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ARTICLE INFO ABSTRACT

Keywords: As the demand of polyethylene terephthalate (PET) increases worldwide along with the waste generated from its
Polyethylene Terephthalate (PET) use, it is urgent to develop cost-efficient and sustainable recycling processes, such as depolymerization that yields
Cosolvent monomers with virgin-like qualities. However, most of these processes require harsh conditions and their true
;315211;::: mechanisms are poorly understood, leading to marginal gains in energy efficiency and yield. In spite of the lack
LCA of solubility of PET, we demonstrate that the swelling and plastification of PET in a good solvent allows a better

mass transport of ethylene glycol and the catalyst into the polymer during glycolysis. Based on these insights, we
report a process in which PET is depolymerized into bis(2-hydroxyethyl)terephthalate (BHET) with a yield of 88
% at 65 °C within 1 h in the presence of 1,3-Dioxolane as green cosolvent carrier. The improved mass transport
allows to perform the depolymerization of PET even below the Ty of the polymer. Indeed, by kinetic modelling
we demonstrated that a heterogeneous depolymerization process could be easily transformed into an homoge-
neous process by an appropriate solvent selection. The environmental impact of the proposed process, including
solvent recovery, is compared to the solvent-free counterpart and the results demonstrates that by using 1,3-
Dioxolane, the carbon footprint of the newly developed glycolysis process can be reduced up to 20 % due to
the increased energy efficiency. This process enables a viable recycling strategy of PET into its repetitive unit,
contributing to the development of competitive chemical recycling solutions to reduce PET-derived pollution.

Chemical recycling

1. Introduction

Poly(ethylene terephthalate) (PET) is the most used condensation
polymer worldwide [1]. The combined mechanical and chemical prop-
erties of this material allow its application in the production of bottles,
trays and flexible packaging, as well as in the textiles industry. Ac-
cording to Plastics Europe (2022), the world PET production amounted
to 24.2 million tonnes (Mt) in 2021. From this, merely 21 % was recy-
cled in 2020 and used in food and non-food packaging as well as in the
fabrication of monofilament and fiber products [2]. The largest part of
the recycled PET fraction consists of clear and light blue bottles, pri-
marily due to the lack of widespread recycling approaches for the more
complex PET waste streams [3]. The presence of pigments and dyes and
other impurities at variable concentrations affects negatively the quality
of the material recovered by mechanical recycling. An alternative to
mechanical recycling is solvolysis, a chemical recycling process in which
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the discarded polyester is transformed into its precursors or into new
chemicals with a virgin-like quality by a transesterification reaction [4].
Depending on the nature of the solvent used as nucleophile, solvolysis of
PET is typically classified into five methods: hydrolysis [5], meth-
anolysis [6], glycolysis [7], aminolysis [8], and ammonolysis [9].
Glycolysis is by far the most explored process due to its simplicity
and lowest capital requirements [10]. In principle, the reactive solvent is
ethylene glycol (EG), combined with organometallics catalysts or
alternatively strong, bifunctional bases like triazabicyclodecene (TBD)
or its ionic salts with methanesulfonic acid (TBD:MSA) as well as TBD-
based oxoacid protic ionic salts [11-13]. In the first stages of the reac-
tion, the polymeric chains in the proximities of the surface of the solid
PET sample are broken into oligomers, then dimers, and finally into bis
(2-hydroxyethyl)terephthalate (BHET), the precursor of the material
[14]. The diffusion of the liquid phase, comprising the ethylene glycol
(EG) and the dissolved catalyst into the polymer matrix is extremely

E-mail addresses: Steven.DeMeester@UGent.be (S. de Meester), haritz.sardon@ehu.es (H. Sardon).

https://doi.org/10.1016/j.cej.2024.148861

Available online 18 January 2024

1385-8947/© 2024 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC license (http://creativecommons.org/licenses/by-

nc/4.0/).


mailto:Steven.DeMeester@UGent.be
mailto:haritz.sardon@ehu.es
www.sciencedirect.com/science/journal/13858947
https://www.elsevier.com/locate/cej
https://doi.org/10.1016/j.cej.2024.148861
https://doi.org/10.1016/j.cej.2024.148861
https://doi.org/10.1016/j.cej.2024.148861
http://crossmark.crossref.org/dialog/?doi=10.1016/j.cej.2024.148861&domain=pdf
http://creativecommons.org/licenses/by-nc/4.0/
http://creativecommons.org/licenses/by-nc/4.0/

E. Luna et al.

Table 1
Exemplary reaction conditions of different glycolysis processes reported in
literature.

EG:PET Yield (%) T (°C) Time (min) Catalyst Ref.
12.6 88 190 100 Si-TBD [17]
15 91 180 120 TBD:MSA [11]
16 78 190 210 TBD [12]
7.6 80 196 60 NayCO3 [18]
13 86 180 90 Zinc Acetate [19]

important as the reaction is not possible if the molecules in the fluid are
not able to reach the C-O bond of the ester. The latter was demonstrated
by Pardal and Tersac during their studies regarding the reactivity of
different glycols in the PET depolymerization and the reaction kinetics
at 220 °C when an excess of EG was used as reactive solvent [15,16]. By
following the changes in both the liquid and solid phases, they observed
that the reaction started with the swelling of the polymer due to the
diffusion of the glycol into the amorphous interlamellar segments,
increasing the diffusion rate. In parallel, they also found that during the
reaction the formed oligomers and the BHET diffused to the liquid
phase, until the solid disappeared completely.

However, EG is characterized by its poor solvation ability of the
polymer at low temperatures [15]. In fact, PET is insoluble in most
solvents. Therefore, it is not surprising that in most processes reported in
literature, the glycolysis reaction temperature is above 190 °C, a value
close to the EG boiling point (197 °C at 1 bar; see Table 1). The high
reaction temperature and long batch times make the process energetic
intensive. Moreover, if the produced BHET is recovered either by co-
precipitation using an antisolvent or by evaporation of the EG, the en-
ergy demands of the process increases as consequence of the low vapour
pressure of the glycol, increasing the product purification costs [4].

Therefore, it is imperative to conduct research with the aim to
perform PET glycolysis in a manner that is more energy and cost-
efficient [4]. The use of cosolvents as a strategy to reduce the reaction
temperature and time has been proposed by several authors. For
instance, Liu et al. explored the effect of solvents capable to dissolve the
polyester, such as DMSO, using zinc acetate (Zn(OAc)y) as catalyst at
170 °C, reaching a total conversion of PET after 5 min and BHET yields
of 82 % [20]. Furthermore, Le et al. carried out the reaction at 150 °C
using anisole as green co-solvent and KOAc as catalyst, reaching a total
PET decomposition into BHET and short-chain oligomers after 2 h [21].

However, the reaction conditions reported in these works remain
comparable to those previously documented in the literature. Addi-
tionally, a detailed explanation of the effect of the cosolvent on the re-
action is not yet well established. In addition, the previous studies
considered only the potential improvement in terms of the energy con-
sumption in the reaction stage, leaving aside the global impact of
cosolvent addition on the process, which is very relevant in the purifi-
cation stage of the monomer [22].

