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Abstract  

Polyethylene terephthalate (PET) bottle is one of the common plastic wastes existed in the municipal 

solid waste in Malaysia. One alternative to solve the abundant of PET wastes is chemical recycling of 

the wastes to produce a value added product. This technology not only can decrease the PET wastes in 

landfill sites but also can produce many useful recycled PET products. Bis(2-hydroxyethyl) terephtha-

late (BHET) obtained from glycolysis reaction of PET waste was purified using crystallization process. 

The hot distilled water was added to glycolysis product followed by cooling and filtration to extract 

BHET in white solid form from the product. The effect of three operating conditions namely crystalliza-

tion time, crystallization temperatures and amount of distilled water used to the yield of crystallization 

process were investigated. The purity of crystallization products were analyzed using HPLC and DSC. 

The optimum conditions of 3 hours crystallization time, 2 °C crystallization temperature and 5:1 mass 

ratio of distilled water used to glycolyze solid gave the highest yield and purity of the crystallization 

process. © 2015 BCREC UNDIP. All rights reserved 
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1. Introduction  

Polyethylene terephthalate (PET) is a com-

mon synthetic polymer available in the market, 

produced via two-stage step-growth polycon-

densation from ethylene glycol (EG) and 

terephthalic acid (TPA). The first stage is the 

esterification reaction between EG and TPA to 

form bis(2-hydroxyethyl) terephthalate (BHET) 

monomer and oligomer followed by polyconden-

sation reaction to form PET polymer [1].   

Due to its excellent strength characteristics, 

good gas barrier, transparency, chemical and 

thermal stability [2-3], PET is widely used in 

manufacturing of various types of products 

such as bottles, fibers and films. Pira Interna-

tional forecast the world consumption for PET 

packaging will increase to almost 19.1 million 

tons by 2017 with the market will grow 5.2% 

annually [4]. Growing consumption of PET 

leads to a continuous increase in the PET 

waste generation, and the main challenge is to 

keep pace in the waste management. PET 

wastes are not naturally degraded [5], there-

fore recycling of PET wastes can be used as one 

alternative to solve the abundance of PET 



 

wastes. In addition, PET recycling offers a good 

potential to minimize the dependency on fossil 

fuel as a raw material in PET production. 

Thus, recycled PET has a prospective to substi-

tute virgin PET produced from refined fossil fu-

els [6]. On top of that, the energy required to 

produce recycled plastics is less than the pro-

duction of virgin polymers from fossil fuels [7].    

 PET can be recycled via mechanical or 

chemical means. Mechanical recycling of PET 

wastes includes sorting, washing, drying and 

melt processing [8]. Sorting, washing and dry-

ing processes are to remove the contaminant 

found in PET wastes. On the other hand, 

chemical recycling of PET wastes comprises de-

polymerisation reaction, decontamination and 

re-polycondensation process. The purpose of de-

polymerization is to depolymerize PET to form 

BHET monomer. Available PET depolymeriza-

tion method to date are hydrolysis [9], glycoly-

sis [10], methanolysis [11], aminolysis [12] and 

ammonolysis [13]. The BHET produced from 

depolymerization reaction can be purified via 

crystallization, deionization, decoloring, distil-

lation and many others. After decontamination 

process, purified BHET will be polymerized to 

form PET resin followed by PET product. 

Chemical recycling is preferable due to the re-

quirement of high purity of recycled PET prod-

uct.  

Glycolysis product contains BHET, catalyst, 

solvent, unreacted PET, oligomers, impurities 

and many others. Crystallization process is 

used to extract the BHET from glycolysis prod-

uct by using distilled water with agitation, boil-

ing, chilling and filtration process [14, 15]. Pi-

lati et al. [16] conducted a controlled crystalli-

zation process. In this method, EG solvent was 

removed from the glycolysis product, followed 

by an addition of hot water at 65 to 75 °C to 

dissolve and separate BHET from the oligomer 

found in the residue. The hot aqueous solution 

was cooled to 5 to 15 °C to extract the BHET. 

