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The degradation of two poly(ethylene terephtalate) (PET) samples from urban and marine wastes (PET-u and
PET-m, respectively) has been studied by comparing their properties with those of virgin PET (PET-v) and post-
condensed PET for bottle fabrication (PET-ssp). FTIR spectroscopy, DSC analysis, WCA and MFI results have
confirmed that all PET residues were degraded. Therefore, the chemical recycling has been evaluated in order to
valorize PET-m and PET-u wastes, analyzing the effect of degradation on the process. Glycolysis of degraded and
non-degraded PET samples has been carried out in a pressure reactor at 220°C for 30 min. For all the cases almost

pure BHET monomer has been obtained: 96.5 and 96.7 % for PET-m and PET-u respectively, values 2 and 13 %
higher than those obtained for PET-ssp and PET-v. Obtained results indicate that the initial degradation of PET
wastes increases the BHET monomer content in the glycolyzed sample.

1. Introduction

Plastics are one of the most abundant type of materials used world-
wide, and their production is continuously growing. As an example,
within an estimated global production of plastics of around 368 million
tons per year, Europe produced around 57.9 million tons of plastic
during 2019 (PlasticsEurope, 2020). This high plastic production leads
to the generation of a large amount of waste. As plastics show usually
high physical and chemical stability, their natural degradation can take
thousands of years (Barnes et al., 2009). A big portion of plastic wastes
end up at the sea, with the consequent danger for the marine environ-
ment. It is estimated that around 12.2 million tons per year end up in the
sea (Plastics Recyclers Europe, 2020). The most common plastic wastes
found at seas and oceans are polypropylene (PP) and PET (Iniguez et al.,
2018b).

PET is a semicrystalline thermoplastic polyester employed in the
manufacture of fibers to produce fabrics and sheets, in the manufacture
of food packaging, and also for multi-layer materials in not-packaging
applications. Among the most commonly polymers employed for food
and beverage packaging, PET is the most appropriate one, due to its
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physic-chemical stability (Chapa-Martinez et al., 2016) and good barrier
properties. PET present good mechanical and thermal properties and,
therefore, it is also used for the production of plastic reinforcements (del
Mar Castro Lopez et al., 2014). Besides due to the great flexibility, as
well as low cost, this polyester is one of the responsible for the plastic
consumption increase in recent years (Wei et al., 2017). In 2000 the
global demand for this material was of around 6.4 million tons, with a
growth rate of 6.9 %, while 10 years later, in 2010, this demand was
almost the double, reaching around 12.6 million tons. According to the
latest data, in 2020 the global demand has been estimated to be of
around 23.4 million tons, with a growth rate of 6.4 % (Chemie, 2020).
As aresult, the volume of wastes continuously increases, becoming more
necessary the development of optimized recycling processes for
obtaining raw materials for the production of new products or for the
energy recovery.

According to a study carried out by Plastic Recyclers Europe, Unesda,
Petcore Europe and Natural Mineral Waters Europe, 4.6 million tons of
PET residues were generated in Europe in 2020 (Plastics Recyclers
Europe et al., 2022), from which only the 49 % (1.9 million tons) were
collected and sorted for recycling (Plastics Recyclers Europe et al.,
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2022). About the rest 51 %, most of the waste ends up in incineration or
land-fill plants, and an important part ends up in the sea. However, the
management and recycling of marine waste is more complicated than
that of urban solid waste. On one hand, the collection of this waste is
complicated and on the other hand, the quality of the material to be
recycled is poor, PET becoming a serious problem at seas and oceans.
The marine environment degrades materials, changing their properties,
constituting a reason for which marine wastes cannot be recycled as
urban wastes. The degradation is defined as the partial or complete
breakdown of a polymer chain (Iniguez et al., 2018). The factors that
affect the degradation of plastics found in marine environment are the
solar radiation, the saltiness of the sea, the atmospheric oxygen, changes
in the temperature of the seas and oceans and the friction with waves
and other elements as rocks (Iniguez et al., 2018a; Pena-Rodriguez et al.,
2021). Five types of degradation processes can occur in marine envi-
ronment: hydrolytic, thermo-oxidative, mechanical, biological, and
photo-degradation (Iniguez et al., 2018a).

On the other hand, the glycolysis has been reported as the oldest
method for chemical recycling of polymeric wastes (Shojaei et al.,
2020). It consists on a solvolytic degradation of PET that reacts with
glycols such as EG, DEG or PG, among others, breaking the ester bonds of
the polymer chain and replacing them by hydroxyl groups, obtaining
different oligomers and finally the bis(2-hydroxyethyl) terephthalate
(BHET) monomer (Raheem et al., 2019; Shojaei et al., 2020).

