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Green Foundation Box  

1. How does your work advance the field of green chemistry? 
This work advances green chemistry by identifying water-containing ionic liquids, especially 
the low-cost protic ionic liquids such as 1-methylimidazolium acetate [C1Him][OAc], as 
effective media for PET depolymerisation. Using the solvent mixture offers milder reaction 
conditions compared to conventional methods. The approach supports circular economy 
goals by enabling chemical recycling of plastic waste. 

 

2. Please can you describe your specific green chemistry achievement, either quantitatively 
or qualitatively. 
Employing [C1Him][OAc] with 15 wt% water, the study achieved 98.5% PET conversion and 
82.4% crude TPA yield with 77.8% purity using moderate hydrolysis conditions (180 °C, 3 h). 
The IL is easy to prepare and low-cost (~$2/kg), with is >10 times lower than the cost of the 
analogous aprotic ionic liquid solvent. The study also introduced chromatographic purity 
analysis, improving the accuracy of performance evaluation over purely gravimetric 
methods. 

 

3. How could your work be made greener and be elevated by further research? Future work 
should develop monomer recovery methods that avoid acid addition to avoid waste during 
monomer isolation and enable IL reuse and demonstrate higher. Research into IL 
recyclability, process intensification (higher loading), and application to mixed and degraded 
plastic waste will enhance the environmental and practical impact of this method. 
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The acetate anion promotes hydrolysis of poly(ethylene 
terephthalate) in aprotic and protic ionic liquid water mixtures
Maariyah Y. Suleman,a‡  Harriet L. Judah,a‡  Panagiotis Bexis,a Paul Fennell,b Jason P. Hallettb and Agnieszka 
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*Corresponding author: agi@imperial.ac.uk

Abstract

A circular plastic economy reduces raw material consumption and discourages pollution. Chemical 

recycling upgrades the quality of recyclate and is a complementary approach to thermomechanical 

recycling of plastic waste. This study investigated the use of aprotic and protic ionic liquids (ILs) as 

solvents for chemical recycling by hydrolysis of the most common polyester plastic, poly(ethylene 

terephthalate) (PET). Combinations of three types of cations (aprotic 1-alkyl-3-methylimidazolium, 

protic 1-methylimidazolium and protic 1,5-biazocyclo-[4.3.0]non-5-enium) combined with a range of 

anions (acetate, chloride, methanesulfonate, hydrogen sulfate, methyl sulfate, 

trifluoromethanesulfonate and chlorozincate) were used to hydrolyse PET in the presence of 15 wt% 

water as the co-solvent and reagent. PET conversion at the screening conditions (180 °C, 3 h, 5% PET 

loading) varied between 1 – 100%, with ILs containing the acetate anion enabling >97% PET conversion 

irrespective of the cation. Acidification with aqueous HCl recovered crude crystallised terephthalic acid 

(TPA). Significant crude yields (46 – 93%) were only observed for the acetate ILs. The purity of the 

crude TPA was 34 – 98%, with 1-ethy-3-methylimidazolium acetate, [C2C1im][OAc], and 1-

methylimidazolium acetate,  [C1Him][OAc], yielding more and purer TPA than 1,5-biazocyclo-

[4.3.0]non-5-enium acetate, [DBNH][OAc].  TPA solubility at 5% solid loading was measured and 

correlated with increasing pKa and hydrogen bond acceptor strength of the IL anion. PET conversion 

and TPA yield generally correlated well with TPA solubility, suggesting that the depolymerisation 

mechanism in the acetate ILs is base catalysed. The screening identifies aqueous mixtures of the 

(pseudo) protic IL [C1Him][OAc] as promising catalytic solvents for the chemical recycling of PET at an 

industrially feasible temperature, due to high isolated TPA yields and good purity at low ($1.74-2.15/kg) 

solvent cost. However, an effective separation approach for the monomers TPA and ethylene glycol 

from the solvent remains to be developed.

Keywords: Chemical reycling, Terephthalic acid, Depolymerisation, Plastic, PET, Solubility
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Introduction

PET is a commodity plastic that is widely used in applications such as packaging, construction, 

textiles and electronics,1, 2 accounting for 6.2% of global plastic production.3, 4 The European 

PET bottle recycling rate was 50% in 2022, which was achieved through thermomechanical 

recycling, consisting of shredding waste PET to produce flakes that can be melted and re-

extruded into recycled plastic pellets. Thermomechanical recycling is a well-developed 

technology, however, the recycled plastic typically has degraded material properties. For 

example, it is coloured or has reduced mechanical strength, caused by lower molecular weight 

and contamination with other polymers and materials.5, 6 As a result, mechanically recycled 

PET from bottles and food packaging is often used in applications with less stringent 

specifications for mechanical strength and transparency, such as polyester textiles, while 

polyester textiles remain unrecycled.7 To encourage the use of recycled PET in food packaging 

and make coloured polyester textiles recyclable, methods to purify and upgrade PET-

containing waste are required.8

Chemical plastic recycling encompasses a variety of methods that employ heat or 

chemical agents to separates additives from the polymer or to break the chemical bonds in 

polymer, which recovers chemical feedstocks or purified oligomers or monomers.9 Biological 

plastic recycling employs microorganisms or enzymes to break chemical bonds in polymers to 

facilitate recycling at the oligomer or monomer level.10 PET is a condensation polymer and can 

be chemically recycled by cleaving the ester bonds, typically using a solvent containing 

nucleophiles such as water, glycols, alcohols, and amines, yielding a range of depolymerisation 

products (Figure 1). 6, 9, 11, 12, 13 Challenges for chemical recycling via depolymerisation include 

avoiding the generation of by-products and chemical waste, and minimising the energy 

requirement for depolymerisation and monomer recovery.14 PET is sparingly soluble in most 

solvents due to its high molar weight and crystallinity.15 As a result, PET is typically 

depolymerised at the solid-liquid interface, including for approaches that employ ILs.16-18 

Glycolysis of PET with ethylene glycol (EG) as the monomer, solvent and nucleophile is 

the most investigated approach, generating solubilised bis(2-hydroxyethyl) terephthalate 

(BHET) and EG. However, glycolysis faces challenges during purification, such as slow 

crystallisation of crude BHET at low temperatures, which requires cooling to 0 – 10 °C for up 

to 24 hours.19, 20 Recently, depolymerisation of PET in anhydrous acetic acid has been reported 

as an approach called acetolysis, yielding TPA and acetylated EG after evaporating the 

solvent.13 While acetolysis results in rapid crystallisation of TPA, it requires anhydrous 

conditions and high temperatures (>280 °C).13 
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The depolymerisation of PET using water as the nucleophile (hydrolysis) is attractive, as 

it is a direct reversal of the industrial PET production method (Figure 1), however, TPA is not 

soluble in neutral or acidic water. Without a suitable catalyst, high temperatures and pressures 

or long reaction times are required to achieve depolymerisation.21 Catalysts for PET hydrolysis 

can be inorganic and organic hydroxides, Lewis acids, ILs and deep eutectic solvents. PET 

hydrolysis has been carried out using aqueous solutions of sodium hydroxide at 50 – 80°C, 

yielding crystallised TPA and EG.22 The TPA could only be isolated after reducing the pH by 

adding HCl or H2SO4 to protonate the deprotonated terephthalate, which creates salt waste 

(NaCl or Na2SO4). PET was hydrolysed at 80 – 120 °C within 1 h using mixtures of metal salt 

hydrates and organic acids, reporting PET conversion and an isolated crude TPA yield up to 

100% and 96.4%, respectively. TPA precipitation occurred without the need to adjust the pH, 

instead, with water used as an anti-solvent.23 Enzymes are effective at hydrolysing PET at low 

temperatures (55 °C), but reactions times are long (4 days) and addition of acid is required to 

precipitate the TPA.24 

ILs have been used as catalysts or catalytic solvents for PET depolymerisation, with IL-

assisted glycolysis the most commonly reported approach. The IL is used as a catalyst (approx. 

