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Abstract 

Glycolysis is one of the most explored approaches to the chemical recycling of poly(ethylene 

terephthalate) (PET). Apart from complete depolymerisation, which is the traditional strategy 

in this field, there is also the possibility of partial depolymerisation of PET in the solid state so 

that instead of reaching the monomer, oligomeric and polymer chains with a tuneable 

polymerisation degree are formed. This study monitored and modelled the partial 

depolymerisation of PET using an excess of ethylene glycol (EG) in the absence of an 

additionally added catalyst (only remnant production catalysts) at different times (from 10 to 

120 min) and temperatures (from 160 to 210 °C) as a feasible approach for tailoring physico-

chemical performance of PET fractions. Under these conditions, glycolysis involved the 

heterogeneous process concerning the diffusion of EG into the bulk PET particles and attack of 

amorphous regions, coexisting with the beginning of the homogeneous stage with the further 

generation of oligomers and a minor number of BHET molecules. Monitoring glycolysis 

highlighted variations in the solid fraction of PET: a significant molar mass reduction, an 

increase in polar hydroxyl groups, and promotion of low-lamellar thickness crystalline 

population. These changes were empirically modelled using a Boltzmann equation and offering 

the possibility of tailoring the physico-chemical performance of PET as a function of immersion 

time and temperature for this particular system. The glycolysed fractions of PET waste can be 

considered appropriate for closed-loop, semi-closed, and open-loop chemical recycling, with 

different applications through a simple, green, and versatile process. 
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1. Introduction 

The global production of plastics reached 391 million tonnes in 2021, being the packaging 

sector one of the largest end-use markets (44%). In Europe, more than 57 million tonnes of 

plastics were produced, of which more than 50% were managed as post-consumer waste. 

Although great effort is being made for plastic post-consumer waste collection, 23% still ended 

up in landfills, 42% were incinerated and 35% were mechanically recycled [1]. Even if plastic 

waste collection improved meaningfully, mechanical recycling limitations provoked that a 

significant percentage still ends up in landfills or is destined for energy recovery. Therefore, 

developing technological alternatives complementary to mechanical recycling is crucial to 

increasing the circularity of plastic waste. 

Among plastics applied to the packaging sector, poly(ethylene terephthalate) (PET) is regarded 

as the fourth most used, below poly(ethylene) (PE), poly(propylene) (PP) and poly(vinyl 

chloride) (PVC) [1]. Including fibres for textiles, PET becomes the second in the most used 

polymers ranking. PET is the most relevant member of the linear aromatic polyesters family 

and has become a primary daily-used material due to its appropriate properties such as 

durability, versatility and lightness [2]. One of the widely extended uses of PET is for 

manufacturing products with a single use that are discarded in a short period. Such a scenario 

provokes economic, environmental and social concerns that encourage managing PET wastes 

according to circular economy principles [3,4]. Current advances in the valorisation of PET 

encompass a spectrum of approaches. Enzymatic depolymerisation methods are progressing 

with improved enzymes and optimized conditions [5,6], microwave-assisted depolymerization 

is becoming more energy-efficient and selective [7,8], and mechanical recycling is evolving 

with advanced grinding techniques, additive integration, high-throughput processes, and 

integrated chemical modifications [9,10]. These advancements collectively contribute to more 

sustainable and effective PET recycling strategies across various technological fronts. Despite 

these advances, especially in mechanical recycling, there is still a significant proportion that 

still ends up in landfills or is destined for energy recovery, due to technology readiness 

limitations or process drawbacks. Therefore, developing technological alternatives is necessary 

to comply with circular economy principles, the 2030 Agenda [5], and the Sustainable 

Development Goals (SDGs) from the United Nations [6]. 

Among others, there is an increasing trend for depolymerising PET residues and reintroducing 

them into the production stream of speciality products such as saturated and unsaturated 

polyester resins, coating materials, additives and polyurethanes or fuels [11,12].  Chemical 
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recycling ultimately involves breaking the polymer chain through depolymerisation, producing 

raw monomers for new polymer production and other value-added by-products [13–15]. Some 

of the most relevant chemical recycling strategies for PET involve glycolysis, hydrolysis, 

methanolysis, aminolysis or hydrogenation, depending on the chemical agent used to cleave the 

polymer chain [16]. Among them, glycolysis by ethylene glycol (EG) is one of the most 

common methods for the chemical recycling of PET because it allows the use of minimal 

amounts of reagents and milder conditions (pressures and temperatures) compared to other 

techniques [17–20]. This mildness contributes to the overall sustainability of the process by 

minimizing energy consumption and the generation of harmful by-products. Moreover, 

ethylene glycol is a relatively inexpensive and commercially available chemical that can be 

produced from renewable feedstocks, such as biomass or bio-based sources, aligning with the 

principles of green chemistry and reducing dependence on fossil fuels [21,22]. This, together 

with the cost is particularly crucial for large-scale industrial applications where cost 

considerations play a significant role. Ethylene glycol also exhibits versatility as it is compatible 

with existing industrial infrastructure and can be recovered and reused in the process, thus 

involving low waste generation [23]. 

Glycolysis is one of the most attractive systems for the chemical recycling of PET into bis-2-

hydroxyethyl terephthalate (BHET), which can be subsequently used for the preparation of new 

PET. Without a catalyst, this process results from multiple alcoholysis and transesterification 

reactions that occur in a single homogeneous phase involving long times at temperatures higher 

than 245 °C [24–26]. At lower temperatures, glycolysis of PET occurs in the solid state during 

dispersion in a liquid phase [27,28]. Compared to some alternative methods for PET 

valorisation, the glycolytic process using ethylene glycol tends to have a lower environmental 

impact. It produces fewer harmful by-products and can contribute to a closed-loop recycling 

system where PET can be recycled into new products. 

The overall PET glycolysis process may be summarised in the following stages, as schematised 

in Fig. 1: (i) diffusion of EG into the bulk of PET particles; (ii) attack to amorphous regions 

and generation of oligomers; (iii) further generation of oligomers and a small number of BHET 

molecules in the amorphous regions still involving separated solid and liquid phases; (iv) 

fragmentation into prominently crystalline small entities of oligomers; (v) solubilisation of 

oligomers into the liquid phase; and (vi) generation of BHET molecules. 