At the end of crystallization process, a hot wa-

ter at 70 to 80 °C was re-added to the BHET 

obtained followed by a cooling process to 5 to 15 

°C for further crystallizing the BHET. 

The present work deals with the purification 

process performed in the chemical recycling of 

PET waste. Glycolysis product was purified us-

ing crystallization process to obtain BHET in 

the white solid form. In this work, a series of 

experiments were conducted with different 

crystallization time, crystallization tempera-

ture and different amount of distilled water 

used to investigate the optimum condition of 

crystallization process. 

 

2. Materials and Methods 

2.1. Material Preparation 

PET flakes, post-consumer shredded PET 

bottles, were obtained from a local collector, 

Emanz Technologies (M) Sdn. Bhd. Both ethyl-

ene glycol (EG) and zinc acetate dehydrate ana-

lytical grade were purchased from Merck KGaA 

and Sigma Aldrich Co. respectively. HPLC 

grade methanol was supplied by Fisher Chemi-

cal Sdn. Bhd. Feedstock for the crystallization 

process was prepared using glycolysis reaction. 

Glycolysis was used to depolymerize PET poly-

mer to BHET monomer. Figure 1 displays the 

reaction of glycolysis process. The PET flakes 

was treated with EG at a mass ratio of 1:5 

(PET:EG) and 1.5% zinc acetate based on 

weight of PET flakes as catalyst under reflux in 

the presence of nitrogen gas. The reaction was 

carried out at 196 °C for 8 hours. The sche-

matic diagram for the set-up of glycolysis proc-
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Figure 1. Glycolysis reaction [14]  

Figure 2. Schematic diagram of the glycolysis 

process 
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ess is shown in Figure 2. 

 

2.2. Crystallization Process 

Glycolysis product was cooled at 5 °C for 24 

hours. White solid formed in the glycolysis 

product was filtered from the liquid which is 

the unreacted EG. The white solid obtained is 

named as glycolyzed solid (GS). The GS was 

purified using crystallization process. Hot dis-

tilled water (around 75 °C; dH2O) was added to 

GS at a mass ratio of 1:1 to 1:7 (GS:dH2O) to 

form homogeneous solution. The solution was 

cooled to 1-30 °C for 0.5 to 5 hours of crystalli-

zation time. At the end of crystallization proc-

ess, white solid was formed and filtered from 

the distilled water. The white solid was dried in 

an oven at 70 °C and weighed. The white solid 

obtained from the crystallization process is 

named as crystallization product (CP). CP was 

subjected to different characterization tech-

niques. The yield of solid product obtained from 

the crystallization process was calculated based 

on Equation (1). 

  

  (1) 

 

2.3. Product Analysis 

Differential Scanning Calorimeter (DSC) 

was used to examine the thermal properties of 

the product. The DSC thermograms were ob-

tained using DSC 823/500 (Mettler-Toledo (M) 

Sdn. Bhd.) with 5 mg samples was heated at 10 

°C/min in the range of 25 to 300 °C [5] under 

nitrogen gas flow of 10 cm3/min.  

High Performance Liquid Chromatography 

(HPLC) (Shimadzu SPD-20A DGU-20A5) was 

used to identify the composition of BHET in the 

crystallization product. The HPLC was 

equipped with a high resolution C18 column 

%100  cov x
Mass of GS

 obtainedMass of CP
ered% of CP re 

with 25 cm long and 4.6 mm diameter and UV 

detector set at 254 nm. HPLC analysis was per-

formed using a mixture of methanol/water at 

volume fraction of 70/30 as the mobile phase at 

a flow rate of 1 ml/min [5]. The injection vol-

ume was 20 μl and the column temperature 

was set at 30 °C. HPLC chromatogram was 

analyzed using external standard method [17] 

to calculate the percentage of BHET containing 

in the CP. Four sets of methanol/water mixture 

containing 1.1 mg, 2.2 mg, 4 mg and 5.2 mg of 

BHET were analyzed using HPLC. Example of 

HPLC chromatogram of methanol/water mix-

ture containing 1.1 mg of BHET is displayed in 

the appendix (Figure A1). The peak area data 

displayed in HPLC result was recorded. The 

concentration of BHET was calculated in Equa-

tion (2). 

