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Abstract 
The use of polyethylene terephthalate (PET) as products has increased in recent years, resulting in the 

production of a large amount of PET waste. Unfortunately, the polymer industry is C-intensive and the 

accumulation of plastics in the environment has become a major problem. Vaporizing plastic waste into 

fresh monomers for the production of primary plastic can reduce both the consumption of fossil raw 

materials and environmental pollution, making the plastic economy more sustainable. Recently, the 

chemical recycling of plastics has begun to be explored as an innovative solution to achieve a 

completely sustainable cycle. In this Paper, we reported the Glycolysis assisted by catalysts is the most 

popular and industrially recognised chemical recycling process of PET. Characterization has been done 

of recycled poly (ethylene terephthalate) (RPET) obtained from the chemical recycling of post-

consumer PET bottles by glycolysis method. In this way, plastics are depolymerised into monomers 

and/or oligomers suitable for re-polymerization, closing the chain. In this work, PET was 

depolymerised to its bis(2-hydroxyethyl)terephthalate (BHET) monomer by glycolysis using propylene 

glycol (PG) in the presence of catalysts. The PET synthesis was studied through infrared spectroscopy 

(FT-IR) and Thermogravimetric Analysis (TGA). The PET synthesized were characterized by Scanning 

Electron Microscopy (SEM), FT-IR, TGA/DSC and the effect of temperature is investigation. 
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1. Introduction 

In the current era of globalization, plastic is an integral part from our daily life; from 

brushing your teeth in the morning until dinner table, plastic is everywhere. The development 

of plastic was started with the use of natural materials [1]. Plastic properties such as shellac 

and chewing gum followed due to their chemical change over time. However, the first the 

discovery of fully synthetic plastics was made in 1907 Leo Baekeland. After the discovery of 

Baekeland, several new one’s plastic was developed by polymer researchers a different 

properties suitable for many applications [2]. Moreover, it was found that with the continuous 

improvement of synthetic processes and production technology the properties of plastics 

have greatly improved compared to its predecessors resulting in replacing traditional 

materials with plastic. This is the main reason for the rapid growth of global plastics for 

consumption since the middle of the 20th century [3]. 

In 2020, around 73 million tons of PET were produced worldwide, while only 9% of PET 

was recycled. Most of these single-use plastics end up in landfills or as accumulated waste in 

the oceans, causing significant water damage to the environment, air and land pollution [4]. 

PET can take several decades to degrade; thus, it is not surprising that bio magnification and 

bioaccumulation in oceans and other bodies of water have transferred these materials to 

humans [5]. Recently, researchers from the Free University of Amsterdam reported 

micrometre-sized plastic particles, including PET, in blood samples taken from healthy 

individuals. Researchers from the University of Hull reported similar results on lung tissue 
[6]. Clearly, it is very important to act now before it becomes a global public health and 

environmental problem. PET plastic is also important made from fossil raw materials, which  
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which increases the C intensity of the process. Therefore, 

developing technologies that return these materials to the 

production cycle can reduce both the carbon footprint and 

environmental pollution. If one ton of plastic waste is 

recycled, it is possible to save seven barrels of oil. 

Therefore, developing an effective recycling strategy will 

reduce energy and oil consumption [7-10]. 

However, for economic and ecological reasons, the 

depolymerisation of PET has attracted the attention of 

researchers in recent years, which has led to major efforts to 

recycle PET worldwide [11-12]. Mechanical recycling is one 

of the options but is limited to a few cycles. The 

physicochemical properties of mechanical plastics 

deteriorate over time, which ultimately limits the financial 

value of the finished product [13-15]. Chemical recycling 

allows the complete recovery of the individual monomers 

used to make PET, which facilitates the production of clean 

plastic [16]. Since the cost of virgin PET remains the same, 

recycling technologies should be economical to produce 

cheaper PET that can benefit the industry. Synthetic plastics 

such as polyethylene are widely used for packaging and 

various industrial and agricultural applications. These 

plastics are usually inert and resistant to microbial attack, 

which causes them to accumulate in the environment. The 

production of biodegradable PE (Polyethylene) requires 

changing the properties responsible for the resistance of PE 

to degradation [17].  

