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Abstract: Metal-containing ionic liquids with general formula [Rmim]+MX3- (R=n-butyl or n-lauryl; 

M=Zn, Cd; X=Cl, Br) were synthesised and then characterized by nuclear magnetic resonance 

spectroscopy and infrared spectroscopy. The catalytic activity was tested in glycolysis of poly(ethylene 

terephthalate) (PET) with ethylene glycol (EG) with the main product being bis-2-hydroxyethyl 

terephthalate (BHET). The following parameters were varied: the catalyst type, the catalyst loading and 

the molar ratio between PET and EG. For every reaction conversion and selectivity were calculated. 

All these reactions arose with high selectivity in the desired product, the conversion of PET being quasi-

total. 

 

Keywords: PET recycling, glycolysis, ionic liquids 

 

1. Introduction  
Poly(ethylene terephthalate), often known as PET, is one of the most widely used plastics due to its 

durability, chemical resistance, light weight, and cheap market price. Textiles, photographic films, and 

primarily soft-drink plastic bottles are all examples of PET applications [1]. PET, on the other hand, is 

non-biodegradable, and global demand is expanding at an alarming rate, making this material one of the 

most plentiful post-consumer wastes [2]. As a result, scientists are focusing their efforts on ensuring that 

this material is recycled efficiently, PET can be recycled using either mechanical or chemical processes 

[3]. The traditional technique is a chemical recycling process that breaks down PET into its fundamental 

monomeric form as dimethylterephtalate (DMT), bis-(2-hydroxyethyl)terephthalate (BHET) or tere-

phthalic acid (TA) by processes such as methanolysis [4, 5], glycolysis [6, 7] or hydrolysis [8]. These 

monomeric compounds can be then used to remanufacture PET [9]. 

Glycolysis, a widely used commercial technique, is the most economically viable, cost-effective, and 

future-oriented recycling method of plastic waste. Such reaction follows a transesterification mechanism 

in the presence of a catalyst, which can be a metal-based compounds [7], organic superbases [6] or ionic 

liquid [10, 11]. The use of ethylene glycol (EG) in this process produces BHET, a monomer used in 

repolymerizing PET, and other PET glycolyzates [9] which are used in manufacturing polyurethane 

foams, copolyesters, acrylic coatings and hydrophobic dyes [12-15]. Superior glycols can also be used 

as diols for PET glycolysis [16,17], depending on the targeted monomer or the targeted properties of the 

material that the glycolyzate is going to be used in. 

Because of their unique properties, such as thermal stability, electrochemical stability, low 

flammability, and structural flexibility of the cation and anion, ionic liquids (ILs) have attracted 

researchers' attention as ideal green solvents and/or catalysts in various reactions [18, 19] including 

polymer breakdown [20, 21]. Degradation of PET using ionic liquids occurs quickly in low pressure and 

temperature environment, without releasing toxic substances. Adding water by filtration allows the ionic 

liquid to be separated from the compounds produced allowing the ionic liquid to be used again.  

Wang et al. [22] explored the ability of acidic, basic, and neutral ionic liquids as novel catalysts in    

depolymerizing PET wastes using EG. The glycolysis method was enhanced by basic ionic liquids and  
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acidic ionic liquids, but basic ionic liquid synthesis is relatively difficult and costly while acidic ionic 

liquids were discovered to be volatile at temperatures above 180°C.  Using several basic ionic liquids as 

catalysts, Yue et al. [23] conducted the glycolysis of PET in which 1-butyl-3-methylimidazolium 

hydroxyl ([Bmim]OH) has shown the higher catalytic activity with 100% conversion of PET among 

various basic ionic liquids. Yue et al. [21] also proved that when opposed to the neutral ionic liquid 

([Bmim]Cl), the Lewis acidic ionic liquid ([Bmim]ZnCl3) possessed a high catalytic activity. 

Furthermore, Al-Sabagh et al. [24] achieved complete PET conversion and selectivity in BHET around 

50% by using mixtures of Zn(OAc)2, respectively Cu(OAc)2 and [Bmim]Cl. Shuangjung et al. [25] 

achieved 100% conversion and almost 90% selectivity in BHET when they performed the PET 

glycolysis by using an equimolar mixture of [Hmim]ZnCl3 and [Hmim]CoCl3. 