In 2017, Loop Industries demonstrated that the methanolysis of PET
could be performed at room temperature in 24 h by adding dichloro-
methane (DCM) as cosolvents and KOH as catalyst [23]. DCM is a sol-
vent that has been previously reported for its capability to swell
polyester at temperatures below its boiling point (39.6 °C at 1 bar) [24].
Recently, this phenomenon was also illustrated by Zhang et al., notably
in their work on the hydrolysis of PET, in which they reported the
conversion of the polyester into terephthalic acid (TPA) at 35 °C in 15
min using a blend of DCM/Ethanol as liquid phase and KOH as catalyst
[25]. However, as DCM is a halogenated solvent, its usage in systems
that aim for a more sustainable economy for polymer waste is not
desired. Additionally, its nature may cause an increase of costs related
with process safety management derived from its low boiling point [26].
Besides, Huang et al. claimed that when using acetonitrile as cosolvent
in presence of a choline chloride (ChCl)/Zn(OAc); deep-eutectic solvent
(DES) catalyst, glycolysis was possible at 90 °C in 12 h. The authors
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Fig. 1. Schematic overview of the methodology followed to study the impact of
cosolvents on PET depolymerization. In the first two stages the solvent selection
and the experimental validation of the interaction among solvents and the
material is carried out. In the third stage, we did the reaction in the different
solvents. Moreover, the reaction kinetics was followed. In the fourth stage, the
effect of PET crystallinity on the BHET yield using the reaction conditions
considered as optimal is evaluated. Finally, a Life Cycle Assessment (LCA)
comparing the effect current process with the incineration benchmark scenario
and the solvent-free scenario.

concluded that the swelling induced by acetonitrile on PET chips could
help to accelerate the reaction at low temperature, although the effect of
the solvent on the material was not studied deeply [27].

To allow a better design of such a solvent assisted depolymerization,
it seems that a deep understanding of the mechanism involved is lacking,
which hampers solvent/catalyst/condition choices. In this paper, we
aim to deliver such understanding by first screening a set of solvents that
are chemically inert to the basic environment needed for solvolysis by
studying the solvents’ selectivity for PET utilizing theoretical tools such
as the Hansen solubility parameters (HSP) and Conductor-Like screening
model for realistic solvation (COSMO-RS).

Then, we experimentally validate the insights obtained from the
theoretical study by means of solvent uptake studies, differential scan-
ning calorimetry (DSC), and scanning electron microscopy (SEM) using
model PET samples. The effectiveness of the solvents selected was tested
in the PET glycolysis at the established reaction conditions, demon-
strating that when cyclic ethers and acetals are added in the liquid phase
as cosolvents along with EG, the glycolysis reaction is possible below the
glass transition temperature of the material in 1 h. Moreover, we
measured the optimal cosolvent:PET molar ratio required to reach the
highest possible monomer yield while minimizing the yield of lower
oligomers.

Next, the effect of the cosolvent in the reaction was studied by
determining the best-fitting kinetic model from the experimental kinetic
data in different cosolvents. Furthermore, we carried out depolymer-
ization trials in high crystalline model samples to elucidate the cosolvent
role as carrier of the EG and the catalyst within the free volume available
in the polymer. As expected, the higher the crystallinity of the sample,
the lower is the conversion of PET into monomer and oligomers. Finally,
we studied the energy balance and the environmental performance of
the cosolvent assisted glycolysis scenario compared to the cosolvent-free
EG based glycolysis scenario by performing carbon footprint
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calculations, finding that with our approach up to 20 % of CO5 can be
saved.

The overall methodology applied in this study is graphically shown
in Fig. 1.

2. Materials and methods
2.1. Chemicals and materials

For the polymer-solvent interaction experiments, PET pellets from
Novapet CR® were used. Postconsumer transparent PET water bottles
were cut manually into flakes of 1 cm x 0.5 cm and washed two times
with methanol after removing caps, labels, and glue. Subsequently, the
flakes were dried in an oven at 60 °C for 24 h. The number average
molecular weight (Mn) was calculated through 'H NMR spectroscopy
following the procedure proposed by several authors previously
[28-32]. The polymer was dissolved in a mixture of deuterated chlo-
roform (CDCl3) and trifluoroacetic acid (TFA) (8:1, v/v) and then the
measurements were carried out in a Bruker Advance 400 (400 MHz)
spectrometer. The same approach was applied to calculate the Mn of
virgin PET pellets. All the spectra were referenced to CDCls. All solvents
and other chemicals were obtained from Sigma-Aldrich and used
without further purification (purities > 98 %).

2.2. Solvent selection theoretical tools

2.2.1. Hansen solubility parameters (HSPs)

HSPs are important physicochemical parameters to predict solubility
relations between polymers and solvents [33]. The basis of these pa-
rameters is that the total energy of vaporization is equivalent to the total
cohesion energy, whereby the former represents the sum of the indi-
vidual energies or interactions that make it up [34]. These interactions
are represented by the three solubility parameters: dispersion (84), polar
(8p), and hydrogen bonding (5y). The Equation (1) calculated the solu-
bility parameter Ra, which represents the distance between the HSP of
two materials:

(Ra)z = 4(511,/\ - 511,5)2 + (6p./\ - 5,;.s)2 + (511./\ - 5h.s)2 (€))

Therefore, the smaller the Ra value, the stronger the affinity is between
the solvent and the polymer.

2.2.2. Conductor-Like screening model for realistic solvation (COSMO-RS)

COSMO-RS offers an efficient and general route to determine ther-
modynamic properties such as the activity coefficients and excess en-
thalpies of systems composed by unlike species (e.g., PET-Solvents). The
basic idea is to compute the chemical potential in solution or, in this
case, in a polymer via fast statistical thermodynamics of interacting
molecular surface segments which are derived from quantum chemical
calculations in a continuum solvation model [35]. The COSMO-RS cal-
culations were carried through a sequence of several simulation steps.
First, the geometries of PET and the solvents evaluated were drawn in
GaussView 6.0.16. The Gaussian 16 package was used to optimize the
geometries of the analysed molecules at B3LYP (Becke 3-parameter
hybrid functional combined with the Lee- Yang-Parr correlation) the-
ory and 6-311 + G(d, p) basis set. Frequency calculations were also
performed to verify the optimized structures and energy minima. The
creation of the Cosmo file was carried out following the methodology
described elsewhere and processed with Biovia Cosmotherm 20.0.0
(Dassault Systemes) [2-4].

To get a better understanding of the phenomenon occurring among
the solvents selected in the first screening with PET, the activity co-
efficients (y) for each PET-Solvent system were calculated at 65 °C, as
shown in Equation (2):
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_ 0
i

v = exp <%) (2)

This parameter is critical to determine the ability of a solvent to interact
with a solute. The temperature value was selected in base of previous
studies made regarding the interaction among PET with different
organic solvents as well as the outcomes obtained from the HSP based
pre-screening step regarding Ra value of the solvents evaluated, being
Tetrahydrofuran (THF) (66 °C at 1 bar) one of the species with the
lowest Ra and boiling point [36,37]. For the solvents selected in the pre-
screening stage, we used pre-calculated COSMO files from the database
COSMObase-1901-BP-TZVP.