5 wt% loading relative to EG) to accelerate the reaction or to replace the inorganic Lewis acidic 

catalyst, Zn(OAc)2.16, 25-27 A number of protic ILs have been reported for PET glycolysis, 

examples include triazabicylodecanium methanesulfonate, [TBD][CH3SO3],28 1,5-

diazabicyclo[4.3.0]non-5-enium 4-methylphenoxide, [DBNH][4-CH3PhO],27 1,8-

Figure 1: Industrial production of PET and depolymerisation routes using various nucleophiles which produce terephthalic acid, bis(2-hydroxyethyl) 
terephthalate, dimethyl terephthalate, bis(2-hydroxyethyl) terephthalamide, ethylene glycol (EG) or ethylene glycol diacetate (EGDA).
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diazabicyclo[5.4.0]undec-7-enium imidazolate, [HDBU][Im],29 1,5,7-triazabicyclo[4.4.0]dec-5-

enium acetate, [TBD][OAc],30 and 2-hydroxyethyl ammonium acetate, [2-HEAA][OAc],31 with 

complete PET conversion and BHET yields of at least 85%. 

IL-assisted hydrolysis of PET has been less commonly reported. Hydrolysis of PET 

(polyester) fibre employing mixtures of 1-butyl-3-methylimidazolium hydrogen sulfate, 

[C4C1im][HSO4], or 1-methylimidazolium hydrogen sulfate, [C1Him][HSO4], with 40 - 60 wt% 

water was demonstrated,32 with PET conversion up to 80% at 185 – 195 °C after 2.5 – 3.5 h, 

while TPA yield and purity were not quantified. 1-Butyl-3-methylimidazolium chloride, 

[C4C1im]Cl, accelerated PET fabric hydrolysis as a 5% additive in aqueous and methanolic 

solutions of sodium hydroxide.33 Choline lysinate, [Ch][Lys], enabled PET hydrolysis after 2 h at 

180 °C, achieving 55% conversion and 56% un-isolated TPA yield.34 Hydrolysis of PET in aqueous 

choline phosphate, [Ch]3[PO4], was employed at 120 °C, yielding crude crystallised TPA after 3 

h upon acidification, with the TPA yield not reported.35 Liu et al. used a mixture of [C4C1im]Cl, 

and 1-methyl-3-(3-sulfopropyl)-imidazolium hydrogen sulfate, [HSO3-pmim][HSO4], and 40 

wt% water to hydrolyse PET at 170 °C for 4.5 h, reporting 89% crude isolated TPA yield after 

adding acid.36 A 94% isolated TPA yield was reported for 1-(3-propylsulfonic)-3-

methylimidazolium chloride, [HSO3-pmim]Cl, mixed with 75 wt% water at 210 °C after 24 h, 

also employing acidification to isolate the TPA.37 PET hydrolysis was reported in the presence 

of “switchable ILs” generated from a range of amines, CO2 and water in a pressure reactor, 

with a reaction temperature of 150 °C and reaction time of 6 – 24 h achieving up to ≥99% TPA 

yield upon acidification.38 Only small groups (2-6) of ILs of aprotic and protic ILs have been 

compared for PET hydrolysis.

The product purity is often not considered in studies that report isolated TPA yields, 

while methods such as differential scanning calorimetry, thermogravimetric analysis, X-ray 

diffraction, mass spectrometry, and spectroscopic techniques can only qualitatively assess 

product purity.16, 27 Acid-base titration was used to assess purity quantiatively,13 however, it is 

not able to distinguish TPA from acetic acid, 2-hydroxyethyl terephthalic acid (HETA), and other 

carboxylic acid impurities such as p-toluic acid and 4-carboxybenzaldehyde. NMR spectroscopy 

can provide quantitative insight, chromatographic separation is superior in precision and 

should be used for quantitative assessment of product purity.

This study systematically investigated the influence of the IL structures (anion and 

cation) on PET conversion and TPA yield following PET hydrolysis, with over 20 IL compositions 

used and with a focus on easy-to-synthesise PILs, which are synthesised through a proton 

transfer from a Brønsted acid to an amine. The study also demonstrates that spectroscopic 
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and chromatographic analyses are important to correctly report TPA yield and monitor product 

purity.

Experimental

Materials

Reagents were used as received unless specified otherwise. PET beverage bottles were washed 

with deionised water and dried before cutting to 0.5 mm size particles (SM 2000, Retsch) 

followed by sieving through a 0.5 mm mesh. 1-Ethyl-3-methylimidazolium acetate, 

[C2C1im][OAc], (>95%, 0.48% H2O) and 1-butyl-3-methylimidazolium chloride, [C4C1im]Cl, 

(>98%, ≤1.0% H2O) were purchased from IoLiTec Technologies (Germany). 1-Ethyl-3-

methylimidazolium hydrogen sulfate, [C2C1im][HSO4], (95%, 0.14% H2O), 1-butyl-3-

methylimidazolium methyl sulfate, [C4C1im][CH3SO4], (95%), DMSO-d6 (99.96% atom% D), 

terephthalic acid (99%), 1-methylimidazole (99%), acetic acid (glacial, 99%), 1,3,5-

trimethoxybenzene (≥99%) and HPLC-grade DMSO (≥99.7%) were purchased from Merck. 

Ethylene glycol (99.5%) was purchased from Acros Organics. 1,5-Diazabicyclo[4.3.0]non-5-ene 

(98%), trifluoromethanesulfonic acid (≥99%) and methanesulfonic acid (≥98%) were purchased 

from Fluorochem. Sulfuric acid (5 M) and hydrochloric acid (≥37%) were purchased from 

Honeywell-Fluka. Zinc chloride (ZnCl2, ≥98%) was purchased from Alfa-Aesar. Sodium 

hydroxide (NaOH pellets, 98.5-100%) was purchased from AnalaR Normapur.

NMR spectroscopy
NMR spectra were recorded on a Bruker 400 MHz spectrometer at room temperature and 

processed using Mestre Nova software version 12 (Mestrelab Research, S.L., Santiago de 

Compostela, Spain). Chemical shifts (δ) are reported in parts per million (ppm). All NMR spectra 

were recorded in DMSO-d6. 

Synthesis of protic ionic liquids 

Equimolar amounts of acid and amine (unless otherwise specified) were charged into a round-

bottom flask with stir bar. The acid was added via dropwise addition through a dropping 

funnel. An ice bath was used to maintain the temperature below 5 °C. The mixture was stirred 

overnight at room temperature to ensure complete mixing. Deionised water was added as 

needed to produce ILs containing 15 wt% H2O. [C4C1im]Cl, [C4C1im][MeSO4], [DBNH][OAc], 
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[DBNH][OAc] (1:2), [DBNH][OAc] (2:1), [DBNH][MeSO3], [C1Him][OTf] and [C1Him][MeSO3] 

were solid at room temperature, so were manually ground into powder and dried under 

vacuum before water was added. The water content of all synthesised ILs was adjusted to 15 

wt%. If above this value, the water content was reduced using a rotary evaporator and 

measured using a volumetric Karl-Fischer titrator (Mettler Toledo titrator, Easyplus Easy KFV). 