In this work, the degradation of PET beverage bottle wastes, both
from marine and urban origin has been analyzed by several physic-
chemical techniques, comparing their properties with those of virgin
and post-condensed PET, which are the raw material employed for PET
bottles fabrication, in order to design an appropriate recycling proced-
ure for these wastes. In this way, the depolymerization of PET samples
from different sources has also been carried out in this work, obtaining
BHET monomer using a previously optimized short-time glycolysis
process (Mendiburu-Valor et al., 2021).

2. Materials and Methods
2.1. Materials, sample preparation and glycolysis process

In this work, four different PET samples have been used. Virgin PET
pellets (PET-v) supplied by Plastiverd (Barcelona, Spain), is a trans-
parent and amorphous PET with a viscosity of 0.58 + 0.04 dl/g from the
supplier. Post-condensed PET pellets (PET-ssp) supplied by Indorama
(Cadiz, Spain), is a commercial post-condensed virgin PET, an opaque
crystalline sample with a viscosity of 0.78 + 0.05 dl/g from the supplier.
As for bottle production PET should present viscosity values between
0.78 and 0.80-dl/g, virgin PET is post-condensed. Urban post-consumer
PET waste (PET-u) was provided by Eko-Rec company (Andoain, Spain),
obtained from beverage bottles recovered from municipal wastes and
milled into flakes. For comparative purpose, commercial PET bottles
have been used (PET-bottle) supplied by Nestlé, Aquarel. PET-v and
PET-ssp pellets and PET-u flakes were used as received. Marine post-
consumer PET waste (PET-m) was directly collected from the coast of
the Basque Country, in the flysch zone between Deba and Zumaia
(Gipuzkoa, Spain). Collected bottles are shown in Fig. 1, which were
washed with tap water, dried for 3 h at 60°C in a vacuum oven and
milled into flakes in a grinder for obtaining 2 cm size pellets. It is
important to point out that both urban flakes and marine bottles showed
huge variety of colors that affects to the final appearance of the
glycolysis product. Since humidity can interfere in the characterization
or could also provoke hydrolytic degradation during processing result-
ing in a reduction of the molecular weight (Abbasi et al., 2007a), all
samples have been conditioned for 1 h at 50°C in a vacuum oven before
any characterization or treatment. Fig. 2 shows the different PET ma-
terials studied in this work.

In addition, PET-v, PET-ssp, PET-u and PET-m samples have been
compressed using a hydraulic press Santec 30 at 58 bar and 270°C for 10
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Fig. 1. PET bottles recovered from the sea.

min in order to analyze the behavior when submit at elevated
temperature.

For the glycolysis process, ethylene glycol (EG) from Sigma-Aldrich
(EEUU) was used as reactive and chemically pure zinc acetate from
PROBUS, C. Busquets (Badalona, Spain) as catalyst. For characterization
purposes, standard BHET from Sigma-Aldrich (San Luis, Missouri, USA)
and tetrahydrofuran (THF) provided by Macron Fine Chemicals™
(Avantor, Gliwice, Poland) were also used.

Glycolysis reactions have been carried out under a pressure of 3 bar
in a 0.3 L Parr 50 mini reactor equipped with a thermometer, a
manometer and a refrigeration system. Mechanical stirring was main-
tained constant at 1000-1200 rpm. A PET/EG weight ratio of 1:3 has
been employed (40 g PET, 120 g EG), with 1% mass of zinc acetate as
catalyst, in a working volume of approximately 160 ml. As BHET has
been obtained at very short times (10 min) according to previous work
of our group (Mendiburu-Valor et al., 2021), reactions of 30 min have
been carried out in the present work. After placing the reactants into the
reactor, it was heated up to 220°C and, once the temperature was
reached, reaction time was quantified. The previous warm-up time was
variable between 30 and 45 min. After the reaction, excess hot water has
been added to the glycolysis product constituted by BHET monomer, low
molecular oligomers, and EG as well, and have been left for 24 h at room
temperature. After that, the glycolyzed product (G), constituted by
BHET monomer (O1), dimer (02) and oligomers (03), has been purified
from EG by vacuum filtration using glass microfiber filters and washed
with plenty of water. Finally, the solid fraction has been dried under
vacuum at 50°C for 24 h. Insoluble fractions and yields (n) have been
calculated by the procedure reported in our previous work (Mendibur-
u-Valor et al., 2021). Briefly, THF was added after the glycolysis reaction
and soluble components, such as BHET monomer, low molecular weight
oligomers and EG, were separated from insoluble fractions by filtration,
which were dried and weighted for their evaluation. The reactions were
performed in duplicate and the mean value of the yield and standard
deviation were calculated from results obtained in triplicate for each of
the reactions.