2.3. Determining solvents’ effect on PET

2.3.1. Preparation of model samples

Model PET samples with a 1.8 mm thickness were taken from virgin
PET plates made by hot pressing 5 g of pellets in a Collin P200C hy-
draulic press. The moulding process lasted 10 min at 295 °C in both
moulds with a plasticization time of 7 min, followed by the application
of a 200 bar load for a period of 2 min, which was sustained for an
additional 1 min. For amorphous samples, the melt was removed from
the press immediately after completing the compression time and sub-
merged in water at 4 °C for 30 s. Then, the transparent plates were put to
dry in a vacuum oven for 24 h at 80 °C. After this, the sample was kept at
room temperature in a desiccator for another 24 h. Finally, the model
samples of 1 cm x 0.5 cm were cut from the plates with a cutter. The
crystallinity of the model samples was calculated by the Equation (3):

x, = Afln = AHce 3)
AH,(100%)

where X is the crystalline mass fraction. A AHy,100%) of 140 J/g was

used for all the calculations. The thermal characterization of the samples

was carried out in a TA Instruments DSC 25 under 50 mL/min of ni-

trogen flow.

2.3.2. Swelling studies
Swelling experiments were carried out on the model PET particles
adapting the methodology described by Haga [24]. Model samples of 0.2

+ 0.01 g were put in the liquid solvent for 1 h at 65 °C. During this
period, the temperature of the solvent was monitored using a Hanna
Checktemp HI98509 Digital Thermometer. Then, the PET particles were
removed from the solvent and the excess liquid was dried from the
particle surface using filter paper. The solvent uptake was calculated by
the following Equation (4):

pi(w2 —wi)
Paw1

Solventuptake = x 100 4

where w; and wy represent the weights of PET before and after the
swelling, and p; and p, the densities of PET and the solvent, respectively.
The density of the PET samples was of 1.34 g/cm® and the value was
measured by volume displacement of distillate water in a graduated
cylinder at 25 °C. Each experimental point was repeated three times.

2.3.3. Scanning electron microscopy (SEM)

The surface morphologies of some of the specimens treated during
the swelling essays were observed by SEM. The samples were washed
out with distilled boiling water for 1 h in order to remove the solvents
trapped inside the particle as these must be dry before the gold coating.
Finally, the water excess was removed with filter paper and the samples
were dried in a vacuum oven at 80 °C for 24 h. A Hitachi TM3030Plus
electron microscope operated at an accelerating voltage of 15 kV was
used to study the specimens [38,39].
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2.3.4. Solvent effect over PET T,

Polymer swelling can lead to the reduction of the glass transition
temperature (Ty) by the effect of plasticization [40]. To verify this
phenomenon, the same procedure described in the solvent uptake
experiment was followed but this time 15 + 1.0 mg of the sample was
put into the aluminium hermetic sealed pan with a pinhole for DSC
measurements. A TA Instruments DSC 25 was used for this experiment.
An aluminium pan with the same weight was used as the reference. The
temperature program involved a heating rate of 30 °C/min until
reaching 100 °C, followed by a cooling rate of 10 °C/min until returning
to 25 °C, all under nitrogen atmosphere. Additionally, dynamic me-
chanical analysis (DMTA) measurements were performed in a Triton
2000 DMA (Triton Technology). The measurements were carried out on
6 mm x 5mm x 1 mm virgin PET samples in a single cantilever bending
mode at a single frequency of 1 Hz. The samples were cooled down to
—75 °C and heated with a constant temperature ramp of 3 °C/min until
100 °C.

2.4. Solvent-assisted glycolysis experiments

To investigate the effect of the use of co-solvents on the degradation
of PET below its Tg, 1 g of PET flakes with a particle size of 5 mm x 5 mm
were used in all experimental runs. We selected TBD as organocatalysts
due to its proved high activity and selectivity in the depolymerization of
polyesters [12,41]. The cosolvents, along with the EG, the catalyst, and
N-Dimethylformamide (DMF) as internal standard, were preheated to
40 °Cin a two-neck round bottom flask, while the system was mixed by a
magnetic stirrer [11]. A stirring rate of 500 rpm was adjusted to have
constant mixing during all the tests. Subsequently, the PET flakes were
added and the system was heated to the reaction temperature. Each
experiment was carried out three times. The quantities of the com-
pounds used in each cosolvent trial is listed in Table S2. For the crude
product reaction characterization, an aliquot of 4 pL was withdrawn at
certain reaction times to follow the progress of the system until the end
of the reaction was reached. As the monomer can aggregate after several
hours when the system is at room temperature, purification of the crude
was carried out immediately after concluding the reaction time. At this
point, the reaction crude was hot filtrated to remove the insoluble
oligomers and the unconverted PET flakes from the crude. The flakes
were washed two times with methanol, and subsequently dried over-
night at 60 °C. Afterwards, hot water was added to the filtrate and a
second filtration was carried out to remove the soluble oligomers after
stirring at constant temperature, which were dried overnight in a vac-
uum oven at 80 °C. The second filtrate was partially evaporated until
reaching saturation of the solution, and then stored in a refrigerator at
4 °C overnight. Finally, the white needle-like crystals formed were
separated from the mother liquor by filtration, and subsequently sub-
jected to a drying process at 80 °C for 24 h. The yield of BHET in the
reaction crude was measured by 'H NMR in CDCl; and calculated by the
Equation (5):

A3 A4

Aprer,, Ao,

(5)

YBHET =

In which Agj is the integrated area below the BHET signal, Agyrrx—1 the
area below the pure BHET signal (equal to 4), A4 the area below the
oligomer signal, and Apx—; the area below the pure oligomer signal
(equal to 4). All samples were prepared with aliquots of 4 pL dissolved in
0.4 mL of deuterated solvent. 'H NMR, and FTIR spectroscopic charac-
terizations revealed the crystals to be highly pure BHET monomer when
compared to commercially supplied BHET. The oligomer yield is
determined by Equation (6):

PET,, = PET, + BHET + Oligomers (6)

Where PET,, is the normalized molar fraction the PET flakes at time O,
BHET the yield of the monomer in the reaction crude measured by ‘H
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NMR, and PET,, the molar fraction of unconverted PET flakes recovered
during the hot filtration calculated following Equation (7):

Mpgr0 — MPET ¢

)

Xper =
MpET,0

The reaction and monomer recovery steps are illustrated in Fig. S2.

2.5. Reaction kinetics studies

The glycolysis of PET is a complex reaction in which chemical in-
teractions and mass transfer phenomena are occurring simultaneously
[42]. In previous studies regarding the solvolysis of PET, the kinetic
models evaluated were classified based on assumptions made regarding
the phases involved as homogeneous and heterogeneous [43,44]. For
instance, Campanelli et al. [45] proposed a homogeneous 1st order ki-
netic model for its reaction at 245 °C; conditions at which the treated
PET is in molten state. However, the contribution of the reverse reaction
was not considered, which is crucial as a monomer-oligomer equilibrium
is stablished at the last stages of the reaction [46]. In addition, Fonseca
et al. [18] concluded that PET glycolysis took place as a 2nd order ho-
mogeneous reaction in which the kinetic rate-determining step was the
formation of the monomer from the oligomer in the liquid phase until
equilibrium is reached. On the other hand, for the heterogeneous models
the reaction evolves from a solid-liquid biphasic system to a single-
phase one [19,42,47]. As the system we are proposing for the PET
glycolysis takes place far below the melting point of the material, we
first assessed a heterogeneous kinetic model, being the shrinkage par-
ticle or shrinking core [48]. In addition, the equilibrium limited ho-
mogeneous kinetic model as well as a direct reaction model were
evaluated.

