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Processing properties of PVC compositions containing 
these synthesised plasticizers confirmed their effectiveness 
in these compositions for extrusion process.
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Introduction

Plasticizers constitute roughly one-third of the world’s mar-
ket of additives used in plastics processing, and their global 
consumption is estimated at 6.4 million tonnes per year [1]. 
The continuous growth in demand for plastic products also 
creates a growing demand for plasticizers. Currently, plas-
tic processors have to choose from a wide range of plas-
ticizers available on the market. Each plasticizer is made 
for a given application and produces an end product with 
specific functional properties.

Plasticizing generally leads to changes in the thermal 
and mechanical properties of the plasticized polymer, e.g., 
lowering of glass transition temperature, and consequently, 
a lowering stiffness of the material at room tempera-
ture; reducing the force necessary to induce deformation; 
increasing the elongation-at-break and impact resistance 
values. For this purpose, either external plasticizers, in 
the form of the low molecular weight or oligomeric com-
pounds added to the polymer or internal plasticizers which 
are incorporated in the polymer during the copolymeriza-
tion process were used. The introduction of a plasticizer 
into the matrix of a specified polymer significantly changes 
its sensitivity to the processing by reducing the viscosity 
of the melt of the processed composition [2]. The proper-
ties of ideal plasticizers are included as highly compatibil-
ity with polymers, stability at high and low temperature 
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environments, lubricating sufficiently over a wide range 
of temperatures, insensitivity to ultraviolet (UV) radiation, 
leaching and migration resistant, low cost, and fulfillment 
with health and safety regulations [3]. The most common 
plasticizers which are at their monomeric conditions are 
included phthalates, adipates, and benzoates.

In the poly(vinyl chloride) (PVC) industry, phthalates 
and more specifically, bis(2-ethylhexyl) phthalate (DEHP) 
are widely used as plasticizers, constituting more than 80% 
of all the plasticized PVC on the market [2, 4]. The dis-
advantages of monomeric plasticizers include the lower 
resistance of the bond line to heat and their possible migra-
tion. In addition, this group of phthalate plasticizer com-
pounds demonstrates a certain degree of toxicity, due to 
their tendency to sweat out from the plastic, have a signifi-
cant impact on human health and the natural environment 
[1, 5]. This has led many countries to introduce new and 
restrictive regulations on the use of phthalate plasticizers 
in the flexible PVC products [6, 7]. The latest research on 
the synthesis of plasticizers is focused on the technological 
requirements, their elution, and migration from the polymer 
matrix, volatility, decomposition, as well as the elimination 
of human health hazards.

Various methods have been proposed to reduce the 
migration of plasticizers from PVCs using: (1) polymeric 
or oligomeric plasticizers, generally saturated polyesters 
[8] e.g., oligoisosorbide esters [9], (2) alternative to phtha-
lates non-toxic plasticizers such as di(2-ethylhexyl) adi-
pate, acetylated tributyl citrate [3], phenol alkyl sulfonate 
plasticizer, diethylene glycol dibenzoate, dipropylene gly-
col dibenzoate [4], and lactones-based aliphatic copolyes-
ters [10], and (3) natural-based plasticizers such as epoxi-
dized triglyceride vegetable oils from soybean oil, linseed 
oil, castor oil, sunflower oil, rice bran oil [11–13] and com-
pounds from renewable bio-sources, e.g., cardanol and its 
derivatives [14].

The objective of the presented work was to fully replace 
the currently used low molecular weight toxic phthalate-
based plasticizers in PVCs with the environmentally 
friendly materials. This study presents the use of the new 
oligomeric ester plasticizers which we have obtained from 
poly(ethylene terephthalate) (PET) waste [15] as the pri-
mary PVC plasticizers.

Experimental

Materials

Polanvil S 70 (K value = 69.1; apparent bulk den-
sity = 0.505 g/cm3; plasticizer absorption = 29 g/100 g; 
average grain size = 0.13 mm; residual VCM = 0.7 ppm; 

Mw = 83,600 g/mol and dispersity = 2.2) is a suspension 
PVC (Z.A. Anwil Wloclawek, Poland) which was used to 
prepare plasticized PVC compositions. PET flakes (Indus-
trie Maurizio Peruzzo POLOWAT, Poland, Mw = 50,000 g/
mol); anhydrous 2-ethylhexanol (Grupa Azoty Zakłady 
Azotowe Kędzierzyn, Poland), adipic acid and triethylene 
glycol (Brenntag, Poland) were used in the synthesis of the 
plasticizers. All reagents were used as purchased without 
further purification. Fascat 4100 and butyl stannoic acid 
were used as catalyst.