All ILs used in this work are shown in Figure 2 and Table S1. Synthesised ILs were characterised 

with NMR spectroscopy and their detailed syntheses are described in the ESI (Figure S1 – S12). 

PET hydrolysis 

0.1 g PET powder and 2.0 g IL-water solution (15 ± 0.5 wt% water) were added to a 15 mL 

pressure tube (Aceglass) and sealed with a Teflon cap and O-ring (silicon or FETFE), forming a 

suspension with 5% PET loading according to Eq.1, in which 𝑚𝑃𝐸𝑇, 𝑚𝐼𝐿 and 𝑚𝑤𝑎𝑡𝑒𝑟 is the mass 

of each component:

𝑃𝐸𝑇 𝑙𝑜𝑎𝑑𝑖𝑛𝑔(%) =  𝑚𝑃𝐸𝑇

𝑚𝐼𝐿+  𝑚𝑤𝑎𝑡𝑒𝑟
 × 100 (Eq.1)

Samples were placed in a preheated oven (Binder ED 23, Binder GmbH) at the selected 

temperature (usually 180°C) for a selected length of time. After hydrolysis, the pressure tube 

was cooled to room temperature for at least 30 min. If a solid residue was present, 2 M sodium 

hydroxide was added until pH 10 – 11 was reached to dissolve TPA, using pH strips for 

monitoring. The remaining residue was assumed to be PET and separated via vacuum filtration 

using a Buchner funnel and Whatman™ 542 hardened ashless filter paper. The solid residue 

was washed with deionised water, dried in a vacuum oven at 60 °C for 24 h and the weight 

recorded. The weight was used to calculate PET conversion following Eq.2:

Figure 2: Structures of anions and cations used to construct protic and aprotic ILs in this work.
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𝐶𝑜𝑛𝑣𝑒𝑟𝑠𝑖𝑜𝑛𝑃𝐸𝑇(%) =  
𝑚𝑃𝐸𝑇0― 𝑚𝑃𝐸𝑇1

𝑚𝑃𝐸𝑇0
 × 100 (Eq.2)

Where 𝑚𝑃𝐸𝑇1  is the weight of the residue (if present) and 𝑚𝑃𝐸𝑇0 is the initial weight of the PET 

powder prior to hydrolysis. 

To recover crude TPA, the filtrate was acidified with 37% aqueous HCl until pH 2 – 3 was 

reached (monitored using pH strips) and the solution became cloudy. The suspension was 

refrigerated (4 °C) for 24 h to complete precipitation, followed by vacuum filtration and 

washing with deionised water. The precipitate was dried in a vacuum oven for 24 h at 60 °C on 

the filter paper before recording the weight of isolated TPA. The crude TPA yield was calculated 

following Eq. 3:

𝑌𝑖𝑒𝑙𝑑𝑇𝑃𝐴 𝑐𝑟𝑢𝑑𝑒(𝑤𝑡%) =  𝑚𝑇𝑃𝐴 𝑀𝑇𝑃𝐴
𝑚𝑃𝐸𝑇, 0 𝑀𝑃𝐸𝑇

 × 100 (Eq. 3)

Where 𝑚𝑇𝑃𝐴 is the weight of TPA product isolated after acidification, 𝑚𝑃𝐸𝑇, 0 is the initial weight of 

PET added to the IL-water mixture. 𝑀𝑇𝑃𝐴 and 𝑀𝑃𝐸𝑇 are the molar weights of TPA (166 g/mol) and 

the PET repeating unit (192 g/mol), respectively.

Determination of TPA purity in crude product

The content of TPA in the crystallised product was determined using high performance liquid 

chromatography (HPLC) using an 1260 Infinity II Hybrid SFC/UHPLC (Agilent Technologies). The 

HPLC was equipped with an auto-sampler, C-18 column (Raptor C18, 50  2.1 mm, 2.7 µm) and 

a UV-Vis diode array detector, with 254 nm used for detection. A gradient of acetonitrile and 

0.1% formic acid (aq) was used as the mobile phase. HPLC samples were prepared in HPLC-

grade DMSO using 5.07 mM 1,3,5-trimethoxybenzene (TMB) as the internal standard. 

Calibration curves were prepared using purchased commercial TPA (99% purity). Isolated 

crude TPA (4 – 6 mg) was dissolved in a solution of dimethyl sulfoxide containing 5.07 mM 

TMB. The solution was filtered through a PTFE microfilter with 0.2 µm pore size to remove 

undissolved impurities and dust particles prior to analysis. A calibration curve for TPA was 

prepared ranging from 0.2 mM to 7.5 mM, and the calculated mass of TPA in the sample, 

𝑚𝑇𝑃𝐴,𝑐𝑎𝑙𝑐, was determined via external calibration. TPA purity was calculated according to Eq. 

4:

𝑇𝑃𝐴 𝑚𝑎𝑠𝑠 𝑝𝑢𝑟𝑖𝑡𝑦 (𝑤𝑡%) =  𝑚𝑇𝑃𝐴,𝑐𝑎𝑙𝑐

𝑚𝑇𝑃𝐴,𝑠𝑎𝑚𝑝𝑙𝑒
 × 100 (Eq. 4)

Where  𝒎𝑻𝑷𝑨,𝒔𝒂𝒎𝒑𝒍𝒆 is the mass of crude TPA initially weighed to prepare the sample and 𝒎𝑻𝑷𝑨, 𝒄𝒂𝒍𝒄   

is the calculated mass of TPA content in the crude precipitate. Thus, the TPA purity is a weight 

percentage. TPA peak purity was also determined and compared to TPA mass purity. TPA peak purity 

was determined according to Eq. 5:

A)
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𝑇𝑃𝐴 𝑝𝑒𝑎𝑘 𝑝𝑢𝑟𝑖𝑡𝑦 (%) =  𝑇𝑃𝐴 𝑝𝑒𝑎𝑘 𝑎𝑟𝑒𝑎 (𝑚𝐴𝑈)
𝑇𝑜𝑡𝑎𝑙 𝑝𝑒𝑎𝑘 𝑎𝑟𝑒𝑎 (𝑚𝐴𝑈)

 × 100 (Eq. 5)

Where 𝑻𝒐𝒕𝒂𝒍 𝒑𝒆𝒂𝒌 𝒂𝒓𝒆𝒂 (𝒎𝑨𝑼) is the sum of all peak areas, excluding internal standard, 

TMB (tR = 4.7 min). An exemplary calibration graph, chromatograms and more details on TPA 

purity determination can be found in the ESI (Figure S13 – S21). Following determination of 

the crude TPA mass purity (wt%), the pure TPA yield could be determined using Eq. 6:

𝑃𝑢𝑟𝑒 𝑇𝑃𝐴 𝑦𝑖𝑒𝑙𝑑 (𝑤𝑡%) =  ( 𝑚𝑇𝑃𝐴 𝑀𝑇𝑃𝐴)× 𝑇𝑃𝐴 𝑝𝑢𝑟𝑖𝑡𝑦
𝑚𝑃𝐸𝑇, 0 𝑀𝑃𝐸𝑇

 × 100 (Eq. 6)

Whereby the TPA purity used in the equation is specifically the TPA mass purity determined in 

accordance with Eq. 4.

