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Summary 22 

 Poly(ethylene terephthalate) (PET) was successfully depolymerised under 23 

supercritical ethanol. Robust conversion of 98 wt-% from PET to diethylterephthalate (DET) 24 

was obtained by adding [Bmim][BF4], as catalyst, accompanied by reduction of 25 

depolymerization time from ca. 6 h to 45 min. DET formation in the depolymerization 26 

process was characterized by HPLC, 1H NMR, FTIR, TGA, DSC and SEM showing high 27 

purity and yield. The yields for different runs were determined by HPLC combined with 28 

interpolation from the standard/calibration curve. A 23 factorial design was employed to 29 

evaluate the effect of different inputs such as (i) reaction time after supercritical condition, 30 

(ii) volume of ionic liquid (VIL)and (iii) amount of PET in the yield of DET. By the analysis 31 

of variance (ANOVA), including F-test and P-values, it was found that reaction time and 32 

amount of PET inputs correspond, respectively, to 44 % and 23 % of the evaluated response. 33 

Another positive aspect showed by the factorial design is that the amount of catalyst was not 34 

significant in the process, and the depolymerization can be conduct successfully since a small 35 

amount (this study used VIL ranging 0.15 to 0.35 mL) is present in the reaction media. The 36 

method proposed in this paper is advantageous over others, reported in literature, due to 37 

lower reaction time required for PET depolymerization and higher DET yield.  38 

 39 

Keywords: poly(ethylene terephthalate); depolymerisation; supercritical ethanol; ionic 40 

liquids (ILs); [Bmim][BF4]. 41 
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Introduction 44 

The chemical recycling of polymers is an environmentally-friendly process, an 45 

alternative which adds value to polymer production waste or post-consumer polymer waste, 46 

where the product can be converted into its respective monomers and recycled for use in new 47 

polymerization products. Several depolymerisation techniques, especially those using 48 

catalytic reactions, have been studied extensively and the most studied catalysts are bases (ex. 49 

NaOH), acids (ex. H2SO4),
1, 2 and metal salts.3 Developments in catalysis are being constantly 50 

reported, trying to find new catalysts, novel catalytic reactions and alternative methodologies. 51 

Much of the pressure for this is driven by the economic requirements to develop systems in 52 

which the easy separation of products and/or the reuse of the catalyst are possible, along with 53 

desired high reactivity and selectivity.4 Chemical recycling of poly(ethylene terephthalate) 54 

(or PET) started in the 1950s at about the same time that PET was being manufactured on a 55 

commercial scale.5 (PET) is widely used in the manufacture of video and audio tapes, films 56 

for X-ray diagnostics, food packaging and soft-drink bottles.6 57 

Several processes for PET depolymerization have been put forward with different 58 

depolymerizing agents and operation conditions. Alcoholysis processes depolymerize PET to 59 

dimethyl terephthalate (DMT) with liquid or gaseous methanol7-9 glycolysis depolymerizes 60 

PET to bis-(hydroxyethyl) terephthalate (BHET) with ethylene glycol or other glycol10, 11, 61 

and hydrolysis1 converts PET to terephthalate acid (TPA) under the promotion of acidic or 62 

basic conditions. All of these processes have both advantages and disadvantages. 63 

Methanolysis under normal conditions can be carried out at relative mild temperature and 64 

pressure. However, the reaction rate is very slow, and some divalent metal catalysts such as 65 

zinc, lead, and manganese acetates, are required to enhance depolymerization rate. The 66 

undesired diethylene glycol, the dimer of ethylene glycol, is formed in the glycolysis. There 67 

are thus some problems in separation and purification of the product12. Hydrolysis under 68 
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acidic or basic conditions may cause corrosion and pollution problems13, whilst both 69 

terephthalic acid formed in the reaction and the acidic catalysts favour the formation of 70 

diethylene glycol. Some new experimental methods have been introduced for the 71 

decomposition of PET. As an example, microwave irradiation was used as energy source in 72 

solvolysis of PET14, and a high-pressure calorimeter has been used for measure the 73 

decomposition degree15. In recent years, supercritical fluids are very attractive media for 74 

conducting chemical transformations, primarily because the solvent and transport properties 75 

of a single solution can be appreciably and continuously varied with relatively minor changes 76 

in either temperature and/or pressure to achieve supercritical conditions.16 Supercritical fluids 77 

such as water and alcohol are excellent reaction media for the depolymerisation of plastics by 78 

using sub and/or supercritical conditions, because the reaction can proceed rapidly and 79 

selectively under such conditions.17 For instance, Kamimura et al.18 demonstrated the 80 

decomposition of waste material composed of polyamide 6 (nylon-6) into valuable 81 

compounds such as methyl 6-hydroxycapronate and methyl 5-hexenoate, in a ratio of 82 

approximately 1:1 and yield of 80 %, using methanol under supercritical conditions. 83 