Synthesis of plasticizers

For economic considerations, analysis of the properties 
(volatility, viscosity) of the plasticizers synthesised on the 
laboratory scale is needed. On the other hand, the results of 
preliminary physical and mechanical studies of PVC com-
positions constituted the main criterion for the decision to 
carry out the synthesis of the PETTEAd plasticizer on the 
technical scale.

The oligoester plasticizers synthesised in the transes-
terification of PET with aliphatic oligoesters, derivatives of 
dicarboxylic acid (adipic or azelaic), and the following gly-
col types: ethylene, dipropylene, triethylene or 1,4-butane-
diol and interchangeably glycerine. The obtained plasticiz-
ers were named as follows:

•	 PETDEAz-azelaic acid with diethylene glycol and a 
2-ethylhexanol end-group;

•	 PETDPAd-adipic acid with dipropylene glycol and a 
2-ethylhexanol end-group;

•	 PETDPAz-azelaic acid with dipropylene glycol and a 
2-ethylhexanol end-group;

•	 PETBDAd-adipic acid with 1.4-butanediol and a 2-eth-
ylhexanol end-group;

•	 PETBDAz-azelaic acid with 1.4-butanediol and a 2-eth-
ylhexanol end-group;

•	 PETDPAdGl-adipic acid with glycerine and dipropyl-
ene glycol and a 2-ethylhexanol end-group;

•	 PETDPAzGl-azelaic acid with glycerine and dipropyl-
ene glycol and a 2-ethylhexanol end-group;

•	 PETDEAzGl-azelaic acid with glycerine and diethylene 
glycol and a 2-ethylhexanol end-group;

•	 PETTEAd-adipic acid with triethylene glycol and a 
2-ethylhexanol end-group.

DEHP (Boryszew SA, Poland) and an oligomeric plas-
ticizer designated as H-1 (adipic oligoester, Lanxess, Ger-
many) were used as commercial plasticizers to be com-
pared with the synthesised samples. The results of the 
molecular weight determinations of the used plasticizers by 
SEC are shown in Table 1. Calcium-zinc BP MC 8656-ST 
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(Baerlocher, Germany) as a thermal stabiliser, and epoxi-
dised soybean oil (Ergoplast ES, Boryszew, Poland) and 
technical stearic acid (Brenntag, Poland) were also used. 
The softened PVC formulations are shown Table 2. 

Synthesis of the plasticizers was carried out according 
to the same method as described earlier elsewhere [15] 
using adipic acid, triethylene glycol, 2-ethylhexanol and 
waste PET in a reactor with a capacity of 2000 kg. The 
obtained product was characterised using NMR spectros-
copy, and thermal analyses (DSC, TGA) and was tested for 
volatility.

1HNMR (300 MHz, CDCl3): δ 0.83–1.01 (–CH3); 
1.22–1.80 (–CH2–); 2.26–2.44 (–CH2–C(=O)–); 3.58–4.75  
(–CH2–O–, >CH–O–); 8.03–8.19 (HAr) (Fig. 1).

Table 1  Weight average molecular weight (Mw) and dispersity of the 
plasticizers used in this study

Symbol of plasticizer Mw (g/mol) Dispersity

PETDEAz 2500 1.75

PETDPAd 2780 1.82

PETDPAz 2600 1.83

PETBDAd 2730 1.70

PETBDAz 3400 1.80

PETDPAdGl 3830 2.41

PETDPAzGl 3950 2.39

PETDEAzGl 3920 2.34

PETTEAd 3870 2.23

H-1 4230 1.87

Table 2  Formulations of the 
tested PVC compositions (phr)

Composition number 1 2 3 4 5 6 7 8 9 10 11 12

PVC S 70 100 100 100 100 100 100 100 100 100 100 100 100

DEHP 50 – – – – – – – – – – –

PETDEAz – 50 – – – – – – – – – –

PETDPAd – – 50 – – – – – – – – –

PETDPAz – – – 50 – – – – – – – –

PETBDAd – – – – 50 – – – – – – –

PETBDAz – – – – – 50 – – – – – –

PETDPAdGl – – – – – – 50 – – – – –

PETDPAzGl – – – – – – – 50 – – – –

PETDEAzGl – – – – – – – – 50 – – –

PETTEAd – – – – – – – – – 50 – –

H-1 – – – – – – – – – – 50 –

PETTEAd ts – – – – – – – – – – – 50

BP MC 8656 KA-ST 4.5 4.5 4.5 4.5 4.5 4.5 4.5 4.5 4.5 4.5 4.5 4.5

Ergoplast ES 2 2 2 2 2 2 2 2 2 2 2 2

Stearic acid 0.3 0.3 0.3 0.3 0.3 0.3 0.3 0.3 0.3 0.3 0.3 0.3

Fig. 1  1HNMR (CDCl3, 
300 MHz) spectrum of the prod-
uct of the transesterification of 
PET with TEAd (PETTEAdts)