Monomer solubility screening 

0.1 g TPA mixed with 2.0 g IL solution or solvent (water, acetic acid, 1-methylimidazole, or 1,5-

diazabicyclo[4.3.0]non-5-ene) containing 15 wt% water was placed in a 15 mL pressure tube 

with a Teflon cap and silicon or FETFE O-ring. The tube was heated at 180 °C for 3 h in a pre-

heated oven. The solutions were visually inspected while still in the oven to see if the TPA was 

solubilised and once they had cooled down, a photograph was taken (in Figure S22) and the 

qualitative observation was recorded.

Results and Discussion 

Ionic liquid selection and synthesis of protic ILs
Two imidazolium cations were selected, the aprotic 1,3-dialkylimidazolium cation type and the 

protic 1-methylimidazolium cation type (Figure 2). ILs with an imidazolium cation are well 

studied in the literature and relatively stable when heated.36, 39, 40 Due to the low pKa of 1-

methylimidazole (pKa = 7.1),41 an amidinium cation, 1,5-diazabicyclo[4.3.0]non-5-enium 

([DBNH]+), with higher pKa (pKa = 12.8) 42 was also studied. The higher pKa of the amidine 

nitrogen promotes preparation of PILs with a higher degree of proton transfer.43 An 

unprecedented variety of anions were chosen which covers a wide range of hydrogen bond 

acceptor strengths.39 In addition, an anion with Brønsted acidity ([HSO4]-) and one with 

potential to generate Lewis acidic species ([ZnCl3]-) were included.  The cation and anion 

selection was limited to ILs that are water miscible.

PET hydrolysis in ionic liquid-water mixtures

Protocol development with [C2C1im][OAc]
The AIL [C2C1im][OAc] was used to develop a screening protocol, because high catalytic activity 

has been reported for PET glycolysis using this IL.35 After surveying reaction conditions used in 
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previously published studies on PET depolymerisation, 180°C was chosen as the reaction 

temperature. PET hydrolysis at lower temperatures has been reported, but requires long 

reaction times.44, 45 The requirement for high temperature is assigned to the high crystallinity 

of PET and the ester bond being stabilised by conjugated benzene ring. The 15 wt% water 

content represents a balance between retaining the IL as the dominant solvent component by 

mass, while ensuring that the IL-water mixture is liquid at room temperature and contains an 

excess of water (16 times more moles of water than PET ester linkages). The 5 wt% PET loading 

ensured sufficient product for accurate quantification with a microbalance while ensuring 

complete wetting of plastic particle surface and minimal impact of solid loading on conversion. 

PET conversion was observed in the [C2C1im][OAc] water mixture (Figure 3) and 

depolymerisation was confirmed by detecting peaks for TPA and EG in the 1H-NMR spectrum 

of the post-hydrolysis solution (Figure S23a). The reaction time was varied between 0.5 h and 

5.5 h at the screening temperature (Figure 3a), showing that PET conversion reached 100% at 

around 2.5 h for the [C2C1im][OAc] water mixture. The reaction temperature was also varied 

between 140 and 180 °C, with PET conversion decreasing with lower reaction temperature as 

expected (Figure 3b). The screening experiments confirmed that an appropriate temperature 

for 3 h reaction time was 180 °C.

Isolating the crude TPA product

To demonstrate the potential for isolating TPA from the reaction mixtures and focus on the 

screening, aqueous HCl was added, with pH 3 inducing precipitation. The filtration of the 

suspension was accompanied by washing with deionised water to afford a white or off-white 

precipitate, regardless of the IL-water mixture colour post-hydrolysis (Figure S24). 1H-NMR 

spectroscopic analysis confirmed that the isolated product was mostly TPA (Figure 4). A 

detailed discussion of the crude TPA composition is presented below.

Figure 3: PET hydrolysis in the benchmark IL, [C2C1im][OAc] with 15 wt% water. (a) Conversion and isolated crude yield at 180 °C. (b) Impact of reaction temperature 
on PET conversion and isolated crude TPA yield at 3 h reaction time. 
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Figure 4: 1H NMR spectrum of the isolated TPA product after PET depolymerisation with [C2C1im][OAc] containing 15 wt% water, showing that the product was 
mainly terephthalic acid. Insets show additional peaks in the aromatic (7.5-8.8 ppm) and aliphatic (1-4.5 pm) regions of the spectrum. Reaction conditions: 3 h, 
180 °C, 5 wt% PET loading. NMR solvent: DMSO-d6.

Interestingly, a lag was observed for PET conversion and TPA yield, the difference being 

more prominent at shorter reaction times and lower reaction temperatures (Figure 3). A 

maximum crude TPA yield (92%) was observed at around 3.3 h, which occurred ~50 min after 

achieving full PET conversion. The lag between PET conversion and crude TPA yield suggests 

that intermediate depolymerisation products form which are soluble in dilute aqueous acid, 

potentially glycol terminated oligomers and BHET. A gradual drop in yield at longer times 

suggests that slower reactions may have affected the purity of the crude product, however, 

the product purity was not determined for this set of experiments.
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Table 1: PET conversion after hydrolysis at 180°C for 3 h in ionic liquid and solvent water mixtures (15 wt%), while the TPA yield 
was determined gravimetrically following acidification and filtration.  

Solvent name Abbreviation PET conversion
(%)

Isolated crude TPA 
yield
(wt%)

1-Ethyl-3-methylimidazolium acetate [C2C1im][OAc] 100.0 ± 0.0 91.9 ± 1.2
1-Butyl-3-methylimidazolium methyl sulfate [C4C1im][MeSO4] 25.9 ± 1.0 0
1-Butyl-3-methylimidazolium methanesulfonate [C4C1im][MeSO3] 32.1 ± 1.2 2.6 ± 0.1
1-Ethyl-3-methylimidazolium hydrogen sulfate [C2C1im][HSO4] 11.2 ± 0.3 0.1 ± 0.0
1-Butyl-3-methylimidazolium hydrogen sulfate [C4C1im][HSO4] 6.7 ± 0.4 0.3 ± 0.1
1-Butyl-3-methylimidazolium chloride [C4C1im]Cl 0.1 ± 0.0 0
1-Methylimidazolium acetate [C1Him][OAc] 98.5 ± 0.4 82.4 ± 2.2
1-Methylimidazolium acetate [C1Him][OAc] (1:2) 98.4 ± 0.4 66.5 ± 0.1
1-Methylimidazolium acetate [C1Him][OAc] (2:1) 97.5 ± 0.3 59.0 ± 0.3
1-Methylimidazolium chlorozincate [C1Him][ZnCl3] 23.0 ± 0.4 0.1 ± 0.0
1-Methylimidazolium triflate [C1Him][OTf] 9.0 ± 1.2 2.8 ± 0.3
1-Methylimidazolium chloride [C1Him]Cl 4.9 ± 0.3 0
1-Methylimidazolium hydrogen sulfate [C1Him][HSO4] 3.5 ± 0.3 0
1-Methylimidazolium methanesulfonate [C1Him][MeSO3] 1.0 ± 0.3 1.5 ± 0.2
Diazabicyclo(4.3.0)non-5-enium acetate [DBNH][OAc] 100.0 ± 0.0 46.8 ± 0.4
Diazabicyclo(4.3.0)non-5-enium acetate [DBNH][OAc] (1:2) 100.0 ± 0.0 7.1 ± 0.2
Diazabicyclo(4.3.0)non-5-enium acetate [DBNH][OAc] (2:1) 98.4 ± 0.0 9.2 ± 0.2
Diazabicyclo(4.3.0)non-5-enium methanesulfonate [DBNH][MeSO3] 16.1 ± 1.0 0.2 ± 0.1
Diazabicyclo(4.3.0)non-5-enium hydrogen sulfate [DBNH][HSO4] 12.3 ± 0.1 0.1 ± 0.0
Diazabicyclo(4.3.0)non-5-enium chloride [DBNH]Cl 11.6 ± 1.1 0
1-Methylimidazole 98.4 ± 0.6 92.5 ± 3.5
Diazabicyclo(4.3.0)non-5-ene 100.0 ± 0.0 16.3 ± 4.4
Acetic acid 62 ± 13 52 ± 12
Water (deionised) 0 0