C. Primaz, O. Gil-Castell, A. Ribes-Greus. Partial glycolytic depolymerisation of poly(ethylene terephthalate) (PET) in the 

solid state: modelling the contribution of time and temperature. Polymer Degradation and Stability 2024:221;110695 

5 

In addition to the complete depolymerisation of the polymer into its respective monomers, there 

is also the possibility of partial depolymerisation of solid PET in bulk when applying milder 

glycolysis conditions so that intermediate-molar mass chains are formed. Although BHET yield 

is scarce in the early stages of the glycolysis reaction, the solid fraction of PET is subjected to 

several reactions that promote changes in its structure and morphology [29]. Particularly for the 

glycolytic treatment of PET, the heterogeneous process that lately coexists with the 

homogeneous phase previously described in stages (i) to (iii) can be considered a promising 

opportunity for tailoring the physico-chemical properties of PET waste [18]. In this regard, 

empirically modelling the changes in the performance as a function of glycolysis time and 

temperature would be very useful for preparing glycolysed fractions of a particular behaviour 

on demand. 

 

Fig. 1. Macroscopic scheme for the glycolysis of PET, with indications of the focus of this study. 

According to their physico-chemical behaviour, glycolysed polymer chains can be considered 

appropriate for closed-loop recycling, semi-closed loop and open-loop recycling, with different 

applications of varying value. On the one hand, partial depolymerization allows for the 

recycling of solid PET while preserving a significant portion of its original polymer properties. 

This is crucial for closed-loop strategies, where the goal is to maintain the quality of the material 

and reuse it in similar high-value applications. Moreover, compared to full depolymerization, 

partial depolymerization may require less energy input, which is essential for sustainability and 

cost-effectiveness. In semi-closed loop systems specific polymers are selectively targeted and 

recovered from mixed plastic waste streams. This targeted recovery is essential for ensuring the 

quality and purity of recycled materials, especially when dealing with complex mixtures. Semi-

closed loop systems allow for the maintenance of material quality by selectively recovering and 

recycling specific polymers without subjecting them to excessive processing. This is 

particularly important for applications where high-quality recycled materials are required. 
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Moreover, semi-closed loop systems can be frequently adapted to existing recycling facilities 

and infrastructure. This adaptability minimizes the need for extensive modifications or the 

construction of entirely new facilities, making it a more feasible option for transitioning from 

open-loop to closed-loop practices. Finally, open-loop recycling involves processing plastic 

waste into new materials with potentially different applications. Partial depolymerization 

provides a versatile intermediate stage, producing valuable tailored-size polymer molecules that 

can be further processed into a range of products, enhancing the adaptability of the open-loop 

recycling system. Partial depolymerization can also simplify downstream processing steps in 

open-loop systems by producing intermediates with lower molecular weights. This can reduce 

the complexity of purification and polymerization processes in the production of new materials. 

Examples of these strategies can be found in the literature, where the glycolysed PET fractions 

of higher molar mass can be used as raw materials for downgraded applications, as components 

in blends, and as matrix and/or reinforcing agents in thermoplastic or thermosetting materials 

[30–34]. Oligomers with lower molar mass can be considered for polycondensation of PET pre-

polymers [35–37], modified with chain extenders for the preparation of thermosetting 

copolymers [38,39], or as additives for favouring enzymatic degradation of PET [40], among 

others. 

Therefore, this study aims to monitor and model the partial glycolytic depolymerisation of PET 

in the solid state using an excess of EG in the absence of an additionally added catalyst (only 

remnant production catalysts) at different times (from 10 to 120 min at 180 °C) and 

temperatures (from 160 to 210 °C during 30 min) as a feasible approach for accurate tailoring 

the physico-chemical properties of PET wastes. Hence, the comprehensive study of the changes 

in the solid fraction in the early stages of glycolysis during the heterogeneous phase involves 

the novelty of this work, which is presented as a promising opportunity for preparing PET 

fractions with a specific performance by applying a simple glycolytic strategy. 

2. Materials and methods 

2.1. Materials, reagents and glycolysis strategy of PET 

Commercial PET pellets (d < 2 mm) with Mw 25000 g·mol-1 and intrinsic viscosity 0.58 dL·g-1 

were supplied by Novapet (Zaragoza, Spain). Ethylene glycol ReagentPlus® ≥99%, 1,1,1,3,3,3-

Hexafluoro-2-propanol ≥99% (HFIP) and sodium trifluoroacetate 98% were purchased from 

Sigma Aldrich (St. Gallen, Switzerland) and used without further purification. PET pellets were 

dried under vacuum at 50 °C overnight. 
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Glycolysis of PET was carried out in a 500 cm3 three-necked flat-bottom glass reactor equipped 

with a thermometer and a reflux condenser operated at atmospheric pressure. The reaction 

vessel and the EG solution were preheated to the selected temperature before adding the PET 

granules to minimise the time required to reach the reaction temperature. In all runs, 10 g of 

dry PET pellets involving an EG:PET molar ratio of 4:1 were introduced into the reactor. On 

the one hand, the glycolysis reaction proceeded for 10, 20, 30, 60, 90 and 120 min at 180 °C. 

On the other hand, the reaction was carried out at 160, 170, 180, 190, 200 and 210 °C for 30 

min. After the specific time interval at the reaction temperature, the reactor vessel was removed 

from the heating mantle, quenched quickly in an ice bath, and the suspension was filtered. The 

product was separated into solid and liquid phases using Whatman glass microfiber binder-free 

filters, grade GF/C-1.2 mm (Maidstone, UK), under vacuum. The glycolysed samples were 

obtained as a solid phase retained after subsequent stages of filtration and washing with 

ultrapure water, altogether resulting in a solid yield above 97%. This solid yield was calculated 

with Eq. 1, where m0 is the initial mass and md is the mass obtained after a drying stage of the 

filtrate in an oven at 60 °C for 12 h. The products obtained were then micronized in a dry mill 

microniser using Retsch ZM 200 Ultra Centrifugal Mill (Haan, Germany) under an N2 

atmosphere. 

𝑌𝑖𝑒𝑙𝑑 (%) =
𝑚0−𝑚𝑑

𝑚0
· 100    (1) 

2.2. Scanning electron microscopy (SEM) 

The consequences after the glycolytic treatment were visually analysed by field-emission 

scanning electron microscopy (FE-SEM) in a Hitachi S4800 equipment. For this purpose, the 

dry-treated entire PET pellets and the cross-section portions obtained after transverse cutting 

with a scalpel were deposited onto sample holders and sputter-coated with a platinum layer for 

60 s. Finally, the surface micrographs were taken using a voltage of 3 kV. 

