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Abstract 

In the modern world, the environmental problem is one of the most important. The amount of plastic 

waste increases sharply every year. The recycling of such waste is complicated by a large number of 
types of plastic and the difference in their structure. Polyethylene terephthalate (PET) is widely used 

in everyday life, as well as polyethylene and polypropylene, but in contrast to them, PET contains 
esters groups. Thus, this plastic can be recycled with various polar reagents, such as water, alcohols, 
glycols, and so on. This paper describes a method for the depolymerization of PET using the main by-
product of biodiesel production-crude glycerol. waste PET and crude glycerol, a raw material containing 
potassium salts of fatty acids, which were formed during alkaline catalysis of the biodiesel production 
reaction, were used as raw materials. Complete PET conversion can be achieved in 90 minutes at 190-
195° C and at atmospheric pressure. As a result of the recycling of PET and biodiesel wastes, valuable 

products such as the potassium salt of terephthalic acid, its esters with glycerol and glycol as well as 
fatty acids glycol esters can be isolated. 
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1. Introduction  

In the last years, the total production of polymers rapidly increased. Although PET repre-

sents only 6% from total polymers amount [1], for 2017, its world production was 75,8 million 

metric tons [2]. PET is widely used as a feedstock for the production of packing materials, 

synthetic fiber ("terylen") and nonwoven fabrics. However, the wide use of PET products, 

especially of bottles, is associated with the formation of a huge amount of wastes, with a 

decomposition period of up to 200 years. At the same time, the highest index of PET waste 

was only 77% in 2010 [3]. So developing a reasonable way of recycling PET waste is a vital 

task. 

There are four categories of PET recycling [4]: 

1) Primary recycling - mixing plastic waste with virgin material for the production of material 

with requisite properties. 

2) Secondary recycling:  

A) Mechanical recycling by the sorting and separation of the wastes with further melt filtration 

and reforming of the plastic material. 

B) Using PET waste as modifying additive for production of materials with improved properties 

(cement-based materials with increased strength [5], antistripping additive for bitumen [6]). 

Mechanical recycling of PET is relatively simple and requires low investments. It is also flexible 

in terms of feedstock volume and has a little adverse environmental impact. But there are 

some problems concerned with a high temperature of melt reprocessing: thermal and hydro-

lytic degradation, the formation of linear and cyclic oligomers [7]. So it is impossible to use 

such material at beverage bottles production.  

3) Tertiary recycling - chemical depolymerization of PET into monomer units or randomly rup-

tured into larger chain fragments (i.e., random chain scission) with the associated formation 

of gaseous products. 
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A) Pyrolysis is thermal plastic degradation, which leads to a mixture of gases and petroleum 

liquids [8].  

B) Solvolysis is polyester depolymerization into the monomer unit by different solvents. There 

are several types of solvolysis according to solvent class, among them hydrolysis, alcoholysis, 

aminolysis and glycolysis [8-11]. Glycolysis allows obtaining terephthalic esters with different 

structures. These esters are valuable feedstock for polyurethane foams, different coatings and 

resins [12-15]. So a great amount of works is concerned with glycolysis. There is a wide range 

of glycolysis catalysts from zinc salts to based on cobalt and manganese nanocatalysts and 

ionic liquids [16-20]. But these processes in sensitive to contaminants and these novel catalysts 

are quite expensive. 

On the other hand, there is another industrial waste - crude glycerol, the main by-product 

of biodiesel production. Development of biodiesel production (1,8 billion gallons in USA during 

2013) [21] and absence of industrial utilization method lead to crude glycerol's price reduction 

(0,077-0,099 $/kg) [22]. Moreover, it already contains metal salts (potassium soaps) and gly-

col - glycerol. For it is known that sodium, as well as potassium salts, can be used as a gly-

colysis catalyst [23-24]. This biodiesel waste can be used as a cheap PET depolymerization 

agent. That is the reason why the development of a method of PET depolymerization by crude 

glycerol is the main task of this investigation. 