Effect of solvent composition on hydrolytic PET conversion and TPA yield

Next, the group of selected ILs were employed using the screening condition (180°C, 3 h, 5% 

PET loading, 15 wt% water). A step was added that employed 1 M aqueous sodium hydroxide 

before filtration to ensure that all TPA was solubilised as sodium terephthalate, in case a 

solvent may exhibit good conversion but low solubility for the monomer. Control experiments 

confirmed that raising the pH to 10 – 11 with 1 M sodium hydroxide did not cause measurable 

PET hydrolysis during the recovery. The unhydrolysed PET was separated by filtration and dried 

to determine PET conversion.

PET hydrolysis in acetate ILs
A strong dependency of PET conversion on the nature of the IL anion was observed 

(Table 1). All acetate ILs showed near-quantitative or quantitative conversion regardless of 

cation, while the other IL-water mixtures converted 32% PET or less, demonstrating a step 

change in performance. Despite the high conversion observed in all acetate ILs, the isolated 

crude TPA yield varied substantially. The reference AIL, [C2C1im][OAc], generated the highest 

crude TPA yield (92%) during the screening, followed by [C1Him][OAc] (82%) and [DBNH][OAc] 

(47%) (Figure 5). The monomers TPA and EG in acetate ILs were observed in 1H-NMR spectra 
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of the post-hydrolysis solution via a singlet peak at 3.4 ppm (EG) and one at 7.8 – 8.0 ppm 

(TPA) (Figure S23). The study focused on the isolation and purity of larger of the two monomers 

(TPA) as an indicator of performance, however, attention must be paid to both TPA and EG to 

develop a viable recycling process.

Conversion and crude TPA yield were also determined for the amines used to generate 

the protic acetate ILs, for acetic acid (each also containing 15 wt% water) and for deionised 

water as a control. PET conversion was observed for the three aqueous mixtures in the order 

DBN > 1-methylimidazole > acetic acid but not in deionised water, demonstrating the need for 

using an acidic or nucleophilic catalyst. Successful conversion of PET with 1-methylimidazole 

and diazabicyclo(4.3.0)non-5-ene (DBN) shows that the unprotonated base could play a role in 

promoting PET depolymerisation,41, 42 as 1-methylimidazole is a known catalyst for ester 

hydrolysis and transesterifications via formation of an activated intermediate.46, 47 

PET hydrolysis in components of protic acetate ILs
A high crude yield upon acidification was obtained for 1-methylimidazole (93%), similar 

to the yield obtained with [C2C1im][OAc] (92%), while the crude TPA yield for DBN was low 

(16%), mirroring the low yield obtained for [DBNH][OAc]. The low yield could be due to 

hydrolytic decomposition of both DBN and [DBNH][OAc] at 180 °C, as suggested by the 1H-

NMR spectrum of [DBNH][OAc] after heating under the reaction conditions (Figure S25, Table 

S2).48, 49 The hydrolytic decomposition of DBN and [DBNH][OAc] uses up water, potentially 

reducing the amount water available for hydrolysis, while the decomposition product, 3-

(aminopropyl)-2-pyrrolidone, contains a primary amine with can react with TPA or acetic acid 

to form amide bonds (Figure S26). 

Figure 5: Conversion and recovered crude TPA yield obtained with various acetate ionic liquids. PET was hydrolysed at 180°C for 3 h in the presence of 15 wt% 
water, with a PET loading of 5%.

Acetic acid generated a lower and more variable PET conversion (~62±13%), with a 

similar crude TPA yield (~52±12%). It is unclear why the standard errors for the measurements 
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in acetic acid were large. A control experiment weighing the samples showed that solvent 

losses were not responsible for the variation in yield.

PET hydrolysis in non-acetate ILs
PET conversion was low in the non-acetate ILs, including the ones containing the chloride anion 

(0.1 – 11%), which was surprising, as [C4C1im]Cl had been reported previously as an effective 

hydrolysis solvent by Liu et al.36  We repeated the experiment with [C4C1im]Cl multiple times, 

including with the addition of HCl in various amounts based on the hypothesis that the IL used 

in the previous study may have contained acid impurities, but were unable to reproduce the 

literature results. The PET conversion could instead perhaps be due to residual alkylimidazole 

left over from IL synthesis. 

Low PET conversion was also observed for the methanesulfonate, methyl sulfate, hydrogen 

sulfate, triflate and chlorozincate ILs. It has been reported that 1-butyl-3-methylimidazolium 

chlorozincate, [C4C1im][ZnCl3], and 1-allyl-3-methylimidazolium chlorozincate, [AllC1im][ZnCl3], 

catalyse the transesterification of PET with EG with high conversions (98% and 100%, 

respectively) and yield BHET as the major product. 50, 51 The results for the PET hydrolysis with 

a chlorozincate IL demonstrates that ILs effective in catalysing PET glycolysis do not necessarily 

work for PET hydrolysis.

Effect of acid-to-base ratio in acetate PILs

Since PILs are made by combining an acid and an amine through simple mixing, it is easy to 

vary the ratio of both components, which can be expressed as the molar acid-to-base ratio 

(ABR). The ABR is particularly interesting for PILs formed with acetic acid, which are known for 

incomplete proton transfer from the acid to the base. [C1Him][OAc] is described as a pseudo-

protic IL, whose degree of proton transfer appears to be favoured under excess acid conditions 

(in the presence of <0.1 wt% water).52, 53 Hence, molar ABRs other than 1:1 were explored for 

PET hydrolysis with [C1Him][OAc] and [DBNH][OAc], one with a 50 mol% excess amine and one 

with 50 mol% excess acetic acid, while all other reaction parameters remained the same. 

Figure 6 shows that PET conversion was high for all investigated ABRs, while the crude TPA 

yield was the highest for the 1:1 ABR for both ILs, demonstrating the importance of ABR as an 

additional reaction and process parameter for protic ILs.
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 It is currently unclear how the equimolar stoichiometry achieved the best crude product 

yield for the protic ILs, however, the solvent composition likely affects the hydrogen bonding 

network and proton transfer equilibrium, which has been documented for [C1Him][OAc],54 and 

would influence the catalysis in the solvent. Variation of the ABR should be investigated more 

thoroughly going forward.