2.3. Fourier-Transform infrared spectroscopy (FT-IR) 

The chemical structure was studied using Fourier-Transform infrared spectroscopy (FT-IR) 

analysis in the attenuated total reflectance (ATR) mode. In detail, a ThermoFischer iS50 

spectrometer (Waltham, MA, USA) was considered, and spectra were collected in the 

wavenumber range between 500 to 4000 cm-1, with a resolution of 4 cm-1 during 64 

accumulations. Five analyses per sample were performed and averaged with the aid of the 

Omnic® software. For normalisation purposes, the proportion of the absorbance of the C‒O 
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and O‒H stretching signals at 1240 and 3425 cm-1 versus the peak at 1410 cm-1 of the in-plane 

deformation of the benzene ring was considered, which is usually regarded as an internal 

standard in PET infrared spectroscopy studies [41,42] 

2.4. Gel permeation chromatography (GPC) 

A Waters 1515 liquid chromatograph (Milford, MA, USA) equipped with a Waters 717 plus 

autosampler, a photodiode array detector (PDA 2998) and a Phenomenex Phenogel 5 µm linear 

column (300×7.8 mm) (Torrance, CA, USA) was used to measure the molar mass distribution 

at room temperature. HFIP with 10 mM sodium trifluoroacetate was used as the eluent at a flow 

rate of 1 mL·min-1 and as the solvent. Poly(methyl methacrylate) (PMMA) standards with 10 

narrowly distributed molar masses were used to calibrate the system. All the polymer solutions 

were prepared in triplicates with a concentration of 0.2 wt.% and were filtered through a 0.22 

µm PTFE syringe filter before injection. The molar mass distributions were analysed using the 

Empower 4 software. 

2.5. Thermogravimetric analysis (TGA) 

The thermo-oxidative stability was assessed through thermogravimetric analysis (TGA) in a 

Mettler-Toledo TGA 851 series setup (Columbus, OH, USA). The samples, with a mass of 

about 4 mg, were introduced into 70 μL Mettler-Toledo perforated alumina crucibles. A 

dynamic heating program with a rate of 10 °C·min-1 from 25 to 800 °C was applied in an oxygen 

atmosphere, with a flux of 50 mL·min-1. The samples were analysed in triplicates, and averages 

and deviations were taken as representatives. 

2.6. Differential scanning calorimetry (DSC) 

The thermal properties were analysed using differential scanning calorimetry (DSC) in a 

Mettler-Toledo DSC 820e device (Columbus, OH, USA). The samples with a 4 mg mass were 

deposited in perforated aluminium crucibles of 40 µL. Analyses were carried out from 0 °C to 

280 °C with a heating rate of 10 °C·min-1 under an inert atmosphere of N2, with a flux of 50 

mL·min-1. The samples were analysed in triplicates, and averages and deviations were taken as 

representatives. 

The crystallinity degree (Xc) was calculated through Eq. 2. 

𝑋𝑐(%) =
∆ℎ𝑚−∆ℎ𝑐𝑐

∆ℎ𝑚
0 × 100    (2) 
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where ∆hm and ∆hcc are the measured melting enthalpy and cold crystallisation enthalpy, and 

∆hm
0 is the heat of fusion of 100% crystalline PET (140 J·g-1) [43]. 

The lamellar thicknesses (lc) were calculated by applying the Thomson-Gibbs equation (Eq. 3) 

based on the temperatures associated with the melting transitions [44–46], 

𝑙𝐶(𝑇𝑚) = [(1 −
𝑇𝑚

𝑇𝑚
0 ) ·

∆ℎ𝑚𝑉

2·𝜎𝑒
]

−1

    (3) 

where Tm is the melting peak temperature; Tm
0 is the equilibrium melting temperature of an 

infinite crystal (564 K); σe is the surface free energy of the basal plane where the chains fold 

(0.106 J·m-2); and ∆hmV is the melting enthalpy per volume unit (2.1·108 J·m-3) [47]. 

3. Results and discussion 

3.1. Morphological modifications during glycolysis 

The degradation of polymers as a consequence of the interaction with another chemical specie 

typically involves the process of chain cleavage. According to the penetration rate of the agent, 

the degradation rate of the polymer's functional groups and the matrix dimensions, the 

degradation process may induce changes in the surface morphology, and also in the inner part 

of the particles involving both surface and bulk degradation processes [48]. While surface 

degradation involves chemical reactions occurring at the outer layers, leading to modifications 

in surface morphology and chemistry, bulk degradation involves the cleavage of bonds 

throughout the polymer matrix, preferentially in the amorphous regions, resulting in the 

formation of smaller oligomeric fragments [49]. Therefore, the study of the surface and interior 

appearance as a function of glycolysis conditions may allow for a visual identification of the 

consequences of the process. Fig. 2 shows the surface and cross-section electron micrographs 

of the raw PET and treated pellets at 180 °C during 30, 60 and 120 min, and at 210 °C during 

30 min. These samples were particularly selected to highlight the effects of time and 

temperature, respectively, on the surface of the PET pellets.  
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Fig. 2. Surface (left) and cross-section (right) morphology of the PET pellets for selected times and 

temperatures. Magnification set at 10000×; scale bar is equivalent to 5 µm. 
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It can be observed that glycolysis treatment resulted in the roughening and etching of the surface 

and the formation of irregular structures. The surface microstructure of PET pellets also 

experienced alterations during exposure to ethylene glycol, including the formation of pits and 

nanovoids. These changes, recognised as a consequence of the chemical reactions and cleavage 

of polymer chains occurring at the surface, related to surface degradation processes, were more 

accentuated as a function of temperature and especially promoted as a function of time. 

As for the interior of the pellets, a drastic change in the morphology was identified. Whereas 

the raw PET showed a compact structure with some minor voids, all the pellets subjected to 

glycolysis treatment revealed a distinctive morphology with a ramified-like appearance. This 

structure is compatible with the spherulitic crystalline structure of PET and may be a result of 

the elimination of the interlamellar amorphous regions. The amorphous and crystalline regions 

of PET can have different susceptibilities to degradation [50]. Generally, amorphous regions 

are often targeted preferentially due to their higher accessibility and reactivity, which provide 

more sites for degradation because of their less ordered and more open structure, making them 

more susceptible to chemical reactions [51,52]. Crystalline regions, on the other hand, may 

have a more ordered structure, more difficult to penetrate and are consequently less reactive 

[53,54]. However, it's important to note that the overall degradation process can involve both 

amorphous and crystalline regions to varying extents [49]. The specific conditions of the 

glycolysis reaction, such as temperature or time, can also influence the extent to which 

amorphous or crystalline regions are degraded. 