2. Materials and methods 

2.1. Materials 

In this investigation, flakes of waste PET, polypropylene (PP) from plastic covers, unpurified 

crude glycerol from biodiesel production, technical pure ethanol and isopropanol were used as 

a feedstock. PET bottles from the soft drinks with dyes (colored) and without them (clear) 

were the source of polyether. They were washed with water and then were cut into pieces 
(average size 25-40 mm × 3-7 mm). Crude glycerol was donated by "AVK-Chem" Ltd and 

contained 61,4 wt.% of glycerol, 8,5 wt.% of fatty acid methyl esters (FAMEs), 30,1 wt.% of 

soaps (as potassium stearate) and trace amounts of methanol. Ethanol was used as a solvent 

at product separation. Isopropanol was used as a solvent at titration. 

2.2. Methods 

2.2.1. Experimental method of PET depolymerization 

Before the depolymerization process, PET bottles were washed with water, dried and cut 

into flakes with average size 0.2-0.4x0.2-0.4 cm. 

The process was conducted in a 250 mL four-necked round bottom glass reactor equipped 

with a condenser, a mechanical PTFE blade stirrer, and a thermometer. One neck was empty 

and closed with a bung. Crude glycerol was heated up to 150-190°C. During heating, all meth-

anol evaporated from the reaction zone and was collected after the condenser. When reaction 

temperature was attained, PET flakes were added to the reactor through an empty neck in 5-

10 minutes. The reaction was carried out at atmospheric pressure and 150-190°C for 1.5 

hours. After a specified reaction time, the reactor was cooled in air. For products separating 

ethanol was added in excess to the reactor and mixture was stirred to the full dissolving of 

reaction mass. Then obtained suspension was filtrated and the white crystalline compound 

was dried in air. Then it was dissolved in ethanol again to purify it by removal all liquid prod-

ucts. The filtrate contained ethanol, glycerol, FAMEs and other liquid products. Ethanol was 

removed from the filtrate by heating in a rotary evaporator at 65-70°C and 50-70 mm Hg for 

3 hours. 

2.3. Analysis methods 

Free glycerol and FAMEs were determined through gas chromatography (GC) of samples 

using liquid-gas chromatograph “Kristall 4000 Luks” equipped with a flame ionization detector 

(FID) and a capillary column DB-23 (30 m, 0.25 mm ID, 0.25 μm). Nitrogen was used as a 

carrier gas at a flow rate of 90 mL min−1. Samples were injected at an injection volume of 1 
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μL into LGC. Injector, detector, and column temperatures were held constant at 275°C, 250°C 

and 140°C, respectively. 

Soaps were determined by titration on the titrator model “Akvilon” ATP-02. The molecular 

mass of PET was calculated from its repeating unit (192 g/mole) and was considered for fur-

ther calculations. Conversion of PET was calculated on weight of PET consumed to the initial 

weight of PET (Eq. 1): 

XPET  =  
mPET,0−mPET

mPET,0
∗ 100%                         (1) 

IR spectra of a solid product were measured on a Nicolet 380 FT-IR spectrograph. Nuclear 

magnetic resonance (NMR) spectrum of the main product was recorded on Bruker AVANCE-

III 200 NMR spectrometer operating at 200 MHz in DMSO-d6.  

3. Results and discussion 

3.1. Selection of process temperature 

The effect of reaction temperature on PET conversion was investigated at PET/soaps molar 

ratio 0,36 for 1.5 hours. Table 1 shows that PET conversion rapidly enhanced depending upon 

the temperature. The temperature can't be higher than 200°C because of the beginning of 

glycerol polycondensation in the presence of alkali metal salts [25]. So, for further investiga-

tion, 190-195°C was chosen. 

Table 1. Effect of temperature on PET degradation 

Temperature, °C PET conversion, % 

150 4.7 
170 54.3 
190 100 

3.2. Determination of solid product structure 

The main product of the process is white solid powder, which was analyzed by IR spectrograph 

and 13C NMR spectrograph. The IR spectrum of the purified compound (Figure 1) corresponds 

to the IR spectrum of dipotassium terephthalate [26]. It may be clearly seen that the spectrum 

contains peaks at 886, 975,1105, 1288, 1375, 1562 and 1618 cm-1 indicating the presence of 

the carboxylic group. The peaks for C-C and C-H bonds are observed at 742, 1312, 1352, 

1438 and 1497 cm-1 and 820, 1013 and 1087 cm-1 respectively. Figure 2 gives 13C NMR spec-

trum for the same compound wherein it may be observed that the peaks at δ 130,4 correspond 

to core aromatic carbon atoms, at δ 143,2 corresponds to carbon atoms near to carboxylic 

group and at δ 177,1 corresponds to carboxylic carbon. 