Our current goal in this work is to achieve total PET glycolysis in the presence of new metal 

containing ILs. To this aim, several metal-containing ionic liquids based on 1,3-N,N-disubtituted 

imidazolium salts and their precursors were synthesized (Figure 1). The metal-containing compounds 

were tested as catalysts in PET glycolysis with EG, and some optimum reaction parameters were also 

determined. To the best of our knowledge the use of [Bmim]CdCl3, [Ddmim]ZnCl3, and [Bmim]ZnBr3 

were not reported as catalysts for this reaction.  

 

 
Figure 1. Structural formulas of synthesised ionic liquids (ILs) 

 

2. Materials and methods 
2.1. Material 

PET waste was obtained from postconsumer bottles and cut into small flakes and cleaned thoroughly 

by washing with water containing detergent, then with distilled water and skimmed with benzene and 

dried in the laboratory oven at 80°C for 12 h. Butyl chloride, dodecyl chloride, butyl bromide, 1-methyl-

imidazole, acetonitrile, zinc chloride, cadmium chloride, and zinc bromide were purchased from Sigma 

(Aldrich) and used as received. 

 

2.2. Ionic liquids synthesis 

Synthesis of 1-butyl-3-methylimidazolium chloride ([Bmim]Cl). The synthesis was carried out as 

described previously [26] with proper modifications. Briefly, a 100 mL round-bottom flask equipped 
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with a reflux condenser, calcium chloride tube and magnetic stirring was loaded with 48.1 g butyl 

chloride (0.52 mol), 32.8 g 1-methylimidazole (0.4 mol) and 21.6 mL acetonitrile. The flask was 

immersed in an oil bath preheated at 85°C and refluxed for 48 h. The volatile compounds were then 

removed by evaporation and the reaction mixture was allowed to crystallize in the freezer. In order to 

obtain pure [Bmim]Cl the crude product was dissolved in 100 mL acetonitrile at 60°C and then added 

dropwise in 250 mL stirred ethyl acetate and the crystals formed were filtered affording 58.8 g of 

product. Melting point: 60°C; 1H-NMR (300 MHz, CDCl3) δ 10.38 (s, 1H), 7.57 (s, 1H), 7.42 (s, 1H), 

4.26 (t, J = 7.3 Hz, 2H), 4.04 (s, 3H), 1.89 – 1.75 (m, 2H), 1.38 – 1.23 (m, 2H), 0.88 (t, J = 7.3 Hz, 3H). 
13C-NMR (75 MHz, CDCl3) δ 137.62, 123.50, 121.79, 49.59, 36.40, 31.99, 19.28, 13.27. FT-IR: 3386; 

3061; 2960; 2937; 2874; 2741; 1568; 1466; 1169. 

Synthesis of 1-dodecyl-3-methylimidazolium chloride ([Ddmim]Cl) [26]. A 100 mL round-bottom 

flask equipped with a reflux condenser, calcium chloride tube and magnetic stirring was loaded with 

25.4 g dodecyl chloride (0.12 mol), 10.82 g 1-methylimidazole (0.13 mol) and 28 mL acetonitrile. The 

flask was immersed in an oil bath preheated at 85°C and refluxed for 7 days. The volatile compounds 

were then removed by evaporation under reduced pressure and the reaction mixture was allowed to 

crystallize in the freezer. In order to obtain pure [Ddmim]Cl the crude product was dissolved in 60 mL 

acetonitrile at 60°C and decoloured using charcoal, followed by vacuum filtration and crystallization 

overnight. Melting point: 43°C; 1H-NMR (300MHz, CDCl3) δ 10.69 (s, 1H), 7.46 (s, 1H), 7.41 (s, 

1H), 4.29 (t, J=7.3 Hz, 2H), 4.11 (s, 3H), 1.94-1.80 (m, 2H) 1.30-1.22 (m, 18H), 0.85 (t, J=7.3 Hz, 3H).  
13C-NMR (75 MHz, CDCl3) δ 138.14, 123.27, 121.49, 50.09, 36.58, 31.82, 30.26, 29.51, 29.41, 29.29, 

29.25, 28.92, 26.20, 22.55, 14.05. FT-IR: 3443; 3377; 2916; 2848; 1574; 1562; 1463; 1168; 865; 767. 