Therefore, it was demonstrated that the glycolysis of PET carried out in this work involved both 

bulk and surface degradation processes, preferentially in the amorphous domains, the 

prevalence of which has a close relation to the glycolysis conditions. Particularly, temperature 

has been shown to have a critical role in this matter, as it can modulate the sorption and diffusion 

rates of the ethylene glycol to the PET particles. In particular, for fast penetration rates of 

ethylene glycol, the material rapidly swells and incorporates the chemical agent into the whole 

structure, thus resulting in a prevalent bulk degradation process, always in combination with 

surface degradation in the external region of the particles. In this regard, adjusting the reaction 

temperature can influence the kinetics of glycolysis and promote the prevalence of either bulk 

or surface degradation processes. As expected, greater times for a given temperature also 

accentuated the consequences of the glycolytic treatment in bulk. Deeper insights on the 

degradation performance of PET are given in the next sections. 
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3.2. Structural changes in the solid fraction induced by glycolysis 

The glycolysis of PET in the solid fraction was next monitored from a spectroscopic perspective 

to evaluate the variation of the signals ascribed to functional groups as a result of chain scission 

and transesterification reactions. The complete FT-IR spectra in the wavenumber range of 4000 

to 400 cm-1 as a function of glycolysis time and temperature are shown in Fig. 3a, while Fig. 

3b and 3c show in detail the regions from 1500 to 900 cm-1 and from 3800 to 3200 cm-1. 

From the global spectra, a new broad band was appreciated at 3300-2500 cm-1 due to O‒H 

stretching and the promotion of ‒OH terminated species when glycolysis progressed. Moreover, 

greater intensity of the band at 1715 cm-1 of the C=O stretching from the carbonyl groups and 

more peak prominence at 1340 cm-1 caused by O‒H bending could be appreciated. These signs, 

representing the generation of glycolysed shorter segments, oligomers and BHET, are 

characteristic of the glycolytic degradation of PET [55]. 

The detailed spectra in the region of from 1500 to 900 cm-1 and from 3800 to 3200 cm-1 

corroborate that higher immersion time and elevated temperatures enhanced the glycolytic 

breakage of PET macromolecules. Notably, it was perceived greater absorbance of the bands at 

1240 cm-1 and 1090 cm-1 due to the stretching of C‒O from aromatic esters and primary 

alcohols, respectively. Moreover, the strong band around 3280 cm-1 has been ascribed 

specifically to BHET [56]. Finally, the bands in the region from 3600 to 3300 cm-1 

demonstrated the O‒H stretching of free and intermolecular bonded units. 

Therefore, as a result of the heterogeneous solid-state process undergone in the particles of PET 

during immersion [18,26,57], the assessed insoluble solid fraction at the end of glycolysis 

treatment contained a combination of degradation by-products involving BHET, dimers, 

oligomers and PET macromolecules, which have been reported to exist in equilibrium [11,58–

61]. Although most of the BHET, dimers and trimers with typically hydroxyl end groups may 

be eliminated during filtering and washing of the remnant solid fraction after glycolysis, it is 

suggested that at the glycolysis extent of this study, they remained retained inside the solid 

particles as schematised in Fig. 1, and according to morphological changes shown in the 

previous section. In this scenario, the trapping of oligomeric species into the PET pellets during 

glycolysis primarily occurs due to the physical and chemical interactions taking place within 

the polymer matrix. From a physical perspective, the formed oligomeric species during 

glycolysis, being smaller fragments, can become entrapped within the spaces and voids of the 

PET matrix. This, together with the limited mobility of oligomeric species especially within the 
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solid crystalline PET structure, contributes to the above-mentioned trapping of oligomers 

within the PET solid particles. From a chemical point of view, the glycolysis process of PET 

leads to the formation of reactive intermediates. These intermediates can include hydroxyl and 

carboxyl groups on the polymer chains and oligomeric fragments, which may chemically react 

with the functional groups present on the PET polymer chains or other oligomers. This chemical 

bonding anchors the oligomeric fragments to the PET matrix, preventing their easy release. 

Moreover, in some cases, the glycolytic process may result in the formation of cross-links 

within the PET structure. These cross-links can physically trap oligomeric species by 

connecting different segments of the polymer matrix. 

Deeper insights into the effects of glycolysis conditions were achieved when assessing the 

normalised absorbance of the C‒O and O‒H stretching signals at 1240 and 3425 cm-1 versus 

the peak at 1410 cm-1 of the in-plane deformation of the benzene ring, which is usually 

considered as an internal standard in PET infrared spectroscopy studies [41,42]. Fig. 4a shows 

the evolution of both signals A1240/A1410 and A3425/A1410. On the one hand, faster degradation 

was suggested by the greater variation of both indexes in the early stages of immersion below 

30 min, which slowed down at higher immersion times. This observation is in line with the 

previously reported asymptotic behaviour contribution of time and supports the selection of 30 

min as a reasonable standard time for assessing the effects of temperature [55,56,62,63]. On the 

other hand, temperature revealed an opposite performance to time, with a low degradation rate 

below 170 °C and acceleration with a linear pattern above such temperature [56]. Again, the 

inflexion point at 180 °C motivates the selection of this temperature for evaluating the 

consequences of time. This is in line with other studies in the literature, which also selected 180 

°C as the optimal temperature for the glycolysis of PET in non-catalysed glycolysis [28]. 



C. Primaz, O. Gil-Castell, A. Ribes-Greus. Partial glycolytic depolymerisation of poly(ethylene terephthalate) (PET) in the 

solid state: modelling the contribution of time and temperature. Polymer Degradation and Stability 2024:221;110695 

14 

 

Fig. 3. (a) FT-IR spectra in the wavenumber range of 4000 to 400 cm-1; (b) Hydroxyl and carbonyl 

region; and (c) O-H stretching bands as a function of time (left) and temperature (right) of glycolysis. 
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Fig. 4. Selected indicators as a function of time and temperature of glycolysis: (a) Normalised 

absorbance of the C‒O and O‒H stretching signals at 1240 and 3425 cm-1 versus the peak at 1410 cm-1 

of the in-plane deformation of the benzene ring; (b) Average molar mass in number (Mn) and average 

molar mass in weight (Mw); (c) Peak temperatures of humidity release (Th) and decomposition of low 

molar mass compounds (Tlow); (d) Crystallinity degree (Xc) and lamellar thickness (lc). Standard 

deviation was omitted for the sake of clarity. 