 

               (2) 

Table 1 shows the peak area and retention 

time of BHET extracted from the HPLC chro-

matogram of the four sets of methanol/water 

mixture and BHET concentration. This data 

was used in performing the calibration curve 

between the peak areas as a function of the 

BHET concentration. 

Figure 3 displays the calibration curve of 

the peak area as a function of the BHET con-

centration. The concentration of BHET in the 

CP was calculated based on the peak area 

shown in the HPLC data according to the cali-

bration curve. Hence, the composition of BHET 

in the CP was calculated in Equation (3). 

 

 
             (3) 

mlmixturewatermethanolofVol

mgBHETofMass
ConcBHET

 , /  .

 ,  
. 

%100
  .
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Figure 3. HPLC calibration curve 

Mass 

of 

BHET, 

mg 

Volume of 

metha-

nol/water 

mixture, ml 

BHET 

concen-

tration, 

mg/l 

Peak 

Area 

Reten-

tion 

Time of 

BHET 

1.1 50 22 1,013,120 3.382 

2.2 50 44 3,659,300 3.386 

4 50 80 5,015,148 3.387 

5.2 50 104 6,714,433 3.375 

Table 1. Raw data of HPLC result and BHET con-

centration 



 

3. Results and Discussion 

3.1. Glycolysis Product 

10 g of PET flakes was depolymerized using 

45 ml of EG and 0.15 g of zinc acetate dehy-

drate as catalyst via glycolysis reaction produc-

ing 55.47 g of glycolysis product. Cooling and 

filtration of the glycolysis product was per-

formed to obtain the unreacted EG (42.85 g) 

and glycolyzed solid (GS, 12.62 g). 

Glycolysis product was analyzed using DSC 

and HPLC to investigate the composition of 

BHET. Figure 4 shows the DSC thermogram of 

the glycolysis product. The melting point of 

BHET is commonly found in the range of 106 to 

110 °C [5, 18]. A broad endothermic peak was 

observed in the DSC thermogram of glycolysis 

product in the region of 80 to 180 °C indicating 

an impure substance [16] consisting of BHET 

in the product. Another broad endothermic 

peak was observed in the region of 180 to 250 

°C indicating glycolysis product containing oli-

gomer.  

HPLC chromatogram of the glycolysis prod-

uct as displayed in the appendix (Figure A2) 

further proves the product contains BHET due 

to a dominant peak with the peak area of 

1,084,934 at retention time of 3.385 minutes. 

By using the calibration curve (Figure 3), the 

BHET concentration is 16.607 mg/l. Using 

Equation 3, the calculated percentage of BHET 

in the glycolysis product is 18.87 % BHET. 

Hence, the estimated glycolysis product con-

tains 19 % BHET, 77 % EG and the remaining 

is oligomer and impurities. 

 

3.2. Effect of Time on Crystallization Prod-

uct 

The crystallization process was used in de-

contaminating the GS obtained from glycolysis 

reaction. The crystallization process was car-

ried out at 9 °C crystallization temperature, us-

ing 1:7 for GS:dH2O and crystallized at various 

crystallization times of 30 to 300 minutes. The 

percentage of CP recovered from GS at differ-

ent crystallization times is displayed in Figure 

5. The percentage of CP recovered at varying 

crystallization times of 30 to 300 minutes was 

5.3 to 28.4 %. The result shows that higher 

crystallization time enables more BHET to 

crystallize and separate from the distilled wa-

ter.  