2.2. Characterization techniques

The characteristic functional groups and chemical interactions in
PET samples and their respective glycolyzed products have been
analyzed by Fourier transform infrared spectroscopy (FTIR). Spectra
have been recorded by a Nicolet Nexus spectrometer (Thermo Fisher
Scientific, Waltham, Massachusetts, USA) provided with a MKII Golden
Gate accessory (Specac) with a diamond crystal at a nominal incidence
angle of 45° and ZnSe lens. Spectra have been recorded in attenuated
total reflection (ATR) mode between 4000 and 650 cm’l, performing 64
scans with a resolution of 8 cm™

Thermal properties of the PET-v and PET-ssp pellets and PET-u and
PET-m flakes have been determined by differential scanning calorimetry
(DSC). The analysis has been performed in a Mettler Toledo DSC3+
equipment (Columbus, Ohio, USA) provided with a robotic arm and an
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Fig. 2. Digital images of different PET materials analyzed.

electric intracooler as refrigerator unit. Between 5 and 10 mg of sample
have been encapsulated in aluminum pans. For the analysis, 3 scans
have been carried out under nitrogen atmosphere: a first heating ramp
from 25°C up to 300°C, followed by a cooling stage from 300 to 25°C
and a second heating ramp up to 300°C, with heating and cooling rates
of 10°C/min. From the heating thermograms, glass transition (Tj),
crystallization (T.) and melting temperatures (Ty) have been deter-
mined. The Ty has been ascribed to the inflexion point of the heat ca-
pacity. The exothermic peak minimum and endothermic peak maximum
have been taken as T, and Ty, respectively. The area of each peak has
been considered as the crystallization and melting enthalpy, AH. and
AHp, respectively. The degree of crystallinity (Xc) has been calculated
by the following equation (Ahani et al., 2016):

{AH,,, — AH,
X, = |5 T

A, } -100 D

The term AHp is a reference value corresponding to the heat of
melting of a 100% crystalline PET (135.8 J/g) (Starkweather et al.,
1983). Taking into account the sample variability among PET-u and
PET-m, three samples have been analyzed for each of them, estimating
the mean value and the standard deviation.

The surface hydrophilicity of PET samples has been measured by
static water contact angle (WCA) using the SEO Phoenix Series P-300
equipment (Kromtek Sdn Bhd, Selangor, Malaysia) at room temperature.
In this technique, a deionized water drop is deposited at the surface of
the sample to measure the contact angle value formed by the water drop,
which depends on the chemical interactions between water and the
surface. For hydrophilic materials the contact angle is low, increasing
with the hydrophobicity. With this purpose, 2 pL of water have been
deposited onto the material surface using a 0.4 mm diameter syringe.
The contact angle has been measured ten seconds after drop deposition.
WCA values of five water drops deposited over the surface prepared by
compression molding have been averaged for each sample. Different
areas of the compressed plates have been measured.

The melt flow index (MFI) has been measured by using the HAAKE
Meltflow™T analyser (Thermo Fisher Scientific, Waltham, Massachusetts,
USA). In this technique, the sample is placed in the barrel previously
heated at 280°C. According to DIN ISO 1133 standard, 7 g of sample has
been placed in the analyser, measuring the time taken by the sample for
falling between the established scales, and weighting the mass that has
flown in that time. The MFI value has been determined by averaging the
values obtained from three tests. As it is reported, there is a relationship
between intrinsic viscosity (I.V.) and MFI values (Sanches et al., 2005).
Therefore, in order to determinate the I.V. values of PET samples, a
calibration straight has been created from MFI and L.V. values, as shown
in Eq. (2):

[LV.] = 1.7956-MFI°*% (2

Moreover, weight and number average molecular mass values, M,,
and M, have been calculated from L.V. values, from the following

equations [18]:

LV.]=372-10"*M,°7 3)

[LV.] = 4.68-107*.Mm, 4

Regarding glycolyzed fractions obtained from PET depolymeriza-
tion, their weight average molecular weight (Mw) and number average
molecular weight (Mn) values have been determined by gel permeation
chromatography (GPC), using a Thermo Fisher Scientific chromato-
graph (Waltham, Massachusetts, USA), equipped with an isocratic Dio-
nex UltiMate 3000 pump and a RefractoMax 521 refractive index
detector. The separation has been carried out at 30°C within four Phe-
nogel GPC columns from Phenomenex with 5 um particle size and po-
rosities of 105, 103, 100, and 50 [o\, located in an UltiMate 3000
thermostated column compartment. THF was used as mobile phase at a
flow rate of 1 mL/min. Samples have been prepared by solving obtained
glycolyzed fraction in THF at 1 wt% and filtering using nylon filters with
a pore size of 2 ym. Mw and Mn have been reported as weight average
based on monodisperse polystyrene standards.

3. Results and discussion
3.1. Materials characterization and degradation analysis

The chemical structure of samples has been analyzed through FTIR,
very sensitive to structural changes (Dubelley et al., 2017). Structural
changes in PET samples due to environmental degradation and changes
in crystallinity or chain conformation have been widely studied in
several works (Dubelley et al., 2017; Holland and Hay, 2002; Sammon
et al., 2000).