According to the shrinking particle model, the particle changes its
surface along the reaction as the conversion towards the product in-
creases. Therefore, the reaction takes place on the surface of the PET
particle and stops when the particle disappears. [48] Then, the decrease
of the volume V of a PET spherical particle having a density equal to ppgr
that occurs along the disappearance of the dNpgr moles of PET is given
by Equation (8):

—dNper = —bdNpG = — pperdV = — 4xppppridr. (8)
The rate of disappearance of the PET particle is described by Equation
(9):

L dNpgr _ ppegrt dre
S, dr R> dr

= bkg CEG (9)

k, is the mass transfer coefficient between the bulk solid and liquid and
S. the unchanged surface of the particle. Two special cases of this model
are defined. In the first, the process is controlled mainly by the chemical
reaction and with little effects from the diffusion resistances. In the
second, the diffusion resistance controls the reaction kinetics.

When the chemical reaction controls over the mass transfer and no
ash layer is formed around the particle, the rate of reaction is propor-
tional to the surface available of unreacted core and the general
expression becomes:

1 dr. dr. .
- 4ﬂr2pPET4”r?E = _pPETE = bk Crg (10)

k is the first-order rate constant for the surface reaction, b is the stoi-
chiometric coefficient of EG. By integrating Equation (10), we get the
following expression that describes the time required to convert a
spherical particle of PET or when r. = 0O:

Ki=1—(1—Xpgr)'"? a1

where:
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Table 2
Kinetic models evaluated.

Symbol  Reaction model Linearized form
HE_1 Shrinking particle model (Contracting Volume) 1—(1 - Xper)'?
HE_ 2 Shrinking particle model (Diffusion controlled) 1—(1 — Xper)¥?
HO_1 Equilibriun limited, second order homogeneous “m(1 ~ Xper
model n .
HO_2 Second order homogeneous model (1 — Xpgr) ' =1
bk C,
K. = 22 “EGs (12)
PeerR

On the other hand, when the reaction is diffusion controlled, the
expression becomes as follows:

Kjt=1- (1 — XPET)2/3 13)

where:

 2Cp, 7

Ky
PeerRG

(14)

Z is the diffusion coefficient of the glycol, and Ry the ratio of the par-
ticle when t = 0.

Additionally, the second order homogeneous kinetic model and the
equilibrium limited homogeneous kinetic model were evaluated. In this
case, a homogeneous kinetic model that takes into account the revers-
ibility of the monomer-oligomers equilibrium was considered, as shown
in Equation (15):

- dCpgr
dt

=k C;ETCZGCEAT - szgATCgHET (15)

Assuming constant concentrations of both the catalysts and the glycol,
and a first order reaction rate with respect to all the species implied, we
obtain the final Equation (16):

X A
7ln<17)7> :I;Tlt (16)

The detailed mathematical development of these expressions can be
found in [48] and [49], respectively. In summary, the four models fitted
to the kinetic data are listed in Table 2 and the best model was selected
based on the coefficient of determination (R?) value:

2.6. Carbon footprint calculations

The calculation of the Carbon Footprint (expressed as kg CO2-eq per
kg recycled PET) is based on a potential flow chart of the investigated
depolymerization process, comprising the pretreatment, which included
shredding, washing, float-sink separation, and drying. Additionally, the
glycolysis process itself, based on lab conditions, downstream process-
ing of the used solvents, i.e., purification using a distillation process, and
the crystallization of BHET are also considered based on enthalpy cal-
culations. Given that solvent recovery and applied solid-liquid ratio are
the key factors in environmental impact assessments of chemical recy-
cling processes, as identified in previous studies, a sensitivity analysis is
performed for these two process parameters [50,51]. Data for the
depolymerization process were adapted from the results obtained at lab-
scale. Energy calculations are based on the specific heat capacity and the
latent heat of vaporization of the suggested solvents. As benchmark
scenario, incineration of the polymer and substitution of the incinerated
plastics by virgin plastics is assumed. Moreover, the current scenario is
compared to the solvent-free glycolysis with TBD as catalyst, taken from
Fukushima et al. [12]. For both cosolvent-free and cosolvent assisted
depolymerization, ethyl acetate was used as crystallization solvent
instead of water due to the low solubility of the monomer in this solvent

Chemical Engineering Journal 482 (2024) 148861

22

20

18

p(o)A(A?)
y

T T
-0.02 -0.01 0.00 0.01 0.02
o (e/A?)

Fig. 2. Superimposed c-profiles of PET with THF as one of the most optimal
solvents based on y at 65 °C, a solvent with low affinity as DMSO and one with
no affinity at this conditions as the glycol. c-values higher than 0.01 e/A? show
electron donor abilities and below 0.01 e/A? show electron acceptor abilities
and values in between indicate non polar interactions.

as well as its lower boiling point (77.10 °C at 1 bar) which facilitates its
separation by distillation from the EG [52,53]. Additionally, as no
catalyst regeneration step was included and during the reaction the TBD
is protonated and therefore most of its catalytic activity is lost, the
species was considered as residue for both scenarios. Further research
about the regeneration and recirculation of the catalysts in the system is
required, although this is out of the scope of the present study. A detailed
flowsheet is presented in Fig. 9a, and a detailed inventory is presented in
Table S4. The carbon footprint for the different processes was extracted
from the Ecoinvent database v3.1 in OpenLCA 1.9.

3. Results and discussion
3.1. Theoretical tools for solvent selection

We used the Hansen Solubility Parameters (HSP) and COSMO-RS to
identify and understand the nature of the intermolecular interactions
between various organic solvents including polar, non-polar, and
hydrogen-bonded liquids with PET. Proton-donor solvents were
excluded as these species could inhibit the glycoxide ion by the action of
the “cage effect” [54]. Furthermore, molecular solvents without chem-
ical inertness to the strongly basic environment of the reaction were not
considered. A total of 21 solvents were selected for analysis (see
Table S1).

A system composed by polymer-solvent pairs with similar HSP are
expected to be mutually soluble. However, for PET-solvent pairs, these
parameters have certain limitations as this method was developed
mainly for amorphous, non-polar polymers, leading to non-accurate
predictions for semicrystalline and polar materials [41]. Considering
this, solvents with a Ra distance < 11.0 MPa'/? are considered to have
the potential to interact with PET [35]. Based on HSPs, the molecular
solvents with the highest affinity towards PET are cyclic ketones and
ethers, followed by the family of the strongly dipolar aprotic solvents.
Moreover, no significant interaction will exists among the material and
non-polar solvents such as cyclohexane as well as with protic polar
solvents such as alcohols, ethylene glycol and water. Some of the sol-
vents selected were ketones, such as cyclopentanone (Ra = 1.93), ace-
tophenone (3.75), and 4-methyl 2-pentanone (5.98); the acetal 1,3-
dioxolane (7.29); linear and cyclic ethers like tetrahydrofuran (8.17)
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or 1,4-dioxane (10.52); and dipolar aprotic solvents like DMSO (7.31)
and acetonitrile (9.42). The typical halogenated solvents were discarded
in this first analysis due to their low boiling point and EHS issues, despite
their Ra value were within the established threshold [55]. Carbonates
and esters like methyl acetate (8.68) and ethyl acetate (9.32) were also
omitted due to their lack of chemical inertness in the presence of the
basic catalyst [56].

