid residue isolated after catalysis may
contain ZnO, TPA (which is insoluble in ethanol), insoluble PET oligomers and unreacted
PET, if any. However, no significant amount of TPA was detected either by conventional
dissolution/precipitation treatment of the solid with NaOH/HCI followed by gravimetric
analysis [43,44], or via 'H NMR spectroscopy after washing the solid residue with DMSO-dy
(see Supporting Information, Section 52.3).

3.2. Effect of the Reaction Temperature

As mentioned above, PET may undergo minimal self-depolymerization in the presence
of ethanol at elevated temperatures. Use of the ZnO catalyst greatly enhances the reaction
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rate at a given temperature, which implies that high PET conversion may be obtained
under relatively mild reaction conditions, particularly below the melting point of PET and
the critical point of ethanol. The effect of the reaction temperature was thus investigated in
the range of 160200 °C at fixed reaction times (Table 1, entries 6, 10 and 11). An increase in
the reaction temperature resulted in a significant effect on both conversion and selectivity
to the desired product DET. Representative data are reported in Figure 3 for 30 h reaction
time, as an example.

T 100 1 200 °C
1 T
< 80 1 180 °C
i Z
2 60 -
| Cumulative ‘8'
—e—DET @ 160 °C
T v 40 A
_ —e— MET =
—e—BHET e
i 20 A
T T T T 1 0 T T T T 1
150 160 170 180 190 200 210 0 20 40 60 80 100
Reaction temperature (°C) PET conversion (%)

Figure 3. Effect of the reaction temperature in the depolymerization reaction of PET via ethanolysis
over ZnO catalyst. (Left): Terephthalate yields, (Right): conversion/selectivity diagram. Reaction
conditions: 15 mL ethanol, 100 mg PET (0.035 M based on PET repetition units), 100 mg ZnO, 30 h.

Despite the ZnO catalyst showing to be active even at temperatures as low as 160 °C,
this resulted in poor overall conversion and in a mixture of DET, MET and BHET products
in comparable amounts, with DET selectivity being around 40%. Raising the temperature to
180 °C (still well below the melting point of PET) led to a 2.6-fold increase in PET conversion
and a two-fold improvement in DET selectivity, achieving the values of 99.8% and 76.8%,
respectively. Further increase to 200 °C enhanced DET selectivity to 95.3%. The literature re-
ports on PET chemical depolymerization via ethanolysis typically involve high-temperature
processes, often exceeding critical conditions. The only example performed under mild
conditions was reported by Unruean et al. using a CaO catalyst at 180 °C, though PET
conversion did not exceed 35% [45]. Although 200 °C was the optimal temperature for
PET depolymerization using ZnO in terms of conversion and selectivity, the experiment
at 180 °C was selected as the benchmark because it leaves room for improvement, which
allows evaluating the influence of the other reaction parameters on the catalyst activity.

3.3. Effect of the Reaction Time

To investigate the influence of reaction time on PET depolymerization, particularly in
terms of conversion and product distribution, the benchmark experiment was performed
in the time range of 16-72 h. Representative results at a 180 °C temperature are reported in
Figure 4. At short reaction times (16 and 24 h) (Table 1, entries 4 and 5), PET conversion was
incomplete (<99%) and DET was identified as the main aromatic monomer in the ethanolic
phase, albeit with moderate selectivity (ca. 50%). Increasing the reaction time to 30 h
(Table 1, entry 6) resulted in nearly complete PET conversion and in a marked improvement
in DET selectivity to 76.8%. Longer reaction times led to a progressive increase in DET selec-
tivity up to 96.4%, which can be attributed to the continuous conversion of the intermediate
products (BHET and MET) into DET, through stepwise esterification and transesterification
reactions occurring during prolonged exposure to ethanol. These findings highlight the
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critical role of reaction time in optimising both conversion efficiency and product selectivity
in PET ethanolysis. Although shorter reaction times have been reported in the literature,
conditions invariably exceed those of the critical point, with reaction temperatures and
pressures in the range of 255-275 °C and 80 to 200 bar, respectively, and molar DET yields
around 70-85% (Table S2).