 

Figure 1. IR spectrum of obtained dipotassium terephthalate 
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Figure 2. 13C-NMR spectrum of obtained dipotassium terephthalate 

3.3. Influence of polymeric feedstock on the process parameters 

As far as one of the goals of this study was to evaluate the affinity of complex polymeric 

wastes for depolymerization by crude glycerol, different types of PET and PET-PP mixture were 

used as a feedstock. For full conversion of PET experiments were carried out at 190°C and 

PET/soaps molar ratio 0,36 for 1.5 hours. It could be noticed in Table 2 that within experi-

mental errors, the yield of DPT to soaps doesn't depend on the type of used PET. The presence 

of other plastic also has no influence on the yield of DPT (Table 3). PP didn't react during the 

process and it was filtered out at the separation of the product. This method is absolutely 

insensitive to main contaminants contained in PET wastes and can be used for plastic mixture 

separation. 

Table 2. DPT yield to soaps in the depolymerization of highly colored PET 

PET type DPT yield, % 

Clear 75.0 
Green 74.9 
Brown 75.4 

Table 3. DPT yield to soaps in the depolymerization of PET/PP mixture 

PP/PET mass ratio DPT yield, % PP conversion, % 

0,23 58.96 0.5 

0,53 58.72 0.1 
1,03 59.53 0.3 

3.4. Influence of PET/soaps molar ratio on the process parameters 

These experiments were carried out at 190°C for 1.5 hours. Figure 3 shows that at lack of 

PET (due to stoichiometry of saponification reaction (Figure 4-A)), only one reaction takes 

place, and selectivity of DPT to PET is 100%. But with the increasing amount of PET, this 
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parameter decreases to 63.4%. At the same time, glycerol conversion rapidly increases with 

increasing PET amount in the reaction mixture. In work [11] authors claim that glycerol is much 

less active in the glycolysis process than ethylene glycol.  

 

Figure 3. Influence of PET: soaps molar ratio on parameters of the process 

 

Figure 4. Scheme of the process PET depolymerization 

So, according to all these facts, it was proposed that in the process, there are three main 

reactions (Figure 4). This scheme of the process is also confirmed by the presence of ethylene 

glycol in the liquid product mixture. For ethylene glycol presence determination liquid products 

were separated be vacuum distillation at 150-180°C and 10-15 mm Hg. And then obtained 

distillate was analyzed by GC-MS method using chromatographic system "Chromatek-Crystal 

5000.1" with MSD (mass spectrometric detector) Trace DSQand quartz capillary column 

THERMO TR-5MS (50m-0.25 ID-1.0 um). It is clearly seen from Table 4 that glycerol and 

ethylene glycol are the main substances in the distillate. 

Changing of the IR spectrum of solid participation (Figure 5), which was obtained at high 

PET/soaps mass ration, is another argument for the proposed process scheme. Despite peaks 

of terephthalic fragments (peaks at 885, 925, 1105, 1285, 1374, 1562, 1618, 1715 cm-1 

indicating the presence of carboxylic group; peaks for aromatic C-C and C-H bonds are ob-

served at 740, 1312, 1374, 1439, and 1497 cm-1 and 819, 1012, and 1086 cm-1 respectively) 

this spectrum contains peaks at 3284 cm-1 and 2854, 2923 cm-1 indicating presence of OH-

groups and aliphatic C-H bonds. This changing approves the presence of bis(2-hydroxyethyl) 

terephthalate in solid products. Unfortunately, there is no method of this solid mixture sepa-

ration for now. 
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Table 4. Composition of distillate from glycerol containing layer 

Compound Compound's structure Content, weight % 

Ethylene glycol 
 

51.85 

Glycerol 

 

35.3 

Diethylene glycol 
 

5.45 

1-hydroxy-2-propanal 

 

3.35 

Others - 4.05 

 

 

Figure 5. IR spectrum of precipitate obtained at PET/soaps molar ratio 0.8 

4. Conclusions 

Results of performed work show that crude glycerol can be used as a cheap PET depoly-

merizing agent. At low PET content in the reaction mixture, the main products of this process 

are DPT, fatty acids ethylene glycol esters (FAEGEs) and fatty acids glycerol acids (FAGEs). At 

the same time at high PET content esters of different structures can be obtained. Full conver-

sion of waste polyester can be achieved in mild conditions for 1.5 hours. The highest soaps 

conversion, the selectivity of DPT to PET and glycerol conversion was 78.5%, 99.9% and 

