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Highlights 

 

• Rapid and complete PET depolymerization was achieved in a KF:EG (1:6) DES under both conventional 

and microwave-assisted heating, in anhydrous and hydrated conditions (180 °C, 15 min; 90 W, 3 min). 

• Product selectivity was governed by water content and process type, yielding predominantly MHET 

under anhydrous conditions or up to 97% TA under hydrated conditions with conventional heating, and 

predominantly BHET under microwave-assisted conditions. 

• Molecular dynamics simulations revealed enhanced accessibility of terminal ester groups in PET within 

the DES, rationalizing regioselective bond scission and MHET formation. 

• Excellent reusability was demonstrated under anhydrous, heat-induced conditions, with quantitative 

PET conversion and full monomer recovery over five consecutive cycles. 

• High energy efficiency was achieved, with energy economy coefficients of 0.037 for the heat-induced 

process and an estimated 0.169 for the microwave-assisted process. 
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Abstract 

This study investigates the depolymerization of PET in a potassium fluoride/ethylene glycol deep 

eutectic solvent (KF:EG, 1:6 molar ratio) a metal-free, halide-based DES employed here  as both reaction 

medium and catalyst for PET chemical recycling using conventional heat-induced and microwave-

assisted reactions, examined under anhydrous and hydrated conditions in the 0–43 mol% water range. 

The system combines hydration-controlled product selectivity, microwave acceleration enabled by the 

exceptional dielectric properties of the DES, and mechanistic insight into terminal-chain scission 

rationalized through molecular dynamics simulation. 

Depolymerization efficiency was evaluated by measuring PET and fluoride consumption yields and 

monomer product ratios via quantitative NMR, FTIR, and XRD analyses. Mechanistic pathways were 

explored through molecular dynamics simulations. 

Under heat-induced anhydrous conditions, both PET consumption and monomer recovery reach a 

stable 100% over five cycles at 180 °C with 15 min heating confirming the purely catalytic role of fluoride 

under these exact conditions and demonstrating the full recyclability of the DES system. 

Under hydrated conditions, progressive fluoride losses of up to 85%, attributed to HF formation via 

proton abstraction from water and in situ-generated terephthalic acid followed by volatilization at the 

reaction temperature, indicate a transition of fluoride from a catalytic to a reagent-like role. The safety 

implications of HF generation, the associated engineering requirements for larger-scale 

implementation, and the impact on the green metrics of the hydrated pathways are discussed explicitly 

in the manuscript. The product distribution is rich in mono(2-hydroxyethyl) terephthalate (MHET), with 

bis(2-hydroxyethyl) terephthalate (BHET) and terephthalic acid (TA) formed as co-products. 

MD simulations indicate that the high MHET abundance arises from a coiled PET morphology in the 

DES, exposing terminal ester groups to solvent attack and supporting a mechanistic hypothesis of 

favoring chain-end scission over random glycolysis. 

The addition of water enhances PET consumption under moderate heating conditions and shifts 

product selectivity toward TA, reaching up to 97%. 

                  



3 
 

Microwave-assisted depolymerization achieved quantitative PET conversion within 3 min at 90 W under 

anhydrous conditions, yielding MHET as the primary product, whereas water addition reduced 

efficiency due to low microwave absorption relative to EG. 

Finally, the sustainability of the anhydrous processes was quantified using the energy economy 

coefficient (ε), providing a value of 0.037 and an estimate of 0.169 for the heat-induced and microwave-

assisted processes, placing the proposed system among the most energy-efficient approaches reported 

so far. 

 

Keywords: Polyethylene terephthalate (PET), Chemical Recycling, Depolymerization, Deep Eutectic 

Solvent (DES), Microwave Chemistry, Green Chemistry Metrics. 

 

 

1. Introduction 

Polyethylene terephthalate (PET) is one of the most widely used synthetic polymers globally, valued for 

its excellent mechanical properties, chemical resistance, and transparency. It is extensively employed 

in packaging, textiles, and beverage bottles, with annual production exceeding millions of tons[1]. 

However, the durability and resistance of PET to natural degradation have led to its accumulation in 

landfills and ecosystems, posing significant environmental and ecological challenges.[2] Addressing the 

growing problem of PET waste requires innovative and sustainable recycling strategies that go beyond 

traditional mechanical recycling, which often results in downcycled products with limited 

applications.[3] 

Chemical depolymerization has emerged as a promising approach to PET recycling, offering the 

potential to break down PET into its constituent monomers, such as terephthalic acid (TA) or bis(2-

hydroxyethyl) terephthalate (BHET). These monomers can be repolymerized into virgin-quality PET, 

enabling a closed-loop recycling process that reduces reliance on fossil resources and minimizes 

environmental impact. Various catalyzed chemical reactions such as hydrolysis, glycolysis, 

methanolysis, and aminolysis, have been explored for PET depolymerization, each with distinct 

advantages and limitations [4] 

Deep eutectic solvents (DES) are a novel kind of solvents most frequently composed of a hydrogen bond 

donor and a hydrogen bond acceptor, which form a eutectic mixture with a melting point significantly 

lower than that of the individual components. In recent years, DES have emerged as a sustainable and 

versatile class of solvents and catalyst for various chemical processes, including polymer 

depolymerization because they offer unique properties specific to the employed DES such as low 

toxicity, biodegradability, and tunable physicochemical characteristics, making them ideal for green 

chemistry applications. [5-7] 

DES have gained significant attention as sustainable and efficient media for the chemical 

depolymerization of PET as they facilitate the breakdown of polymer chains into monomers through 
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enhanced solvation and catalytic interactions [8-10]. As a result, DES-based depolymerization 

represents a promising approach to advancing sustainable PET recycling and supporting the transition 

toward a circular economy. 

Despite these attractive features, the practical deployment of DES in PET depolymerization under 

conventional heating is constrained by intrinsic limitations. DES exhibit considerably higher viscosity 

than conventional solvents, which directly increases heat and mass transfer resistance within the 

reaction mixture [11]. This elevated viscosity, rooted in the extensive hydrogen bond network between 

the hydrogen bond donor and acceptor components, results in poor fluidity which in turn hinders 

efficient heat penetration when conventional conductive or convective heating is applied. Microwave 

irradiation offers a mechanistically distinct solution to these bottlenecks: by directly coupling 

electromagnetic energy with the polar molecules and ions of the DES through dielectric heating, it 

bypasses the need for conductive heat transfer entirely and generates rapid, volumetric heating 

throughout the bulk of the viscous medium [12]. Crucially, DES have been shown to behave as superior 

microwave absorbers compared to their individual components and to conventional solvents, owing to 

their high dipolarity and polarizability [12], making them particularly well-suited to microwave-assisted 

processing. This synergy between the catalytic and solvation properties of DES and the rapid, uniform 

energy delivery of microwave irradiation has been shown to dramatically reduce reaction times, in 

some cases from several hours under conventional heating to minutes or even seconds, while 

simultaneously improving yields and energy efficiency [13-14]." 

To ensure an efficient process, we focused on the employment of anionic species, in particular glycolate 

(EG⁻), which can act as a basic nucleophile, efficiently attacking the PET polymer chain [15-17]. 

However, the effective generation and stabilization of this reactive species strongly depend on the 

reaction medium. The choice of ethylene glycol (EG) as the hydrogen bond donor (HBD) is directly 

motivated by its role in the depolymerization process where it serves as the nucleophilic reagent via its 

hydroxyl group and the derived glycolate anion EG⁻. EG is also an established component of PET 

glycolysis, possessing favorable physicochemical properties including high polarity, low volatility, and 

exceptional microwave absorption capability, which render it particularly suited to both conventional 

and microwave-assisted processing. In this context, this study explores potassium halide (X)–ethylene 

glycol (EG) deep eutectic solvents (DESs) as sustainable media for PET depolymerization, capable of 

simultaneously promoting glycolate formation and providing a homogeneous environment conducive 

to nucleophilic attack. The selection of potassium halide salts as the hydrogen bond acceptor (HBA) 

component was guided by the need for a strong, non-metallic base capable of deprotonating the EG 

hydroxyl group to generate the reactive glycolate species in situ, while avoiding the introduction of 

transition metal contaminants into the product stream. Among the halide series, fluoride is the 

strongest base (pKa of HF ≈ 3.2 in water) and the most effective hydrogen bond acceptor, properties 

that are expected to maximize EG deprotonation and glycolate generation. The 1:6 KF:EG molar ratio 

employed here corresponds to a well-characterized eutectic composition, whose DES nature is 

supported by conductivity measurements reported in the literature confirming characteristic ionic 

mobility and intermolecular interactions that distinguish it from a simple salt/glycol mixture [15]. 
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Therefore, in the present study, a systematic initial investigation was carried out using KF:EG, KCl:EG, 

KBr:EG, and KI:EG (1:6) DESs. Among the tested systems, KF:EG consistently outperformed the other 

halide-based DESs in promoting PET depolymerization and was therefore selected for further 

investigation. Furthermore the classification of the KF:EG system as deep eutectic solvents is supported 

by conductivity measurements reported in the literature, which confirm the characteristic ionic mobility 

and intermolecular interactions that distinguish DES from simple salt/glycol mixtures [15]. 

The aim of this work is to develop a novel, efficient, and tunable PET depolymerization system based 

on KF:EG by optimizing the operative conditions and evaluating its sustainability. To this end, the 

depolymerization performance was investigated as a function of temperature of conventional heat 

induced processes and microwave-assisted conditions, in anhydrous as well as hydrated systems. In 

addition, solvent reusability was assessed over multiple cycles, and the energy efficiency of the process 

was quantitatively evaluated. 