120 - 100
100 I I T o e
&\"_
80 A 1 Z
= Cumulative 2 60
g g
5 60 1 —e—DET 3
2 —o— MET — 40 -
> w
40 1 —e—BHET a
20 A
20 A
0 . . " ; : 0
16 24 30 40 48 72 92 94 96 98 100
Reaction time (h) PET conversion (%)

Figure 4. Effect of the reaction time in the depolymerization of PET via ethanolysis using ZnO catalyst.
(Left): Terephthalate yields, (Right): conversion/selectivity diagram. Reaction conditions: 15 mL
ethanol, 100 mg PET (0.035 M based on PET repetition units), 100 mg ZnO, 180 °C.

3.4. Effect of the Catalyst Loading

As discussed above, the use of ZnO catalyst greatly improves both the depolymeriza-
tion rate and selectivity, compared to the catalyst-free ethanolysis reaction. To evaluate
the potential for reducing catalyst usage without compromising performance, reactions
were investigated using [50-100] mg of ZnO under fixed reaction times and temperatures
(Table 1, entries 6 and 12); the outcomes are reported in Figure 5. Results clearly demon-
strate the important role of ZnO in the depolymerization process and its ability to speed
up the process using half of the catalyst. The use of 50 mg of catalyst led to slightly lower
conversion values, with 12% of PET unreacted, and inevitably lower yield of DET, due
to the accumulation of MET in the reaction media under smooth reaction conditions. As
reaction conditions intensify, in this case doubling the amount of catalyst, nearly complete
degradation of PET and greater DET yield were achieved, with the latter being due to
both the higher conversion level and the esterification of the acid moiety in MET to further
generate DET, two effects that enhance DET yield and selectivity.

100 100 - .
Conversion
DET selectivity
80 80 4
< 60 __ 60+
5 £
2
> 40 40 A
20 20 4
0 0
0 50 100 0 50 100
ZnO amount (mg) ZnO amount (mg)

Figure 5. Effect of the catalyst loading in the depolymerization of PET via ethanolysis using ZnO cat-
alyst. (Left): Terephthalate yields, (Right): conversion and selectivity diagrams. Reaction conditions:
15 mL ethanol, 100 mg PET (0.035 M based on PET repetition units), 30 h, 180 °C.
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It should be noted that in terms of catalyst productivity, expressed as the molar amount
of DET generated by a specific amount of catalyst in a certain time, greater productivity
was obtained at 50 mg loading (0.177 mmolpgT-geat “Th™h compared to 100 mg loading
(0.134 mmol DET g~ ! cat h~!) (Table S1), yielding 32% more DET per gram of catalyst per
hour. This outcome suggests that optimal efficiency may be achieved at reduced loadings
by fine tuning of the reaction time.

3.5. Catalyst Recycling

Compared to homogeneous systems, the use of a heterogeneous catalyst may offer
significant advantages in terms of separation from the reaction mixture and reuse. Upon
complete conversion of the PET feed, ZnO could be easily and quantitatively recovered by
simple centrifugation of the ethanolic reaction mixture. To ascertain the reusability of ZnO,
the catalyst performance and resistance were examined over five consecutive runs of 30 h
at 180 °C. Figure 6 summarises significant data. DET selectivity was maintained across the
cycles while conversion slightly decreased to 94.5%, probably due to minor loss of ZnO
during centrifugation and transfer operations. Importantly, the catalyst did not require any
regeneration throughout the process.

120 100 -
Conversion
100 -
80 1 DET selectivity
80 -+
60 1
g 60 4 gté?ulatlve X
T 40 A
2 —e— MET
> 40 1 —e—BHET
20 A
20 A ® ® L o —o
0
0 O~ —— Py Py
- ¢ - v v 1 2 3 4 5
0 1 2 3 4
Cycle no. Cycle no.