As shown in Figure 5, the CP recovered at 5 

hours (300 minutes) crystallization time was  

28.40% whereas at 3 hours (180 minutes) crys-

tallization time, 27.13% CP was recovered, 

which only 1.3 % less than the 5 hours. In other 

words, by extending additional 2 hours (120 

minutes) of crystallization time, the CP recov-

ered was only increased by 1.3%. Reducing the 

time of the process means lesser power usage 

during the crystallization process. As a result, 

3 hours crystallization period was chosen as 

the best crystallization time due to economic 

reason. 

Figure 6 presents DSC thermogram of CP 

obtained from crystallization process at 3 hours 

crystallization time. The thermogram shows a 

sharp endothermic peak at 110 °C indicating 

the CP obtained consists of high purity of 

BHET with minimal impurities.  

The dominant peak shown in the HPLC 

chromatogram (displayed in the appendix; Fig-

ure A3) at the retention time of 3.387 minutes 

shows that the CP contains BHET monomer. 

Based on the peak area of BHET (4,535,614) 

and using the calibration curve (Figure 3), 

69.426 mg/l BHET concentration was calcu-

lated. The estimated purity of the BHET in the 

CP obtained at 3 hours crystallization time was 

increased to 80.73 % using Equation 3 with the 

Bulletin of Chemical Reaction Engineering & Catalysis,  10 (2), 2015, 146 

Copyright © 2015, BCREC, ISSN 1978-2993 

Figure 4. DSC thermogram of glycolysis    

product 

Figure 5. Percentage of CP recovered from 

crystallization process carried out at various 

crystallization time 



 

remaining is oligomers (19.27%).  

 

3.3. Effect of Temperature on Crystalliza-

tion Product 

The crystallization process was further in-

vestigated at various operating temperatures 

ranging from 1 to 30 ºC, while time and mass 

ratio of distilled water to GS were kept con-

stant at 3 hours and 7:1 respectively. The per-

centage of CP recovered was 2.47 % to 32.94 % 

at various crystallization temperatures as illus-

trated in Figure 7. Lower percentage of CP re-

covered was observed at higher crystallization 

temperature. The main component in CP is 

BHET, thus the trend of CP recovered at 

higher temperature should be opposite to the 

BHET solubility which is increase as tempera-

ture increased [16]. This mean that, at higher 

temperature, more BHET would dissolve in the 

distilled water thus reducing the BHET crys-

tallized from the distilled water. 

Figure 8 shows DSC results of the CP ob-

tained at 2 °C crystallization temperature. The 

presence of BHET in the CP was confirmed by 
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a sharp endothermic peak at 110 °C. DSC ther-

mogram also shows that the product crystal-

lized at 2 °C exhibited one broad peaks at 170 

to 270 °C indicating the existence of oligomers 

in the product.  

The chosen optimum temperature in the 

crystallization of glycolysis product to extract 

BHET was 2 ºC due to maximum CP obtained 

(32.94%; Figure 7). A dominant peak at reten-

tion time of 3.391 shown in the HPLC chroma-

togram (appendix; Figure A4), proves that the 

CP contains BHET. With the peak area of 

BHET (6,770,895), 103.641 mg/l BHET concen-

tration was obtained using the calibration 

curve. As a result, higher purity of BHET with 

90.91% BHET was further obtained from the 

CP crystallized at 2 °C (oligomers is 9.09%). 

 

3.4. Effect of Ratio of Distilled Water Used 

to Glycolyzed Solid (GS) on Crystalliza-

tion Product 

The crystallization process at 2 °C with 3 

hours crystallization time was further investi-

gated by varying the mass ratio of distilled wa-

ter used to GS (1:1 to 7:1). The percentage of 

CP recovered at various mass ratio of distilled 

water to GS was in the range of 31.2 % to 39.4 

% as portrayed in Figure 9.  

Figure 10 illustrates the DSC thermogram 

of the CP obtained from the crystallization 

process using 5:1 mass ratio of distilled water 

to GS. A sharp endothermic peak was observed 

at 110 °C confirming the presence of BHET. 