 

2. Experimental section 

2.1 Materials  

Post-consumer PET flakes were recovered from clear water bottles. All other materials used were of 

analytical grade and were purchased from Carlo Erba Reagents. A complete list of materials, along with 

their corresponding CAS numbers, can be found in Table 1 of the Supplementary Information. 

All the employed reagents were purchased from Carlo Erba reagents and are shown in table S1 with 

relative CAS 

 

Reagent CAS 

KCl 7447-40-7 

KBr 7758-02-3 

KI 7681-11-0 

KF 7789-23-3 

EG 107-21-1 

CaCl2 10043-52-4 

H2O-d2 7789-20-0 

DMSO-d6 2206-27-1 

Trimethylsilylpropanoic acid 5683-30-7 
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Ethanol 64-17-5 

Table 1: list of reagents and relative CAS 

 

2.2 DES Preparation of KX/EG solutions with controlled water content 

A stock DES solution was prepared under dry nitrogen atmosphere by dissolving the halogen potassium 

salts in EG at 1 to 6 molar ratio (in case of KF this corresponds to 13.49% w/w). Prior to DES preparation 

anhydrous potassium halogens were further purified by drying in an oven at 100°C overnight and kept 

in a desiccator.  

Wet reactions were performed using both strictly anhydrous KF–DES and hydrated KF–DES, with 

controlled water contents of 18%, 36%, and 42%, or expressed in molar ratio KF:EG:H2O 1:6:0, 1:6:1.5, 

1:6:5, 1:6:5 corresponding to low, typical (equilibrated), and high hydration levels, respectively table 2. 

KF percentage EG percentage  Water 

percentage  

Molar ratio 

KF:EG:H2O 

14.3 85.7 0 1:6:0 

11.7 70.3 18 1:6:1.5 

9.1 54.9 36 1:6:4 

8.3 49.7 42 1:6:5 

Table 2. Composition of the KF:EG (1:6 molar ratio) DES mixtures with varying water content used in 

this study. Values are given in molar percentage (mol%). 

 

2.3 Heat-induced reactions 

The depolymerization reactions under classical convectional heating were conducted in a two-neck 5 

mL round-bottom flask equipped with a refrigerator tube under a constant flux of dry nitrogen. Prior to 

the reaction the glassware was dried in an oven at 110°C overnight. A total of 3 g of DES stock solution 

was loaded in the reaction vessel, followed by the required amount of water and then the mixture was 

left in agitation for 5 minutes. Subsequently, 100mg of PET flakes were added and the reaction mixture 

and the mixture was heated in an oil bath at temperatures ranging from 120° to 180°C for 1 hr. 

Additional investigations were carried out at 180°C at varying heating time from 5 min to 1 h. The 

DES:PET mass ratio of 30:1 employed here reflects the thermodynamic requirements of complete 

depolymerization, consistent with the established literature on both glycolytic and hydrolytic PET 

degradation, where high solvent:substrate ratios are necessary to avoid equilibrium-limited conversion 

to oligomeric species. 

2.4 Microwave assisted reactions 
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Microwave-assisted depolymerization was performed in an open 10 mL glass vial. Before and 

immediately after loading DES, water and PET flakes the vial was filled with anhydrous argon and placed 

in a modified commercial microwave oven equipped with a fixed rotating plate. To ensure consistent 

and reproducible microwave irradiation, the vial was positioned at the focal spot of the microwave 

cavity and the volume of irradiated samples was kept constant at 2.7ml. The reaction was carried out 

for 3 min at a fixed power of 90 W. 

2.5 Reactions workup and products isolation 

Following the reaction, the supernatant solution was separated from the solid residues via 

ultracentrifugation. The solid residue consists of two physically distinct fractions: unreacted PET flakes 

and a fine powder corresponding to the water-insoluble depolymerization product. These two fractions 

were readily separated by manual sorting, facilitated by their markedly different morphologies. To 

confirm the absence of residual PET in the powder fraction, advantage was taken of the characteristic 

blue fluorescence exhibited by PET flakes under 365 nm UV illumination, attributable to the presence 

of α-hydroxyterephthalate fluorophores formed upon UV-induced photooxidative damage. The 

powder product showed no detectable emission under these conditions, confirming it to be free of PET 

contamination and allowing unambiguous visual discrimination between the two solid fractions. The 

isolated PET flakes and powder product were each washed sequentially with EG and ethanol, then dried 

at 60 °C for 18 h; the recovered PET mass was used to determine the extent of depolymerization. 

2.6 PET Consumption yield 

The PET consumption yield was calculated using the following formula Consumption yield 

𝑃𝐸𝑇 𝑤𝑒𝑖𝑔ℎ𝑡 𝑙𝑜𝑠𝑠 (%) =
𝑆𝑡𝑎𝑟𝑡𝑖𝑛𝑔 𝑃𝐸𝑇 𝑤𝑒𝑖𝑔ℎ𝑡−𝑅𝑒𝑐𝑜𝑣𝑒𝑟𝑒𝑑 𝑃𝐸𝑇 𝑤𝑒𝑖𝑔ℎ𝑡

𝑆𝑡𝑎𝑟𝑡𝑖𝑛𝑔 𝑃𝐸𝑇 𝑤𝑒𝑖𝑔ℎ𝑡
∗ 100 

Where Starting PET weight is the weight of the PET flakes prior to the depolymerization and the 

“Recovered PET weight” is the weight of the recovered and washed PET flakes if present. 

2.7 NMR Sample Preparation and Quantitative Analysis  

Depolymerization products were analyzed by ¹H NMR spectroscopy. Samples were prepared from four 

sources: the reaction supernatant, the EG and ethanol wash liquids, and the isolated solid product 

dissolved in DMSO‑d₆. A 100 µL aliquot of D₂O containing 12 mM trimethylsilylpropanoic acid was 

added to each sample for signal locking and referencing. 

No monomer signals were detected in the ethanol wash, confirming the absence of extracted products 

in this solvent. In contrast, well-resolved signals were observed in the EG wash and supernatant. 

Product quantification was performed by integrating the characteristic aromatic proton resonances, 

referenced against literature values: terephthalic acid (TA) at 7.90 ppm, bis(2-hydroxyethyl) 

terephthalate (BHET) at 8.17 ppm, and mono(2-hydroxyethyl) terephthalate (MHET) as a pair of 

doublets at 7.98 and 8.07 ppm.[18] In the DMSO‑d₆ solution of the washed solid, only TA was identified 

via its characteristic singlet at 7.79 ppm. The integrated signals from all solutions were combined to 

calculate the total monomer balance, product distribution, and molar recovery yield, which consistently 

approached 100%. It should be noted that the possible residual EG and fluoride components present 
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precluded direct HPLC analysis due to matrix compatibility constraints with reversed-phase columns. 

As a consequence, the isolated solid product fractions were not subjected to HPLC quantification in the 

present study. The extraction and purification of monomers from the DES matrix, and their subsequent 

HPLC quantification, are identified as a priority for future work and would provide an independent 

validation of the NMR-derived product distributions reported here. 

2.8 Fluoride consumption assay 

The fluoride (F⁻) concentration was determined gravimetrically. Briefly, 0.5 ml of the supernatant was 

diluted with 2 mL of a 1 M aqueous CaCl₂ solution. Under these conditions, insoluble CaF₂ precipitated, 

which was subsequently isolated by centrifugation, washed with ethanol and dried. The identity of the 

precipitate was confirmed by X-ray diffraction (XRD), using a Rigaku Miniflex diffractometer (Cedar 

Park, TX, USA) with Cu-Kα radiation (λ=1.54 Å). The diffraction pattern is reported in Figure SI1 of the 

Supplementary Information. 

The fluoride consumption is calculated by comparison with pristine DES using the formula 

𝐹𝑙𝑢𝑜𝑟𝑖𝑑𝑒 𝑙𝑜𝑠𝑠 (%) =  
𝐷𝐸𝑆 𝐶𝑎𝐹2 −𝑆𝑎𝑚𝑝𝑙𝑒 𝐶𝑎𝐹2

𝐷𝐸𝑆 𝐶𝑎𝐹2
∗ 100 

Where DES CaF2 are the mg of CaF₂ obtained from the pristine DES and Sample CaF2 are the mg of CaF₂ 

obtained from the specific sample. 

 2.9 microwave heating efficiency 

The microwave heating efficiency of KF:EG:H₂O mixtures was assessed across all compositions and 

hydration levels employed in the depolymerization experiments. Samples of 3 g of each mixture were 

prepared according to the procedure described in Section 2.2 and allowed to equilibrate to room 

temperature prior to measurement. Each sample was transferred to a sealed microwave-compatible 

vessel and irradiated at 90 W for 1 minute using the same microwave reactor employed for the 

depolymerization experiments described in Section 2.4. An irradiation time of 1 minute was selected in 

preference to the full 3-minute reaction time to ensure safe handling of the heated samples 

immediately following irradiation. The temperature of each sample was measured immediately before 

and after irradiation using a calibrated thermocouple, and the temperature rise (ΔT, °C) was recorded 

as the primary metric of microwave heating efficiency. All measurements were performed in triplicate 

and the mean ΔT values are reported. The KF molar fractions examined were 0, 7.69, 14, 16.66, and 

18.18 %, corresponding to KF:EG molar ratios of 0:1, 1:12, 1:6, 1:5, and 1:4.5 respectively, and water 

contents of 0%, 18%, 36%, and 42% w/w, corresponding to KF:EG:H₂O molar ratios of 1:6:0, 1:6:1.5, 

1:6:4, and 1:6:5 respectively. 