The main bands of PET samples can be seen at the spectra of Fig. 3.
The band around the wavenumber of 1712 em ™}, attributed to the C=0
stretching vibration, and those around 1240 and 1090 em™?, corre-
sponding to the asymmetric and symmetric C-O stretching vibrations,
respectively, have confirmed the presence of the ester group. Moreover,
the band around 1500 cm ™}, attributed to the C=C stretching vibration
in aromatic rings and those at 870 and 720 cm ™!, both attributed to the
out-of plane C-H bending in benzene ring, have confirmed the presence
of the para-substituted aromatic structure of PET (Dubelley et al., 2017;
Holland and Hay, 2002). Regarding to PET-v and PET-ssp raw materials,
the observed differences could come from their different molecular
weight and crystallinity. It is well known that PET should present a
minimal viscosity, melt resistance, and proper mechanical properties for
being injection processed for bottle production. For this reason, PET-v is
post condensed into PET-ssp, in order to increase the molecular weight
and achieve the rheological properties required for injection, resulting
into crystallinity differences between them (Gantillon et al., 2004). FTIR
spectra of amorphous and semicrystalline PET show differences at the
CH, wagging region, in which bands around 1370 and 1340 cm?,
associated with gauche (amorphous) and trans (crystalline)
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Fig. 3. FTIR spectra of: a) PET-v, PET-ssp, PET-u and PET-m samples and b) PET-v and PET-ssp at the 1450-1300 cm ™' interval.

conformations, respectively, can be seen (Dieval et al., 2012). Fig. 3b
shows the FTIR spectra of PET-v and PET-ssp at the 1450-1300 cm ™ *
interval, normalized with respect to the in-plane C-H bending band of
the benzene ring at 1410 cm™?, since this band has been reported as
insensitive to conformational changes (Bertoldo et al., 2010; Zhou et al.,
2019). As can be observed in the PET-v spectrum, the band related with
the amorphous structure prevails, whereas for PET-ssp the most intense
band is related to the crystalline structure.

Comparing the spectra of PET-m and PET-u wastes with that of PET-
ssp (used for beverage bottle fabrication), changes related with hydro-
lytic degradation could be expected, since hydrolysis is the main process
occurring at low temperatures, below the glass transition (Pirzadeh
et al., 2007). Hydrolysis is a breakdown of water-activated ester bonds
with the formation of carboxylic and hydroxyl end groups (Holland and
Hay, 2002; Sammon et al., 2000), which causes the cleavage of polymer
chains, decreasing the molecular weight. Furthermore, under marine
environmental conditions, in addition to hydrolytic degradation,
UV-induced photo-oxidation is also a relevant degradation pathway
(Gewert et al., 2015). In fact, the ester groups in terephthalate moiety as
well as CH; groups are strongly involved in the photo-degradation of
PET (Fotopoulou and Karapanagioti, 2019). Photo-degradation leads to
the cleavage of the ester bond forming as a result carboxylic acid end
groups (Gewert et al., 2015; Venkatachalam et al., 2012). As it has been
reported several times in the literature the hydrolysis and
photo-oxidation degradations have similar degradation pathways
(Fotopoulou and Karapanagioti, 2019; Gewert et al., 2015). Therefore,
both photo-oxidative and hydrolysis can cause changes in the FTIR
spectrum at the vibration stretching intervals of hydroxyl and carbonyl
groups, together with that of C-O-C of ester group and CHy (Fig. 4).

At the interval corresponding to the stretching vibration of hydroxyl
group (Fig. 4a), in addition to the band around 3450 cm ™! related with
O-H stretching vibration of ethylene glycol end groups (Holland and
Hay, 2002), PET-u and PET-m showed a broad band around 3260 em™!
associated to hydrogen-bonded O-H groups from carboxylic and alco-
holic end groups (Sammon et al., 2000). As it has been reported in the
literature this band broadens with degradation suggesting the presence
of carboxylic acids (Edge et al., 1996). Among PET wastes, the intensity
of this band is higher for PET-m sample, suggesting that this sample
could be more degraded due to the higher hydrolytic and
photo-degradation aggressiveness of marine environment. At this in-
terval, some other bands related with aromatic and aliphatic C-H
stretching vibrations around 3060 cm ! and 2970 cm ™! wavenumbers,
respectively, can be observed. At the interval corresponding to the
stretching vibration of carbonyl groups (Fig. 4b), the intensity of the

carbonyl band of the ester group at 1712 cm ™! decreased in PET-u and
PET-m samples compared to that of PET-ssp. Furthermore, this band
widens towards lower wavenumbers, which is usually attributed to the
stretching vibration of the carbonyl group of the carboxylic acid
(Dubelley et al., 2017). At the third interval (Fig. 4c), the intensity of the
ester group C-O-C band at 1240 cm ™! decreased in PET-u and PET-ssp.
PET-ssp sample shows a shoulder at 1120 cm™!, which has been
attributed to trans (crystalline) ethylene glycol (Cole et al., 2002;
Dubelley et al., 2017). This shoulder is missing for PET-u and PET-m,
agreeing with their lower crystallinity when compared to PET-ssp.
Moreover, the band attributed to the in plane bending of C-H in ben-
zene ring at 1015 cm ™!, which has been found to increase with crys-
tallinity as consequence of annealing or drawing (Bertoldo et al., 2010;
Cole et al., 2002), decreased in PET-u and PET-m samples.