39.8% respectively. This method also is absolutely insensitive to the presence of polyolefin 

plastic and dyed PET in the polymeric feedstock so it can be used for complex waste mixture 

recycling and for this mixture reactive separation. Obtained DPT is a feedstock for producing 

terephthalic acid from this compound by acidification with mineral acids. It also looks promis-

ing to use obtained liquid mixture as a source of fatty acids ethylene glycol esters and fatty 

acids glycerol acids for biodiesel production. This will be investigated in future. 
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ephthalate, PP - polypropylene; FAEGEs - fatty acids ethylene glycol esters, FAGEs - fatty 

acids glycerol acids. 

Acknowledgments 

The measurements were performed on the equipment of D.I. Mendeleev University Common Use 
Centre. This work was financially supported by the Russian Foundation for Basic Research (Scientific 
Project No. 18-29-24009). 

References 

[1] Brems A, Baeyens J, Dewil R. Recycling and recovery of post-consumer plastic solid waste in a European 
context. Therm. Sci., 2012; 16: 669–685. 

2[] Suo Q, Zi J, Bai Z, Qi S. The Glycolysis of Poly(ethylene terephthalate) Promoted by Metal Organic Frame-
work (MOF) Catalysts. Catal. Lett., 2017; 147(1): 240-252. 

[3] Viante MF, Zanela TM, Stoski A, Muniz EC, Almeida CAP. Magnetic microspheres composite from poly(eth-
ylene terephthalate) (PET) waste: Synthesis and characterization. J. Cleaner Prod., 2018; 198: 979-986.  

[4] Sinha VK, Patel MR, Patel JV. Pet Waste Management by Chemical Recycling: A Review. J. Polym. Envi-
ron., 2010; 18: 8-25. 

[5] Silva DA, Betioli AM, Gleize PJP, Roman HR, Gomez LA, Ribeiro JLD. Degradation of recycled PET fibers 
in Portland cement-based materials. Cem. Concr. Res., 2005; 35:  1741 – 1746.  

[6] Padhan RK, Gupta AA, Badoni RP, Bhatnagar AK. Poly(ethylene terephthalate) waste derived chemicals 
as antistripping additive for bitumen - An environment friendly approach for disposal of environmentally 
hazardous material. Polym. Degrad. Stab., 2013; 98 (12): 2592-2601. 

[7] Al-Sabagh AM, Yehia FZ, Eshaq Gh, Rabie AM, El-Metwally AE. Greener routes for recycling of polyeth-
ylene terephthalate. Egypt. J. Pet. 2015; 25 (1): 53-64. 

[8] Ikenaga K, Inoue T, Kusakabe K. Hydrolysis of PET by Combining Direct Microwave Heating with High 
Pressure, Procedia Eng., 2016; 148: 314 – 318.  

[9] Liu Q, Li R, Fang T. Investigating and modeling PET methanolysis under supercritical conditions by sponse 
Surface Methodology approach. Chem. Eng. J., 2015; 270: 535-541.  

[10] Hoang CN, Dang YH. Aminolysis of poly(ethylene terephthalate) waste with ethylenediamine and char-
acterization of α,ω-diamine products. Polym. Degrad. Stab., 2013; 98 (3): 697-708. 

[11] Pardal F, Tersac G. Comparative reactivity of glycols in PET glycolysis. Polym. Degrad. Stab., 2006; 91 
(11): 2567-2578.  

[12] Colomines G, Rivas F, Lacoste M-L, Robin J-J. Study of Polyurethane Formulations Containing Diols Ob-
tained via Glycolysis of Poly(ethylene terephthalate) (PET) by Oligoesters Diols through a Reactive Ex-
trusion Process. Macromol. Mater. Eng., 2005; 290 (7): 710-720. 

[13] Farahat MS, Nikles DE. On the UV curability and mechanical properties of novel binder systems derived 
from poly(ethyleneterephthalate) (PET) waste for solventless magnetic tape manufacturing 2 methacry-
lated oligoesters. Macromol. Mater. Eng., 2002; 287 (5): 353-362. 