2.10 Green metrics assessments 

The energy economy coefficient (ε) was calculated according to the definition proposed by Barnard et 

al. [19], using the equation: 

 ε =
𝑌

𝑇×𝑡
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where Y is the mass yield of the recovered product, T is the reaction temperature in degrees Celsius, 

and t is the reaction time in minutes. For comparison with literature values, the process parameters 

were evaluated against the benchmark dataset compiled by Kumar et al [11].  

2.11 Molecular Dynamics (MD) Simulations 

Molecular dynamics simulations were performed to investigate the depolymerization mechanism. An 

initial system was built using the Tleap software of the AmberTools suite, employing the General Amber 

Force Field (GAFF). The simulation box contained a PET oligomer (20 monomeric units) solvated in 2500 

molecules of a KF:EG 1:6 DES model. To represent the active catalytic species, one in every six ethylene 

glycol molecules was replaced by a glycolate ion (EG⁻) and a proton (H⁺). Partial atomic charges for all 

species were calculated, according to RESP procedure, by fitting the electrostatic potential originated 

by the molecular geometries optimized at HF/6-31G(d) level of theory, as recommended by 

Amber/GAFF developers. The simulation protocol included an initial energy minimization using the 

steepest descent algorithm, followed by a density equilibration step, where the system was simulated 

for 50 ns in the isothermal-isobaric (NPT) ensemble to achieve the correct density. The resulting 

theoretical density of 1.2 g cm⁻³ was in excellent agreement with the experimental value for the DES. 

Subsequently, a production trajectory was generated by simulating the system for an additional 50 ns 

in the canonical (NVT) ensemble. The final 10 ns of this trajectory were used as the productive phase 

for the calculation of ensemble average properties, including energies, distances, mean squared 

displacement (MSD), and radial distribution functions (RDFs). All MD simulations were carried out using 

the Gromacs 2020 software package, utilizing both MPI and CUDA (GPU) parallelized versions. 

 

3. Results and Discussion 

This study aims to explore and characterize a novel PET depolymerization method based on an ethylene 

glycol–based deep eutectic solvent, which simultaneously serves as the reaction medium and catalytic 

system, thereby opening a pathway toward scalable and environmentally friendly PET recycling 

technologies. 

To establish an optimal depolymerization system, an initial systematic screening was conducted across 

a series of potassium halide–based deep eutectic solvents (DESs) under anhydrous conditions. 

Screening experiments (Supplementary Information, Figure SI2) evaluated PET consumption at 150 °C 

for 1 h using KX:EG mixtures with a 1:6 molar ratio, where X = F, Cl, Br, or I. Among the tested 

formulations, KF:EG (1:6) exhibited the highest PET consumption (25%) and was therefore selected for 

further study. 

The highly hygroscopic nature of ethylene glycol necessitated a systematic investigation of the effect 

of water content on the depolymerization process. This aspect is particularly important because the 

influence of water on DESs is complex and well documented, as discussed in an extended review by Ma 

e al. [20], and can affect properties such as density, viscosity, conductivity, and surface tension in a 

nonlinear, composition-dependent manner. Accordingly, we adopted a pragmatic approach. Controlled 
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amounts of water were added to the initially anhydrous DES, and hydration levels were selected to 

reflect the water content of an aged EG sample—namely, an initially anhydrous EG sample that was 

briefly exposed to air, sealed, and allowed to equilibrate for 2 days.  

The water content was subsequently measured gravimetrically after drying at 150 °C overnight, 

revealing a typical value of 36%. Accordingly, reactions were performed using both strictly anhydrous 

KF–DES and hydrated KF–DES, with controlled water contents of 18%, 36%, and 42%, or expressed in 

molar ratio KF:EG:H2O 1:6:0, 1:6:1.5, 1:6:4, 1:6:5 corresponding to low, typical (equilibrated), and high 

hydration levels, respectively (see Table 2). 

Finally, for both anhydrous and hydrated systems at each hydration level, PET depolymerization was 

investigated under two reaction setups, namely (i) classical (conventional) heating induced and (ii) 

microwave-assisted heating, in order to compare the influence of the energy input on the reaction 

outcome. 

3.1 Heat induced PET depolymerisation in anhydrous conditions 

The heat-induced reaction was investigated under anhydrous conditions at varying temperatures while 

maintaining a constant reaction time of 1 h. The results are shown in Figure 1 A, where the PET 

consumption yield exhibits a strong, nonlinear increase with temperature. 

 

   

 
Figure 1. PET consumption yield in anhydrous KF:EG (1:6) DES A: as a function of temperature B: or reaction time 

at 180°C.  

Negligible PET conversion (ca. 2%) was observed at 120°C and 140°C. However, a significant yield of 

25% was first obtained at 150°C, marking an activation threshold. Beyond this point, conversion 

increased to 36% at 160°C, 66% at 170°C, and reached quantitative conversion (100%) at 180°C within 

the 1-hour reaction period.  
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Once it was established that 180 °C is the minimum temperature required to achieve quantitative PET 

consumption, the minimum reaction time was also investigated. Reaction progress was monitored by 

visual inspection of the solid residue under 365 nm UV illumination, exploiting the characteristic blue 

fluorescence of PET flakes attributable to α-hydroxyterephthalate chromophores formed upon 

photooxidative degradation. Complete disappearance of the blue emission from the solid residue was 

used as a practical indicator of PET consumption, providing a rapid and unambiguous criterion for 

determining the endpoint of the reaction. Using this approach, the minimum reaction time was 

determined to be 15 min. This minimum conversion time was subsequently selected for the recyclability 

experiments described in Section 3.3. 

To further characterize the reaction kinetics, the time evolution of PET consumption yield at 180 °C was 

monitored from 2:30 to 15 min at 2:30 intervals; a gradual increase of consumption yield was observed 

with the measured yields being  33.2, 41.3, 49.5, 55.7, 73.7 and 100% for 2:30, 5, 7:30, 10, 12:30 and 

15 min (Figure 1B).To obtain a better understanding the data were fitted to a second-order kinetic 

model. The linearized second-order plot of 1/(1−X) versus time yielded a rate constant k of 0.154 min⁻¹ 

with a coefficient of determination R² = 0.986 (Figure SI3) while fitting to a first order model yielded a 

lower R², confirming the validity of the second-order kinetic model is appropriate for this system. The 

apparent activation energy (Eₐ) of the KF/EG system was determined by applying the Arrhenius 

equation to conversion data collected over the 150–180 °C temperature range (Figure SI4). The 

resulting plot yielded an Eₐ of 156.6 kJ/mol (R² = 0.955). This value is significantly higher than those 

reported for conventional metal-catalyzed PET glycolysis systems, which typically fall in the range of 

46–108 kJ/mol, and is instead consistent with the range reported for non-metallic and emerging green 

catalytic systems (108–172 kJ/mol). Notably, the obtained Eₐ is in remarkable agreement with that of 

the recently reported 1,5-diazabicyclo[4.3.0]non-5-ene  DBN/urea deep eutectic solvent system (Eₐ = 

155.65 kJ/mol), the most active non-metallic catalyst reported to date for PET glycolysis[17]. This near-

identical activation energy strongly suggests that both systems share a common rate-determining step. 

The DBN/urea study proposes that catalysis proceeds via enhancement of the nucleophilicity of the 

hydroxyl oxygen of ethylene glycol upon interaction with the catalyst. In the KF/EG system, the fluoride 

ion is a strong hydrogen bond acceptor and can activate the EG hydroxyl group through an analogous 

interaction, thereby promoting nucleophilic attack on the PET ester bond. The convergence of 

activation energy values and mechanistic proposals across two independent systems provides mutually 

reinforcing support for this nucleophilic activation pathway and underlines the classification of the 

KF/EG system as a metal-free, mechanistically distinct approach to PET depolymerization. 

The depolymerization reaction yielded a solid powder, whose composition, product ratio, and yield 

were determined by quantitative ¹H NMR analysis of the reaction supernatants, the dissolved solid 

residue (in DMSO-d₆), and the washing liquids. Using this approach, the product composition obtained 

from heat-induced reactions at 150 °C and 180 °C after 1 h was quantitatively determined. 

Figure 2A shows, as a representative example, the aromatic region of the ¹H NMR spectrum acquired 

from the reaction supernatant after treatment at 150 °C. The characteristic aromatic proton signals, 

referenced to literature values, were used for identification and quantification: terephthalic acid (TA) 

at 7.90 ppm, bis(2-hydroxyethyl) terephthalate (BHET) at 8.17 ppm, and mono(2-hydroxyethyl) 
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terephthalate (MHET), observed as a pair of doublets at 7.98 and 8.07 ppm, in accordance with reported 

data. The mass balance confirms that the observed PET consumption yield is exclusively attributable to 

depolymerization, with quantitative (100%) molar recovery of monomeric products.[18] 

 

Figure 2. NMR analysis of heat-induced depolymerization products at 150 °C and 180 °C. 
A: Aromatic region (8.3–7.8 ppm) of the ¹H NMR spectra of reaction supernatants obtained from heat-induced 
depolymerization at 180 °C (black line) and 150 °C (red line), showing the characteristic signals of terephthalic 
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acid (TA), bis(2-hydroxyethyl) terephthalate (BHET), and mono(2-hydroxyethyl) terephthalate (MHET), used here 
as representative examples for monomer identification. B: Product ratios obtained from heat-induced reactions 
at 150 °C and 180 °C. The molar fractions of terephthalic acid (TA, blue), bis(2-hydroxyethyl) terephthalate (BHET, 
orange), and mono(2-hydroxyethyl) terephthalate (MHET, green) were determined by quantitative NMR 
analysis. 