3.3. Molar mass affectation during glycolysis 

Due to the glycolytic process, PET chain scission and transesterification reactions with ethylene 

glycol may promote a length reduction of the macromolecules. The molar mass distributions 

shown in Fig. 5 reveal that longer immersion time and higher temperatures displaced the 

Gaussian distributions towards lower values, with slightly different performances. While the 

immersion time promoted dissimilarities among the size of the PET macromolecules, related to 

an increment of the polydispersity index, higher temperatures kept the original shape unaltered, 

representing minor changes in polydispersity. 
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Particular allusion must be given to the low molar mass cue shown in all cases from the early 

stages of immersion, already found by other authors during the glycolysis of PET [29,57]. This 

small peak at low temperatures and low immersion time, which appeared as a shoulder when 

glycolytic conditions were emphasised, was located between molar mass values from 100 to 

1000 g·mol-1. Considering the molar mass of BHET ~254 g·mol-1, this low molar mass 

population would be ascribed to BHET molecules, dimers and trimers, as observed in the inset 

of Fig. 5. 

 

Fig. 5. Molar mass distributions as a function of time (left) and temperature (right) of glycolysis. 

Given the virtual retention of the initial PET mass in the solid phase during glycolysis, and 

although the generation of low molar mass compounds was at this time demonstrated, it can be 

deduced that these small molecules have been retained in the bulk of PET particles, in line with 

the spectroscopic results shown in the previous section. This is also aligned with the reported 

bulk degradation process for PET, with rapid diffusion of the liquid ethylene glycol into the 

solid phase, which causes random chain scission with subsequent reduction in the molar mass 

and intrinsic viscosity while mainly maintaining the mass of this solid phase, as schematised in 

Fig. 1 [29]. 

The average molar mass in number (Mn) and weight (Mw) were calculated from the molar mass 

distributions. Fig. 4b represents Mn and Mw's evolution as a function of time and temperature. 

Both Mn and Mw showed a more accentuated decrease in the early stages of immersion and at 

low temperatures, followed by a slower reduction when time or temperature increased. These 

results align with other studies of PET glycolysis, where a fast chain scission was found in the 

early stages or lower temperatures, followed by a slower degradation process once the 

conditions with the maximum degradation rate were exceeded [55]. Altogether, the inflexion 
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points in the Mw and Mn evolution were situated at 30 min and 180 °C, and behaviours tended 

to resemble at higher temperatures. These findings support the close relation of time and 

temperature for the chain scission of PET, as it has been reported for polyesters above their 

glass transition temperature [64,65]. 

Altogether, even considering that the obtained Mn values are approximated and strictly 

correlated to the previous calibration procedure, it can be established that oligoesters with 

terminal and internal hydroxyl groups were generated during glycolysis with a number average 

degree of polymerisation ranging from ~54 units of the raw PET to ~8 units when studying the 

influence of time, and to ~10 units when assessing the effect of temperature. Other authors 

found glycolysed PET molecules with comparable polymerisation degrees (5 to 40 units), and 

have applied them in the solid-state polycondensation of pre-polymers. Pre-polymers with such 

polymerisation degrees were pointedly faster than the standard process, allowing for obtaining 

higher molecular weights of PET without requiring an intermediate polymerisation step in 

solution [35–37]. Analogously, the glycolysis products generated in this work would be 

valuable candidates for being used as pre-polymers for reaching high molar mass and fast 

polymerisation processes of PET. 

3.4. Thermo-oxidative behaviour of glycolysed PET 

Thermogravimetric analyses in an oxidative atmosphere allowed for a complimentary 

evaluation of the glycolytic process of PET. Fig. 6 shows the thermogravimetric (TG) and first 

derivative (DTG) curves as a function of time and temperature, which were examined in detail 

to obtain several indicators. The onset temperature (Tonset) was gained from the TG curves, 

while the DTG traces provided the peak temperatures of the different processes (Th, Tlow, Tpeak). 
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Fig. 6. (a) Thermogravimetric; and (b) derivative thermogravimetric curves (DTG) as a function of 

time (left) and temperature (right) of glycolysis. 

Raw PET showed the typical decomposition profile in a single main stage in the range from 

295 to 455 °C with an onset (Tonset) of 401 °C, a mass loss of nearly 80% and a peak temperature 

(Tpeak) at 428 °C [66]. At higher temperatures, a stage for char decomposition was observed 

above 470 °C, with a peak temperature of around 510 °C and a mass contribution of about 20%. 

As expected, complete virtual decomposition of PET was achieved, with a solid residue at the 

end of the assay lower than 1%. These mass loss stages are correlated to the thermal 

decomposition mechanism of PET, which involves intramolecular back-biting, leading to cyclic 

dimers or trimers, and via chain scission leading to vinyl ester and acid end-groups [67,68]. 

Once exposed to glycolytic conditions, two small stages with peaks in the DTG curves at around 

140 and 250 °C were perceived, which were absent in the raw PET. These peaks, which 

temperatures were labelled as Th and Tlow and are plotted in Fig. 4c, can be ascribed to the 

release of humidity moieties and the subsequent vaporisation of glycolysed low molar mass 

compounds, respectively.  
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The structural changes in the PET during glycolysis have been found to imply a more 

hydrophilic structure due to the presence of more hydroxyl groups, as revealed by spectroscopic 

analyses. Such functional groups allow for more significant interactions with water molecules 

from the rinsing stage and ambient humidity during management and storage. Indeed, the 

humidity percentage increased as a function of glycolysis time (from 1.2 to 2.7%) and 

temperature (from 0.9 to 4.4%), while the humidity release temperature (Th) relevantly 

decreased during immersion. Nevertheless, the values of Th greater than 125 °C in all cases 

demonstrated that water molecules were bound to the hydrophilic PET-based segments. 