Gutiérrez et al.19 proposed a process that combines green solvents and supercritical fluid 84 

extraction to recycle polystyrene wastes, with a reduced volume, almost completely free of 85 

solvent and without degradation. 86 

Processes involving the depolymerisation of PET under supercritical conditions were 87 

first used in Japan in 1997, where PET was depolymerised using supercritical water20 or 88 

supercritical methanol. 21 More recently, supercritical ethanol (scEtOH) was employed for 89 

depolymerising PET from multilayer packaging films, and diethyl terephthalate (DET) was 90 

obtained as the main product with high purity and an at 80% yield.22 91 

Ethanolysis as a PET depolymerisation method is a good alternative for the recycling 92 

industry, especially in countries (Brazil, for instance) where ethanol from sugarcane is 93 
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abundant and relatively inexpensive.23 Ionic liquids (ILs), considered “green solvents”,24, 25 94 

have attracted enormous research interest due to their unique features, including optimization 95 

of compound characteristics through a broad selection of anion and cation combinations, 96 

thermal stability, non-volatility, electrochemical stability, and low flammability.26 In the last 97 

decade, ILs have been widely used in extraction, catalysis, electrochemistry,27 organic 98 

synthesis28 and may have applications in polymer research.29 Growing interest has focused on 99 

ILs as catalysts, in either homogenous or heterogeneous media,24, 25 combining the 100 

advantages of a solid for a surface-immobilizing catalyst and the advantages of a liquid for 101 

allowing the catalyst to move freely.30 
102 

In this study, [Bmim][BF4] was used as the catalyst for the depolymerisation of PET 103 

under scEtOH. The aim of this work was to determine the influence of reaction time, amount 104 

of PET and volume of [Bmim][BF4] in the feed on PET depolymerisation under scEtOH and 105 

whether this procedure had potential technological applications. This work combines two 106 

important alternatives for sustainable reactions: the supercritical environment and the ionic 107 

liquid.24, 25 To our knowledge, no literature has been published focusing this specific issue, in 108 

spite recent publication anticipated these conditions as future perspective for sustained 109 

developing of polymer chemistry.24, 25  110 

Experimental 111 

Chemicals 112 

Anhydrous ethanol (99.5 GL purity) was supplied by Nuclear (Diadema - SP, Brazil). 113 

Diethylterephthalate (DET) and bis-(hydroxyethyl) terephthalate (BHET), used as standards, 114 

were purchased from Sigma-Aldrich (New Jersey, USA). Reagents used for synthesis of 115 

[Bmim][BF4] were N-methylimidazole (99%) (Sigma-Aldrich, St. Louis, MO, USA), 1-116 

chlorobutane, acetonitrile and dichloromethane (Merck, Whitehouse Station, New Jersey, 117 

USA). Potassium tetrafluoroborate was acquired from Strem Chemicals Inc. (Newburyport, 118 
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MA, USA). Acetonitrile (Merck, Whitehouse Station, New Jersey, USA) was distilled over 119 

phosphorus pentoxide (P2O5),
31 1-chlorobutane (Whitehouse Station, New Jersey, USA) was 120 

used as received, Ethyl acetate (Merck, Whitehouse Station, New Jersey, USA) was distilled 121 

over P2O5.
31 

122 

PET (pellets, average largest dimension ca. 1 mm) from waste soft drinks bottles 123 

(Plaspet Reciclagens Ltda company, Maringa, Brazil) was washed and dried in an oven at 50 124 

oC to a constant weight. Viscosity measurements of PET (from the same source) at 25 oC in a 125 

1:1 solution of 1,2-dichlorobenzene/phenol (w/w) estimate3 the average molecular weight 126 

viscosity of PET (Mv) as being 54,600 g mol−1.  127 

Equipments and procedures 128 

FTIR spectra used to characterize the chemical structures of the depolymerisation 129 

products were recorded using a (Bomem model MB-100 spectrometer, Quebec, Canada) in 130 

the range of 4000-400 cm-1. To quantify the DET formed at the end of each depolymerisation 131 

run, RP-HPLC analysis was performed using a Thermo Surveyor LC Pump Plus, PDA Plus 132 

Detector set at 240 nm and a reverse-phase C18-Kromasil column (250 x 4.6 mm) with a 133 

particle size of 5 µm and an average pore size of 100 Å. A methanol/water 80/20 v/v mixture 134 

was used as the mobile phase at a flow rate of 1 mL min-1. Injection of 50 µL (after be 135 

degassed) and a photodiode detector with a 5 cm optic length were used. An analytical curve 136 

using standard DET solutions at concentrations ranging from 0.24 to 2.00 mg mL-1 was built. 137 

1H NMR spectra were used to characterize the chemical structures of depolymerisation 138 

products and were obtained on a (Varian model Mercury Plus, 300 spectrometer, Palo 139 

Alto,CA, USA) operating at 300 MHz and calibrated with tetramethysilane (TMS) as an 140 

internal reference. Analyses of 1H NMR were performed according to the methods published 141 

by Castro et al.23 1H NMR spectrum of standard DET was obtained and used for comparison. 142 