 

The product ratio resulting from heat-induced depolymerization at 150 °C and 180 °C was determined 

by quantitative NMR analysis. As shown in Figure 2B, the product distribution is strongly temperature 

dependent. At 150 °C, the monoester MHET was the dominant product (45.9%), followed by TA (33.5%) 

and BHET (20.5%). In contrast, at 180 °C the distribution shifted markedly, with BHET becoming the 

major product (55.5%) and MHET accounting for 41.5%, while TA was reduced to a minor component 

(3.0%). These results indicate that higher temperatures favor BHET formation, whereas lower 

temperatures promote reaction pathways leading to increased TA formation. 

3.2 Heat induced PET depolymerization in hydrated conditions 

For comparison between hydrated and anhydrous conditions, reactions were evaluated at the 

minimum temperature at which significant PET conversion is observed, namely 150 °C. Reactions were 

carried out at water contents of 18%, 36%, and 42%, alongside the anhydrous condition (0% water). 

The PET consumption yields obtained under these conditions are shown in Figure 3A. Under anhydrous 

conditions, a yield of 25% was measured. Introducing water into the DES led to an increase in yield, 

reaching approximately 32.5% at 18% water content, while further hydration resulted in no appreciable 

change, with yields of 32.6% and 30.3% at 36% and 42% water content, respectively.  
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Figure 3. Effects of water content on heat-induced depolymerization at 150 °C for 1 h using KF:EG 1:6 DES, with 

water contents of 0%, 18%, 36%, and 42%. A: PET consumption. B: Products ratios determined by quantitative 

NMR, showing the molar fractions of terephthalic acid (TA, blue), bis(2-hydroxyethyl) terephthalate (BHET, 

orange), and mono(2-hydroxyethyl) terephthalate (MHET, green). C: Fluoride consumption in the DES, 

determined by gravimetric analysis. 
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Quantitative NMR analysis of the products obtained under hydrated conditions revealed the same 

three monomers observed under anhydrous conditions, i.e. TA, BHET, and MHET, with total monomer 

recovery remaining quantitative (100%), confirming that PET consumption yield was exclusively 

attributable to depolymerization. In contrast, the presence of water induced a pronounced shift in 

product distribution. As shown in Figure 3B, the ester intermediates BHET and MHET are nearly absent 

(<1%), while terephthalic acid (TA) becomes the dominant product, accounting for more than 97% of 

the monomer mixture. This water-induced suppression of glycolysis products in favour of TA is fully 

consistent with the behaviour recently documented by Jia et al. across a range of heterogeneous and 

homogeneous catalytic PET glycolysis systems, where increasing water content was shown to promote 

a competing hydrolytic pathway that progressively diverts the product distribution away from BHET 

and toward terephthalic acid, irrespective of catalyst identity [21]. The present results extend this 

observation to the KF:EG DES system, confirming that water-driven hydrolytic competition is a general 

phenomenon in catalytic PET glycolysis rather than a system-specific effect. 

The mechanistic basis for this selectivity shift can be rationalized as follows. Under anhydrous 

conditions, the glycolate anion (EG⁻), generated by fluoride deprotonation of ethylene glycol as 

discussed in Section 3.7, is the sole nucleophile available for ester bond attack, yielding glycolysis 

products BHET and MHET. Under hydrated conditions, water acts as a competing nucleophile, with 

hydroxide ions or water molecules attacking the ester carbonyl directly and promoting hydrolysis of 

both the PET chain and any glycolysis intermediates formed. The near-complete suppression of BHET 

and MHET at high water content is consistent with rapid hydrolytic consumption of these ester-

containing intermediates as they form, funnelling the product distribution toward the thermodynamic 

endpoint of full hydrolysis, namely TA. The progressive increase in TA yield with increasing water 

content observed in Figure 3B is further consistent with this picture, as higher water activity would be 

expected to progressively favour the hydrolytic pathway over glycolysis [21] 

To further characterize the solid product obtained under water-containing conditions, the reaction 

solids were analyzed by FTIR spectroscopy. A representative spectrum is shown in Figure SI5 of the 

Supplementary Information (150 °C, 36% water), alongside a reference TA spectrum. The sample 

spectrum closely matches that of the commercial TA standard in the fingerprint region between 400 

and 1500 cm⁻¹ and displays the characteristic broad O–H stretching vibration of the carboxylic acid 

group (2000–3500 cm⁻¹). The one-to-one correspondence of the spectral features indicates that the 

isolated solid predominantly consists of terephthalic acid. 

To further assess the purity of the product, TGA was performed on both the isolated solid and a 

commercial TA reference (Figure SI6). The two profiles are closely superimposable, with identical onset 

temperature for mass loss at approximately 240 °C and complete decomposition by 350 °C, consistent 

with the known thermal behaviour of pure terephthalic acid. However, the product from 

depolymerization exhibits a residual mass of approximately less than 1% at the end of the TGA 

experiment, which is absent in the reference TA profile and indicates the presence of a minor thermally 

stable impurity. 
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To identify the nature of this residue, qualitative assays for potassium and fluoride were performed on 

the isolated solid. A flame test conducted on the product yielded a faint violet coloration, indicative of 

trace potassium. A modified CaCl₂ precipitation assay, in which the solid was first dissolved in aqueous 

NaOH to ensure complete ionic dissociation before addition of CaCl₂ solution, produced faint cloudiness 

upon addition of the calcium salt, consistent with the presence of trace fluoride as CaF2 at a level too 

low for quantitative determination by this method. Taken together, these observations indicate that 

the TGA residue is attributable to a minor co-precipitated KF impurity, present at a level below the 

detection threshold of FTIR spectroscopy and therefore not visible in the solid-state spectrum. 

Importantly, KF is highly water-soluble and can be straightforwardly removed by a simple aqueous wash 

step, which would afford analytically pure terephthalic acid. The isolation protocol employed in the 

present study was not optimised for complete DES removal, as the primary objective was product 

identification rather than purification; the incorporation of a water wash step into the workup would 

be expected to reduce the KF residue below detectable levels and is recommended for any application 

requiring high-purity TA. 

 Importantly, these results show that, under water-containing conditions, the DES system can directly 

yield a single, high-purity solid product, thereby reducing the need for complex downstream separation 

or purification steps. 

The role of the fluoride anion in the overall process, specifically, whether it acts solely as a catalyst or 

participates as a reagent, was assessed by determining the fluoride content in the DES at the end of 

each reaction cycle. Under anhydrous conditions, the fluoride content remains constant, indicating that 

fluoride functions catalytically and is not consumed during the depolymerization process. In contrast, 

under water-containing conditions, the fluoride concentration in the DES strongly depends on the water 

content, with fluoride losses relative to the initial fluoride amount (Figure 3C) reaching 50%, 60%, and 

85% at 18%, 36%, and 42% water content, respectively.  

Under anhydrous conditions, which represent both the primary operating regime and the 

recommended configuration of the KF system, complete fluoride retention across reaction cycles 

confirms its catalytic role and is fully consistent with the excellent recyclability of the DES. This 

configuration provides the highest depolymerization efficiency, a product distribution dominated by 

BHET and MHET, quantitative recyclability over five cycles, and the most favourable green chemistry 

metrics. Importantly, none of the phenomena discussed below were observed under these conditions. 

Our hypothesis is that under hydrated conditions, progressive fluoride losses suggest that the chemical 

behaviour of fluoride changes when water is present in excess of stoichiometric levels. In protic 

environments, fluoride may undergo protonation equilibria involving water or acidic species generated 

during the reaction, such as terephthalic acid. While these processes may lead to the formation of 

hydrogen fluoride-containing species. The most compelling experimental evidence supporting HF 

generation in the present system is the shear but unequivocal observation of mild etching of 

borosilicate reaction vessels, detected exclusively in water-containing experiments and entirely absent 

under anhydrous conditions. Based on the chemical resistant of borosilicate glass to the vast majority 

of acids, bases, and organic solvents encountered under the reaction conditions employed here, 

                  



17 
 

including ethylene glycol, potassium fluoride solutions, and terephthalic acid, we deduced that its mild 

dissolution under these conditions is not attributable to any species present in the reaction mixture 

other than HF or HF-containing species. The strict water-dependence of the etching phenomenon, 

reproducibly absent across all anhydrous experiments and consistently observed under hydrated 

conditions, therefore constitutes indirect but chemically specific evidence for in situ HF generation, the 

only plausible etching agent under the experimental conditions employed. The occurrence of these 

processes is intrinsically associated with the presence of water and is therefore not an inherent 

characteristic of the anhydrous KF system. Consistent with this interpretation, mild etching of 

borosilicate reaction vessels was observed only in water-containing experiments, whereas no evidence 

of vessel degradation was detected under anhydrous conditions. 

These observations highlight the importance of maintaining low water contents during operation, a 

requirement that is already consistent with the optimized process conditions employed throughout this 

study. The use of anhydrous reagents and standard moisture-control procedures is sufficient to 

preserve catalyst integrity, maintain fluoride retention, and ensure optimal process performance. 

From a practical perspective, hydrated systems remain technically feasible but may require additional 

consideration of fluoride speciation and long-term catalyst management, particularly in large-scale 

applications. Further quantitative investigation of fluoride-containing volatile species under these 

conditions would provide valuable information for process. 