Characterisation of crude TPA recovered from acetate ILs and PIL precursors

1H-NMR spectra of the crude precipitates (e.g. Figure 4 and Figure S27) show that the majority 

of the isolated precipitate was TPA, identified by a singlet peak at 8.0 ppm. The 1H-NMR spectra 

(Figure 4 and Figure S28) also indicate the presence of other compounds with aromatic (7.2 – 

9.0 ppm) and aliphatic signals (0.1 – 5.0 ppm). These are likely depolymerisation products 

where TPA is esterified with EG (such as the dimer and trimers), while in the case of 

imidazolium ILs, some of these peaks may be due to the cation. Commercial TPA (Figure S29) 

also contained impurities that gave 1H-NMR signals (7.8 and 8.2 ppm), which could be the 

ortho- and meta-dicarboxylic acids. Acetic acid (1.9 ppm) was also found in the precipitates 

Figure 6: Effect of changing the molar ABR of the protic acetate ILs . (a) [C1Him][OAc] and (b) [DBNH][OAc] on PET conversion and crude TPA yield.
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generated with acetate ILs and with acetic acid. The amount of acetic acid present in the crude 

product varied between 0.2 and 3.2 wt% of the crude TPA (Table S3). 

While 1H-NMR spectroscopy can be used to detect and quantify TPA, EG, and acetic acid, HPLC 

is a more precise technique for quantification, as it separates TPA from other similar products. 

Hence, this study implemented a HPLC protocol to analyse selected samples, with the method 

development discussed in the SI, and data on sample purity shown in Figure 7 and Table S3. 

Figure 7 Pure yield of terephthalic acid, adjusted from recovered crude yield and purity (wt%) determined via HPLC. Acetic acid content calculated 
via 1H-NMR spectroscopy. TPA purity in (wt%) determined by HPLC in brackets above.

This study shows that relying on the crude TPA yield to determine performance is 

insufficient, and product purity must be considered to draw sound conclusions. The purest TPA 

product (98 wt%) was obtained with [C1Him][OAc] with 1:2 ABR, followed by the benchmark 

IL [C2C1im][OAc] (92 wt%). Use of acetic acid and 1-methylimidazole also generated high TPA 

purities (>90%). For the acetate ILs with 1:1 stoichiometry, TPA purity followed the same trend 

as the crude TPA yield ([C2C1im][OAc]>[C1Him][OAc]>[DBNH][OAc]). To meet the requirements 

for polymer-grade TPA (>99%),55 the crude TPA could be purified via crystallisation, as 

performed in the Amoco process.56

The pure TPA yield was determined by combining TPA purity with the crude TPA yield. 

The highest pure TPA yield was obtained with [C2C1im][OAc] (85%) and 1-methylimidazole 

(84%), while the lowest pure yields were obtained with [DBNH][OAc] and DBN (32% and 13%), 

which is likely associated with the decomposition of [DBNH][OAc] and DBN (Figure S26). The 
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decomposition and reactivity of the decomposition product suggest that performance of the 

DBN-based IL may not be improved meaningfully with further optimisation. Despite the 

equimolar composition of [C1Him][OAc] yielding the highest crude TPA yield, the pure TPA yield 

obtained with the excess acid composition was similar to the 1:1 composition (65% and 64%, 

respectively), further demonstrating the importance of ABR as a reaction parameter.

The HPLC analysis detected up to 22 additional compounds in the isolated crude TPA 

(Figure S30).  Among them were the partially hydrolysed products BHET and HETA (Figure S31), 

which were identified by mass spectroscopy. 20 compounds remained unidentified due to the 

inability to obtain mass spectra with the LC-MS, however, it is likely that they include 

incompletely hydrolysed PET fragments, such as dimers, trimers and oligomers, which requires 

further investigation. Comparison of the TPA purities determined by mass with the ones 

obtained by peak area confirmed that a significant proportion of impurities was not detected 

when employing HPLC-UV vis analysis (Table S3), which is limited to compounds that are 

resolved by the eluent and column combination and are UV active. The difference between 

mass and area purity was particularly high for precipitates generated with [DBNH][OAc] (Δ = -

13%), DBN (Δ = -12%) and [C1Him][OAc] 2:1 (Δ = -18%), which also generated the lowest crude 

and pure TPA yields. Overall, the 1:1 and the excess acid composition of [C1Him][OAc] resulted 

in the highest pure TPA yield for protic ILs using the screening conditions, suggesting that these 

solvents may be preferable.

Figure 8: Interaction of terephthalic acid with Brønsted bases of different strengths. Bases that are not strong enough to deprotonate the 
carboxylic acid groups may coordinate to TPA through hydrogen bonding.

Solubility of TPA in IL-water mixtures 
It was hypothesised that effective PET hydrolysis in IL-water mixtures may be linked to high 

TPA solubility, as removing the product from solid PET into the liquid phase could drive the 

hydrolysis reaction. Hence, monomer solubility was qualitatively observed at 5 wt% TPA 

loading for the IL-water mixtures investigated in this study (Table 2). Visual assessments were 

converted into the categories Yes/No/Partially. TPA solubility was found to be strongly anion 

dependent. All ILs with the acetate anion completely dissolved 5 wt% TPA at 25°C and 180°C, 

which is ascribed to the relatively high pKa of the acetate anion (4.8), leading to deprotonation 
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of TPA (pKa1 3.5) (Figure 8), including the IL solvents with excess acid and amine. TPA was also 

highly soluble in the presence of 1-methylimidazole and DBN, which can also be rationalised 

by the high pKa of these amines.41, 42, 57 TPA was not notably soluble in the acetic acid-water 

mixture and deionised water.

Full or partial solubilisation of 5 wt% TPA was observed for certain ILs whose anion has 

a lower pKa than that of TPA, for example 1-methylimidazolium chloride, [C1Him]Cl, [C4C1im]Cl 

and diazabicyclo(4.3.0)non-5-enium chloride, [DBNH]Cl. This is ascribed to the anion being a 

strong hydrogen bond acceptor (Kamlet–Taft β parameter = 0.83), as shown in Figure 9. 

Solubility appeared to be temperature-dependent for these ILs, with better solubility observed 

at the screening reaction temperature (180 °C).

Table 2: Qualitative assessment of the solubility of TPA in the ionic liquid and selected molecular solvents with 15 wt% water.  Ionic liquid 
solutions containing 5 wt% TPA were heated at 180 °C for 3 h.

Temperature

25 °C 180 °C

[C1Him][OAc] Y Y

[C1Him][OAc] excess AcOH Y Y

[C1Him][OAc] excess C1im Y Y

[C1Him]Cl Partially Y

[C1Him][MeSO3] N Partially

[C1Him][HSO4] N N

[C1Him][OTf] N N

Methylimidazolium

[C1Him][ZnCl3] N N

[DBNH][OAc] Y Y

[DBNH][OAc] excess AcOH Y Y

[DBNH][OAc] excess DBN Y Y

[DBNH]Cl N Partially

[DBNH][MeSO3] Y Y

Diazabicyclo(4.3.0)non-
5-enium

[DBNH][HSO4] N N

[C2C1im][OAc] Y Y

[C2C1im][HSO4] N N

[C4C1im][OAc] Y Y

[C4C1im]Cl N Partially

[C4C1im][MeSO3] Partially Y

[C4C1im][HSO4] N N

Dialkylimidazolium

[C4C1im][MeSO4] N Partially

Acetic acid N N

1-Methylimidazole Y Y
Diazabicyclo(4.3.0)non-5-

ene
Y Y

De-ionised Water N N

Molecular Solvents

Ethylene glycol N N
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Figure 9: (a) Relationship between pKa of the corresponding acid of ionic liquid or molecular solvent used in this study and terephthalic 
acid solubility. Terephthalic acid displays high solubility in Brønsted basic solvents with a high pKa by generating terephthalate (TPA2-) 
salts. (b) Relationship between the Kamlet-Taft β parameter of ionic liquids58 used in this study and terephthalic acid solubility.  Solubility 
in solvents with lower pKa is nuanced and affected by the ability to form strong hydrogen bonds with TPA, of which the Kamlet-Taft β 
parameter is an indicator of.