Poly (Ethylene Terephthalate) (PET) is a semi-crystalline 

thermoplastic polymer that has been widely used in the 

packaging, textile and automotive industries due to its 

excellent mechanical properties and chemical resistance [18]. 

However, PET has a low heat distortion temperature and its 

product design is limited at high temperatures. Improving 

the dimensional thermal stability of PET can be achieved by 

increasing the level of crystallinity used in the beverage 

industry in the conventional hot filling process for bottle 

production [19]. However, PET bottles with high crystallinity 

are usually produced by extending the crystallization time or 

using complex machinery, resulting in low productivity and 

high investment costs. There are four different methods for 

mechanical and chemical recycling of PET materials: 

Primary recycling is the reuse of pre-consumed, 

uncontaminated and clean PET materials; for example, new 

PET bottles can be made from previously consumed PET 

bottles. In secondary recycling, the PET materials used in 

that process are then recycled. Which includes various steps, 

decontamination, drying and melt reprocessing. Tertiary 

recycling, or chemical recycling, involves the 

depolymerization of PET materials into their monomeric 

units. Chemical recycling can be achieved by pyrolysis or 

solvolysis. The pyrolysis process involves the 

depolymerization of PET materials with heat and without 

oxygen. Solvolysis, on the other hand, is a process in which 

the PET material is depolymerized with solvents such as 

water (Hydrolysis), alcohol (Alcoholysis), amines 

(Aminolysis), ammonia (Ammonolysis), and glycol 

(Glycolysis). It is important to mention that PET materials 

are a type of polyester containing ester functional groups 

that can be cleaved with various reagents. In quaternary 

recycling, the PET materials consumed in this process are 

burned and the energy content produced can be recovered. 

To illustrate this, waste plastic can be burned along with 

other household waste in advanced incinerators, generating 

significant heat and steam that can turn turbine blades and 

generate electricity [20]. Due to its advantages related to 

operating temperature, mild reaction conditions, yield and 

scalability, glycolysis is one of the most promising 

depolymerisation processes in PET chemical recycling. The 

resulting monomers, which are bis(2)-

hydroxyethyl)terephthalate (BHET) and ethylene glycol 

(EG) have different applications. Among the different 

recycling processes [21]. 

To overcome this problem, researchers are now focusing on 

the synthesis and sustainable strategies of new 

biodegradable synthetic polymers recycle these plastics so 

that can form a circular economy. Most industry recognized 

recycling processes reported so far are not competitive and 

produce plastic having poor physical and chemical 

properties that eventually leads to shrinking of the circular 

economy. Currently most used plastic in the world contains 

polyethylene terephthalate (PET), polyethylene (PE), 

polypropylene (PP), polyvinyl chloride (PVC), polystyrene 

(PS), polylactic acid (PLA), polycarbonate (PC), polymethyl 

methacrylate (PMMA), polyoxymethylene (POM) and 

nylons (PA). Most of these plastics are non-biodegradable 

and requires recycling processes [22]. 

Glycolysis is the most common and oldest PET method 

recycling the process of glycolysis was first patented in in 

1965. It is already well established that glycolysis without 

catalyst is an extremely slow process and takes a prolonged 

time to depolymerize the PET with a minimal product yield. 

Thus, the development of novel catalysts for 

depolymerization of PET using glycolysis is major research 

interest among scientists. Until now several types of 

catalysts have been developed by researchers for glycolysis 

of PET, which include metal salt-based catalysts, 

heterogeneous catalysts including zeolites, various 

nanocatalysts and ionic liquid based catalyst are the most 

prevalent ones due to their easy availability and low cost 

compared to others. These metal salts include Zn, Mn, Co 

and Pb salts.  

Glycolysis is a kind of solvolysis reaction, using glycol (1, 

2- ethane diol) and/or it is derived as the reactive solvent. 

Glycolysis assisted by catalysts is the most popular and 

industrially recognised chemical recycling process of PET. 

Chemically, glycolysis reaction is the “molecular 
degradation of PET polymer by glycols, in the presence of 

trans-esterification catalysts, where the ester linkages breaks 

and replace with hydroxyl terminals.  

The main products obtained from EG, diethylene glycol, 

propylene glycol, and dipropylene glycol are bis(2-

hydroxyethyl) terephthalate (BHET) and other oligomers 

(PET glycosylates). These products can be used further for 

manufacturing articles like polyurethane foams, polyesters, 

hydrophobic dye stuffs, unsaturated resins and acrylic 

coatings. The produced BHET with fresh BHET can be used 

for PET production using any of the method based on either 

DMT or TPA.  