Overall, the results demonstrate that the anhydrous KF DES constitutes a highly efficient, recyclable, 

and operationally robust catalytic platform for PET depolymerization. The combination of complete 

fluoride retention, excellent catalyst recyclability, favourable product selectivity, and straightforward 

process control makes the anhydrous route the most attractive configuration for future scale-up and 

industrial implementation. 

 

3.3 Solvent recyclability over 5 cycles depolymerization  

The reusability and operational stability of the KF:EG DES were evaluated over multiple cycles. 

Depolymerization was performed for five consecutive cycles under optimized anhydrous conditions, 

using short treatment times of 15 min at 180 °C, and the products obtained after each cycle were 

characterized using previously established NMR and gravimetric methods. This evaluation is relevant 

to the economic and environmental viability of solvent-based processes, which depend critically on 

solvent recyclability. 
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Figure 4. DES recyclability over five consecutive cycles under anhydrous, heat-induced conditions (180 °C, 15 

min). A: PET consumption yield per cycle. B: Total monomers yield per cycle. 

In Figure 4 the consumption yields and total monomer recovery per cycle are reported. It can be 

observed that quantitative PET consumption (100%) was consistently maintained throughout all five 

cycles. Simultaneously, a total monomer recovery of 100% was achieved when accounting for the 

combined contributions of all product fractions, placing this system among the most efficient DES-

based depolymerization methods reported to date.  

For comparison purposes, our results were benchmarked against the best ones reported in a recent 

review covering PET depolymerization using DESs. [22] 

Table 3. Operational parameters of DES-mediated PET solvolysis reported in the literature, compared with this 

work. U = Urea Ac = Acetate; CC = Choline chloride; DMU = dimethylurea; G = glycerol; EH = 2-ethyl-1-hexanol 

Solvent Catalyst Optimal Parameters PET 
Consumption 

Yield Reference 

KF:EG 1:6 KF:EG 1:6 180°C 15 min 100% 100% This work 

EG ZnCl2:U 1:4 170°C 30 min 100% 84% [23] 

EG ZnAc2:U1:4 197°C 60 min 100% 68% [24] 

EG K2CO3:EG 1:6 180°C120 min 100% 88% [25] 

EG ZnAc2:1,3-DMU 1:4 190°C 20 min 100% 82% [26] 

EH ZnAc2:CC 1.5:1  185°C 1 hr 100% 85% [27] 

 

The most effective DES systems summarized in that review achieved quantitative PET consumption at 

185 °C after 1 h of treatment, or at 170 °C after 30 min. While the former operates at more severe 

conditions than those employed here, the latter appears more favorable in terms of temperature but 

requires longer treatment times. Moreover, the reported monomer recovery was approximately 84%, 

and solvent recyclability was not assessed. Taken together, these differences place the heat-induced 

process reported in this work in a favorable position with respect to both efficiency and recyclability. 
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It should be noted that, in the cited works, DESs are generally employed as catalytic components 

dissolved within a solvent medium. In contrast, the KF:EG 1:6 system used in this study acts 

simultaneously as both the bulk solvent and the catalytic agent.  This difference in system design deems 

direct comparisons of performance metrics less effective. 

3.4 Microwave-assisted PET depolymerization in anhydrous conditions 

 

Microwave heating has been reported as a potentially more energy-efficient activation method for 

chemical reactions, due to its selective interaction with polar reaction media.[28] In the context of PET 

depolymerization using the EG-based DES developed in this work, microwave irradiation may provide 

direct and efficient energy coupling to the reaction medium. Ethylene glycol exhibits a high microwave 

absorption capability, facilitating effective energy transfer within the system. Moreover, deep eutectic 

solvents absorb microwave energy more efficiently than conventional solvents as a result of their 

extensive hydrogen-bonding networks.[12,29] Notably, within the EG-based DES formulations 

investigated here, anhydrous KF:EG couples more efficiently with microwave irradiation than the 

corresponding EG/water mixtures, consistent with the stronger microwave absorption of EG relative to 

water.[28] Collectively, these characteristics render the EG-based DES potentially well suited for 

microwave-assisted depolymerization relative to conventional heat induced. 
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Figure 5. PET consumption yield as a function of irradiation time for microwave-assisted reactions at 90 W using 
anhydrous KF:EG =1:6.  

 
To evaluate the efficiency of this approach, depolymerization was performed under microwave 

irradiation using anhydrous KF:EG 1:6 DES. Reactions were carried out in a modified commercial 

microwave oven at the lowest available power setting (90 W). As shown in Figure 5, PET consumption 

exhibited a pronounced time dependence: no conversion was detected after 1 minute, a 9% yield was 

achieved after 2 minutes, and quantitative (100%) consumption was obtained in 3 minutes. The rapid 

heating of the DES upon microwave irradiation was evidenced by reaching the boiling point of ethylene 

glycol (197.3 °C), observed via onset of the solvent evaporation, after PET was fully consumed.  

For comparison with the heat-induced process, the total energy input was estimated as described in 

Section Minimum required energy calculation of the Supporting Information, Table SI1. Based on this 

analysis, the microwave-assisted process requires 16.2 kJ (3 min at 90 W), whereas 136 kJ are required 

to achieve the same quantitative (100%) yield using conventional heating at 180 °C for 15 min. It should 

be noted that this comparison represents a coarse energy estimate. Nevertheless, the large difference 

observed highlights the inherently higher energy efficiency of microwave-assisted depolymerization in 

the KF:EG (1:6) DES, enabling rapid processing through more effective use of the supplied energy. The 

quantitative assessment of both processes as energy economy coefficient (ε), are reported in Section 

3.6.  

3.5 Microwave assisted PET depolymerization in hydrated conditions 

To enable direct comparison with the heat-induced process, the effect of water content was also 

evaluated under microwave-assisted treatment. Reactions were performed using the same range of 

DES hydrations (18%, 36%, and 42% water) and a fixed irradiation time of 3 min at 90 W, corresponding 

to the optimal conditions identified for the anhydrous system, against which they were compared. 
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Figure 6. Microwave heating efficiency of KF:EG:water composition with water content of 0% (orange) 

18% (blue); 36% (green) and 42% (pink), and with KF % w/w=0; 7.69; 14; 16.66; 18.18 that correspond 

to KF/EG ratio of 0; 1/12; 1/6; 1/5; 1/4.5 respectively 

 

The observed solvent evaporation observed after microwave irradiation in anhydrous conditions 

warranted a dedicated investigation of the microwave heating efficiency of the DES. Room temperature 

mixtures were irradiated at 90 W for 1 minute, a reduced irradiation time chosen for safe handling, and 

the resulting temperature rises are reported in Figure 6. KF:EG molar ratios corresponding to 0, 7.69, 

14, 16.66, and 18.18 mol% KF, corresponding to KF:EG molar ratios of 0, 1:12, 1:6, 1:5, and 1:4.5, were 

examined across all four hydration levels employed in the depolymerization experiments (0%, 18%, 

36%, and 42% water). Under anhydrous conditions, pure EG (0 mol% KF) exhibited a temperature rise 

of 66 °C. Addition of KF produced a pronounced non-linear response, with heating efficiency peaking at 

102°C for 7.69 mol% KF (1:12 KF:EG ratio), then declining progressively to 92 °C at 14 mol% KF (DES 

KF:EG ratio 1:6), 82°C 16.66 mol% and 68 °C at 18.18 mol% KF. At 18% water content, a similar non-

linear trend was observed, though with a broader and less pronounced maximum: the temperature rise 

increased from 68 °C at 0 mol% KF to a peak of 89 °C at 14 mol% KF, before decreasing to 78 °C at 18.18 

mol% KF. At higher water contents, the non-linear character progressively diminished: at 36% water, 

temperature rises were largely invariant across KF concentrations, ranging narrowly between 66 and 
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74 °C, while at 42% water a similarly flat response was observed, spanning 67–72 °C, with a shallow 

maximum at 14–16.66 mol% KF. 

DES are known to exhibit enhanced microwave absorption arising from their hydrogen bond network 

structure, the hydroxyl groups of the HBD component, the ionic character of the HBA, and the field-

induced increase in polarity under irradiation [12]. These properties collectively account for the 

superior heating efficiency of KF:EG relative to pure EG. The non-linear dependence on KF 

concentration under anhydrous and low-hydration conditions may be rationalized as follows: at low 

ionic concentrations, K⁺ and F⁻ ions are hypothesized to enhance dipolar and ionic conduction losses, 

augmenting microwave energy dissipation; at higher concentrations, increased ion pairing and viscosity 

would progressively attenuate ionic mobility, reducing dielectric loss and heating efficiency. The 

progressive suppression of this non-linear behavior at higher water contents is consistent with water 

gradually disrupting the hydrogen bond network of the DES, dampening the ion-concentration-

dependent enhancement of microwave absorption, though further dielectric characterization would be 

required to confirm this interpretation. 