It has been reported that the thermal decomposition of BHET and small oligomers involves a 

first mass loss stage (30 to 50%) during heating around 250 °C, followed by the second mass 

loss (70 to 50%) around 450 °C [62,69]. Therefore, the peak labelled as Tlow demonstrated the 

presence of low molar mass molecules involving short molecules with one or two units. The 

second stage at 450 °C coincides with that identified for PET and is due to the thermal 

repolymerisation of BHET during the heating program of TGA, with the subsequent elimination 

of hydroxyl formic acid ester [70,71]. Complimentary to the previous spectroscopic and 

chromatographic results, the presence of oligomers in this study was identified as a small peak 

in the DTG curves for glycolysed PET above 20 min of immersion and at 180 °C and higher 

temperatures. This peak moved towards lower temperatures as glycolysis time and temperature 

increased, thus demonstrating the generation of shorter molecules during more severe 

conditions. 

The onset (Tonset) and peak (Tpeak) temperatures for the main thermo-oxidative decomposition 

stage of PET are gathered in Table 1. After being subjected to the mildest glycolysis conditions, 

the onset (Tonset) decreased and was followed by a progressive increase for higher immersion 

times and temperatures. This phenomenon could be visually perceived in the DTG curves as a 

shoulder preceding the main peak and can be ascribed to partially glycolysed PET 

macromolecules [55]. It has been reported that the thermal decomposition of PET is enhanced 

by the presence of aliphatic end-groups [72], remnant humidity [73], and mainly due to the 

presence of ethylene glycol moieties [74]. Although at the mildest glycolysis conditions, 

oligomeric molecules from PET were still not generated, partially degraded polymer chains 

with ethylene glycol units and interacting with water molecules were produced, as demonstrated 

by this shoulder overlapped to the primary decomposition step of PET, and reported for 

glycolysis reactions in the absence of catalyst [59]. As the glycolysis conditions were more 

severe, degradation advanced, and such partially broken molecules turned into molecules with 
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one, two or three units, counterbalancing the presence of this shoulder with the peak mentioned 

above for low molar mass compounds. The peak temperature (Tpeak) of the principal stage 

remained virtually unaltered during glycolysis, regardless of time and temperature conditions. 

Although this is often considered a sign of stability, chain scission was previously demonstrated 

by decreased molar mass and the generation of termination hydroxyl functional groups. In this 

case, it can be said that PET macromolecules' perceived molar mass reduction was not critical 

enough for displacing the main decomposition stage towards lower temperatures. 

From a technological perspective, despite the severe molar mass reduction found in previous 

sections and considering the typical processing temperatures of PET in the range from 265 to 

280 °C [75], the calculated Tonset and Tpeak values above these temperatures suggest that 

glycolysed PET could be processed applying comparable temperature programs to those for 

raw PET. Nevertheless, to avoid processing issues caused by the presence of remnant water 

molecules (1-5%) that can cause hydrolytic reactions of PET during heating, glycolysed powder 

would require a proper drying stage to reach moisture presence below 0.02% before being 

reprocessed [76]. 

3.5. Thermal properties and crystalline morphology of glycolysed PET 

The thermal properties and crystalline morphology were calorimetrically evaluated during 

glycolysis. The samples were subjected to successive heating/cooling/heating segments with 

which the thermal history was removed, and a controlled crystalline structure was promoted. 

The calorimetric thermograms for the cooling and second heating segments are plotted in Fig. 

7a and 7b, respectively. From the cooling segment, the glass transition temperatures (Tg) and 

crystallisation temperature and enthalpy (Tc) were obtained, while the second heating provided 

the values of the melting temperature and enthalpy (Tm), all of them gathered in Table 1. The 

degree of crystallinity (Xc) was calculated from the melting enthalpy with Eq. 2, and plotted in 

Fig. 4d, together with the lamellar thickness (lc) obtained with Eq. 3 as a function of glycolysis 

time and temperature. 
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Fig. 7. (a) Calorimetric thermograms for the cooling; (b) second heating scan; and (c) lamellar 

thickness (lc) distributions as a function of time (left) and temperature (right) of glycolysis. 

The glass transition of PET was identified in the vicinities of 85 °C during cooling, while the 

crystallisation was manifested in a broad exothermic process with a peak temperature of 185 

°C. The endothermic melting transition during heating was visualised as the primary peak 

around 250 °C, representing an Xc of 26%, in line with previous reports for semicrystalline PET 

[77,78]. Complementarily, a minor melting event was found around 200 °C, correlated to 
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imperfect crystalline domains composed of oligomeric species of PET that melted at low 

temperatures. Similar secondary melting transitions have been reported during thermo-

oxidative ageing of PET [79] or after several reprocessing cycles [78]. Other studies found 

comparable melting points of oligomeric species of PET with an equivalent degree of 

polymerisation as those in this work [80]. 

The glycolytic treatment promoted lower glass transition temperatures, sharper and larger 

crystallisation during cooling occurring at higher temperatures, melting in a multimodal fashion 

and more crystallinity. All these signs are characteristic features of polymer degradation and 

corroborate the chain scission phenomena revealed by the molar mass analyses. This chain 

breakage occurs preferentially in the amorphous domains [81]. Shorter polymer chains after 

glycolytic scission possess lower glass transition temperature and greater mobility as the 

glycolysis progresses and can rearrange and form more crystalline domains at higher 

temperatures during cooling [29]. 

Particularly for the crystalline structure, Fig. 4d shows that Xc sharply increased from 26 to 

29% after 10 min of immersion, and then it progressively increased to 31% after 20, 30, 60 and 

120 min. The lc regularly rose from 13.9 to 15.5 nm with immersion time. In terms of glycolysis 

temperature, a more gradual increase of Xc was observed, reaching 31% after immersion at 210 

°C. lc was scarcely affected at 160 °C, remaining around 14.1 nm, and then it 7 increased to 

15.2 nm for the most severe temperatures. 

The lamellar thickness distributions were comprehensively studied from the melting peaks to 

elucidate the changes in the crystalline morphology during glycolysis. The Thomson-Gibbs 

equation (Eq. 3) was applied, considering the Hoffman-Lauritzen nucleation theory [44–46]. 