As it was previously discussed, the CHy wagging region is useful to
analyse PET crystallinity. As can be seen in FTIR spectra of Fig. 4d,
corresponding to that region, the ratio between intensities of the trans
(crystalline) band around 1340 c¢m ! and the band at 1410 cm ™! taken
as reference, 11340/11410, decreased for both PET-u and PET-m, in
agreement with previous results. Despite the bands related with hy-
droxyl, carboxylic acid and ester carbonyls suggested that higher chain
excision occurred in PET-m, its crystallinity seems to be lower than that
of PET-u. However, it should be taken into account that after the
fabrication of beverage bottles by injection molding from PET-ssp, the
fast cooling process applied results into lower crystallinity. Fig. 4d also
shows the FTIR spectra of a piece taken from a bottle of PET (PET-bottle)
for comparative purposes. As can be observed the 11340/11410 ratio of
PET-bottle is considerably lower than that of PET-ssp. Therefore, the
lower 11340/11410 ratio observed in PET-u and PET-m residues coming
from bottles comparing to PET-ssp could be mainly related to the
processing.

So, it can be deduced that the more degraded samples such as PET-u
and PET-m present lower crystallinity than PET-ssp, but quite similar to
PET-bottle, as it has been shown by FTIR analysis.

Thermal properties of post-consumer and marine PET wastes may
change when compared to those of PET-ssp and PET-v, due to hydrolytic
degradation (Abbasi et al., 2007b; Masmoudi et al., 2018a; Pegoretti and
Penati, 2004; Qin et al., 2018). Fig. 5 shows the most representative DSC
thermograms of different PET samples, corresponding to the first heat-
ing, cooling and second heating scans. The values of thermal properties
obtained from them are summarized in Table 1.

During the first heating scan, a Tg at 70°C, an exothermic crystalli-
zation peak (T.) at 126°C and an endothermic melting peak (Ty,) at
252°C have been detected for PET-v sample, whereas for PET-ssp one no
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Fig. 4. FTIR spectra of PET-ssp, PET-u and PET-m at the intervals corresponding to: (a) the stretching vibration of hydroxyl group at 3500-2700 cm ™!, (b) carbonyl
group at 1800-1600 cm ™%, (c) ester C-O-C group at 1600-1000 cm ' and (d) spectra of PET-ssp, PET-u and PET-m samples and PET-bottle for comparison, at the

interval corresponding to the CH, wagging region (1450-1300 cm ™).

exothermic crystallization peak has been observed, thus confirming that
the material is fully crystallized after post-condensation (Bartolotta
et al., 2003). These results agree with those observed in FTIR analysis.
Moreover, PET-ssp has shown a Ty value at 81°C, slightly higher than the
observed in PET-v, due to the mobility restrictions imposed by the
higher crystallinity. The two melting peaks observed in PET-ssp at 237
and 252°C, suggest different crystalline structures formed probably
during post-condensation (Awaja and Pavel, 2005; Rajendran and Mis-
hra, 2007; Tan et al., 2000). Even if PET-v can crystallize during heating,
the melting enthalpy value is lower than that for PET-ssp, which
confirmed its higher crystallinity.

PET-u and PET-m have shown a T, at 82 and 77°C, respectively, in
the range of that observed for PET-ssp, as well as the absence of
exothermic crystallization. Regarding crystallinity of both PET-u and
PET-m, they have shown lower melting enthalpy, and therefore lower
crystallinity comparing with PET-ssp, agreeing with FTIR results.
Moreover both have shown a single melting peak at higher temperature,
suggesting a different polymer chain arrangement. In the same way than
for FTIR analysis, a piece taken from a PET bottle has been analysed by
DSC for comparative purposes. Data are summarized in Table 1. Results

have confirmed that the differences in crystallinity among PET-u and
PET-m and PET-ssp, in addition to the hydrolytic degradation, would
also be influenced by processing.

In the cooling scan, all PET samples, with the exception of PET-ssp,
have shown a pronounced sharp exothermic peak attributed to the
crystallization process of PET. Comparing non degraded PET-v and PET-
ssp, the higher crystallization temperature and exothermic enthalpy
values observed in PET-v suggest a faster crystallization kinetic, which
could be attributed to its lower molecular weight. Regarding cooling
traces of PET-u and PET-m wastes, both crystallization temperature and
crystallization enthalpy are higher than in the case of PET-ssp, also
higher than PET-bottle, due to the higher mobility of chains that fav-
oured the crystallization process. Moreover, only PET-ssp has shown a
clear Ty around 76°C, related to the presence of amorphous fractions of
PET due to its lower crystallization kinetics.