Synthesis of 1-butyl-3-methylimidazolium bromide ([Bmim]Br) [27]. A 100 mL round-bottom flask 

equipped with a reflux condenser, calcium chloride tube and magnetic stirring was loaded with 54.8 g 

butyl bromide (0.4 mol), 32.8 g 1-methylimidazole (0.4 mol) and 28 mL acetonitrile. The flask was 

immersed in an oil bath preheated at 100°C and refluxed for 24 h. The volatile compounds were then 

removed by evaporation and the reaction mixture was allowed to crystallize in the freezer. Melting 

point: 73°C; 1H-NMR (300 MHz, CDCl3) δ 10.17 (s, 1H), 7.59 (s, 1H), 7.47 (s, 1H), 4.25 (t, J = 7.3 

Hz, 2H), 4.04 (s, 3H), 1.89 – 1.75 (m, 2H), 1.39 – 1.20 (m, 2H), 0.86 (t, J = 7.3 Hz, 3H). 13C-NMR (75 

MHz, CDCl3) δ 137.04, 123.67, 122.08, 49.74, 36.66, 32.11, 19.39, 13.42. FT-IR: 3419; 3141; 3071; 

2959; 2934; 2872; 1627; 1567; 1463; 1166; 843; 752. 

Synthesis of 1-butyl-3-methylimidazolium trichlorozincate ([Bmim]ZnCl3). The synthesis was carried 

out as described previously [1] with proper modifications.  A 50 mL round-bottom flask equipped with 

magnetic stirring and a septum was loaded with 2.0 g [Bmim]Cl (11 mmol) and 1.558 g anhydrous ZnCl2 

(11 mmol). 20 mL methylene chloride were added through the septum. After an hour ZnCl2 was 

dissolved and two layers were noticed. The stirring was maintained for 24 h. Afterwards, the volatile 

compounds were evaporated under vacuum. The flask was then introduced in the freezer for 48 h in 

order to obtain a viscous liquid. 1H-NMR (300 MHz, DMSO-d6) δ 9.14 (s, 1H), 7.95 (s, 1H), 7.92 (s, 

1H), 4.14 (t, J = 7.3 Hz, 2H), 3.84 (s, 4H), 1.87 – 1.73 (m, 2H), 1.39 – 1.24 (m, 2H), 0.92 (t, J = 7.3 Hz, 

3H). 13C-NMR (75 MHz, DMSO-d6) δ 137.51, 125.16, 123.76, 50.84, 37.46, 33.15, 20.54, 14.29. FT-

IR: 3362; 3147; 3111; 2961; 2953; 2874; 1621; 1566; 1463; 1163; 838; 749. 

Synthesis of 1-dodecyl-3-methylimidazolium trichlorozincate ([Ddmim]ZnCl3). A 25 mL round-

bottom flask equipped with argon inlet, thermometer and magnetic stirring was loaded with 2.025 g 

[Ddmim]Cl (7 mmol) and 0.952 g anhydrous ZnCl2 (7 mmol). The flask was immersed in an oil bath 

preheated at 100°C. The stirring was maintained until the ZnCl2 was entirely dissolved. Melting point: 

57-58°C;  
1H-NMR (300 MHz, DMSO-d6) δ 8.57 (s, 1H), 7.40 (s, 1H), 7.38 (s, 1H), 4.11 (t, J=7.3 Hz, 2H), 3.83 

(s, 3H), 1.80 (m, 2H), 1.26 (m, 18H), 0.87 (t, J = 7.3 Hz, 3H) 13C-NMR (75 MHz, DMSO-d6) 137.50, 

125.15, 123.75, 51.08, 37.41, 33.18, 31.18, 30.88, 30.78, 30.64, 30.61, 30.18, 27.26, 23.95, 18.99, 15.00. 

FT-IR: 3405; 3144; 3102; 2924; 2854; 1630; 1464; 1165; 846; 752. 
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Synthesis of 1-butyl-3-methylimidazolium trichlorocadmiate ([Bmim]CdCl3). A 25 mL round-bottom 

flask equipped with magnetic stirring was loaded with 2 g [Bmim]Cl (11 mmol), 2.013 g CdCl2 (11 

mmol) and 5 mL acetonitrile. The reaction mixture was allowed to stir for 24 h and then the acetonitrile 

was evaporated under reduced pressure. 1H-NMR (300 MHz, DMSO-d6) δ 9.17 (s, 1H), 7.97 (s, 1H), 

7.94 (s, 1H), 4.69 (t, J = 7.3 Hz, 2H), 4.39 (s, 3H), 2.37-2.29 (m, 2H), 1.72-1.79 (m, 2H), 1.47 (t, J = 7.3 

Hz, 3H).  13C-NMR (75 MHz, DMSO-d6) δ 137.33, 124.99, 123.59, 50.68, 37.31, 32.99, 20.39, 14.14. 