Scanning electron microscope (SEM, Shimadzu, model SS550 Superscan, Japan), applying 143 
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voltage of 15.0 kV and current of 30 mA, was used for morphology analyses. Before the 144 

SEM analyses, the DET obtained at the final of depolymerization reaction (run 8) was 145 

precipitated in water and further freeze dried. Finally, the treated DET sample was coated 146 

with a thin gold film and analyzed by SEM. SEM of standard DET was obtained and used for 147 

comparison. 148 

The thermal properties of raw PET and depolymerisation products were investigated 149 

by TGA and DSC. TGA experiments were carried out in a thermogravimetric analyzer 150 

(Netzsch, model STA 409 PG/4/G Luxx, New Castle, Delaware, USA) at 30 to 550 °C at a 151 

rate of 10 °C min-1 under N2 gas flowing at a rate of 20 mL min-1. DSC analyses were 152 

performed on a calorimeter (Netzsch, model STA 409 PG/4/G Luxx, New Castle, Delaware, 153 

USA) at a temperature range of 40-210 °C, heating rate of 10 oC min-1 and nitrogen flow of 154 

50 mL min-1. 155 

Synthesis of 1-n-butyl-3-methylimidazolium tetrafluoroborate ([Bmim][BF4 ]) 156 

The 1-butyl-3methylimidazolium chloride was synthesized according to the methods 157 

described by Dong et al.32 For this, a 100 mL, three-necked, round-bottomed flask equipped 158 

with a heating oil bath, a nitrogen inlet adapter, an internal thermometer adapter, an overhead 159 

mechanical stirrer, and a reflux condenser were used. The flask was flushed with nitrogen and 160 

charged with 5 g (0.06 mol) of freshly distilled N-methylimidazole, 5 mL of acetonitrile 161 

(CH3CN) and 7.22 g (0.078 mol) of 1-chlorobutane, brought to a gentle reflux (75-80 °C, 162 

internal temperature), heated under reflux for 48 h and cooled to room temperature. The 163 

volatile material was removed from the resulting yellow solution under reduced pressure. The 164 

remaining light-yellow oil was re-dissolved in dry acetonitrile (8.1 mL) and added drop-wise 165 

via cannula to 30 mL of a well-stirred solution of dry ethyl acetate and one seed crystal of 1-166 

butyl-3-methylimidazolium chloride placed in a 100 mL, three-necked, round-bottomed flask 167 

equipped with a nitrogen inlet adapter and an overhead mechanical stirrer. The imidazolium 168 
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salt began to crystallize exothermically almost immediately, and after addition of the 169 

acetonitrile solution had been completed, the flask was cooled at -30 °C for 2 h. The 170 

supernatant solution was removed via filtration through a filter cannula and the resulting 171 

white solid dried under reduced pressure (0.1 mbar) at 30 °C for 6 h to yield 9.33 g (89%) of 172 

1-butyl-3-methylimidazolium chloride ([Bmim][Cl]) having a melting point (mp) of 66-173 

67 oC. 174 

The [Bmim][BF4] was synthesized according to the methods outlined by Dupont et 175 

al.32 using the previously prepared [Bmim][Cl]. For this, a 100 mL, one-necked, round-176 

bottomed flask was charged with 5 g (0.028 mol) of finely powdered [Bmim][Cl] and 3.6 g 177 

(0.028 mol) of potassium tetrafluoroborate in 10 mL of distilled water. The system was 178 

stirred at room temperature for 2 h yielding a heterogeneous mixture and the water removed 179 

under reduced pressure (0.1 mbar) at 80 °C until a constant weight was reached. In sequence, 180 

6 mL of dichloromethane and 1.88 g of anhydrous magnesium sulphate were added to the 181 

remaining suspension. After 1 h, the suspension was filtered and the volatile material 182 

removed under reduced pressure (0.1 bar) at 30 °C for 2 h to yield 5.65 g (0.025 mol, 91%) of 183 

1-butyl-3-methylimidazolium tetrafluoroborate as a light yellow, viscous liquid having a mp 184 

of -74 °C. 185 

 186 

Depolymerisation of PET under scEtOH catalysed by [Bmim][BF4] 187 

The process was performed according to the methodology14 using the same apparatus. 188 

The degradation reaction was carried out in a 0.1-L home-made batch-type reactor made of 189 

316® stainless steel equipped with inlet and outlet valves, a manometer, a thermometer, and a 190 

heating collar controlled by a programmable temperature controller used to heat the reactor to 191 

the desired temperature (255 oC, with a precision estimated to be 5 oC, measured by a J-type 192 

thermocouple). For the experiments, the desired mass of PET, anhydrous ethanol and 193 
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[Bmim][BF4] were added to the reactor at room temperature according to a 23 factorial design 194 