Furthermore, the c-profiles of solvents and PET were calculated at
65 °C as ceiling temperature value close to the boiling point of THF,
being the most volatile species found in the HSP based pre-screening
stage. These profiles serve as valuable indicators of the system’s affin-
ity to a surface of polarity o, which, in turn, provides insights on the
most plausible interactions between macromolecules themselves, as
well as with solvents (See Fig. 2) [57]. According to this method, PET
has most affinity towards hydrogen-bond donor solvents that have the
ability to interact with the ester moiety such as m-cresol, chlorophenol,
chlorinated, and fluorinated acetic acids [58,59]. From the c-profile of

PET, we can infer that the main interactions of the polymer with solvents
are those of non-polar or dispersive nature, such as solvents allowing n-t
stacking, as well as the ones derived from intermolecular H-bonds. These
H-bond interactions occur at the oxygen of the basic carbonyl group of
the ester moiety acting as an electron donor in presence of proton bond-
donor solvents, which is the case for cresols or fluorinated acetic acids.
However, this interaction seems not to be relevant for strongly
hydrogen-bonding solvents, such as EG, ethanol or methanol, since the
polymer is insoluble in these solvents. Moreover, weak interactions may
exists with hydrogen-bond acceptor solvents and the slightly acidic
protons associated to the carbons of the ethylene repetitive unit (Fig S1).
Most of the solvents selected in the first screening process are proton
acceptors. Therefore, we hypothesize that the main interactions existing
between the material and these species are of dispersive nature and with
the hydrogens of the ethylene moiety.

On the other hand, the activity coefficient (y) of PET in the binary
mixture with the solvents selected was calculated using the
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Table 3
Solvents found to be compatible with PET using theoretical tools alongside the
induced T,

Solvent Tginduced Ty Swelling Activity Molar
Q) Q) (%) coeficient Volume
) (cc/mole)

THF 34 79 3.97 + 0.97 81.7
0.4

1,3-Dioxolane 37 78 3.37 + 0.96 69.9
0.49

1,4-Dioxane 40 77 2.51 + 0.92 85.7
0.41

m-THF 44 78 1.45 + 1.02 100.2
0.16

DMSO 45 76 2+0.15 2.72 71.3

Cyclopentanone 47 77 2.42 + 0.88 89.1
0.06

EG None 75 0 29 55.8

Blank None 79 e —_— —_—

thermodynamic data obtained by COSMO-RS. Our computations show
that the solvents with the strongest interaction with the material
expressed in terms of the activity coefficient value are the ketones
cyclohexanone (y = 0.862) and cyclopentanone (0.882); the ethers 1,4-
dioxane (0.919) and THF (0.970); and the acetal 1,3-dioxolane (0.967)
(Table S1). This result is in accordance with the findings obtained during
the calculation of the Ra distance using the HSPs, with the exception of
the high y values associated with polar aprotic solvents like acetonitrile
(2.185) and DMSO (2.721), which are as high as the ones observed for
the alcohols ethanol (2.593) and methanol (2.903).

3.2. Experimental validation of PET-solvent interaction

3.2.1. Swelling behaviour

Following on the theoretical solvent selection tools employed in the
previous section, we focused on the solvents with the highest potential
for success and on those with the lowest potential. In this regard, we
quantified the degree of swelling of PET in presence of 13 solvents at
65 °C for 1 h in order to confirm either the existence or absence of in-
teractions between the polymer and the liquid. When polymers are
brought into contact with a thermodynamically compatible solvent, the
liquid impregnates the material by diffusion, leading to its swelling or in
some cases/conditions to complete dissolution [60]. During this phe-
nomenon, polymer relaxation occurs at the boundary front induced by
the swelling pressure, increasing the chain mobility [37,61]. For the
solvents studied, the highest swelling percentage was reported for the
samples that were soaked in THF (4 %), 1,3-dioxolane (3.4 %), and 1,4-
dioxane (2.51 %). (Fig. 3a) On the other hand, the swelling of PET in
cyclopentanone (2.4 %) was much lower in comparison to THF,
although we expected a better behaviour based on the HSPs and
COSMO-RS (Ra and v) calculations that suggested a higher interaction
between the cyclic ketone and the polyester. The lower boiling points
and molecular volumes of the cyclic ethers and the acetal can explain the
better performance of these species in comparison to the ketone to
achieve polymer swelling. This phenomenon is strongly influenced by
solvent diffusion, which is dependent on the temperature and the sol-
vent molecular size (see Table 3) [24].

On the other hand, no swelling was reported in the samples treated
with EG. Therefore, we conclude that when PET is soaked with the
glycol at temperatures below its T, limited transport of solvent occurs
into the polymer matrix. This is in accordance with the information
obtained by applying both theoretical approaches, as for this solvent the
Ra value was equal to 21.82 and the y value to 5.977, which are
considerably higher than those of other solvents evaluated. Moreover, it
was observed that the PET samples remain unaltered by EG and retained
its transparency in contrast to the samples treated with the other sol-
vents. The samples treated with these solvents exhibited haziness after
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drying the remaining liquid from the surface of the particle after the
treatment (See Fig. S3). This behaviour of the material can be used as a
qualitative approach to evaluate its competitivity of solvents in a simple
way.

3.2.2. Morphology and changes on thermal properties

Additionally, the morphology of the PET samples was examined via
SEM after treatment with some of the solvents tested during the swelling
experiments. This is specifically relevant to understand the morpho-
logical changes occurring due to the uptake of the solvents. We observed
the change from a smooth and clear texture of the PET particle surface to
a cavitated one when the sample was soaked in the THF and 1,3-dioxo-
lane (Fig. 3b). Longer immersion times in some solvents had the effect of
causing uniform and more pronounced cavitation over the surface
(Fig. S4). Although the cavitation of the sample surface was uniform in
those treated with the acetal, in the case of those immersed in the cyclic
ether a more localized cavitation was detected. This can be attributed to
the presence of defects on the plates that appeared during the processing
of the material. In the samples treated with DMSO and m-THF rugosities
appeared on the surface texture, showing a milder effect than dioxolane
and THF. Furthermore, no changes were observed in the samples treated
with ethylene glycol and y-valerolactone. Similar results were obtained
by Desai et al. [62] and Alonso et al. [63] after treating amorphous PET
films with 1,4-dioxane and DCM at different temperatures and times.
They concluded that changes in the surface morphology were a direct
consequence of the PET solvent induced crystallization coming from the
penetration of the compatible, low molecular weight liquids into the
polymer matrix after plasticisation [64]. The solvent induced crystalli-
zation phenomenon was confirmed when the presence of spherulites
was detected in the samples treated in 1,3-dioxolane and DMSO using
Polarized Light Optical Microscopy (PLOM) (see Fig. S5). In the sample
treated with DMSO, the spherulites formed were significantly smaller
than those observed in the 1,3-dioxolane treated samples. This phe-
nomenon was attributed to the higher molecular mobility promoted by
the cyclic acetal in the polymer matrix due to the higher affinity of this
solvent towards the material in comparison to the DMSO. Additionally,
the solvent induced crystallization was also measurement by calculating
the cold crystallization enthalpy (AH.) of model PET samples treated in
the solvents. In Fig. S6 it is observed that in THF, 1,3-dioxolane and 1,4-
dioxane the cold crystallization peak disappeared and in m-THF, DMSO
and cyclopentanone as the area below the AH,. decreased in comparison
to the blank and the sample exposed to EG.