FT-IR: 3240; 3145; 2964; 2935; 2865; 1676; 1626; 1460; 1166; 837; 756. 

Synthesis of 1-butyl-3-methylimidazolium tribromozincate ([Bmim]ZnBr3).  A 50 mL round-bottom 

flask equipped with magnetic stirring and a septum was loaded with 2.5 g [Bmim]Br (12 mmol) and 

2.57 g anhydrous ZnBr2 (12 mmol). 5 mL methylene chloride were added through the septum. The 

reaction mixture was allowed to stir for 24 h and then the acetonitrile was evaporated under reduced 

pressure. 1H-NMR (300 MHz, DMSO-d6) δ 9.14 (s, 1H), 7.96 (s, 1H), 7.93 (s, 1H), 4.69 (t, J = 7.3 Hz, 

2H), 3.56 (s, 3H), 2.42-2.30 (m, 2H), 1.9-1.75 (m, 2H), 1.48 (t, J = 7.3 Hz, 3H). 13C-NMR (75 MHz, 

DMSO-d6) δ 137.34, 124.99, 123.60, 50.59, 37.32, 32.97, 20.38, 18.80, 14.12. FT-IR: 3380; 3145; 

3110; 2959; 2934; 2873; 1611; 1564; 1462; 1162; 832; 744. 

 

2.3. General procedure for glycolysis 

A two-neck round-bottom flask equipped with a reflux condenser, calcium chloride tube, argon inlet 

and magnetic stirring was loaded with 2 g PET (10.42 mmol), catalyst, and EG in various ratios as noted 

in the following sections. The flask was then immersed in an oil bath preheated at 180°C and allowed to 

react. After 4 h the reaction mixture was filtered while hot and, in some experiments, PET-like material 

was isolated. The filtrate was added in water, and it was allowed to precipitate for 24 h in the freezer. 

The precipitate was filtered and dried in air. The outcome of each reaction was determined by calculating 

the conversion of PET and selectivity in BHET using the equations described by Al-Sabagh et al. [10]. 

 

2.4. Methods and techniques used to characterize the catalysts and glycolysis products 
1H-NMR and 13C-NMR spectra were recorded on a Gemini Varian 300 MHz spectrometer at room 

temperature in deuterated solvents: chloroform-d (CDCl3) and dimethylsufoxide-d6 (DMSO-d6); FT-IR 

spectra were recorded on a Bruker Vertex 70 Spectrometer, with a horizontal device for attenuated 

reflectance and diamond crystal, on a spectral window ranging from 4000 to 400 cm-1. 

 

3. Results and discussions  
3.1. Catalyst selection  

The efficacy of the organic catalyst synthesised above was determined in PET breakdown reactions 

using 1% molar of ILs with respect to PET, molar ratio PET:EG=1:10. The reaction mixture was 

processed according to the methodology mentioned above, and the resulting solid materials were 

analysed.  

In the case of reactions where some PET-like material was isolated, the 1H-NMR spectra of these 

solids (Figure 2) show two main signals at 8.11 ppm - TA from PET and 4.76 ppm - ethylene glycol 

interchain (EGic) confirming the presence of the PET. Beside the signals characteristic for PET, two 

small signals which are assigned to diethylene glycol interchain (DEGic) and the corresponding signal 

in the aromatic region at 8.07 ppm for TA substituted with DEG (added during the PET manufacturing 

process) are present. Comparing this spectrum with the one of the initial PET (Figure 2 inset), two new 

signals at 4.54 ppm and 4.17 ppm are assigned to ethylene glycol endchain (EGec), indicating a material 

with a lower degree of polymerization than the initial one. Additionally, this hypothesis is confirmed by 

its solubility in methylene chloride, while the raw material was insoluble. 
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Figure 2. 1H-NMR spectra of the isolated PET (inset: detail of initial PET spectra) 

 

The 1H-NMR spectra of the precipitate (Figure 3) exhibit signals belonging to two compounds. The 

major group of signals: 8.12 ppm, 4.51-4.48 ppm, 4.00-3.97 ppm is assigned to the main glycolysis 

product, bis(2-hydroxyethyl) terephthalate (BHET). The second group of signals: 8.11 ppm, 4.71 ppm 

and 3.74 ppm are assigned to BHET dimer (bisBHET). In addition, it should be noted that the precipitate 

contains 70-80% BHET. To the best of our knowledge this is the first time when bisBHET is reported 

in the precipitate.  