Fig. 7c shows the lc distributions for raw and glycolysed PET as a function of time and 

temperature, where the distribution related to the most probable lamellar size can be 

appreciated, showing a multimodal performance. The presence of multiple peaks can be 

ascribed to the coexistence of different crystalline populations [82–84], which were studied in 

detail with a two-gaussian peak deconvolution approach using the Origin software and the 

Levenberg Marquardt iteration algorithm [85,86]. Sub-peaks were labelled as populations I and 

II from lower to higher lc. Therefore, the melting temperatures (TmI and TmII) and the crystallinity 

degrees (XcI and XcII) for both crystalline populations I and II could be approximated. Moreover, 

considering a partial areas study, its contribution to the overall crystallinity was estimated (XI 
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and XII) [78,85]. All these values are gathered in Table 1 as a function of the glycolysis time 

and temperature. 

The lamellar thickness of both populations I and II increased after all the glycolysis treatments, 

more the longer time and greater temperature of immersion, as revealed by the higher melting 

temperatures (TmI and TmII). If the partial contribution of the populations is considered (XI and 

XII), the initial prevalence of population II generally turned into a more balanced proportion 

with population I for more severe glycolysis conditions. Particularly for the effect of immersion 

time, the contribution of the population I progressively gained importance up to 60 and 90 min 

from ~14% to ~53%. From 90 min onwards, the proportions of the crystalline domains of both 

populations were almost identical. The change in the tendency at 120 min, where the percentage 

of population I significantly decreased to values close to ~24%, can be ascribed to the glycolytic 

attack of crystalline domains of population I, with lower lamellar thickness and more labile to 

degradation than population II [29]. With higher temperatures, a slightly smothered 

performance was found. The contribution of the population I increased from ~14% to ~35% 

after glycolysis at 190 °C. It gained importance for higher temperatures such as 200 and 210 

°C and increased to values above ~42%. Overall, the exhaustive evaluation of the lamellar 

thickness of the different crystalline populations emphasised the prevalent degradation of the 

crystalline population with lower lamellar thickness and highlighted the more severe influence 

of the glycolysis time than that of temperature in the selected system. 

Finally, it is interesting to note that, although previous results revealed the presence of BHET-

based molecules and oligomers, the melting peaks of BHET and dimer/oligomers generated 

during glycolytic reactions reported in the literature at ~110 and ~170 °C, respectively, were 

absent in the thermograms regardless of immersion time and temperature 

[55,59,61,62,69,87,88]. This observation has already been reported in studies dealing with non-

catalysed glycolysis of PET at 196 °C [26] or in sodium carbonate-catalysed glycolysis at this 

temperature up to 120 min [57]. Altogether, considering the indications of spectroscopic, molar 

mass and thermogravimetric analyses, it can be suggested that the glycolysed low molar mass 

species were spatially confined into the PET particles, with the subsequent molecular 

environment composed of longer polymer chains that prevented small glycolysed molecules 

from crystallising and having their own melting peak during the heating calorimetric scan. 
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Table 1. Onset (Tonset) and peak (Tpeak) temperatures for the main stage of thermo-oxidative 

decomposition; glass transition temperature (Tg), crystallisation temperature (Tc), and adjusted melting 

temperatures (TmI and TmII) and crystallinity degree (XcI and XcII) together with the partial contribution 

(XI and XII) of the different crystalline populations (I and II) as a function of the time and temperature 

of glycolysis. 

 
Tonset 

(°C) 

Tpeak 

(°C) 

Tg 

(°C) 

Tc 

(°C) 

Population I Population II 

TmI 

(°C) 

XcI 

(%) 

XI 

(%) 

TmII 

(°C) 

XcII 

(%) 

XII 

(%) 

PET 401.0 426.9 85.3 184.7 239.3 3.4 14.3 250.1 20.2 85.7 

10 min 388.9 431.0 79.3 188.6 242.3 8.9 30.6 251.2 20.2 69.4 

20 min 385.5 430.1 82.5 194.2 243.9 7.4 26.9 252.3 20.0 73.1 

30 min 388.5 432.0 79.7 202.5 244.8 10.5 35.4 252.8 19.2 64.6 

60 min 388.8 433.7 80.9 211.5 246.3 15.1 50.4 253.3 14.9 49.6 

90 min 394.4 431.8 78.6 211.8 245.4 17.0 52.8 253.8 15.2 47.2 

120 min 396.4 424.6 79.0 219.6 245.7 7.4 24.1 254.0 23.2 75.9 

           

160 °C 384.3 430.4 80.2 183.6 242.5 10.7 36.8 250.8 18.4 63.2 

170 °C 383.9 427.9 80.0 190.3 243.6 10.3 37.7 251.6 17.0 62.3 

180 °C 388.5 432.0 79.7 202.5 244.8 10.5 35.4 252.8 19.2 64.6 

190 °C 396.9 427.8 79.1 205.2 244.1 9.9 33.1 253.4 20.0 66.9 

200 °C 399.7 422.3 73.5 208.9 245.8 12.7 39.6 253.8 19.4 60.4 

210 °C 397.4 425.7 - 209.8 247.1 13.0 42.6 254.0 17.5 57.4 

3.6. Modelling physico-chemical properties as a function of glycolysis time and temperature 

Previous sections demonstrated that the physico-chemical properties of PET meaningfully vary 

during the heterogeneous glycolytic process that lately coexists with a minor homogeneous 

stage. Significant changes have been found in the chemical structure, molar mass, thermo-

oxidative stability and crystalline structure when applying different time and temperature 

glycolysis conditions. 

Polymer materials like PET require specific physico-chemical performance for particular 

applications, given by precise chain lengths, functional groups or crystalline morphology. 

Indeed, correlating the structure and application behaviour of PET has been the focus of 

numerous studies in the literature. For instance, the crystalline morphology has been associated 

with the mechanical properties in films, injection moulded preforms and stretching-blown 

bottles with distinct blowing conditions [89]. Also, the structure and properties of PET-based 

fibres [90,91] and crystallised, annealed and quenched PET [92] have been studied. Results 

revealed that the elastic modulus is determined by the mobility of the amorphous phase and its 

level of molecular orientation. Greater mobility and lower orientation lead to less rigid 

specimens, which are also closely linked to molar mass [75]. Low-molar mass polymers possess 

higher flexibility than those with high-molar mass. The more significant molecular 
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entanglements in high-molar mass structures restrain uncoiling under external mechanical 

stimuli and reduce flexibility. In this regard, the existence of chemical interactions together 

with the presence of polar groups may limit their mobility and promote the kinetic rigidity of 

the polymer chains. Similar studies were carried out with recycled PET, where the role of 

crystalline, mobile amorphous and rigid amorphous fractions in its performance was elucidated 

[85]. Degradation caused by reprocessing cleaved mobile amorphous fractions and shortened 

PET chains. These smaller molecules reorganised into rigid amorphous fractions and formed 

crystalline domains of smaller lamellar thickness. Consequently, reprocessing reduced the 

stress and elongation at break, given the more brittle materials with lower ductility. 