Figure 6. Recycling test of ZnO catalyst in the depolymerization of PET via ethanolysis.
(Left): Terephthalate yields, (Right): conversion and selectivity diagrams. Reaction conditions:
15 mL ethanol, 100 mg PET (0.035 M based on PET repetition units), 100 mg ZnO, 30 h, 180 °C,
100 mg ZnO.

An overall production of 20.7 mmol DET per gram of catalyst could be estimated
over five consecutive runs. ZnO leaching in solution was below 0.15% wt (ICP-OES).
These findings show that ethanolysis over ZnO is a successful strategy to achieve PET
depolymerization to useful monomers over stable heterogeneous catalysts.

3.6. Depolymerization of Actual Waste PET Feedstock

Following a detailed examination of the catalytic behaviour of ZnO in the depoly-
merization of technical-grade PET via ethanolysis, the catalyst was tested in the chemical
recycling of post-consumer PET bottles. The results (Table 1, entry 13) indicated the vi-
ability of the catalyst to produce added-value and reprocessable monomers from real
waste feedstock, since around 88% of end-of-life PET could be converted to terephthalate
monomers under benchmark conditions (180 °C, 24 h, 40.0% DET, 41.4% MET, 6.1% BHET,
see Table S1), with a minor amount of unidentified by-products (ca. 3%), which is in-line
with the nature of the composite material treated and the presence of additives. In addition
to the conventional route from TPA [46], PET production has been described both from
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BHET [47] and dimethyl terephthalate [48], with the potential for DET to be used for
this aim.

4. Context Within the Literature

Plastic recycling is currently dominated by mechanical technologies; however, a chem-
ical approach featured by the recovery of the constituent monomers is being actively
sought, with many efforts focused on matching sustainability criteria. In the case of PET,
depolymerization using ethanol as a lytic, transesterification agent has been proposed
in the past as an attractive option. Supercritical conditions have been adopted in most
cases, both in the presence of and without catalysts. De Castro et al. reported full conver-
sion and near-quantitative DET yields exclusively when polyester strings were used as
feedstock; however, the process performance was notably influenced by the presence of
TiO, additives [49]. On the other hand, the use of nanoparticles of metal oxides such as
Co304 and NiO in supercritical ethanol allowed for comparable yields and selectivity at
shorter reaction times [50]. A ZnO-based catalyst supported on acidic y-Al,O3 has been
reported for this process, with its effectiveness being attributed to the synergistic role of
the y-Al,O3 support; however, upon catalyst reuse in supercritical conditions, significant
loss of active components and clogging of the catalyst pores due to carbonaceous deposits
were observed [51]. To overcome these stability issues, nickel was incorporated into the
Zn0/acidic y-Al,O3 catalyst, which slightly improved the efficiency of the catalytic system,
but monomer yield still decreased significantly after several cycles [52].

ZnO was previously reported as a catalyst for the depolymerization reaction of plastics,
facilitating reactions such as hydrolysis, aminolysis and alcoholysis of polycarbonates [53],
as well as the hydrolysis [33], methanolysis and glycolysis of PET [54]. However, a critical
issue for ZnO is its instability under operating conditions. The stability of ZnO-based cata-
lysts is not always examined in the literature (see Supporting Information, Table S3), and it
is occasionally associated with regeneration steps [55,56]. In the case of PET methanolysis,
ZnO performs as a pseudo-homogeneous catalyst, with ca. 30% activity loss upon reuse
at 170 °C [57]. In the case of PET glycolysis, limited stability at 300 °C was observed by
deposition onto silica nanospheres [58,59]. In the case of PET hydrolysis, the amphoteric
nature of ZnO resulted in a reaction with the nascent TPA, giving composite materials
featured by poor catalytic activity. Therefore, strategies need to be developed to ensure
the stability of the powerful depolymerization catalyst ZnO. We recently proposed the
incorporation of ZnO into an inert ZrO, lattice, which proved successful for the hydrolytic
depolymerization reaction of PLA [60]. Herein, we demonstrated that the use of an alterna-
tive solvent system, namely ethanol, may result in a stable and efficient ZnO catalyst for
the production of valuable monomers under mild reaction conditions.