[14] Auvergne R, Colomines G, Robin J-J, Boutevin B. Synthesis and Characterization of UV-Curable Resins 
from the Glycolysis of PET: Vinyl Ether/ Maleate UV-Curing System. Macromol. Chem. Phys., 2007; 208 
(7): 690-701. 

[15] Kizilcan N., Mecit O., Uyanik N., Akar A. Block copolymers of styrene containing oligomeric esters of 
terephthalic acids. J. Appl. Polym. Sci., 2000; 76 (5): 648-653. 

[16] Chen J-W, Chen L-W, Cheng W-H. Kinetics of glycolysis of polyethylene terephthalate with zinc catalyst. 
Polym. Int., 1999; 48 (9): 885-888.  

[17] Yue Q, Xiao L, Zhang M, Bai X. The Glycolysis of Poly(ethylene terephthalate) Waste: Lewis Acidic Ionic 
Liquids as High Efficient Catalysts. Polymers., 2013; 5 (4): 1258-1271. 

[18] Sun J, Liu D, Young RP, Cruz AG, Isern NG, Schuerg T, Cort JR, Simmons BA, Singh S. High loading 
solubilization and upgrading of poly(ethylene terephthalate) in low cost bifunctional ionic liquid. 
ChemSusChem., 2018; 11 (4): 781-792. 

[19] Gle P, Leian B, Lee KG, Lee SJ, Kim DoH, Park TJ. One step sonochemical synthesis of a graphene oxide 
manganese oxide nanocomposite for catalytic glycolysis of poly(ethylene terephthalate). Nanoscale., 
2012; 4 (13): 3879-3885. 

[20] Veregue FR, Pereira da Silva CT, Moises MP, Meneguin JG, Guilherme MR, Arroyo PA, Favaro SL, Ra-
dovanovic E, Girotto EM, Rinaldi AW. Ultrasmall Cobalt Nanoparticles as a Catalyst for PET Glycolysis: A 
Green Protocol for Pure Hydroxyethyl Terephthalate Precipitation without Water. ACS Sustain. Chem. 
Eng., 2018; 6 (9): 12017-12024.  

[21] Luo X, Ge X, Cui S, Li Y. Value-added processing of crude glycerol into chemicals and polymers. Biore-
source Technology., 2016; 215: 144–154; 

[22] Johnson DT, Taconi KA. The Glycerin Glut: Options for the Value-Added Conversion of Crude Glycerol 
Resulting from Biodiesel Production. AIChE Pap. 2007; 26 (4): 338–348. 

25



Petroleum and Coal 

                         Pet Coal (2020); 62(1): 19-26 
ISSN 1337-7027 an open access journal 

[23] López-Fonseca R, Duque-Ingunza I, de Rivas B, Arnaiz S, Gutiérrez-Ortiz JI. Chemical recycling of post-
consumer PET wastes by glycolysis in the presence of metal salts. Polym. Degrad. Stab., 2010; 95 (6): 
1022-1028. 

[24] Duque-Ingunza I, Lopez-Fonseca R, de Rivas B, Gutierrez-Ortiz JI. Process optimization for catalytic 
glycolysis of post-consumer PET wastes. J. Chem. Technol. Biotechnol., 2013; 81 (1): 97-103. 

[25] Din NSMNM, Idris Z., Kian YS, Hassan HA. Preparation of polyglycerol from palm-biodiesel crude glycerin. 
J. Oil Palm Res., 2013; 25 (3): 289-297. 

[26] Arenas JF, Marcos JI. Infrared and Raman spectra of phtalate, isophtalate and terephtalate ions. Spec-
trochimica Acta Part A: Molecular Spectroscopy, 1979; 35: 355-363. 

 

 

To whom correspondence should be addressed: Dr. Georgy Dzhabarov, D.I. Mendeleev University of Chemical Tech-
nology of Russia, 9, Miusskaya square, 125047, Moscow, Russia, E-mail  

26


	Abstract
	1. Introduction
	2. Materials and methods
	2.1. Materials
	2.2. Methods
	2.3. Analysis methods

	3. Results and discussion
	3.1. Selection of process temperature
	3.2. Determination of solid product structure
	3.3. Influence of polymeric feedstock on the process parameters
	3.4. Influence of PET/soaps molar ratio on the process parameters

	4. Conclusions
	References