 

Glycolysis involving following steps 

1. In initiation step, carbonyl carbon of ester group of the 

polymer is attacked by the free electron pair present on 

EG.  

2. Hydroxyl ethyl group of EG bonds with carbonyl 

carbon of PET which breaks long polymer chain into 

short oligomers with subsequent formation of BHET. 
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Considerable efforts have been made since then to process 

improvement and optimization and currently several 

industries including DuPont, Shell Polyester, Zimmer and 

Goodyear recycle PET using glycolysis. Glycolysis involves 

the trans-esterification reaction of PET in the temperature 

with an excess of glycol 180-240 °C in an inert atmosphere, 

which leads to the depolymerization of PET and the 

formation of polyhydric alcohols [23]. Although it is based on 

the process of glycolysis and the glycol used 

depolymerization, oligomers with -OH end group can also 

be obtained. PET glycolysis can be performed with diols 

such as ethylene glycol (EG), propylene glycol (PG) and 

diethylene glycol (DG). In the absence of catalysts, the 

reaction is slow, leading to incomplete depolymerization of 

PET to BHET monomers. Instead, the formation of by-

products (Oligomers) increases significantly. The low 

reactivity of PET is related to the high stability of the 

carboxyl group, because resonance with the aromatic ring 

increases electron delocalization. Therefore, solid Brønsted 

acid catalysts are required to activate the carboxyl group and 

facilitate the electrophilic attack of PG. Solid acid catalysts 

have advantages over homogeneous acid catalysts because 

they can be separated from the reaction products by 

filtration, thus reducing the generation of hazardous waste. 

Solid acid catalysts are also non-corrosive. Thus, the use of 

solid acid catalysts as environmentally friendly catalysts in 

most industrial chemical reactions has become common in 

recent decades [24]. In this paper, we have presented the 

synthesis and characterization of recycle PET obtained from 

the chemical recycling of waste PET bottles by glycolysis 

method using propylene glycol. Also, the recycle PET were 

characterized by XRD, FTIR spectra, DSC curve and 

morphological characterization as SEM.  

 

2. Materials and Methods 

2.1 Materials  

Post-consumer PET bottles were obtaining by waste 

materials shop, sodium hydroxide (99% purity) from 

rankem Dimethylformamide (99% purity) from rankem, 

Maleic anhydride and (99% purity) adipic acid (99.99% 

purity) rankem propylene glycol (PG) (99.99% purity), zinc 

acetate (99% purity), styrene (ST), polyacrylonitrile (PAN, 

Mw =150, 000) and potassium persulphate (KPS) (99.0% 

purity) purchased from Sigma Aldrich. 

 

2.2 Making flakes of post‑consumer PET bottles 

Post-consumer PET bottles were washed to remove solids 

from recycled bottles. Labels and rings were also removed 

to avoid contamination with other polymeric materials. 

After that, mechanical processing was carried out to reduce 

the size and homogenize with a non-standard mill (equipped 

with a power of five HP and a shearing knife). The process 

was carried out twice to obtain small flakes less than 1/2. 

The flakes were washed with a solution containing sodium 

hydroxide (Soda ash) and 50% water. Finally, the flakes 

were dried at room temperature for 8 h to remove residues. 

 

2.3 Chemical recycling of post‑consumer PET bottles 

In the first stage of this synthesis, pieces of waste PET 

bottles (100 g) were mixed with propylene glycol (50 g) 50 

wt% and zinc acetate as catalyst (2 g) 0.5 wt% collected in 

three-neck flask equipped with a magnetic stirrer, a 

thermometer, and a reflux condenser and heated in a sand 

bath. Then the temperature increased from 80 to 200 °C at a 

speed of 6 °C/min and was kept under stirring (200 rpm) for 

5 h. The formation of gel material of transparent grey colour 

was called as BHET monomer, which at room temperature 

turned into a semi-solid and opaque grey colour. It is 

important to mention that in the synthesis, we have used 

Zinc acetate (ZnAc) as catalyst for performing best 

depolymerization activity, out of various metal acetates 

catalytic activities follow the trend Zn+2 >Mn+2 >Co+2 >Pb+2. 