A substantial cation effect was observed for the ILs with chloride and methanesulfonate 

anions (Figure 10). For methanesulfonate ILs, 5 wt% TPA was insoluble at 25 °C in protic 1-

methylimidazolum methanesulfonate, [C1Him][MeSO3], completely soluble in aqueous 

diazabicyclo(4.3.0)non-5-enium methanesulfonate, [DBNH][MeSO3], and partially soluble in 

aprotic 1-butyl-3-methylimidazolium methanesulfonate, [C4C1im][MeSO3]. It is unclear why 

the methanesulfonate ILs are subject to a stronger cation effect than the other ILs; the lower 

pKa of methanesulfonic acid and the relatively high hydrogen bond basicity (β=0.77) of the 

methanesulfonate anion may be playing a role.
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Figure 10: Solubility of TPA in ionic liquids with 15% water shown as a matrix at (a) at 25 °C (b) at 180 °C. ILs ordered according to Kamlet Taft 
hydrogen bond acceptor strength (high to low from left to right).

5 wt% TPA was not soluble in ILs with a low hydrogen bond acceptor strength, including 

[OTf]- and [ZnCl3]-, nor the ILs with acidic anion and intermediate hydrogen bond basicity, 

[C1Him][HSO4], [C4C1im][HSO4] and diazabicyclo(4.3.0)non-5-enium hydrogen sulfate, 

[DBNH][HSO4]. This could be due to the acidic anion favouring TPA protonation and hence 

formation of crystallised TPA. However, 1-butyl-3-methylimidazolium methyl sulfate, 

[C4C1im][MeSO4], whose anion has a similar Kamlet–Taft β parameter without the acidity, did 

not promote TPA solubility at 25 °C, while only partial solubility was observed at 180 °C, 

suggesting that the hydrogen bonding of sulfate anions is generally insufficient. It is possible 

that transesterification and hydrolysis involving the methyl sulfate anion occur at 180 °C. Some 

of the qualitative TPA solubilities reported here are in good agreement with quantitative TPA 

solubilities reported in the literature for water-free ILs.59 The solubility of TPA in anhydrous ILs 

was reported as 25 wt%, 10 wt% and 0 wt% for [C1Him][OAc], [C1Him]Cl and [C1Him][HSO4], 

respectively.59 

Figure 11 suggests a correlation between TPA solubility and PET conversion, however, 

notable exceptions include [C1Him]Cl, [DBNH][MeSO3] and [C4C1im][MeSO3], which 

demonstrated substantial TPA solubility yet poor PET conversion (≤26%). At the same time 

acetic acid provided good PET conversion despite low TPA solubility. 
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Figure 11: PET conversion in solvent at 180 °C after 3 h with 15 wt% H2O present ordered according to solubility of 5 wt% TPA at 180 °C in the same solvent 
mixture. 

Overall, it was observed that TPA solubility increased with the hydrogen bonding strength of 

the IL anion and the pKa of the anion’s corresponding acid (Figure 9). The observations suggest 

that the anion’s hydrogen bond acceptor strength needs to be β>0.67 to achieve good TPA 

solubility or the pKa of the corresponding acid of the anion needs to exceed the pKa1 of 

terephthalic acid. Incomplete proton transfer from acid to base for some protic ILs may also 

enhance TPA solubility, with the unprotonated amine promoting solubility of the dicarboxylic 

acid through TPA deprotonation. 

Consideration of process aspects, including solvent cost and hazards

Solvent recovery and cost are key for developing viable solvent-based chemical processes.60 IL 

stability is a concern in PET depolymerisation due to the elevated temperatures required to 

achieve good PET conversions and TPA yields at an acceptable reaction rate. Solvent and 

reagent stability provide an upper limit for reaction temperatures.  Figure 12 depicts a colour 

change for the [C2C1im][OAc]-water mixture, which started as a colourless solution and 

gradually turned dark brown. The discolouration was accompanied by the appearance of at 

least four new peaks ( = 7.6, 7.2, 6.9 and 3.6 ppm) in the 1H-NMR spectrum at ~2 mol% (Figure 

S32 and Table S4), which suggests dealkylation of 1-ethyl-3-methylimidazolium by acetate to 

1-alkylimidazoles and esters of acetic acid. This was expected given the low stability of 

anhydrous [C2C1im][OAc] at 180 °C.61, 62 Interestingly, this decomposition may not lower 

performance in this application, given that 1-methylimidazole also promoted PET hydrolysis. 
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Varying degrees of discolouration were observed for the other ILs after PET depolymerisation 

(Figure S33), except for [C4C1im][MeSO3]. The 1H-NMR spectrum of [DBNH][OAc] after applying 

the screening condition was examined and revealed the appearance of seven new peaks, 

suggesting again the presence of the ring-opened hydrolysis product (Figure S25 and Table 

S2).49 This decomposition may be linked to the lower performance of the [DBNH][OAc] water 

mixture, as discussed earlier.  In other cases, decomposition products were not observed in 

the 1H-NMR spectra, despite the solvent becoming strongly coloured during heating, for 

example, the [C1Him][OAc] water mixture (Figure S34 and Table S5).  A more thorough and 

quantitative study of the link between PET hydrolysis performance and IL stability under 

process conditions should be carried out in the future.

[C1Him][OAc] emerged from this study as a promising candidate, with good performance (PET 

conversion, TPA yield and purity) and stability. Hence, we estimated the cost of the IL using a 

process model developed by Chen et al.63 and compared it to the cost of the aprotic 

[C2C1im][OAc] (Table 3), which requires a more complex synthesis involving alkylation of the 

alkylimidazole and ion exchange. Details of the calculations can be found in the ESI (Table S6). 

The cost estimate reveals that the production cost for the [C1Him][OAc]-water mixture is <10% 

of the cost of [C2C1im][OAc], whose synthesis was modelled as an alkylation of 

methylimidazole with ethyl chloride followed by ion exchange.64 The model assumes that 

solvent cost are dominated by input cost for protic ILs at scale.63 The cost differences are due 

to synthetic complexity of the route for aprotic versus protic ILs.

In our cost estimate, excess acid in the IL reduced the solvent cost, due to acetic acid 

being the cheaper component. A higher water content for hydrolysis may also reduce cost 

further, hence increasing the water content should be investigated further. The estimated cost 

of the [C1Him][OAc]-water compositions is in the range of common organic solvents, such as 

acetone and ethyl acetate (1.30 – 1.40 $/kg).63 

Figure 12: Samples containing [C2C1im][OAc] with 15% w/w water and 5 wt% shredded bottle PET heated at 180 °C as a function of time. Hydrolysis duration 
from 0.5 h (left) to 3 h (right) in 0.5 h increments.
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Table 3: Estimated solvent cost for [C2C1][OAc]-water and [C1Him][OAc]-water mixtures used in this study. Cost estimate for anhydrous 
[C2C1im][OAc] ($35/kg) adapted from Morales,64 utility cost for process water from Turtin et al.65

Solvent Cost of amine 
($/kg of IL)

Cost of acid
($/kg of IL)

Cost of water
($/kg)

Solvent cost 
($/kg of IL 

water 
mixture)

[C2C1im][OAc]+15% water N/A N/A $29.8
[C1Him][OAc]+15% water $1.84 $0.27 $1.77  10-4 $2.11

[C1Him][OAc] (1:2)+15% water $1.29 $0.38 $1.67

When designing a sustainable chemical process, solvent hazards should also be 

considered, although use of a hazardous solvent can result in an overall more sustainable 

chemical process.66 ILs are currently produced at a small scale and hence limited commercial 

toxicity data are available. For example, the [OTf]- anion is undesirable, as it is fluorinated and 

hence likely persistent in the environment, while the Zn-containing anion is undesirable as Zn 

is a toxic heavy metal. 1-Methylimidazole has moderate toxicity, however, it has recently been 

classified as a teratogen under European REACH legislation. DBN is imported in the EU <1 tonne 

and hence does not have a REACH dossier. It is noted for its corrosiveness which is typical for 

amines. Acetic acid is also corrosive in concentrated form and is classed as a flammable liquid 

but has otherwise low toxicity and is readily biobased. Decomposition products may modulate 

the solvent toxicity profile. The chemical hazards of the solvent need to be balanced with the 

benefit of a potential chemical recycling process and compared to the hazards and 

environmental impact of TPA and EG production from new (fossil) feedstocks.