Plasticisation was correlated to the decrease of the glass transition
temperature (Tgmduceq) measured in the wet specimens, which is caused
by the additional free volume induced by the solvent [65]. To study this
effect, PET model samples were treated with some of the best solvents
and with EG, considered as the one with no affinity towards PET at
65 °C. Again, cyclic ethers and acetal have been found to exhibit higher
levels of reduction on the PET Tg, followed by DMSO and cyclo-
pentanone, respectively (Table 3). Moreover, from the results obtained
using DMTA in the sample exposed to THF and the blank, we confirm the
presence of a second Ty at 33 °C caused by the plasticization of the
material by the solvent (See Fig. S7). The effect of THF, 1,3- dioxolane,
m-THF, DMSO and EG on the model PET samples at different times was
followed by FTIR as well (See Fig. S9). No changes were observed on the
spectrum from the original sample in comparison to the sample treated
with solvents besides an increase of the transmittance percentage on
samples treated with THF and 1,3-dioxolane. No shifts were noted in the
signals associated to the aromatic moiety and the new signals observed
were assigned to trace solvents remaining in the sample.

Based on our approach, cyclic ethers, acetals and cyclic ketones were
found to be the ones with the highest affinity towards the amorphous
PET specimens from their solvent uptake as well as from the changes of
the morphology and thermal properties. Some of these solvents were
tested in the glycolysis and the reaction performance of these systems
was compared to those carried out in solvents with the worst interaction
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Fig. 4. (a) Glycolysis reaction scheme. (b) PET conversion and product distribution after 1 h of PET glycolysis with and without co-solvents at 65 °C using TBD as
catalyst. The molar ratios of EG, co-solvent, and catalyst to PET monomer were adjusted to 3, 14, and 0.1, respectively.

with the material in order to prove their effect on the reaction
conditions.

3.3. Effect of co-solvent in the PET glycolysis

3.3.1. Solvent testing

To assess the action of cosolvents in the glycolysis reaction, 1
equivalent (eq.) (1 g) of PET flakes were added to the liquid solution
composed by 15 eq. (5 g) of EG and 0.1 eq. (70 mg) of TBD as catalyst.
The system was heated up to 65 °C for 1 h and then used as reference.
The amount of EG was fixed in 15 eq. to guarantee the soaking of all PET
flakes in the flask. For the cosolvent effects studies, 1 eq. of PET flakes
were treated in 14 eq. of the solvents considered as the best and worst in
the screening. 3 eq. of EG and 0.1 eq. of TBD were used in all the
cosolvent trial experiments. In Fig. 4b, it is observed that at 65 °C no
reaction occurs when only EG is present in the liquid phase of the sys-
tem. However, when THF and 1,3-dioxolane were added, complete
depolymerization of PET was attained in 1 h. The latter clearly indicates
that the swelling of the polymer in the co-solvent facilitates the migra-
tion of the nucleophile and the catalyst into the polymer matrix by
increasing the diffusion of both species and allowing a better access to
the ester moiety (the active site). Additionally, a higher monomer yield
was obtained in THF. This can be attributed to the higher molecular
movement caused by the lowering of the T, induced by THF, as well as to
the lower boiling point of the solvent, which is close to the reaction
temperature and facilitates the mass transfer between the polymer in the
solid phase and the liquid phase. In contrast to the excellent perfor-
mance achieved with THF, total conversion of PET was not achieved in

1,4-dioxane and m-THF, although the three solvents present similar
polarity, density, and viscosity. Moreover, a higher solvent uptake was
reported for THF in comparison to m-THF during the swelling test. We
attribute this behaviour to the higher molar volume of m-THF (100.2 cc/
mole vs. 81.7 cc/mole of THF) as well as to the higher boiling point of
the solvent, which reduces its diffusion into the polymer and make it a
bad carrier for the nucleophile and the catalyst [66].

Furthermore, the boiling point of dioxane is higher in comparison to
THF although the MV is lower. The last indicates that the reaction rate of
PET glycolysis below its Ty is strongly affected by mass transfer phe-
nomena as well as by the affinity of the material towards the solvent.
Therefore, parameters such as the molar volume and boiling point of the
cosolvent are important to obtain complete PET degradation and high
monomer yield. We observed the same trend in the systems with ketones
as cosolvents. For instance, the reaction in cyclopentanone exhibited a
slightly higher degree of conversion compared to the system in acetone,
although the monomer yield was better in the cyclic ketone. From this,
we can infer that no higher conversion was reached in cyclopentanone
as consequence of the higher viscosity and other physical properties of
the solvent that affect the mass transfer of the glycol and the catalyst
towards the solid [57]. A similar behaviour was observed for the dipolar
aprotic solvents. A higher conversion of 0.68 was obtained in acetoni-
trile compared to 0.57 in DMSO, although the intake of the last solvent
by the material is higher. However, the boiling point and viscosity of
acetonitrile are by far lower than the ones of DMSO, which can help to a
faster mass transfer between phases. Additionally, the performance of
the acetonitrile system can be correlated to the interaction of the solvent
with the glycol and the catalyst in the liquid phase as the two solvents
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bl produced became higher, which we attributed to the dilution of the
Table 4

Fitted models to the kinetic data obtained from the reactions assisted by some of
the evaluated co-solvents. k is equivalent to K. and K; for HE_1 and HE_2,

respectively. For HO_1, k is k.

Solvent Best fit model k
1,4-Dioxane HO_1 (R* = 0.994) 0.03965
HO_2 (R? = 0.993) 0.03401
HE_1 (R? = 0.945) 0.0081
HE_2 (R? = 0.921) 0.0126
1,3-Dioxolane HO_1 (R? = 0.996) 0.1103
HO_2 (R? = 0.993) 0.09682
HE_1 (R? = 0.816) 0.0081
HE_2(R? = 0.751) 0.0113
m-THF HO_1 (R? = 0.936) 0.01827
HO_2 (R? = 0.971) 0.01514
HE_1 (R? = 0.989) 0.0051
HE_2 (R? = 0.921) 0.0089
Cyclopentanone HO_1 (R? = 0.914) 0.04832
HO_2 (R? = 0.855) 0.02094
HE_1 (R? = 0.802) 0.0037
HE_2 (R? = 0.784) 0.0066
DMSO HO_1 (R? = 0.936) 0.01425
HO_2 (R* = 0.978) 0.01102
HE_1 (R? = 0.9887) 0.0037
HE_2 (R? = 0.9863) 0.0067

combined form an isodielectric system. Future research could examine
this last effect more in depth in the low temperature PET glycolysis.

3.3.2. Effect of cosolvent molar ratio on the reaction

Additionally, the effect of cosolvent molar ratio on the PET conver-
sion and monomer yield is studied. For these experiments, we selected
1,4-dioxolane instead of THF as cosolvent given that it is classified as
green solvent in the last GSK’s solvent sustainability guide as well as it
was reported to be non-toxic, eco-friendly and non-carcinogenic
[26,67]. Moreover, due to the low point of the solvent (75 °C at 1 bar)
it is easy to separate from the ethylene glycol during the purification of
the reaction crude. As it was already observed, no conversion of PET is
obtained when no cosolvents were added to the system at 65 °C (Fig. 5a).
However, when the molar ratio of dioxolane to PET is equalled to 6, the
flakes solubilize entirely in 1 h, and a BHET yield of 73 % is achieved.
Moreover, when the cosolvent-to-PET-ratio increases, the monomer
yield is higher as well, reaching a maximum of 88 % when a molar ratio
of 14 was set. Above this value, the oligomer by-product amount

nucleophile, as high excess of glycol is required to push the equilibrium
towards the formation of monomers and to reduce the formation of by-
products.