In the second stage of this process glycolyzed product 

(BHET), maleic anhydride (AM) and adipic acid (AA) at a 

molar ratio of 2.1:0.6:0.6 were placed into the flask. The 

temperature increased from 200°C to 270 °C at a speed of 8 

°C/min and was kept under stirring (300 rpm) for 6 h. The 

resulting product became semi-solid sample was called as 

PET. Finally, 30 wt% of styrene in synthesized PET was 

added as cross-linker agent and to enhance the workability. 

Depolymerized PET was immediately collected and 

separated from the liquid phase and washed with distilled 

water. 

Then, the PET was dried and weighed. After that, 200 mL of 

distilled water was mixed used to wash PET and was added 

to the reactor’s liquid phase while vigorously stirring at 80 
°C for 20 min; this was dissolved the remaining BHET and 

PG. The insoluble part in water was a mixture of the 

oligomers, which was filtered, collected and dried. Then, the 

solution (Filtrate) was kept in a cold room (at 6 °C) for 6 h. 

White crystalline BHET flakes were formed, which were 

separated and dried in an oven at 80 °C for 1 h. The 

glycolysis process to convert the PET into its monomers 

shown in Fig. 1 and 2. The depolymerised product was 

characterised using IR, analyses to confirm the production 

of the monomer. The yield percentage of the main product 

was calculated using the following equation: (See in 

supplementary materials). 

 Yield of BHET monomer (%) = Actual yield of BHET monomerTheoretical Yield of BHET × 100% 
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Fig 1: Depolymerization scheme of PET by the glycolysis to produce BHET 

 

 
 

Fig 2: Scheme of RPET synthesis from BHET and MA 

 
2.3 Influence of reaction time and temperature 
It can be seen Table S1 entry 6, 7 and 8 that the conversion 
of PET and the yield of BHET increasingly by prolonging 
the reaction time. The highest yield of BHET was achieved 
after 90 min of degradation time, yielding 77% of BHET 
when the reaction temperature and EG loading were fixed at 
180 °C respectively. Increasing the reaction temperature 
beyond 190 °C results in the augmented formation of a 
water-insoluble product (see Supplementary Material Table 
S1). 
 
3. Results and Discussion 
The formation of the RPET after the glycolysis process, was  

confirmed by XRD, FTIR analysis and SEM Micrographs of 

post-consumer PET bottles, BHET, and RPET. The 

following characterization of waste PET bottles, BHET, and 

synthesized PET as follows: 

 

3.1 XRD spectra 
The phase purity of formation of the synthesized PET after 

the glycolysis process was confirmed by XRD spectra 

shown in Fig. 3. The spectra contain purity of phase and no 

any impurity was obtained in synthesized PET. Fig. 3 shows 

some peak shift in same position in PET bottles and 

synthesized PET.  

 

 
 

Fig 3: XRD spectra of PET, BHET and PET bottle 
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3.2 FTIR spectra  
The formation of the synthesized PET after the glycolysis 

process was confirmed by FTIR analysis. In Fig.4.present 

the characteristic bands and their assigned bond vibration 

corresponding to the waste PET bottles, BHET and PET. 

The most characteristic bands of the PET bottles appear in 

1720 cm−1, 1407 cm−1, 1242 cm−1, 1100 cm−1, 1042 cm−1, 

1014 cm−1, 872 cm−1 and 728 cm−1. These peaks appear in 

the other two spectra as well. In 13C NMR spectra, of 

purified BHET which indicates that the monomer produced 

from glycolysis reaction is almost pure BHET (See Fig.S1in 

supplementary materials) 

 

 
 

Fig 4: FTIR spectra of PET, BHET and PET bottles 

 

The most important difference between BHET and PET are 

two bands present at 3420 cm−1 and 2980 cm−1, shows to the 

vibration of the O–H and C–H bonds, formed after the 

glycolysis process was complete. These results clearly 

present the successful formation of the PET by the 

glycolysis method.  

 

3.3 DSC curve  

The DSC curve of waste PET bottles, BHET, and 

synthesized PET shows Fig.4, in which an endothermic peak 

in the 100–110 °C range due to the solvent’s evaporations. 
Furthermore, the endothermic transition around 150 °C and 

240 °C is related to degradation temperature of polymeric 

chain. This raised temperature has been attributed to the 

change of PET cyclization mechanism due to the glycolysis 

method. 