5. Conclusions

Herein, we described the chemical depolymerization of PET over heterogeneous
zinc oxide catalyst under subcritical conditions, as an alternative to energy-intensive
supercritical processes. Sustainability of the process is a matter of compromise between
energy input and monomer productivity, so the use of a highly efficient catalyst able to
operate under subcritical conditions may significantly reduce the energy demand. For
instance, a previously reported CaO catalyst provided comparable yields to those of ZnQO,
although at reaction temperatures above 200 °C, whereas no information was provided on
the recyclability of the catalyst [45].

In our case, a thorough study of key reaction parameters, including temperature, time
and catalyst loading, showed zinc oxide to efficiently catalyse the ethanolysis reaction,
with full depolymerization of PET being achieved under relatively mild conditions, no-
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tably below the melting point of the polymer. PET could be completely depolymerized to
the aromatic monomers DET, MET and BHET at 180 °C with 92.5% selectivity to diethyl
terephthalate, an important precursor usable to produce PET and other polyesters. In addi-
tion, quantitative production of DET was possible by increasing the reaction temperature
to 200 °C or the reaction time. The catalyst was active in actual waste feedstock, with
91.1% of post-consumer PET bottles being broken down into their monomeric units under
benchmark experimental conditions.

The proposed catalytic system offers several advantages that align with the principles
of green chemistry and process efficiency, which are often lacking in chemical recycling
strategies. The use of ethanol as a lytic agent contributes to the sustainability of the process
due to its renewable origin, low toxicity and favourable safety profile. Operating under
mild conditions reduces energy consumption. The absence of additives and high selectivity
minimises reaction waste and the need for downstream purifications.

In conclusion, the present study describes a sustainable chemical process for recy-
cling PET materials with the recovery of diethyl terephthalate monomer. The proposed
protocol offers new insights for the development of innovative and environmentally con-
scious depolymerization strategies. Moreover, the stability and reusability of the catalyst
contribute to the closed-loop concept of plastic recycling, and ultimately to the circular
economy model.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/s5u18094578/s1, Figure S1: PXRD patterns acquired at room
temperature for as-synthesized ZnO and the solid recovered after the stability test conducted in
ethanol; Figure S2: PXRD patterns acquired at room temperature for as-synthesized ZnO and ZnO
recovered after quantitative ethanolysis of PET (100 mg ZnO, 100 mg PET, 15 mL EtOH, 180 °C,
30 h) [61]; Figure S3: Section in the methyl region of the (a) 1H NMR spectrum acquired in DMSO-d6
(300.13 MHz. 298 K) and (b) 13C{1H} NMR spectrum acquired in DMSO-d6 (75.47 MHz. 298 K)
of the residue obtained after evaporation of the ethanolic phase recovered at the end of catalytic
ethanolysis reaction of PET over ZnO (180 °C. 24 h); Figure S4: HPLC spectra of the residue obtained
after evaporation of the ethanolic phase recovered at the end of ethanolysis reaction of PET (180 °C.
24 h) in presence (A) and in absence (B) of ZnO catalyst; Figure S5: HPLC calibration curves
within the concentration range [0.3-50] uM for the quantification of DET, BHET and MET; Table S1:
Representative data for the ethanolysis reaction of PET over ZnO catalyst; Table S2: Representative
literature data for the ethanolysis reaction of PET [62,63]; Table S3: Representative literature data of
ZnO-based catalysts used in solvolytic depolymerization of PET [64—-66].
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Abbreviations
The following abbreviations are used in this manuscript:

PET Polyethylene terephthalate

DET Diethyl terephthalate

TPA Terephthalic acid

EG Ethylene glycol

BHET  Bis(2-hydroxyethyl)terephthalate

HEET  Ethyl (2-hydroxyethyl) terephthalate
MHET  4-((2-hydroxyethoxy)carbonyl)benzoic acid
MET 4-(Ethoxycarbonyl) benzoic acid

DEG Diethylene glycol

ACN Acetonitrile
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