(see Table 1) and heated (at heating rate of about 8 oC min-1) to a reaction temperature of 255 195 

oC. Reactor pressure (115 atm) was attained by nearly filling the vessel with desired amount 196 

of PET (pellets) and ethanol and keeping the reactor properly closed, avoiding the need of 197 

using pressurized gas for the ethanol to reach supercritical conditions. After a required 198 

reaction time, the heating collar was removed and the vessel quickly cooled to room 199 

temperature using large amounts of water, taking less than 5 min to reach room temperature 200 

(around 25 oC).  201 

Recovering of the ionic liquid 202 

   203 

After PET despolymerization (run 8) ethanol was evaporated and the main product 204 

(DET) was precipitated in the water and filtered. The residual ionic liquid [Bmim][BF4] 205 

remaining in the filtrate aqueous  was lyophilized prior the 1HNMR analyses. The spectrum  206 

were obtained as earlier described and presented in supplementary information (Figure S1).   207 

Factorial design experiments 208 

The influences of reaction time (RT), amount of PET (WPET) and ionic liquid volume 209 

(VILs) used for PET depolymerisation by scEtOH on the yield of DET were investigated. A 210 

two level factorial (23) design for evaluating each of these parameters was used [RT: (+) 45 211 

min, (-) 0 min; WPET: (+) 1.5 g, (-) 0.5 g and VILs: (+) 0.35 mL, (-) 0.15 mL] and DET yield 212 

(in wt-%) was analysed (see Table 1) as response. A linear model was applied to fit the 213 

experimental data. The response surface, produced after applying a given linear model to the 214 

data, was obtained and the respective analysis of variance (ANOVA) as performed using the 215 

(Design Expert DX7© software Version 7.0, Minneapolis, MN, USA). The sequence of runs 216 

was random.  217 

 218 
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Results and discussion 219 

Products obtained from the depolymerisation of PET under scEtOH catalysed by [Bmim][BF4] 220 

The stability of [Bmim][BF4] under supercritical ethanol (scEtOH) used for PET 221 

depolymerisation was analysed. FTIR and 1H NMR spectra of [Bmim][BF4], before and after 222 

the ionic liquid (IL) exposure to 115 atm and 255 oC for 60 min, were obtained. No changes 223 

were observed in the [Bmim][BF4] FTIR and 1HNMR spectra (Figures S2 and S3, 224 

Supplementary information) after exposure, which indicated [Bmim][BF4] was chemically 225 

stable when exposed to these T and P conditions for 60 min.  226 

The products obtained from PET depolymerisation under scEtOH were primarily DET 227 

and either ethylene glycol (EG), nono- (hydroxyethyl) terephthalate (MHET) and bis-228 

(hydroxylethyl) terephthalate (BHET) with the possibility of other by-products like ethylene 229 

terephthalate (ET), dimers and oligomers. These data verified the reaction in which DET and 230 

EG were formed as the main products (Scheme 1).33 For that, each PET ester linkage used 231 

one ethanol molecule in the depolymerisation process, creating two ethyl end-groups to form 232 

one DET molecule and yielding two diethyleneglycol (EG) molecules for each DET 233 

molecule, while BHET was formed by further reaction between DET and EG.  234 

The proposed mechanism for the PET depolymerisation reaction investigated in the 235 

present work is shown in Scheme 1, based in a paper published by Liu et al.33  236 

 237 

Scheme 1 238 

 239 

Influence of reaction time (RT), VILs and WPET on PET depolymerisation under scEtOH 240 

The influence of [Bmim][BF4] in the chemical recycling of the PET under 241 

supercritical ethanol (T = 255 °C and P = 115 atm) was investigated through a 23 factorial 242 

design. Table 1 shows the conditions used in each of the eight runs and Table 2 shows the 243 
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ANOVA obtained after treating the data collected from such factorial design. The effects of 244 

reaction time (RT), ionic liquid volume (VILs) and amount of PET (WPET) inputs, their 245 

second order interactions on DET yield, and the respective F-ratio values are presented in 246 

Table 2.  247 

 248 

Table 1 249 

 250 

After applying the linear model:  251 

yield = 63.56 + 17.14 (RT) + 5.11 (VILs) + 12.56 (WPET) + 8.99 RT VILs – 9.66 (RT WPET)   252 

to the data, the R2 coefficient value was 0.968 obtained dividing the sum of squares for the 253 

model (5,214.30) by the sum of squares for the total correlation (5,384.96). The R2
 value 254 

indicated a good fit of the model to the experimental data. The analysis of variance 255 

(ANOVA) was also used to estimate the significance of the main and interaction effects of 256 

input in the response (DET yield).  The mean squares in Table 2 were used to estimate the F 257 

value (F-test) for each parameter (model, inputs and input interactions) at 95% confidence.  258 

 259 

Table 2 260 

 261 

Analyses of data presented in Table 2 suggested that RT had the greatest effect on 262 

PET depolymerisation, followed by WPET in the feed. VILs did not exert significant effect on 263 