Crucially, assuming linear microwave heating, the temperature increments measured at the 14 mol% 

KF composition corresponding to the 1:6 DES employed in the depolymerization experiments after 1 

minute of irradiation (92, 89, 74, and 70 °C for 0%, 18%, 36%, and 42% water, respectively) extrapolate 

to theoretical maxima of 276, 267, 222, and 210 °C after 3 minutes. In practice, these temperatures are 

not reached, as the mixtures are constrained by the boiling point of the solvent; however, these values 

confirm that the KF:EG 1:6 DES rapidly reaches and sustains temperatures in the vicinity of the EG 

boiling point (197.3 °C) under the reaction conditions employed, fully consistent with the observed 

solvent evaporation. The progressive reduction in theoretical maximum temperature with increasing 

water content further corroborates the attenuation of depolymerization efficiency observed in 

hydrated systems. While direct in situ temperature measurement was not feasible under the 

experimental setup employed, the proxy measurements reported here, combined with the observed 

solvent evaporation, provide a coherent and internally consistent picture of the thermal regime 

achieved, and confirm that water evaporation from hydrated mixtures during irradiation is an expected 

consequence of the temperatures reached. The onset of solvent evaporation during microwave 

irradiation also has a direct consequence for DES recyclability assessment. Under the open-vessel 

configuration employed in this study, partial evaporative loss of ethylene glycol during each irradiation 

cycle would alter the composition of the recovered DES in a manner that is not straightforwardly 

controlled or corrected between cycles, precluding a meaningful quantitative recyclability study under 

microwave conditions. The recyclability of the KF:EG DES was therefore validated exclusively for the 

heat-induced process, where solvent integrity is fully preserved across five consecutive cycles under 

closed-vessel conditions. The extension of recyclability assessment to microwave-assisted processing 

would require a pressurized closed-vessel microwave reactor capable of preventing solvent loss, an 

experimental configuration that was outside the scope of the present study and is identified here as a 

relevant direction for future work. 

As shown in Figure 7A, the increase the water content caused a pronounced, nearly linear decrease in 

PET consumption. While quantitative conversion (100%) was maintained under anhydrous conditions, 
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the yield decreased to 84% at 18% water content, 58% at 36% water content, and reached a minimum 

of 11% at 42% water content. This decline can be attributed to the lower microwave absorption 

efficiency of water compared with EG, which effectively reduces the temperature reached under 

otherwise identical operating conditions. Indeed, the dielectric loss factors differ significantly, with tan 

δ = 0.123 for water and 1.35 for EG. Consequently, the bulk temperature attained during the fixed 

irradiation period is inherently lower at higher hydration levels, leading to reduced depolymerization 

efficiency. This interpretation is supported by the heating measurements described above, which 

confirm a progressive attenuation of temperature rise with increasing water content. 

Within the experimental setup employed, a reliable assessment of recyclability was not possible, as 

solvent evaporation during the treatments could not be effectively controlled. 
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Figure 7. Effects of water content on microwave-assisted (90 W, 3 min) depolymerization using anhydrous KF:EG 
1:6 DES with added water to final water contents of 0%, 18%, 36%, and 42%. 
A: PET consumption. B: Monomer product distribution determined by NMR, showing the molar fractions of 
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terephthalic acid (TA, blue), bis(2-hydroxyethyl) terephthalate (BHET, orange), and mono(2-hydroxyethyl) 
terephthalate (MHET, green). C: DES fluoride consumption determined by gravimetric assay. 

 

Quantitative NMR analysis evidenced how depolymerization remains the sole reaction pathway under 

all investigated conditions, leading always to full monomers recovery. The product distribution was 

strongly influenced by water content (Figure 7B). In anhydrous DES and at 18% and 36% water, BHET 

dominated (54%, 63%, and 56% of the monomer mixture, respectively), while its ratio fell to 20% at 

42% water. Conversely, MHET accounted for 41%, 30%, and 32% at lower hydration values, becoming 

the major product (48%) at 42% water. The TA fraction increased progressively with water content, 

from 5% (anhydrous) to 7%, 11%, and finally reaching a maximum of 30% at 42% water. 

The maximum TA yield of 30% obtained under microwave irradiation is substantially lower than the 

>97% achieved under conventional heating at equivalent water content and longer reaction times, 

indicating that hydrolysis of ester intermediates to TA is a comparatively slow secondary step. The short 

microwave treatment is sufficient to induce rapid chain cleavage but insufficient for subsequent 

hydrolysis to reach completion. 

Fluoride consumption during microwave-assisted depolymerization was quantified, with the results 

presented in Figure 7C. Significant fluoride loss was observed under all conditions, measuring 31%, 43%, 

57%, and 54% for water contents of 0%, 18%, 36%, and 42%, respectively. This behaviour differs notably 

from that of the heat-induced process, where no fluoride consumption occurred under anhydrous 

conditions. 

This difference suggests the involvement of two distinct fluoride degradation pathways under 

microwave heating. First, the substantial consumption (31%) measured in the anhydrous system 

indicates a thermolytic mechanism, likely activated by the very high local temperatures (~197.3 °C, the 

boiling point of EG) rapidly attained during irradiation. Second, the progressive increase in fluoride loss 

with water content points to the additional contribution of the hydrolytic pathway (likely HF formation), 

analogous to the mechanism observed in the heat induced reactions. However, the overall extent of 

fluoride loss under microwaves assisted processes in hydrated conditions remains lower than in heat 

induced reactions reaching a maximum of 57% at 36% water, compared to 85% in the thermal process 

at 42% water. This attenuation is consistent with the lower average bulk temperature achieved in 

water-containing mixtures during the short microwave cycles, a direct consequence of water's reduced 

microwave absorption (lower tan δ), which dumps the rate of both thermolytic and hydrolytic side 

reactions. 

3.6 Sustainability assessments 

To provide a standardized evaluation of process sustainability, performance was assessed using the 

energy economy coefficient (ε) proposed by Barnard et al[19]. This metric was chosen as it directly 

quantifies the energy efficiency of the reaction and has been widely adopted in the field, enabling a 

direct and standardized comparison of sustainability performance with the existing literature 

                  



26 
 

   

 

Figure 8. Energy economy coefficient (ε). A: Comparison between the estimated microwave-assisted process and 
the heat-induced process under anhydrous conditions. B: Heat-induced process compared with literature 
benchmarks reported by Kumar et al.[6] 

 

The coefficient ε is defined as ε = Y/(T × t), where Y is the product yield, T is the temperature in degrees 

Celsius, and t is the time in minutes; a higher ε signifies greater energy efficiency. 

Under these premises, for the anhydrous cases, the energy economy coefficient ε was calculated for 

the heat-induced process and determined for the microwave-assisted process using the boiling 

temperature of ethylene glycol (197.3 °C) as the operative reaction temperature, yielding values of ε = 

0.037 and 0.169, respectively (Figure 8A). The assignment of 197.3 °C to the microwave-assisted process 

is not based solely on the visual onset of solvent evaporation, but is independently supported by the 

microwave heating efficiency data reported in Section 3.4 .The 1:6 KF:EG DES reaches a temperature 

rise of 92 °C per minute under the irradiation conditions employed, extrapolating to a theoretical 

maximum of 276 °C after 3 minutes in the absence of evaporative constraints. The boiling point 

therefore represents a physically justified upper bound, beyond which microwave energy is dissipated 

through vaporization. Even so treated, the microwave-assisted process displays a substantially higher ε 

value than the heat-induced process, reflecting its more efficient energy utilization under the conditions 

examined. 

Furthermore, the coefficient obtained for the heat-induced process was compared with recent 

benchmarks, such as the ε = 0.026 reported for a 1,3-DMU/Zn(OAc)₂ DES system (Figure 8B), indicating 

a higher performance. This improvement can be attributed to the combination of quantitative yield, 

moderate operating temperature, and, crucially, the short reaction time (15 min) enabled by the DES 
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system. Taken together, the rapid kinetics, quantitative yield, and excellent solvent recyclability 

highlight the potential of this method for scalable and sustainable PET recycling.   

Barnard et al. proposed two additional green chemistry metrics beyond the energy economy coefficient (ε): the 

E-factor and the ξ-factor. The environmental factor (E-factor), first proposed by Sheldon, is defined as the mass 

of waste generated per mass of product. In its strictest application, the E-factor cannot be meaningfully 

evaluated for the anhydrous KF:EG system on a per-cycle basis, given that the solvent/catalyst remains fully 

active across the five cycles examined and generates no waste stream attributable to DES degradation or 

disposal. However, any practical implementation of the process must account for the finite service lifetime of 

the DES, and the E-factor penalty associated with eventual solvent replacement therefore warrants qualitative 

discussion. 

Assuming, as a conservative working hypothesis, that the DES requires complete replacement after 15 reaction 

cycles, a reasonable lower bound given the full retention of catalytic activity observed over five cycles, and 

adopting the approximation that 1 g of PET yields approximately 1 g of product, a quantity that is justified by the 

close correspondence between the molecular weight of the PET repeat unit and those of the principal 

depolymerization products TA, MHET, and BHET. Then the cumulative DES mass distributed over total product 

yield affords an estimated E-factor of approximately 2. It must be emphasized that this value is a rough order-of-

magnitude estimate, sensitive to assumptions regarding service lifetime, product distribution, and recovery 

efficiency, and should be interpreted accordingly rather than as a precisely determined metric. 