Fig. 5b indicates that the excess concentration of glycol must be
carefully monitored to suppress any negative effect of the cosolvent in
the reaction. When the EG-to-PET-ratio is as high as 12 in a fixed
cosolvent to PET ratio of 14, the action of the dioxolane is less relevant
as conversion of PET falls from 1 to 0.7 while no oligomer by-products
are detected. We can attribute the lower formation of oligomer to the
higher concentration of the glycol as more of the nucleophile is available
to the break the short-chain oligomers present in the liquid phase. Based
on this, we conclude that both molar ratios evaluated are crucial to get
the highest yield possible of BHET. The cosolvent-to-PET ratio needed to
totally decompose PET is 14, and the optimal EG-to-PET ratio to achieve
the maximum quantity of monomers is 3.

3.3.3. Cosolvent effect on the reaction kinetics

Two heterogeneous as well as two homogeneous kinetic models were
fitted to the data obtained from the glycolysis in several cosolvents in
order to study the effect of these in the reaction kinetics (see Table 4).
The HO_1 kinetic model fits the most accurately for the systems in which
complete PET conversion and the highest BHET yields were reached
(Fig. 6a) However, for DMSO and m-THF, an induction period of 8 min
occurs, prior to the increase in the BHET molar fraction. The solvents
that exhibit relatively low reaction yields are most accurately modelled
by the contracting geometry and the diffusion model. The behaviour of
the reaction in the presence of solvents with the highest affinity is
explained by the presence of the swollen layer on the PET particles
surface, in which the polymer chains are relaxed and more exposed to
nucleophilic attacks (Scheme 1). In parallel to the relaxation of the
polymeric chains as consequence of swelling, the TBD catalyst activates
the oxygen of the carbonyl group in the ester group and making it more
prone to suffer nucleophilic attacks as well as generates the glycoxide
ions through hydrogen bonding interactions [12]. Additionally, we can
infer that the boundary layer between the liquid bulk for the systems
composed by the glycol and the cyclic ethers and acetals and the solid
particle is thinner, which improves the mass transfer at lower temper-
atures. Additionally, the presence of hydrogen-bond acceptor cosolvents
in the liquid phase may reduce the self-association effect between the
free glycoxide ions and the glycol molecules, increasing the concentra-
tion of free ions available for the reaction [68].
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Fig. 6. (a) Kinetic experiments for the cosolvent assisted glycolysis in different solvents at 65 °C for 2 h, (b) Kinetic experiments in dioxane. At higher reaction
temperatures, BHET yield increases faster. Then, repolymerization occurs if the reaction last more than one hour. (c) Kinetic experiments for the DMSO assisted
glycolysis at different temperatures. When the reaction temperature increases, the delay at the first minutes of reaction disappears.

Moreover, in order to study the effect of temperature on the reaction
kinetics of the heterogeneous-like systems, glycolysis in 1,4-Dioxonae
and DMSO as cosolvents was carried out at temperatures within the T,
interval (75 °C) and above (90 °C and 105 °C). Both solvents were
selected as their BP values are within or close to the highest reaction
temperature evaluated. In Fig. 6b we observed that in the cyclic ether,
BHET yield (and therefore the PET conversion) increases from 0.75 after
40 min of reaction at 65 °C to 0.97 at 105 °C. However, after one hour of
reaction at 90 °C and 105 °C the BHET yield decreased as the dimer/
trimer concentration increased as consequence of the monomer repo-
lymerization. Furthermore, only the data obtained from 0 to 60 min
were considered for the kinetic model evaluation as the four model
selected do not consider the BHET polymerization. Considering this, the
HO_1 kinetic model predicted the best the behaviour of the dioxane-
assisted glycolysis reaction at all the temperatures tested. On the other
hand, in Fig. 6¢ it can be observe that both the conversion and the ki-
netics change by increasing the reaction temperature from a heteroge-
neous like system to a homogeneous like one. Ueberreiter et al. found in
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their studies regarding the dissolution of Poly(methyl methacrylate) in
pure solvents and binary blends that the rate of penetration of the small
molecule solvents increased with higher temperatures as the chains can
relax more readily [69]. Based on this and the additional data, we
suggest that the effect of cosolvents in the system can also be better
controlled by varying other reaction parameters such as the reaction
temperature. In conclusion, the PET glycolysis process can be described
by homogeneous and heterogeneous (shrinking core model) models
depending upon the studied operating conditions. Understanding the
importance in considering the experimental conditions during the
modelling of PET depolymerization is an important finding of this study,
underscoring the complexity of such processes.

3.3.4. Crystallinity effect on the solvent assisted PET glycolysis

Given that our previous research indicates the importance the co-
solvent in facilitating mass transfer during the reaction, we also inves-
tigate here the impact of the degree of crystallinity in the depolymer-
ization process [70]. The presence of crystallites in the PET polymeric
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Fig. 8. (a) DSC 2nd scan of PET sample at different reaction times. (b) Changes of the morphology of PET sample surface at different reaction times.

matrix protects the ester reactive sites from suffering attacks and reduce
the diffusion of fluids in the material by acting as crosslinkers, reducing
the free volume in the amorphous fraction (See Fig S17). Therefore,
polymers with very low crystal mass fraction degrade faster than their
crystalline counterpart [71]. In order to study the effect of crystallinity
degree on the solvent-assisted PET glycolysis, PET plates of different
crystal mass fraction were made following the same procedure described
before for the model samples but this time in order to reach the desired
crystallinity for the samples we followed the procedure described in
[72]. Subsequently, we cut 1 g of each PET plate into pieces with
approximately the same dimensions as the ones of the PET bottles. The
reactions were run in 14 eq. (1),3-dioxolane as co-solvent, 0.97 g of
ethylene glycol and 70 mg of TBD. The reaction temperature was 65 °C
and lasted 1 h (Fig. 7a).

Following our expectations, the flakes derived from the PET plate
with 3 % of crystal mass exhibited nearly complete conversion under the
applied reaction conditions; however, the BHET yield was lower
compared to the one obtained when bottle flakes were treated. We
mainly attribute this to the higher thickness of the amorphous flakes
obtained from the virgin plate, which affects the mass transfer in the
axial direction from the plate surface to the liquid phase. Additionally,
the flakes having a crystal mass of 17 % did not completely depoly-
merize, and those having a crystal mass of 31 % presented almost no
change at the end of the reaction time (Fig. 7b). From this, we confirmed
the effect of the solvent as carrier of the glycol and catalyst into the free
volume available in the amorphous phase of the solid. Therefore, the
higher the crystallinity of the sample is, the less is the free volume
available.

3.4. Depolymerization of highly crystalline PET samples using solvent
assisted glycolysis

While the initial optimized conditions of 65 °C were suitable for the
depolymerization of amorphous PET, when suing these conditions with
a semi crystalline PET (31 % of crystalline mol fraction), negligible
depolymerization were obtained. In order to verify if the glycolysis of
highly crystalline PET samples could be enhanced in the presence of
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solvents, pellets of virgin material with a crystal fraction of 0.41 were
used. In order to increase the mass transfer, we have seen that with
DMSO we can move from a heterogenous process to a homogeneous
process just by raising the temperature. Therefore we perform the
depolymerization reaction at 140 °C in the presence of DMSO and ani-
sole, two of the best solvents from previous section with high boiling
points. We compare the depolymerization process with the solvent free
depolymerization process (Fig. 520 and S21). After 8 h, when most of the
pellets disappeared in the systems with DMSO and anisole, we did not
observe any significant change in the sample containing only ethylene
glycol. In fact, we measured a PET conversion of 12 % in the system with
only EG and up to 94 % was obtained in DMSO and anisole. Unfortu-
nately, the BHET yield was much lower compered to the amorphous
systems with 38 % and 63 % of BHET respectively. We can conclude that
glycolysis of crystalline PET is possible at temperatures as low as 140 °C
but in this case, further investigation will be needed to enhance the
BHET yields.