DET yield (see the value of F-test on Table 2) when taking into account the range for this 264 

input (0.15 to 0.35 mL). Statistically significant interactions between RT and VILs and also 265 

between WPET and VILs were found, as DET yield increased by simultaneously changes the 266 

inputs to same direction (up or down). In addition, the response surface shown in Figure 1 267 

indicated that the amount of IL (VILs) itself was not statistically significant input but its 268 
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importance to DET yield during depolymerisation of PET by scEtOH was due to its 269 

interaction with RT and WPET, an inherent characteristic of catalysts for a given chemical 270 

reaction. 271 

 272 

Figure 1 273 

 274 

When WPET, RT and VILs were maintained at higher levels (WPET = 1.5 g, RT = 45 275 

min; VILs = 0.350 mL), DET was formed at a yield of 98 wt-%. According to Castro et al.,23 276 

using scEtOH without ionic liquid the reaction yielded 66 wt-% after 5 hours of reaction, 277 

while using the ionic liquid at 120-200 oC at room pressure,29 a complete depolymerisation of 278 

PET occurred after 6-10 h. Therefore, the combination of scEtOH and ionic liquid, as used 279 

for PET depolymerisation in this study, enabled shorter times for near-complete PET 280 

depolymerisation with higher DET yields and represents a good and sustained strategy for 281 

depolymerisation. So as stated in literature, the use of ionic liquids and/or supercritical 282 

conditions are important for polymer synthesis.24, 25 This work shows that it is also important 283 

for PET depolymerisation reactions. It is shown in this paper that the combination of scEtOH 284 

and IL lead to almost complete depolymerisation of PET in short reaction times (less than 1 285 

hour). This can be in future an alternative for depolymerization of PET contributing to solve 286 

environmental concerns. 287 

When WPET, RT and VILs were maintained at lower levels (WPET = 0.5 g, RT = 0 288 

min, VILs = 0.150 mL, (or run 1, Table 1), higher amounts of BHET were formed (as 289 

compared to run 8 in which such inputs were maintained at higher levels). HPLC 290 

chromatograms of the products obtained during PET depolymerisation (run 1, RT = 0 min; 291 

run 8, RT = 45 min) are shown in Figure 2. 292 

 293 
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Figure 2 294 

 295 

The results in Figure 2 indicated that DET, probably formed at the beginning of the 296 

PET depolymerisation reaction under scEtOH, further reacted with EG producing BHET. It 297 

should be noted that RT value was established as the period of time in which the system 298 

achieved scEtOH condition (T = 255 oC and P = 115 atm). In other words, the RT 299 

commenced when the system achieved the appropriate T and P condition, ca. 30 min after the 300 

heating apparatus was turned on. Therefore, RT equal to 0 min (run 1) indicated that the 301 

system had not achieved scEtOH condition, rather subcritical ethanol  conditions, and BHET 302 

was formed in higher amounts in this condition (Figure 2). This suggested that BHET should 303 

be more thermodynamically stable than DET, as the amount of BHET formed was higher at 304 

subcritical, rather than at supercritical ethanol conditions. However, for longer reaction times 305 

under scEtOH condition, DET was formed in greater amounts due to the presence of larger 306 

amounts of ethanol compared to EG, which pushed the equilibrium towards DET. These data 307 

indicated that the amount of BHET and/or DET formed during PET depolymerisation under 308 

scEtOH can be tuned by controlling temperature, pressure and reaction time. 309 

 310 

Activity of [Bmim][BF4] during PET depolymerisation  311 

[Bmim][BF4] showed significant activity during chemical depolymerisation by 312 

scEtOH. According to Garcia-Miaja et al.34 in a mixture of ethanol and [Bmim][BF4], BF4 313 

anion is poorly capable of cross-associating with alcohol molecules, preferring to auto-314 

associate, which is due to an increased system entropy (positive ∆Sm). The effect of ionic 315 

liquids (ILs) in creating and/or altering the pathway of a given chemical reaction could be 316 

observed in reactions involving polar or electrically-charged intermediates such as 317 

carbocations and carbanions. From a synthetic chemistry point of view, the major benefit in 318 
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the use ILs is the elevation of the reaction rate and selectivity related to others solvents.35 It 319 

can be pointed out that elevation of the reaction rate resulted from a decrease in free energy 320 

due to the presence of ILs that enables the formation of complexes that are more stable and 321 

have longer lifetimes in that media.36 Despite the complete understanding of the catalytic 322 

mechanism of ionic liquids being in its infancy,33 it was possible to predict/infer the 323 

mechanisms by which ILs such as [Bmim][BF4] acts.  324 

Ionic liquids are composed only of ions and the ionic nature of ILs can affect the 325 

course of the chemical reactions.35 Published data suggest that the strong electrostatic field 326 

possessed by dialkyl imidazolium cations, mediated by counterions, may play an important 327 

role in initiating the desired reaction.35 Liu et al.33, 37 developed an IL ([Bmim][Ac]) that acts 328 

as a catalyst for the depolymerisation of polycarbonate (PC) in the presence of methanol, and 329 

the effects of temperature, reaction time, methanol and [Bmim][Ac] concentration on the 330 

methanolysis were examined. The authors show that the conversion of PC into its respective 331 

monomers was nearly 100%, with a 95 wt-% yield of bisphenol A (BPA) formed at ambient 332 

pressure and 90 oC over a period of 2.5 h. Zhou et al.38 obtained ca. 71 wt-% BHET yield 333 

during PET depolymerisation by the IL 1,3-diethylimidazolium triaceticzincate 334 