Nevertheless, even under these conservative assumptions, the estimated E-factor compares favourably with the 

best value reported in the literature for DES-mediated PET depolymerization: Kumar et al. reported an E-factor 

of 3.1 for a ChCl:ZnOAc₂ 1:1 DES system [6]. A fully comprehensive E-factor assessment would additionally 

account for solvent losses during workup, washing solvents employed in product isolation, fluoride consumption 

under hydrated operating conditions, and the energy embedded in DES preparation. Quantifying these 

contributions rigorously is non-trivial and, critically, has not been standardized in the DES-mediated PET 

depolymerization literature: to the best of our knowledge, no published study in this field has included workup 

solvents, or reagent preparation costs in their E-factor calculations, including the Kumar et al. benchmark cited 

above. Direct numerical comparison with literature E-factor values on an expanded basis is therefore not 

currently possible without introducing systematic inconsistencies. Nevertheless, a qualitative assessment of 

these additional waste streams is warranted. Under anhydrous conditions, product isolation requires only 

filtration or precipitation, with no additional solvent wash steps; EG losses are minimal given the high boiling 

point and low vapor pressure of the solvent at reaction temperature; and fluoride is fully retained, incurring no 

replenishment cost. Under hydrated conditions, fluoride losses represent a stoichiometric penalty whose 

magnitude scales with water content, as discussed in Section 3.2, and should be factored into any future full life-

cycle assessment of those pathways. DES preparation involves only mixing of two commercially available, low-

toxicity components under mild conditions, representing a negligible energy and waste penalty relative to the 

reaction step itself. Taken together, these considerations suggest that the anhydrous KF:EG system compares 

favorably on a qualitative basis even when waste streams beyond the DES solvent mass are considered, and that 

a more complete quantitative sustainability assessment, conducted on a standardized basis across the literature, 

remains a valuable direction for future work This comparison suggests that the KF:EG system retains a meaningful 

green chemistry advantage even when the eventual disposal of the DES is accounted for. The third metric, the 

environmental energy impact factor (ξ-factor), defined as E-factor/ε, inherits the uncertainties associated with 

the E-factor estimate discussed above and is therefore not evaluated quantitatively here. The direct energy 
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consumption during the reaction, as quantified by ε, remains the primary descriptor of process sustainability for 

the present system. 

 

3.7 Mechanistic investigation and MD Simulations 

 

 

Figure 9: NMR spectra of EG (black line) and KF:EG 1:6 DES (red line) 

 

The mechanism by which the KF:EG system activates PET ester bonds was investigated through a 

combination of spectroscopic and computational approaches. As a first step, ¹H NMR spectroscopy was 

used to probe the state of ethylene glycol in the DES mixture. Spectra were recorded under rigorously 

anhydrous conditions, using dry DMSO-d₆ from sealed vials and a DES prepared under dry nitrogen 

atmosphere from oven-dried reagents stored in a desiccator, in order to exclude proton exchange with 

adventitious moisture as a confounding factor. Figure 9 compares the ¹H NMR spectra of pure EG and 

the KF:EG 1:6 mixture. In pure EG, two distinct signals are observed: the methylene protons (-CH₂-) at 

3.5 ppm and the hydroxyl protons (-OH) at 5.29 ppm. In the KF:EG 1:6 DES, the -CH₂- resonance is 

retained at 3.58 ppm. The -OH resonance undergoes marked attenuation, and a broad signal of low 

intensity is tentatively observed at approximately 5.59 ppm, representing a shift of ca. 0.3 ppm relative 

to the EG reference. The breadth and attenuation of this signal are consistent with a substantial 

reduction in hydroxyl proton population in solution, and the shift is indicative of deshielding of the 

residual hydroxyl proton, consistent with strong hydrogen bond donation from EG to the fluoride anion 

or partial deprotonation of the hydroxyl group in the DES environment. The NMR data are s consistent 

with nucleophilic activation of the EG hydroxyl group by fluoride or glicolate EG- ion formation. 
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The enhanced basicity of F⁻ in non-aqueous media provides the thermodynamic rationale for this 

activation, and the effective driving force for EG hydroxyl interaction with fluoride in the DES 

environment cannot be directly inferred from aqueous pKa values alone. 

This spectroscopic observation is in broad agreement with recent independent reports. Zhou et al.[16] 

demonstrated through first-principles molecular dynamics simulations that an analogous KOH/EG 

system generates EG⁻ as the active nucleophilic species, and reported a disappearance of the EG O-H 

NMR signal attributed to deprotonation; as with the present system, such signal attenuation may reflect 

a combination of deprotonation and exchange-induced broadening, and the two contributions are not 

always straightforwardly distinguishable by ¹H NMR alone. Independently, the DBN/urea DES study 

reported a progressive shift and apparent disappearance of the EG O-H signal with increasing catalyst 

concentration, with a downfield shift analogous to that observed here, attributed to enhanced 

nucleophilicity of the hydroxyl oxygen through interaction with the nitrogen-containing hydrogen bond 

acceptor. The convergence of NMR observations and mechanistic proposals across three independent 

systems  the KF:EG system reported here, the DBN/urea DES, and the KOH/EG system.[15-16] provides 

mutually corroborating support for nucleophilic activation of EG as the key catalytic event in the ester 

bond cleavage of PET. 

 

With the identity of the reactive nucleophile experimentally established, molecular dynamics (MD) 

simulations were performed to investigate the spatial selectivity of EG⁻ attack along the PET chain and 

to rationalize the observed product distribution at the molecular level. 

A notable feature of the depolymerization in the KF:EG system, observed with both heating-induced 

and microwave-assisted methods, is the formation of a significant fraction of mono(2-hydroxyethyl) 

terephthalate (MHET). This observed products distribution is unconventional for a standard glycolytic 

process, where ethylene glycol (EG) insertion typically yields bis(2-hydroxyethyl) terephthalate (BHET) 

as the primary monomer. The substantial yield of MHET suggests a deviation from classical 

glycolysis.[30] 

Interestingly, MHET is a well-established intermediate in the enzymatic degradation of PET by PETase, 

where it is generated via hydrolytic cleavage at a terminal ester bond.[31] The prevalence of MHET in 

the present DES-mediated system points to a possible alternative mechanism, where a terminal-chain 

scission, leading to the monoester product is favoured, rather than the diester characteristic of random 

glycolysis. 
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Figure 10. A: Structure of the PET oligomer used in the MD simulations, with the depolymerizable terminal 
carbonyl and the central carbon highlighted in red and black, respectively. 
B: Radial distribution function (RDF) between the negatively charged oxygen of EG⁻ and the carbonyl carbon at 
the depolymerizable terminal position (red) or the central position (blue). C: RDF between the K⁺ ion and the 
carbonyl oxygen at the depolymerizable terminal position (red) or the central position (blue). 

 
To elucidate the reaction mechanism and rationalize the high MHET yield, a molecular dynamics (MD) 

simulation of a 20-unit PET oligomer, shown in figure 10A, in the anhydrous DES at 180°C was 

performed. The simulation was not designed to directly model bond cleavage events or compute 

activation barriers, but rather to probe the spatial accessibility and coordination preferences of the 

reactive species with respect to different sites along the PET chain, providing a structural basis for 

mechanistic hypotheses. 

The simulation was constructed on the basis of the experimentally established mechanistic hypothesis: 

the ¹H NMR evidence presented above, corroborated by the first-principles simulations of Zhou et al. 

and the spectroscopic data of the DBN/urea study [15-16], confirms that fluoride deprotonates 

ethylene glycol to generate the reactive glycolate ion (EG⁻) as the predominant nucleophilic species in 

solution 
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The potassium cation (K⁺) was further included as a potential Lewis acid co-catalyst, capable of 

coordinating to the ester carbonyl oxygen and polarizing the C=O bond.[15-16] This dual-component 

mechanistic model — EG⁻ as nucleophile and K⁺ as Lewis acid activator is thus grounded in experimental 

spectroscopic evidence prior to and independently of the simulation, substantially strengthening the 

physical basis of the computational model. 

A key question was whether this scission is independent of the polymer chain position or exhibits a 

regioselective preference. From the simulation trajectory, the radial pair distribution function (RDF), 

denoted as G(r), was calculated. This function describes the probability of finding a particle at a distance 

*r* from a reference particle, relative to a uniform distribution, and was used to quantify the spatial 

relationships between key species. Specifically, the RDF analysis compared the propensity of the 

glycolate or potassium ion (EG⁻ and K+ respectively) to interact with two distinct sites on the PET chain: 

the terminal ester carbonyl (which would lead to a chain-scission event) and the internal ester carbonyls 

(highlighted in Figure 10A). This comparison was used to assess whether the reactive species exhibit a 

preferential spatial proximity to the chain ends relative to internal positions, which would be consistent 

with a regioselective preference for terminal attack and would provide a structural rationalisation for 

the high MHET yield 

The RDF between the reactive oxygen of EG⁻ and the carbonyl carbons of PET is shown in Figure 10B, 

comparing terminal carbonyls with the ensemble average of all carbonyls. The function rises above 5 

Å, indicating a weak, non-specific background interaction. It plateaus at G(r) = 1 beyond ~20 Å, 

consistent with a lack of long-range order. Notice that the g(r) value is below one and not oscillating 

around it as in normal bulk radial distribution, since single atom-group (and not group-group 

correlations) are being sampled. A distinct peak at 3.24 Å is present for both terminal and internal 

carbonyl ensembles, revealing a preferred distance driven by electrostatic attraction. The intensity of 

this peak is significantly greater for the terminal carbonyls, indicating substantially greater spatial 

accessibility of the chain ends to the glycolate ion. This differential accessibility is consistent with a 

regioselective preference for terminal attack, although it should be noted that RDF analysis reflects 

proximity and coordination probability rather than reaction rate or transition state geometry; the 

present results are therefore interpreted as supporting a mechanistic hypothesis of preferential 

terminal scission rather than as direct proof of a bond cleavage pathway 

To investigate a potential cooperative catalytic role of the potassium cation, the radial pair distribution 

function (RDF) between K⁺ and the carbonyl oxygen atoms was analyzed (Figure 10C). As in the previous 

analysis, a rise above 5 Å followed by a plateau at G(r) = 1 beyond ~20 Å indicates weak, non-specific 

interactions followed by a lack of long-range order. 