Another peak was also observed at tempera-

ture range between 180 to 240 °C indicating 

the CP crystallized at 2 °C with 3 hours of crys-

tallization time and 5:1 (dH2O:GS) mass ratio 

contained unwanted oligomer.  

The selected optimum mass of distilled wa-

ter used in crystallization of GS was five times 
Figure 6. DSC thermogram of CP obtained at 3 

h crystallization time 

Figure 7. Percentage of CP recovered from crys-

tallization process carried out at various crystal-

lization temperature 
Figure 8. DSC thermogram of CP obtained at 2 

°C crystallization temperature 



 

to the mass of GS. At 5:1 (dH2O:GS) mass ratio, 

maximum CP recovered was obtained at 39.44 

%. A dominant peak at retention time of 3.389 

minutes as shown in the HPLC chromatogram 

(appendix; Figure A5) indicates the presence of 

BHET in the recovered CP. The peak area of 

BHET is 6,441,681; and therefore 98.602 mg/l 

BHET concentration was obtained using the 

calibration curve. Based on the HPLC and the 

calibration curve analysis, higher purity of 

BHET with 93.02 % was further recovered from 

the CP obtained at optimum condition (with only 

less than 7% oligomers).  

 

3.5. Comparison between Glycolyzed Solid 

and Crystallization Product 

Table 2 shows the composition of glycolyzed 

solid (GS) and crystallization product (CP). The 

crystallization process at 2 °C by using distilled 

water to GS mass ratio of 5:1 and crystallized for 

3 hours was able to increase the purity of BHET 

in the glycolysis product from 19 % to 93 %.  As 

compared between the DSC thermogram of CP 

(Figure 10) obtained at optimum condition and 
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glycolysis product before the crystallization 

process (Figure 4), the CP contains higher pu-

rity of BHET due to a sharp endothermic peak 

at 110 ºC revealing the melting point of BHET. 

Therefore, crystallization at optimum condition 

was able to remove impurities in the glycolysis 

product yielding high purity of BHET. 

 

4. Conclusion 

Crystallization process was used in the puri-

fication of glycolysis product to recover and pu-

rify BHET monomer. The influence of three op-

erating parameters namely crystallization 

time, crystallization temperature and ratio of 

distilled water used to GS were investigated in 

order to obtain the optimum condition of the 

crystallization process. 2 oC crystallization tem-

perature, 3 hours crystallization time and 5:1 

mass ratio of distilled water to GS was chosen 

as the optimum operating parameters yielding 

CP with 93 % BHET. Higher crystallization 

temperature reduced the percentage of CP re-

covered from GS whereas the percentage of CP 

recovered increased as the crystallization time 

increased. As a conclusion, crystallization proc-

ess can be used to purify the glycolysis product 

produced during chemical recycling of PET 

waste.   
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Figure 9. Percentage of CP recovered from crys-

tallization process carried out at various mass 

ratio of distilled water to GS 

Figure 10. DSC thermogram of CP obtained us-

ing mass ratio 5:1 of distilled water to GS 

Table 2. The composition of glycolyzed solid and 

crystallization product 

Components 

Composition, % 

Glycolyzed 

Solid 

Crystallization 

Product 

BHET 19 93.02 

Oligomer and 

impurities 

4 6.98 

EG 77 0 
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Appendices: Figure A1. Example of HPLC chromatogram of methanol/water mixture with 1.1 

mg BHET 
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Appendices:  Figure A2. HPLC chromatogram of glycolysis product 
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Appendices: Figure A3. HPLC chromatogram of CP obtained at 3 hours crystallization time 
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Appendices: Figure A4. HPLC chromatogram of CP obtained at 2 °C crystallization temperature 
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Appendices: Figure A5. HPLC chromatogram of CP obtained using mass ratio 5:1 of distilled 

water to GS 