([Deim][Zn(OAc)3]) at 180 oC and under ambient pressure.  335 

 Other runs performed in this study (under conditions not included in Table 1) showed 336 

that the presence of water in the system negatively affected [Bmim][BF4]-catalysed PET 337 

depolymerisation under scEtOH. For instance, using the conditions described for run 8, but in 338 

the presence of water at 1, 2, and 4 wt-% (relative to amount of ethanol), DET yield 339 

decreased to 28.4, 13.8 and 13.8 wt-%, respectively. The presence of water may have altered 340 

the interactions between the counterions of [Bmim][BF4], resulting in decreased catalytic 341 

activity. According to Khupse and Kumar,39 the presence of water, even in small amounts, 342 

decreases the viscosity of [Bmim][BF4] in hydrophilic and hydrophobic solvents, affecting 343 
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counterion mobility and allowing dissociation into more free cations and anions. In this work, 344 

this could be responsible for the decreased catalytic effect of [Bmim][BF4] during PET 345 

depolymerisation under scEtOH in presence of low amounts of water. 346 

According to literature, supercritical fluids, specifically supercritical water (Tc 347 

= 674.3 K, Pc=22.0 MPa)20 and supercritical methanol (Tc=512.3 K, Pc=8.09 MPa)21 have 348 

been used for PET depolymerization. PET hydrolysis with supercritical water has very high 349 

reaction rate. But, in practice, this process is not easy to operate due to the severe reaction 350 

conditions (above 670 K, 30 MPa). In addition, the hydrolysis leads to low yield of ethylene 351 

glycol (about 20%). Comparing to supercritical hydrolysis, the supercritical methanolysis21  352 

operated at relatively mild conditions. In same direction, ethanolysis23 is also easy to operate. 353 

The process described in this work combines the IL and supercritical ethanol for PET 354 

depolymerization is a novelty and an alternative for PET recovering.   355 

Characterization of the main product 356 

Characterization through HPLC 357 

Chromatograms (Figure 2) obtained in runs 1 and 8 showed peaks at efflux times 358 

collected up to 10 min. The peak related to BHET appears at 3.6 min and the peak for DET is 359 

in 7 min. Peaks with minor intensities appear in the range from 2.4 to 3.3 min. The peak at 360 

2.4 min has nearly the same intensity (and area) in both chromatograms. In the chromatogram 361 

of run 8, the peak at 2.6 min had a decreased intensity (and area), while the peak that 362 

appeared at 3.3 min had an increased intensity (and area) attributed to presence of dimers 363 

existing in the product, even with a 45 min for reaction time. According to Figure 2, the 364 

amount of DET in run 1 is much lower than in run 8. Also in chromatogram of run 1 a peak 365 

related to mono-(hydroxyethyl) terephthalate (MHET) appears at 5.5 min. This peak almost 366 

disappeared in the chromatogram of products obtained in run 8.  367 

Characterization through FTIR spectroscopy 368 
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FTIR spectra of DET from runs 1 and 8 (after precipitation in water and freeze 369 

drying), raw PET, and standard DET are given in Figure 3. The FTIR spectra for DET 370 

obtained from runs 1 and 8 are quite similar to FTIR spectrum for the standard DET at certain 371 

wavelengths, but new bands appear in the both spectra (from runs 1 and 8) such as the weak 372 

bands present at 3300 cm-1 and 3550 cm-1, which were attributed to OH groups. These data 373 

indicated that small amount of BHET (or partially hydroxylated ones such as MHET) may be 374 

still present in the depolymerised DET sample from runs 1 and 8 (in run 8 in the intensities of 375 

such bands are smaller) even after precipitation in water. The absorption bands at 700-800 376 

cm-1 and 1403 cm-1 in the FTIR spectrum of the product were assigned to the vibration of the 377 

benzene ring, while the strong absorption peaks at 1712 cm-1 and 1270 cm-1 indicated the 378 

presence of C=O and C-O, respectively. 379 

 380 

Figure 3 381 

 382 

Characterization through 
1
H NMR spectroscopy 383 

The 1H NMR spectra for the products obtained at RT = 0 min and RT = 45 min 384 

(period of time after the supercritical conditions were reached in runs 1 and 8, respectively, 385 

see Table 1) are shown in Figures 4a and 4b, respectively. The samples were precipitated in 386 

water and freeze dried prior 1H NMR analyses. Six signals were observed in the 1H NMR 387 

spectra in Figure 4a (run 1) and five in Figure 4b (run 8). The signal at δ 8.1 ppm attributed to 388 

the four hydrogen atoms linked to the aromatic ring (labelled as number 1), were present in 389 

both spectra. The signals at δ 4.3 and δ 1.39 ppm attributed to hydrogen atoms in the ethyl 390 

group of DET (labelled as 2 and 3, respectively) appeared in Figures 4a and 4b. The two 391 

triplets (labelled as 4 and 5) attributed to the hydrogen atoms in the ethylene groups of 392 