A pronounced first-shell peak at 2.77 Å is present in the RDF for K⁺ interacting with both terminal and 

internal carbonyl oxygens, confirming a strong, direct coordination driven by electrostatic forces. The 

intensity of this peak, however, is significantly larger for the terminal carbonyl groups than for the 

ensemble average suggesting that terminal carbonyl oxygens are preferentially coordinated by K⁺. 

This specific K⁺-carbonyl coordination is central to the proposed mechanism. By binding to the carbonyl 

oxygen, K⁺ acts as a Lewis acid, withdrawing electron density and thereby increasing the electrophilicity 
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of the adjacent carbonyl carbon, i.e. a typical ester bond activation mechanism analogous to the one 

described by Rollo et al.[32] for PET depolymerization by Lewis acid based DES systems. This activation 

enhances the susceptibility of the carbonyl carbon to nucleophilic attack by the glycolate ion (EG⁻). The 

stronger coordination observed at the terminal carbonyls indicates that these sites are preferentially 

activated, providing a molecular-level structural hypothesis for the observed regioselective reactivity 

favoring chain-end scission. The preferential terminal interaction of both EG⁻ and K⁺ observed in the 

simulation is therefore fully consistent with the enzymatic analogy drawn by Zhou et al. [16], where 

terminal ester bond attack by the activated nucleophile is the hallmark of PETase-like reactivity 

The enhanced interaction probability at the chain ends, as suggested by the RDF analyses, can be 

attributed to the greater steric accessibility and conformational freedom of the terminal ester groups. 

Representative simulation frames (Figure 11) reveal that the oligomer samples a dynamic 

conformational space, alternating between semi-open and fully agglomerated (tightly coiled) 

configurations. 

 

Figure 11. Representative frames from the MD simulation showing the semi-open (left) and fully agglomerated 
(right) PET oligomer conformations, with displaced terminal positions. 

 
In the agglomerated morphology, the terminal ester groups remain spatially displaced from the 

polymer core and fully solvated, whereas internal ester groups become largely shielded. This persistent 

dynamic exposure of the chain ends creates an optimal geometry for both cation (K⁺) coordination and 

subsequent nucleophilic attack.Taken together, the RDF analyses and conformational data are 

consistent with a mechanistic hypothesis of preferential terminal cleavage as the origin of the high 

observed MHET fraction, and provide a structural rationale that is fully consistent with the PETase-like 

reactivity analogy drawn by Zhou et al [16].  
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Figure 12. A: Radial distribution function (RDF) between the negatively charged oxygen of EG⁻ and the carbonyl 
carbon at the depolymerizable terminal position with different water content of 18% (black), 36% (red), and 
42%(blue). B: RDF between the K⁺ ion and the carbonyl oxygen at the depolymerizable terminal position with 
different water content of 18% (black), 36% (red), and 42%(blue). 
 

 
To address the effect of water content on molecular interactions and regioselectivity, additional MD simulations 
were performed under hydrated conditions at 18%, 36%, and 42% water content, maintaining the same 20-unit 
PET oligomer and simulation protocol employed for the anhydrous case. The hydrated simulations were 
therefore constructed using the same dual-component mechanistic model with EG⁻ as nucleophile and K⁺ as 
Lewis acid activator, and with water molecules explicitly included in the simulation box at the appropriate molar 
ratios. The RDF analysis for the hydrated systems focus on the terminal carbonyl positions, where the anhydrous 
simulations established the most pronounced regioselective preference, and are reported in Figure 12. 
The RDF between the reactive oxygen of EG⁻ and the terminal carbonyl carbon of PET under hydrated conditions 
is shown in Figure 12A. The general features of the anhydrous RDF are retained at 18% water content, including 
the peak at 3.24 Å indicative of a preferred interaction distance driven by electrostatic attraction; however, the 
intensity of this peak is reduced relative to the anhydrous case, consistent with partial displacement of EG⁻ from 
the PET coordination shell by water molecules. At 36% and 42% water content, the peak at 3.24 Å is no longer 
resolved, with the G(r) profile declining progressively toward unity at long range without a distinct first-shell 
feature. This systematic attenuation of the EG⁻ PET interaction with increasing water content provides a 
structural rationalization for the experimentally observed suppression of glycolysis products under hydrated 
conditions: as water progressively displaces EG⁻ from the coordination environment of the terminal carbonyl, 
the nucleophilic glycolytic pathway is disfavored relative to the hydrolytic pathway in which water itself acts as 
the nucleophile, consistent with the product distribution data presented in Section 3.2 and with the independent 
literature on water as a competing nucleophile in PET glycolysis [21]. 
The RDF between K⁺ and the terminal carbonyl oxygen under hydrated conditions is shown in Figure 12B. The 
pronounced peak at 2.77 Å observed under anhydrous conditions is retained across all hydration levels 
examined, confirming that K⁺ maintains direct coordination to the terminal carbonyl oxygen even in the presence 
of water. However, the intensity of this peak decreases progressively with increasing water content, indicating 
that the preferential Lewis acid activation of the terminal carbonyl by K⁺ is attenuated as water molecules 
compete for coordination to the cation and partially disrupt the ion-carbonyl interaction. This progressive 
weakening of K⁺ coordination is consistent with the well-established tendency of water to solvate cations and 
reduce their Lewis acidity in solution and provides a molecular-level structural hypothesis for the reduced 
depolymerization efficiency observed experimentally at higher hydration levels. 
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Taken together, the hydrated MD simulations extend the mechanistic picture established under anhydrous 
conditions and provide a structurally coherent account of the water content dependence of both reaction 
efficiency and product selectivity. The progressive displacement of EG⁻ from the PET coordination shell and the 
attenuation of K⁺ Lewis acid activation with increasing water content are fully consistent with the experimental 
transition from a glycolysis-dominated to a hydrolysis-dominated product distribution.  

 
4. Conclusions 

This work reports a versatile metal-free, halide-based deep eutectic solvent system based on KF:EG 

(1:6) that enables rapid and energy-efficient PET depolymerization under both conventional heating 

and microwave irradiation. Through systematic solvent screening, process optimization, kinetic and 

spectroscopic mechanistic analysis, and dedicated microwave heating efficiency characterisation, this 

study establishes a robust framework for PET chemical recycling with tunable selectivity under 

anhydrous and hydrated conditions. 

Screening of a series of KX/EG systems established KF:EG (1:6) as the most effective DES for PET 

depolymerization. .Anhydrous ¹H NMR characterisation of the DES provided evidence consistent with 

nucleophilic activation of the ethylene glycol hydroxyl group by fluoride, generating a glycolate-like 

species as the proposed active nucleophile. This mechanistic proposal is supported by an apparent 

activation energy of 156.6 kJ/mol, determined from Arrhenius analysis over 150–180 °C, which places 

the KF:EG system within the range of the most active non-metallic catalysts reported for PET glycolysis 

and in close agreement with that of the DBN/urea DES system, suggesting a shared rate-determining 

step involving nucleophilic hydroxyl activation. Comprehensive experimental and computational 

analyses (gravimetric assays, NMR, FTIR,TGA, XRD, and MD simulations) were subsequently performed 

to elucidate performance and mechanism. 

Under anhydrous conditions, the DES enabled complete PET depolymerization using both conventional 

heating and microwave irradiation. Quantitative conversion was achieved at 180 °C within 15 min, or 

under microwave irradiation at 90 W in 3 min. 

Under heat-induced anhydrous conditions, the DES exhibited excellent recyclability, demonstrated by 

quantitative PET depolymerization and monomer recovery over five consecutive cycles. Furthermore, 

the absence of fluoride consumption supports the catalytic nature of the process. Product distribution 

under these conditions was dominated by mono(2-hydroxyethyl) terephthalate (MHET), which is 

attributed to regioselective ester bond scission. MD simulations revealed a highly dynamic PET 

conformation within the DES, with terminal ester groups maintaining enhanced accessibility, 

rationalizing the preferential formation of MHET. 

Notably, product selectivity could be effectively shifted toward terephthalic acid (TA), reaching up to 

97 % yield, by controlled hydration of the KF:EG (1:6) DES, likely via a hydrolysis process. 

Recyclability was validated exclusively for the anhydrous heat-induced configuration. Under hydrated 

conditions, progressive fluoride losses of up to 85% were observed, attributed to HF formation via 

proton abstraction from water and from terephthalic acid generated in situ, followed by volatilization 

at the reaction temperature. HF generation carries significant safety implications, and its formation 
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exclusively under hydrated conditions has practical consequences for reactor material selection, 

engineering controls, and process sustainability that are discussed in detail in the manuscript. The 

anhydrous configuration is unaffected by these considerations and constitutes the most directly 

scalable and environmentally favorable variant of the process. 

Microwave-assisted depolymerization enabled complete PET conversion within 3 minutes under 

anhydrous conditions, with the rapid energy delivery enabled by the exceptional microwave absorption 

properties of the KF:EG DES, quantitatively characterised here for the first time across all compositions 

and hydration levels employed. The system reaches temperatures in the vicinity of the ethylene glycol 

boiling point (197.3 °C) within the irradiation time, as confirmed by the heating efficiency 

measurements. Efficiency decreased in hydrated systems due to the progressively lower microwave 

absorption of water-containing mixtures relative to the anhydrous DES. 

Finally, green chemistry assessment using the energy economy coefficient yielded a value of ε = 0.037 

for the anydrous heat-induced process and an estimated ε = 0.169 for the anhydrous microwave-

assisted one, quantitatively highlighting the energetic advantage of the process, which surpasses 

current literature benchmarks for PET chemical recycling. 
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