Finally, comparing the second heating scans with the first ones, the
main differences have been found for PET-v and PET-ssp samples. The
crystallization peak observed in the first scan for PET-v is hardly
appreciated in the second one, suggesting that PET-v almost fully crys-
tallizes during the cooling scan, while in the case of PET-ssp a clear
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Fig. 5. DSC thermograms of different samples. First heating scan (-), cooling
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Table 1
Main parameters obtained from DSC thermograms of PET-v, PET-ssp, PET-u,
PET-m, and PET-bottle during the 1* heating scan, cooling and 2" heating scan.

PET- PET- PET-u PET-m PET-
v ssp bottle
1t heating Tg (°C) 70 81 82+3 77 £ 3 80
scan T, (°C) 126 - - - 99
AH. (J/ 25 - - - 1
8)
Tm (°C) 253 237, 250 + 250 + 247
252 2 1
AH, J/ 36 46 37+6 39+4 37
8)
Xc (%) 8 34 27 £7 29+ 4 27
Cooling scan Tg (°C) - 76 - - -
T. (°C) 191 161 188 + 185 + 178
13 12
AH. (J/ 30 13 38+3 38+4 9
g)
X, (%) 22 10 28+ 3 28 +4 7
2"d heating Ty (°C) 75 81 801 801 80
scan T. (°C) 153 160 - - -
AH. (J/ 1 10
g)
T (°C) 249 248 248 + 248 + 243
1 0
AH, (J/ 34 31 35+ 4 34+5 30
g)
X, (%) 24 23 26 + 4 25+ 6 22

crystallization peak is observed at 160°C, absent in the first scan, thus
corroborating its semi crystalline state. On the other hand, PET-ssp
sample shows a single melting peak, due to, neither in the cooling
scan nor during the second heating scan, the sample is not able to
develop the same crystalline structure achieved in the post-condensation
process. PET-bottle also shows slightly lower crystallinity in the second
scan. However, comparing the melting enthalpies and crystallization
degrees of PET-u and PET-m with those of PET-bottle, slightly higher
values have been measured for PET-u and PET-m once the thermal
history has been erased.

Degradation is also observed in plaques obtained by compression
molding (Fig. 6).

As it can be seen, PET-u and PET-m presented different appearance
when compared with PET-v and PET-ssp. Moreover, PET-m showed an
intense brown color, which confirm a severe thermo-oxidative degra-
dation during compression (Masmoudi et al., 2018b). Yellowing or
discoloration of PET samples has been attributed in the literature to
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Fig. 6. Images of PET samples obtained by compression molding. From left to
right: PET-ssp, PET-v, PET-u and PET-m.

various degradations including thermo-oxidation (Berg et al., 2016),
hydrolytic degradation (Gewert et al., 2015) and photo-oxidation
(Duvall, 1995; Gewert et al., 2015). According to Gewert et al (2015),
photo-degradation leads to the cleavage of the ester bond forming a
carboxylic acid end group and a vinyl end group directly, or to radicals,
which finally lead to the formation of a carboxylic acid end group. These
carboxylic acid end groups have a promoting effect on thermo-oxidative
degradation (Gewert et al., 2015), as occurred in PET-m sample. Then,
the higher degradation of PET-m sample is confirmed, in good agree-
ment with the FTIR analysis.

In order to analyse the effect of degradation, WCA analysis has also
been performed. Obtained values, together with the images corre-
sponding to the water drop over samples are shown in Table 2. A contact
angle of 72° has been obtained for PET-v, while PET-ssp one presented a
value of 77°. The post-condensation process, besides increasing the
molecular weight, has decreased the amount of -COOH and -OH groups,
thus decreasing the hydrophilicity, giving rise to a greater contact angle
(Karayannidis et al., 1993). Regarding PET wastes, it can be observed
that, the higher the degradation of PET, the lower the contact angle,
especially for PET-m, showing higher hydrophilicity. This idea is in
agreement with the conclusions about degradation obtained from FTIR
analysis. In fact, hydrolytic and photo-oxidative degradation and
thermo-oxidative as well for compression molded samples, resulted into
the breaking of chains increasing the content of -COOH and -OH groups.
As WCA results suggest, those functional groups could also be present at
the surface and, consequently, interact with water decreasing the con-
tact angle.

Regarding MFI values, it is well known that high values could be
related with some degradation (de Oliveira Santos et al., 2014).
Measured values are shown in Table 3. As PET-m sample has shown the
highest value, it seems to be the most degraded sample, in agreement
with previous results.