BHET, appeared at 3.9 and 4.5 ppm (Figure 4a) but not in the spectrum of Figure 4b. 393 
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Hydrogen signals from the aromatic rings of DET and BHET were too close to be identified 394 

separately. The signal  that appeared at δ 4.9 ppm (labelled as 6) was attributed to the -CH2-395 

CH2- groups present in the oligomer structure, and the weak signal at δ 2.1 ppm in both 396 

spectra was due to acetone (C3H6O) residues in the C3D6O solvent. The 1H NMR analyses 397 

showed that there were other signals attributed to residues such as oligomers (dimers, 398 

trimers), MHET and BHET in the sample from run 1 compared to the sample from run 8, 399 

based on the decreased H5 and H6 spectral signals in Figure 4b. This matched the FTIR 400 

analysis as discussed (Fig. 3). Figure 4c shows the1H NMR spectra for the product obtained 401 

in run 8 and the 1H NMR spectrum of standard DET. It can be seen that the two spectra are 402 

quite similar, but some signals that appear in the 1H NMR spectrum of product from run 8 do 403 

not in the 1H NMR of standard DET indicating that the hydroxylated products such as BHET 404 

or MHET are still present in the product from run 8 even after separation by precipitation in 405 

water.  406 

 407 

Figure 4 408 

 409 

Thermal characterization through TGA and DSC 410 

The thermogravimetric analysis (TGA) and differential scanning calorimetry (DSC) 411 

curves of raw PET and the main depolymerisation product of PET from run 8 (DET) are 412 

shown in Figures 5a and 5b, respectively, in addition to the curves for the standard DET. The 413 

TGA curve of raw PET showed significant weight loss at 397 oC which was attributed to 414 

thermal decomposition of this material.39 The TGA curve for the main depolymerisation 415 

product obtained from run 8, namely DET, exhibited a lower onset of temperature 416 

decomposition at 119 oC and was quite similar to the TGA curve of the standard DET.  417 

The DSC curve of raw PET showed an endothermic peak at ~235 oC related to the 418 

melting of raw PET,12 and an exothermic peak at ~132 oC attributed to crystallization of PET. 419 
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The intensity of peak attributed to crystallization is sensitive to ageing40 and to the thermal 420 

history32 of the PET sample. DSC of the product obtained from run 8 (DET) exhibited only 421 

an endothermic event that was attributed to the melting process. Comparing DSC and TGA 422 

curves of DET from run 8 to DSC and TGA curves of the standard DET suggested that the 423 

thermal properties of the product obtained from run 8 was quite similar to that of the standard 424 

DET. The minor differences in the DSC and TGA curves were attributed to the small fraction 425 

of BHET and MHET that are present in the sample as discussed earlier. 426 

 427 

Figure 5 428 

 429 

Characterization of morphology 430 

Figure 6 shows micrographs by SEM of DET from run 8 (Fig. 6a-b) and standard 431 

DET (Fig. 6c). Fig. 6a clearly shows that the DET from run 8 has a rod shape. The enlarged 432 

image presented in Fig. 6b indicates that such product has irregular morphology with folding 433 

and porous structure. Compared to the smooth surface of the PET41,  the morphology of 434 

product from run 8 is completely different. The morphology of standard DET (Fig. 6c) is 435 

different of those presented in Figs. 6a-b but the morphology is also irregular with folding 436 

and porous structure as observed for DET from run 8. 437 

 438 

Figure 6 439 

 440 

Conclusions 441 

The depolymerisation of PET under supercritical ethanol (scEtOH) in presence of the 442 

ionic liquid [Bmim][ BF4] was conducted, primarily yielding mainly diethyl terephthalate 443 

(DET) for longer reaction times (45 min). Physical and chemical characterization of the main 444 
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products were performed by FTIR, 1H NMR, HPLC, TGA/DSC and SEM. Compared to 445 

results obtained for PET depolymerisation under scEtOH but in absence of an ionic liquid, 446 

the addition of [Bmim][BF4] in the reaction vessel resulted in a faster reaction rate and the 447 

yield of DET approached 100 wt-%. The use of ionic liquids, in addition to supercritical 448 

ethanol, represented an extremely promising combination for PET depolymerisation in a 449 

sustained way. Further studies using this system addressing the reuse of [Bmim][BF4], 450 

understanding the effects of water and whether PET particle size has an influence on DET 451 

yield during depolymerisation under scEtOH is going on in our lab. 452 
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Figure captions 538 