 

 
 

Fig 5: DSC curve of PET, BHET and PET bottles 

 
 

Fig 7: TGA curves of PET and BHET 

 

3.4 SEM micrographs  

The SEM micrographs of the surfaces of the synthesized 

PET, BHET and waste PET bottles, samples are shown in 

Fig. 5. The PET showed a smooth surface and continuous 

phase that corresponded to its fully amorphous structure and 

semi-crystalline structure. In BHET and PET bottles image, 

the phase morphology of despite a slightly rough surface.  

 

 
 

Fig 6: SEM image of PET, BHET and PET bottles 

 

TGA analysis 
To compares the TGA curves of BHET monomer and PET 

material presented in Fig. 6. The PET raw material only 

shows a weight loss peak at 410 °C, which is caused by the 

thermal 238 decomposition of PET. The TGA curve of the 

product BHET shows two weight loss peaks, with the 239 

first weight loss at about 240 °C caused by thermal 

decomposition of the product BHET and the 240 second 

weight loss at 409 °C caused by the re-polymerization of 

some BHET to PET. A sharp 241 °C endothermic peak 

appears in the DSC curve of the main product. The 

temperature corresponding to 242 °C this endothermic peak 

is the melting point of the BHET monomer, which is 109.81 

°C. This value is 243 °C consistent with the melting point of 

the BHET standard.  
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Fig 8: The effect of temperature on PET glycolysis reaction 

 

The effect of temperature on the conversion of PET and the 

yield of BHET were investigated, and the results are shown 

in Fig. 7. It is important to mention that the temperature 

plays a crucial role in the PET glycolysis reaction, affecting 

the reaction rate of PET glycolysis greatly. When the 

temperature was 125 ℃, the conversion of PET and the 

yield of BHET were only 9.0% and 10.1% respectively. 

With temperature raising from 145 ℃ to 170 ℃, the 
conversion of PET and the yield of BHET increased greatly, 

from 10.0% to 48.4% and from 8.1% to 38.9%, respectively. 

When the temperature was over 170 ℃as the conversion of 
PET and the yield of BHET was 100.0% and 85.8%, the 

increase tendency was totally retarded. Thus, the 

temperature of 170 ℃ was chosen to be applied in the other 

optimum reactions. The yield of glycolysis of PET strongly 

depends on different variables such as the calcination 

temperature of the catalyst, reaction time, reaction 

temperature, and PET/EG ratio. The kinetics of PET 

glycolysis is affected by many factors, including the molar 

ratio of PG and PET, the phase of catalysts, the shape and 

size of PET, and the agitation rate. 

Poly (Ethylene terephthalate) (PET) glycolysis is a possible 

way to degrade PET into its monomer bis(hydroxyethyl) 

terephthalate (BHET), which can be re-polymerized to form 

new competent PET materials, thus offering opportunities 

for sustainable recycling. However, most of the reported 

glycolysis catalysts are metal based, leading to high costs 

and negative environmental impacts. Glycolysis is a type of 

chemical recycling method that transforms PET waste into 

the monomeric bis(hydroxyethyl)terephthalate (BHET) 

through various chemical reactions. Compared to other 

recycling methods, the major advantage of glycolysis is that 

the monomer can be depolymerized into new PET materials 

under relatively mild reaction conditions and low-volatility 

solvents [29]. 

 

4. Conclusion  

Here in, we successfully depolymerized the PET from used 

water bottles into its monomers and oligomers utilizing 

inexpensive propylene glycol-based catalysts. The 

synthesized PET synthesis was studied through XRD, FTIR, 

TGA SEM and DSC. In results reflects, the recycling of 

PET waste through glycolysis was successfully performed. 

It is possible to reuse PET waste in a reuse again by 

synthesis of chemical recycling. Finally, by characterization 

techniques reflects the properties of synthesized PET is 

improving thermal properties and mechanical properties as 

compare to PET-bottles and BHET. The catalyst can be 

recycled, which makes it promising for the industrial 

application. The level performance qualifies synthesized 

PET was a promising candidate to be applied in 

cementitious materials, textile industry, filters, sensors, etc. 
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