Therefore, modelling the change of physico-chemical properties of given solid fractions of PET 

waste as a function of glycolysis conditions may be highly relevant for tailoring their 

performance. Here, mathematical correlations of the assessed physico-chemical indicators are 

proposed as a valuable strategy for predicting the performance of glycolysed PET in this 

particular system. Table 2 gathers the proposed empirical equations for the studied parameters, 

as plotted in Fig. 4. The changes in the absorbance of carbonyl (A1240) and hydroxyl signals 

(A3425), the average molar mass in number (Mn) and weight (Mw), the humidity release 

temperature (Th), the crystallinity degree (Xc) and the lamellar thickness (lc) were all fitted to a 

Boltzmann function. In general, fittings revealed adjusted R2 above 0.95, which indicates that 

more than 95% of the output variables variation for this particular system is explained by the 

input variables, i.e. time and temperature, allowing for a successful prediction of the glycolytic 

performance. 
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Table 2. Mathematical equations modelling the variation of chemical structure, molar mass, thermo-

oxidative decomposition and crystalline morphology. 

 As a function of temperature As a function of time 

Normalised 

absorbance C‒

O stretching 

(A1240) 

𝐴1240(𝑇) = 4.4 −
1.3

1 + 𝑒
𝑇−191.5

10.3

 

𝑅2 = 0.98 

𝐴1240(𝑡) = 4.0 −
0.9

1 + 𝑒
𝑡−30.3

14.4

 

𝑅2 = 0.99 

Normalised 

absorbance O‒

H stretching 

(A3425) 

𝐴3425(𝑇) = 0.5 −
0.5

1 + 𝑒
𝑇−231.5

28.6

 

𝑅2 = 0.97 

𝐴3425(𝑡) = 0.1 −
61.2

1 + 𝑒
𝑡+313.4

47.0

 

𝑅2 = 0.96 

Average molar 

mass in number 

(Mn) 

𝑀𝑛(𝑇) = 1.7 · 103 +
1.6 · 104

1 + 𝑒
𝑇+152.5

14.0

 

𝑅2 = 0.97 

𝑀𝑛(𝑡) = 1.8 · 103 +
3.0 · 107

1 + 𝑒
𝑡+153.5

18.8

 

𝑅2 = 0.96 

Average molar 

mass in weight 

(Mw) 

𝑀𝑤(𝑇) = 5.7 · 103 +
1.9 · 104

1 + 𝑒
𝑇−173.5

9.2

 

𝑅2 = 0.99 

𝑀𝑤(𝑡) = 4.5 · 103 +
1.5 · 108

1 + 𝑒
𝑇+331.9

36.9

 

𝑅2 = 0.95 

Humidity 

release 

temperature 

(Th) 

𝑇ℎ(𝑇) = 129.9 +
8.6

1 + 𝑒
𝑇−188.1

6.4

 

𝑅2 = 1.00 

𝑇ℎ(𝑡) = 124.3 +
17.5

1 + 𝑒
𝑡−41.6

13.5

 

𝑅2 = 0.99 

Crystallinity 

degree (Xc) 

𝑋𝑐(𝑇) = 30.8 −
9.5 · 104

1 + 𝑒
𝑇+21.7

18.1

 

𝑅2 = 0.95 

𝑋𝑐(𝑡) = 30.1 −
1.1 · 105

1 + 𝑒
𝑡+76.7

7.9

 

𝑅2 = 0.95 

Lamellar 

thickness (lc) 

𝑙𝑐(𝑇) = 15.2 −
1.2

1 + 𝑒
𝑇−174.7

6

 

𝑅2 = 0.99 

𝑙𝑐(𝑡) = 15.7 −
8.5 · 103

1 + 𝑒
𝑡+460.7

53.7

 

𝑅2 = 0.95 

Altogether, it can be understood that modelling the consequences of glycolytic treatment, which 

promoted an increase in polar groups, reduced molar mass and increased crystallinity of PET, 

is of high significance for further application of the obtained glycolysed PET fractions. In 

addition to these intrinsic features of PET given by glycolysis, the effect of processing 

conditions [75], i.e. temperature program and orientation, on the crystallisation rate may be 

highlighted, which are of crucial relevance for promoting particular morphologies and 

performance that meet the application demands. 

4. Conclusions 

The glycolysis of PET in the considered times (10 to 120 min at 180 °C) and temperatures (160 

to 210 °C during 30 min) involved a heterogeneous process concerning the diffusion of ethylene 

glycol (EG) into the bulk solid PET pellets and attack of amorphous regions, lately coexisting 

with the beginning of the homogeneous stage with the further generation of oligomers and a 

minor number of BHET molecules. Although significant chain scission was encountered, the 
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initial mass of the solid fraction remained virtually constant with separated solid and liquid 

phases. 

Monitoring the glycolysis process in the solid fraction of PET allowed the demonstration of 

simultaneous bulk and surface degradation processes. Degradation was complementarily 

identified by an increase in the proportion of polar hydroxyl groups, a significant molar mass 

reduction, and the generation of a low-lamellar thickness crystalline population. The empirical 

evaluation of these changes, all of them following a Boltzmann equation, offers the possibility 

of establishing mathematical correlations for predicting and tailoring the physico-chemical 

performance of PET on demand as a function of glycolysis time and temperature. For this 

particular system, it can be emphasised that even though an asymptotic performance was found 

in both factors, the increase in the glycolysis time promoted more severe consequences than the 

temperature variation. 

According to their glycolysis degree, the obtained glycolysed fractions of PET waste can be 

considered appropriate for closed-loop, semi-closed, and open-loop chemical recycling, with 

different applications of varying values through a simple, green, and versatile process. Hence, 

incorporating glycolysis into PET recycling practices not only mitigates potential drawbacks 

linked to alternative processes but also opens up opportunities for a more diverse range of end-

product applications. A comprehensive approach, encompassing chemical, mechanical, and 

complementary strategies, ensures a more holistic and effective strategy for the sustainable 

valorisation of PET. 
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