As the viscosity of PET products is a key parameter for their recy-
cling, their intrinsic viscosity (I.V.) has also been determined according
to Eq. (2) and gathered in Table 3. The experimentally obtained values
for PET-v and PET-ssp are in the range of those provided by the supplier.
The L.V. value decreased considerably for PET-m compared to starting
PET-ssp, as can be seen in Table 3. Moreover, M,, and M,, values deter-
mined according to Egs. (3) and 4, have confirmed that the residues of
PET present a lower molecular weight, as was previously mentioned.
PET-u and PET-m have shown higher MFI values and, therefore, they
have present lower viscosity and molecular weight values, in agreement
with the conclusions extracted from FTIR, DSC and WCA. As can be seen
in Table 3, PET-ssp presents higher viscosity and molecular weight when
compared to PET-v, due to the post-condensation process.

FTIR, DSC, WCA, and MFI results suggest that PET-u and PET-m
samples have developed degradation that has caused chain cleavage,
increasing crystallinity and hydrophilicity, and decreasing I.V. and the
molecular weight. Therefore, the PET-u and PET-m samples analyzed do
not have the properties required to be reused as raw material in common
PET applications. This is why chemical recycling can be an alternative
for degraded PET waste. However, the degradation experienced could
affect the glycolysis process itself.

3.2. Glycolysis process for BHET obtention

Chemical recycling by depolymerization has been carried out in
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Table 2
Contact angle values for different PET samples, together with the corresponding images of water drop over the samples.
PET-v PET-ssp PET-u PET-m
Contact angle (°)
72+ 3 77 £ 3 71+ 2 66 + 3

Table 3
Measured MFI values, together with the corresponding 1.V. and M, and M,
values for different PET samples.

Table 4
Insoluble fractions in THF and yield values of glycolysis products for each of the
PET samples.

Samples MFI (g/10 min) LV. (dl/g) M,, (g/mol) M,, (g/mol) Fraction Insoluble (%) n (%)
PET-v 97 £+ 32 0.60 £+ 0.05 28228 + 3998 37281 + 6444 G-v 3 68 +9
PET-ssp 39 +13 0.74 + 0.08 33116 + 6912 50833 + 11377 G-ssp 4 65 + 11
PET-u 89 + 14 0.60 + 0.02 24780 + 1600 37206 + 2578 G-u 3 55 +13
PET-m 126 £ 15 0.55 £+ 0.02 21997 + 1549 32740 + 2475 G-m 4 63 + 10

order to find an alternative solution for degraded PET waste manage-
ment and obtain BHET monomer for further polymer synthesis. Fig. 7a
shows the aspect of glycolysis products just after the reaction and before
the filtration process. It can be seen that the most degraded PET-u and
PET-m samples presented a darker colour, attributed to the coloration
observed in PET flakes. In the filtration process, most of the dark colour
responsible fractions have been washed out with the water and removed
together with the EG if it is compared with the darker glycolyzed
product obtained from the PET-m glycolysis (Fig. 7b).

The glycolyzed products obtained after the filtration process have
been analysed by FTIR. Obtained spectra can be seen in Fig. 7, together
with those corresponding to PET-v and BHET. The spectrum of BHET
monomer used as reference shows an absorption band around 3442
em™! related with the -OH group stretching vibration, which is also
observed in the glycolyzed products, while it is not appreciated in the
polymerized PET sample. Moreover, a double band related with the ester
group carbonyl stretching vibration can be seen at 1712 cm™! in the
spectra of reference BHET sample and the glycolyzed products, whereas
PET samples show single band. It seems that for all PET samples, after 30
min of glycolysis reaction, apart from oligomers, BHET monomer has
been obtained, as will be corroborated by GPC analysis.

The yields obtained for the different reactions are summarized in
Table 4, together with the insoluble fractions. While the highest yield of

Fig. 7. (a) Image of the glycolysis products obtained from the depolymerization
reactions of PET-v, PET-ssp, PET-u and PET-m (from the left to the right) and
(b) glycolyzed G-m fraction after purification step.

BHET has been obtained for PET-v, the lowest one has corresponded to
PET-u. On the other hand, it must be taken into account that, even if the
glycolyzed obtained from PET-m (G-m) presented a higher yield
comparing with the glycolyzed obtained from PET-u (G-u), G-m pre-
sented the highest insoluble fraction. Fig. 8

Molecular weight values of the glycolysis products obtained have
been measured by GPC. Fig. 9 shows the GPC traces obtained, together
with that corresponding to BHET. Oligomer contents, obtained by
integrating the area under the peak, are summarized in Fig. 9, where O1,
02 and O3 correspond to the fractions of BHET monomer, dimer and
oligomer, respectively, with retention times of 38, 37 and 36 min (Fang
et al., 2018; Lopez-Fonseca et al., 2011).