Taking into account the great impact of the crystallinity in the
glycolysis, we can assume that PET depolymerization is not a random
event. Ester bonds close to the particle surface and in the amorphous
phase will break first than the bonds in the crystalline fraction. To
confirm this phenomenon we assume that as the reaction progresses in
time, the part of the material that is not able to crystallize will be
consumed first, increasing the proportion of the total crystal mass
fraction. To corroborate this fact, DSC analysis was performed at t =
0 and after 40 min of reaction in the sample containing 31 % crystal-
linity. In Fig. 8a is observed that the crystal mass percentage increased
slightly from 31 % at time O to 37 % after 40 min of reaction. The
increment can be attributed to the disappearance of the amorphous
phase during the reaction which also allows shorter chains present in the
remaining solid to crystallize.

In order to corroborate this reorganization, SEM images were taken
at different reaction times (Fig. 8b)In Fig. 8b we observe the changes on
the morphology of the model particle surface along the reaction. At 10
min, the particle surface presents a three-layered structure. Then, along
the advance of the reaction, the surface is fragmented into more little
pieces until almost the end of the reaction, when the particle is no longer
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visible. The fragmentation of the surface is attributed to the reorgani-
zation of the remaining macromolecules into smaller islands conformed
by crystalline lamella and amorphous fractions joined by tie molecules.

3.5. Solvent assisted glycolysis Life Cycle assessment (LCA)

Up to this point, we have shown that, especially for the more
amorphous PET samples, glycolysis is possible at 65 °C, a temperature
below the T of the material, in 1 h and using TBD as catalyst. The re-
action is possible at these conditions only when a solvent with the
capability to swell the material is present as cosolvent. However, in the
current context regarding the design of sustainable products and pro-
cesses, most studies are oriented to the removal of organic solvents from
new chemical systems or chemical processes [73]. Recycling of plastics
should ideally create environmental benefit compared to the use of
virgin material; which can be assessed by LCA or other sustainability
assessment methods. In this work, we calculate the carbon footprint of
two glycolysis processes based on data obtained at lab-scale and pre-
liminary process flow charts; and compare the impact of these processes
with the incineration of PET followed by substitution of the incinerated
material by virgin resources. Fig. 8 shows the investigated systems,
namely the reference scenario as proposed by Fukushima et al. [12] and
the new process presented in this study. The proposed flow charts for the
glycolysis of PET comprise the pre-treatment (comprising shredding,
washing, float-sink separation, and drying) of PET waste based on [74],
the glycolysis process itself (based on lab conditions), the downstream
processing of the used solvents (i.e., purification by means of a distil-
lation process), and the crystallization of the BHET.

The results of the carbon footprint analysis are shown in Fig. 9c,
indicating the significant influence of the reactor load (i.e., how much
plastic is glycolyzed per kg solvent) and the distillation efficiency of the
used solvents. In addition, it can be seen that the new scenario (Fig. 7B)
has a lower impact compared to the reference scenario (i.e., no co-
solvent is used; Fig. 9A) if the same conditions are applied in terms of
distillation efficiency and reactor load.

In the case no co-solvent is used, at least a reactor load of 0.11 kg
PET/kg solvent has to be used with a distillation efficiency of 98 % to be
breakeven with the incineration scenario (i.e., incineration of PET fol-
lowed by substitution with virgin PET), whereas already carbon dioxide
emission can be avoided with the same conditions in the co-solvent
scenario. It should be noted that at lab-scale, different reactor loadings
are applied for both glycolysis scenarios — namely 0.19 kg PET/kg sol-
vent in the case of the reference glycolysis process and 0.14 kg PET/kg
solvent in the case of the new glycolysis process. However, even by
applying a lower reactor load (which was done to reduce the viscosity of
the solution), an environmental benefit is achieved by the solvent
assisted process. This is mainly due to the lower energy demand that is
needed to perform the reaction and downstream processing in the case a
co-solvent is being used (e.g., the heat capacity of dioxolane is 1.63 kJ/
kg.K, whereas the heat capacity of ethylene glycol is 2.42 kJ/kg.K).
Hence, it can be seen that energy production contributes to a larger
extent to the reference scenario (68 % of the carbon footprint) compared
to the new scenario (59 %). This is obviously an important asset of the
new method taking into account the global energy transition.

Thus, based on the preliminary process flow, the applied lab condi-
tions and reasonable assumptions (e.g., a distillation efficiency of 98 %),
around 20 % carbon dioxide can be saved by the new glycolysis process
compared with the reference glycolysis process and around 50 %
compared with the incineration scenario. Hence, the developed process
can contribute to the European Union’s (EU) Green Deal to make the
EU’s climate, energy, transport, and taxation policies fit for reducing net
greenhouse gas emissions by at least 55 % by 2030, compared with 1990
levels [75].
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4. Conclusions

This paper aimed at providing a better insight in cosolvent-assisted
glycolysis of Polyethylene Terephthalate (PET). First a theoretical pre-
screening of solvents was done, followed by the study of the interac-
tion or effect of those species in the polymer matrix. Then, the solvents
proved to have the strongest interaction with PET were used as cosol-
vents in the glycolysis in order to get BHET in high yields. Furthermore,
the solvent to PET and EG to PET optimal molar ratios were determined
and based on the kinetic studies made, we concluded that the reaction
behaves as an homogeneous system. Based on these insights, we were
able to design a PET glycolysis process based on polar aprotic solvents as
carriers for both the ethylene glycol and the TBD catalyst which allows
to carry out the reaction at 65 °C in 1 h with total PET conversion and
high BHET yield (88 %), conditions never reached before with a single
homogeneous catalyst. Dioxolane was selected as optimal cosolvent as
the reaction reported the second highest BHET yield when used and due
to its greener credentials in comparison to THF. The mild reaction
conditions were possible, mainly because of swelling which allows a
faster diffusion of ethylene glycol and the catalyst as well as increasing
the accessibility to both species to the ester bond. The current work
shows that PET glycolysis is a process that depends strongly on mass
transport phenomena. Moreover, as diffusion of a liquid phase into a
solid is not only dependent of the liquid properties but also the ones of
the solid, the effect of the crystal mass fraction on the glycolysis effi-
ciency was studied exposing controlled PET samples of different crys-
tallinity to the same amount of 1,3-dioxolane, TBD and EG at identical
reaction conditions. Exploiting the use of solvent we manage to depo-
lymerize highly crystalline samples (up to 41 % of crystallinity) at
140 °C in 8 h. Unfortunately, the obtained BHET yield was lower than in
the case of amorphous PET. Yet, for more amorphous samples, the
process proposed in this work not only consumes less energy in both the
reaction stage and the recovery of the product stage by using the
cosolvent, but also emits 20 % less CO5 than the solvent-free process,
indicating the economic and environmental feasibility of the process.
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