The addition of an acid to precipitate the TPA from solution as carried out here changes 

the composition of the IL,23, 57 making chemical PET recycling as carried out in this screening 

study uneconomical while increasing environmental burdens by requiring fresh solvent. 

Recovery of TPA by antisolvent crystallisation (with water) and EG by distillation would be 

preferable and will be investigated for the lead solvent going forward. 

PET depolymerisation mechanism in IL water mixtures
Using the data collected in this study, general features of the depolymerisation mechanism in 

IL water mixtures can be discussed. The rate of organic reactions is determined by electronic 

and steric factors and mass transport. Since PET is insoluble in the IL water mixtures, PET 

hydrolysis requires the cleavage of ester linkages at the solid-liquid interface. Formation of 

cracks confirms that depolymerisation occurs at the surface of PET particles,16, 51, 67 and the 

shrinking-core kinetic model is often assumed.17, 18  Reactions at the solid liquid interface are 

often slowed down due to mass transfer limitations, especially if the viscosity is high, however, 
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differences in viscosity do not seem to explain the large variation in the observed PET 

conversion and TPA yield. 

Ester hydrolysis is known to proceed via a tetrahedral intermediate (Figure 13),68 and its 

formation can be catalysed by acid or base. It is proposed that the reactive IL solvents enable 

a base catalysed mechanism, as the anion (acetate) can deprotonate water via an equilibrium, 

generating hydroxide ions which are strong nucleophiles. Hydroxide ions can also be generated 

via an equilibrium involving water and the amines, which could explain why 1-methylimidazole 

and DBN water mixtures achieved high PET conversion. In addition, deprotonation of TPA 

drives conversion by shifting the equilibrium to the product side, which may also play a role 

why PET conversion is high compared to other ILs. 
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Figure 13: Proposed IL-catalysed PET hydrolysis reaction mechanism using Aprotic and Protic acetate ILs.

It is proposed that of the two protic acetate ILs, only [HC1im][OAc] ILs supplies noticeable 

quantities of amine,54 due to the relatively low pKa difference between amine and acetic acid 

(ΔpKa <3). The high PET conversion for acetate ILs, methylimidazole and DBN can be explained 

by the (irreversible) deprotonation of TPA and carboxylic acid end groups of short oligomers, 

hence their reactivity is well-correlated with solubility. The data show that all tested ILs reduce 

the activation energy compared to water, which is a weak nucleophile. However, they require 

higher temperatures (at the same reaction time) compared to aqueous solutions of NaOH, due 

to the lower OH- concentration. 

Page 25 of 31 Green Chemistry

G
re

en
C

he
m

is
tr

y
A

cc
ep

te
d

M
an

us
cr

ip
t

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

1 
A

ug
us

t 2
02

5.
 D

ow
nl

oa
de

d 
on

 8
/1

5/
20

25
 8

:3
7:

00
 A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n 
3.

0 
U

np
or

te
d 

L
ic

en
ce

.

View Article Online
DOI: 10.1039/D5GC02409A

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5gc02409a


25

The cation has been assigned a stabilising role for the tetrahedral intermediate,18, 38, 69, 70 

however, our data do not provide evidence for specific interactions, especially since a number 

of Brønsted acidic sites are present, such as on the cation, hydronium ions and acetic acid. 

Generally, activation of the carbonyl group is more important for the acid catalysed ester 

hydrolysis mechanism than for the base catalysed mechanism. In support of the proposed 

mechanism, proton affinity (correlated to the Kamlet Taft parameter β) of ILs was reported to 

determine the reaction rate for esterification (the reverse reaction of hydrolysis).71 It is 

proposed that in acetic acid water mixtures, the acid catalysed ester hydrolysis mechanism is 

applicable. These mechanistic considerations are suggestions and require deeper 

investigation.

Conclusions
This screening study found that hydrolysis of shredded bottle PET in IL-water mixtures strongly 

depends on anion selection. PET hydrolysis with the aprotic IL [C2C1im][OAc] yielded a 

screening condition (180 °C, 3 h, 15 wt% H2O, 5% PET loading), which was successfully used to 

evaluate a library of aprotic and protic ILs. ILs with acetate anions gave the highest PET 

conversion and the highest isolated TPA yields (after dilution and acidification), regardless of 

whether they were protic or aprotic ILs. It was also found that measuring the percentage yield 

of precipitated product typically overestimates TPA yield, as other hydrolysis products and 

solvent impurities are present in the crystallised product, shown by 1H-NMR spectroscopy and 

HPLC. 

The pseudo-protic IL [C1Him][OAc] performed well in the screening, enabling high PET 

conversion (99%) and crude TPA yield (82 %), and good TPA content (78%) in the isolated crude 

TPA at acceptable temperatures, with 10 times lower solvent cost than the aprotic 

[C2C1im][OAc], which is encouraging for further study and process development. The IL-water 

mixtures based on [C1Him][OAc] at 1:1 and 1:2 ABR generated similar TPA yields, showing that 

increasing the ABR can be used to lower solvent cost. 

Solubility of TPA could be correlated with the strength of interactions between the 

carboxylic acid groups in TPA and the anion of the IL, as found for other solutes containing 

hydroxyl groups such as cellulose or lignin.39 The pKa of the IL anion exceeding the pKa of 

terephthalate was a strong predictor of TPA solubility. Strong hydrogen bond acceptance could 

also promote solubilisation of TPA, even if the pKa of the anion was below the threshold. TPA 

solubility was generally correlated with PET conversion, but some IL solvents with notable TPA 

solubility displayed low PET conversion at the screening condition. Based on the available data, 

it is proposed that acetate ILs promote depolymerisation of PET via the base catalysed ester 

Page 26 of 31Green Chemistry

G
re

en
C

he
m

is
tr

y
A

cc
ep

te
d

M
an

us
cr

ip
t

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

1 
A

ug
us

t 2
02

5.
 D

ow
nl

oa
de

d 
on

 8
/1

5/
20

25
 8

:3
7:

00
 A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n 
3.

0 
U

np
or

te
d 

L
ic

en
ce

.

View Article Online
DOI: 10.1039/D5GC02409A

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5gc02409a


26

hydrolysis mechanism, driven by TPA deprotonation. Based on the promising results observed 

for [C1Him][OAc]-water mixtures, a waste-free recovery method for the monomers TPA and 

EG should be developed, which is underway in our laboratory. 
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