 539 

Figure 1 - Response surface for WPET and RT inputs after applying the linear model to the 540 

data collected from the eight runs, as described in Table 1. 541 

Figure 2 - HPLC chromatograms of products obtained after PET depolymerisation under 542 

scEtOH from runs 1 and 8; conditions described in Table 1. 543 

Figure 3 - FTIR spectra of raw PET, DET (the main product of the depolymerisation 544 

reaction, runs 1 and 8) and standard DET. 545 

Figure 4 - 1H NMR spectra of: (a) product from run 1; (b) product from run 8; and (c) 1H 546 

NMR spectra of DET from run 8 and standard DET. 547 

Figure 5 - TGA (a); and DSC (b) curves of: raw PET, main product obtained from run 8, and 548 

the standard DET. 549 

Figure 6 - SEM images of: DET from run 8 (a,b); and standard DET.  550 

 551 

Scheme caption 552 

Scheme 1 - Proposed mechanism for PET depolymerisation under scEtOH in the presence of 553 

the ionic liquid [Bmim][BF4]. Adapted from ref.33 
554 

555 
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Table 1 - Experimental design based on a 23 factorial (RT, VILs and WPET as inputs) and 556 

Yield (wt-%) as a response. 557 

Runs 
Inputs 

Yield (wt-%) 
RT VILs WPET 

1 - - - 34.6 

2 + - - 64.0 

3 - + - 13.8 

4 + + - 91.6 

5 - - + 66.0 

6 + - + 69.2 

7 - + + 71.3 

8 + + + 98.0 

 558 

 559 

 560 

 561 

 562 

 563 

564 
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 565 

Table 2 - Analysis of Variance (ANOVA) for 23 factorial design.  566 

Source of 
variation 

Sum of squares 
Degree of 
freedom 

Mean square  F value P value 

Model 5,214.30 5 1,042.86 12.22 0.0774 

A: RT 2,349.55 1 2,349.55 27.53 0.0345 

B: LIs 209.10 1 209.10 2.45 0.2580 

C: WPET 1,262.53 1 1,262.53 14.80 0.0614 

A B 646.20 1 646.20 7.57 0.1106 

A C 746.91 1 746.91 8.75 0.0978 

Residual 170.66 2 85.33   

Total 

Correl. 
5,384.96 7    

 567 

 568 

 569 

 570 

 571 

 572 
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Figure 1 - Response surface for WPET and RT inputs after applying the linear model to the data collected 
from eight runs,  as described in Table 1.  
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Figure 2 - HPLC chromatograms of products obtained after PET depolymerisation under scEtOH from runs 1 
and 8; conditions described in Table 1.  
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Figure 3 - FTIR spectra of raw PET, DET (the main product of the depolymerisation reaction, runs 1 and 8) 
and standard DET.  
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Figure 4a - 1H NMR spectra of the main products obtained for: (a) 0 min reaction time, during the 
depolymerisation of PET under scEtOH.  
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Figure 4b - 1H NMR spectrum of product from run 8.  
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Figure 4c - 1H NMR spectra of DET from run 8 and standard DET.  
149x122mm (300 x 300 DPI)  
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Figure 5a - TGA curves of raw PET, main product obtained from run 8, and the standard DET.  
109x79mm (300 x 300 DPI)  

 

 

Page 33 of 40 RSC Advances

R
S

C
A

dv
an

ce
s

A
cc

ep
te

d
M

an
us

cr
ip

t



  

 

 

Figure 5b - DSC curves of: raw PET, main product obtained from run 8, and the standard DET.  
99x65mm (300 x 300 DPI)  
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Figure 6a - SEM image of DET from run 8. Mag 40x  
148x100mm (218 x 226 DPI)  

 

 

Page 35 of 40 RSC Advances

R
S

C
A

dv
an

ce
s

A
cc

ep
te

d
M

an
us

cr
ip

t



  

 

 

Figure 6b - SEM image of DET from run 8. Mag 1000x  
149x101mm (218 x 226 DPI)  
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Figure 6c - SEM image of standard DET.  
338x233mm (96 x 96 DPI)  
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Scheme 1 - Proposed mechanism for PET depolymerisation under scEtOH in the presence of the ionic liquid 

[Bmim][BF4]. Adapted from ref.33  

99x103mm (300 x 300 DPI)  
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Graphical Abstract - The depolymerisation of PET from wast bottles, under supercritical ethanol catalysed by 

[Bmim][BF4]  

203x114mm (96 x 96 DPI)  
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PET depolymerisation in supercritical ethanol catalysed by 
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Poly(ethylene terephthalate) was depolymerised under supercritical ethanol, 98 wt-% of 

diethylterephthalate  was obtained after 45 min, by adding [Bmim][BF4] as catalyst. 
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