Among the three different signals shown, that corresponding to O1 is
the most significant one, corresponding to a M,, of 172-180 g/mol,
related to BHET monomer (Lopez-Fonseca et al.,, 2011). Peaks with
lower intensity appeared around 36-38 min, related to BHET oligomers
with 2-3 repeating units: the O2 fraction with a corresponding M,, of
384-396 g/mol, and the O3 one, with a corresponding M,, of 594-671
g/mol. As it can be seen from Fig. 9, BHET has been the main product
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Fig. 8. FTIR spectra of the glycolyzed products obtained from the depoly-
merization reaction of different PET samples, together with those correspond-
ing to PET-v and commercial BHET.
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Fig. 9. GPC results comparing reference BHET and the BHET obtained from the
depolymerization of different PET.

obtained from the glycolysis. Moreover, the most degraded PET-u and
PET-m samples, presented a lower fraction of O2 dimers, which could be
related to the fact that degradation consists on the breakdown of poly-
mer chains into lower molar mass oligomers.

Table 5 summarizes the fractions of BHET monomer, dimer and
oligomer obtained from the glycolysis of different PET samples at 30 min
of reaction. By analysing the results, it can be concluded that PET-ssp
and related residues present higher BHET content in the glycolyzed
product obtained. Glycolyzed products of PET-ssp and their residues
show similar composition, being 2 % higher the content of BHET for the
most degraded PET-m and PET-u samples. On the other hand comparing
G-u and G-m compositions with G-v, BHET content is even higher,
reaching a value of 13 %. Therefore, for undegraded PET samples, the
percentage of BHET monomer in G-ssp is almost 11% higher than in G-v,
which could be related to the different structure of PET-v and PET-ssp.
As observed in the DSC study, the PET-ssp sample presents two
melting peaks at 237 and 252°C, the first being the most significant and
occurring at a melting temperature lower than that observed in the rest
of PET samples, which is attributed to the different crystal structures
that have been generated in the post-condensation process (Tan et al.,
2000). This lower melting temperature may favour the depolymeriza-
tion of PET to BHET, being able to start the reaction earlier, obtaining a
higher content of BHET after 30 min of reaction. However, it should be
noted that the depolymerization reaction of PET to BHET monomer and
dimer is reversible, and in the presence of EG, the amount of monomer
and dimer changes in a matter of minutes, according to our previous
work where the kinetics of the depolymerization reaction was studied
between 10 and 180 min (Mendiburu-Valor et al., 2021). These results
indicate that PET life cycle can be optimized by designing the glycolysis
depolymerization reaction, not only controlling the parameters but also
the raw materials, in order to obtain tailor made molecules for next resin

Table 5
Oligomer content (%) and M,, and M,, values, as obtained by GPC.

01) 02 03)

M, = 168-176 g/mol

M, = 380-393 g/mol

M, = 591-649 g/mol

Samples 175180 g/mol M, — 384-396 g/mol M, — 594-671 g/mol
(%) (%) (%)
BHET ref 88 11 1
Gv 84 14 2
G-ssp 95 5 1
Gu 97 3 0
G-m 97 3 0
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production.
4. Conclusions

Different PET samples have been characterized in order to evaluate
the effect of degradation on their physic-chemical properties. The photo-
degradation and hydrolysis seems to be the main degradation process
suffered by samples, causing the cleavage of polymer chains, leading to
the formation of carboxylic and hydroxyl end groups, as has been
corroborated by FTIR analysis. It has been confirmed by FTIR and DSC
that the crystallinity is similar for the wastes and PET-bottle samples. In
contrast, the post-condensed PET sample has a higher degree of crys-
tallinity and a double melting peak in the DSC at a lower temperature
due to the different crystal structures. Moreover, this fact causes the
increasing of BHET content for PET-ssp samples respect to PET-v due to
its lower melting temperature. It has also been shown that the degra-
dation could also benefit the depolymerization of PET for the obtaining
of BHET.

The results obtained in the WCA seem to confirm that PET-m and
PET-u were degraded. Degradation in the environment generated
-COOH and -OH groups as a consequence of photo-degradation and
hydrolysis mechanisms. Furthermore, these functional groups promoted
the thermo-degradation of the samples obtained by compression mold-
ing for WCA analysis. MFI values were also in accordance, the most
degraded PET-m and PET-u samples presenting higher MFI values and
therefore, lower viscosity and molecular weight, comparing with PET-
ssp and PET-v. The results confirm that changes of PET in the marine
environment as a consequence of UV radiation and seawater lead to
greater degradation than in the case of municipal waste.

On the other hand, the glycolysis of PET waste has been carried out
successfully, obtaining very good results, demonstrating that chemical
recycling is a possible option for degraded materials, obtaining BHET for
very short reaction times. In addition, it has been shown that the
degradation of materials could change the properties of PET, leading in
this case to an increase of BHET monomer content in glycolyzed prod-
ucts, reducing dimer and oligomer amounts. Obtained results suggest
that BHET monomer content strongly depends on the selected raw
materials.
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