 
Figure 3. 1H-NMR spectra of the precipitate 
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Considering that isolation of pure BHET is difficult, in the next sections only BHET quantity is 

considered. 

The results obtained using the aforementioned equations are decreasing in the order [Ddmim]ZnCl3> 

[Bmim]ZnCl3≈[Bmim]ZnBr3>[Bmim]CdCl3 (Figure 4), the majority of them having above 80% 

conversion and 50% selectivity. The conversion and selectivity of [Ddmim]ZnCl3 are slightly better than 

the ones of [Bmim]ZnCl3. Even if the selectivity and the conversion are not much greater than the ones 

of the other two catalysts containing trihalozincate anion, [Ddmim]ZnCl3 is solid at room temperature, 

hence easy to manipulate and at the same time its stability in air is better because of its lower 

hydrofilicity. Thus, [Ddmim]ZnCl3 was selected for further experiments. 

 

 
Figure 4. Effect of catalyst type 

3.2. Effect of catalyst loading 

In order to determine how the catalyst loading is influencing the outcome of the reactions there were 

performed PET destructions with [Ddmim]ZnCl3 as catalyst, using different loadings, namely 1, 5 and 

10% molar with respect to PET and PET:EG=1:10. The results (Figure 5) show an increase in the 

efficiency when the quantity of the catalyst increased from 1 to 5%, but as the catalyst amount increased 

to 10%, a decrease of the efficiency was noticed. This trend is in accordance with the results found for 

other ionic liquids used for glycolysis [28] and its explanation consists in the presumption that when 

more catalyst is used, BHET is produced more quickly, having then the opportunity to polymerize into 

oligomers as the glycolysis reaction proceeds.  

 

 
Figure 5. Effect of catalyst loading 
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3.3. Effect of EG amount 

The amount of EG used in the glycolysis reaction is also crucial. PET destructions were performed 

using [Ddmim]ZnCl3 as catalyst and various PET:EG ratios, namely 1:2.5, 1:5, 1:10 and 1:20 (Figure 

6). The experiments, carried out at 180°C for 4h having 5% molar [Ddmim]ZnCl3 as catalyst, showed 

that as the amount of the EG increases the efficiency of the reaction also increases, but the small increase 

in selectivity and conversion does not justify the usage of 1:20 ratio. 

 

 
Figure 6. Effect of EG amount 

 

3.4. Testing the effect of [Ddmim]Cl boosted – [Ddmim]ZnCl3 on PET glycolysis 

Considering the [Ddmim]ZnCl3
 behaviour and the literature data [23, 24], the effect that the 

Considering the [Ddmim]ZnCl3
 behaviour and the literature data [24, 25], the effect that the combination 

of pristine catalyst ([Ddmim]Cl) and the corresponding metal-containing compound has on the outcome 

of the reaction ([Ddmim]ZnCl3) was studied. To this purpose mixtures of both compounds, containing 

1% of [Ddmim]ZnCl3 and the difference up to 5%, respectively 10% molar of [Ddmim]Cl, were used as 

catalyst for glycolysis at 180 °C and PET:EG=1:10 (molar ratio). In both cases the conversion was total 

and the selectivity in BHET was 80% in the first case, respectively 87% in the second case. The 

formation in situ of high catalytic activity species [Ddmim]2[ZnCl4], investigated before by 

computational and experimental studies [29, 30], could explain the synergic effect of both catalysts and 

the high selectivity in BHET. 

 

4. Conclusions 
This research presented an efficient way to break down PET into its fundamental monomeric form 

as bis-(2-hydroxyethyl)terephthalate (BHET) in the presence of some metal-containing ionic liquids as 

catalyst. The catalyst synthesis implies two steps, the first one is the obtaining of 1,3-N,N-disubstituted 

imidazolium salts starting from 1-methylimidazole and an organic halide and in the second step the 

compounds obtained in the previous stage were modified using and inorganic halide. The catalysts were 

tested in different conditions and showed good activity, the best results being obtained with [Ddmim]Cl 

boosted- [Ddmim]ZnCl3, using a mixture of 1% [Ddmim]ZnCl3 and 4% [Ddmim]Cl (molar percentages), 

and PET:EG=1:10 molar ratio, with a quasi-total conversion and selectivity in BHET around 87%.  
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