118 Iran Polym J (2017) 26:115–123

1 3

Sample preparation and formulation

The softened PVC formulations included polymer, plas-
ticizer, calcium-zinc BP MC 8656-ST (Baerlocher, Ger-
many) thermal stabiliser, epoxidised soybean oil (Ergoplast 
ES, Boryszew, Poland) and technical stearic acid (Brenn-
tag, Poland) (Table 2). Compositions were prepared in a 
high-speed, hot–cold mixer (MDF-30 type, Metalchem 
Torun, Poland). To achieve proper dispersion of the individ-
ual components of the composition, the mixture was stirred 
in a hot mixer up to temperature of 130 °C. The plasticizer 
was added to the mixer at 70 °C. The obtained dry blends 
of PVC were extruded by using a laboratory extruder to 
obtain granules, which were then pressed. The compressed 
tiles were used to prepare samples for tests.

Characterization

The thermal stability studies were carried out on a Mettler-
Toledo TGA/SDTA 851e analyser (Switzerland) at a heat-
ing rate of 20 °C/min from 25 to 600 °C under nitrogen 
atmosphere with a gas flow rate of 60 mL/min. Experi-
ments were performed in an aluminium oxide pan. The 
volatilization of the plasticizers was determined using the 
isothermal thermogravimetry method at 180 °C for 60 min 
under nitrogen atmosphere with a flow rate of 60 mL/
min from a starting temperature of 25 °C to an isothermal 
testing temperature. The samples were heated at a rate of 
50 °C/min. After establishing the isothermal conditions 
(programmed temperature), the weight loss of each sample 
was taken as the starting value. The deviation of the real 
temperature value from the programmed temperature value 
amounted to approx. ±0.25 °C. The volatility of the plas-
ticizers was also determined by the authors’ own method. 
The tested plasticizers samples were placed in the Petri 
dishes (100 mm diameter) in an oven without air circula-
tion for 2 h at temperatures from 160 to 180 °C, and the 
obtained values (expressed in %) were calculated on the 
basis of the mass loss of the samples.

Molecular weight was measured by means of size exclu-
sion chromatography analysis (SEC) using a Waters system 
equipped with refractive index detector. Two 300 × 7.5 mm 
Pl-gel μm Mixed C columns (Polymer Laboratories, USA) 
were used and maintained at 40 °C. Fisher Chemical’s tet-
rahydrofuran (THF) was used as eluent at a flow rate of 
1 mL/min. Polystyrene standards (Polymer Laboratories, 
USA) were used to calibrate the system.

Differential scanning calorimetry (DSC) of the sam-
ples was performed using a DSC 822e/700 model Met-
tler-Toledo calorimeter (Switzerland). The specimens of 
6–8 mg were heated from −70 to 150 °C at a rate of 20 °C/
min and cooled with the same rate in an atmosphere of 
nitrogen with a flow rate of 60 mL/min. The samples were 

hermetically closed in aluminium DSC capsules. The glass 
transition temperature was determined during the second 
heating run.

The hardness of the plasticizers was determined accord-
ing to EN ISO 868:2005 Shore Hardness A. Determination 
of the plasticizer migration from the plastic was carried out 
as per EN ISO 177:2003. Polyethylene film was used as 
an absorbing material. Tensile strength and elongation-at-
break values were determined acc. EN ISO 527-2.

Plastographic tests of the prepared compositions were 
performed using a Brabender Plasti-Corder rheometer 
(Brabender® GmbH & Co. KG, Germany), a W30H mixer 
while maintaining the following constant measurement 
conditions: mixer temperature = 150 °C; rotor RPM = 30/
min; and sample weight = 26–28 g. The require time to 
achieve the individual stages of the composition plastici-
zation process, gelation time of the composition, torques, 
mass temperature and energy consumed in the subsequent 
stages of PVC melting were recorded in the course of the 
measurements.

Results and discussion

In general, plasticization reduces the relative number of 
polymer–polymer contacts by introducing interactions 
between the plasticizer and polymer molecules as well 
as between the plasticizer molecules themselves. Conse-
quently, plasticizers improve processability, flexibility, 
durability and in some cases, reduce the cost of the prod-
uct [16]. Plasticization efficiency is mostly related to the 
chemical structure of the plasticizer molecules and their 
compatibility with the polymer. To compare the different 
plasticizers, volatility, thermal stability and glass transition 
temperature as three basic physical and chemical proper-
ties were determined for the oligoesters we have obtained 
from waste PET, commercial DEHP and adipic oligoester 
(H-1). The plasticization efficiency of PVC plasticizers was 
then examined by analysis of the mechanical, physical and 
chemical properties (tensile strength, elongation-at-break, 
hardness, glass transition temperature) as well as the ther-
mal resistance and migration of plasticizer from the poly-
mer matrix.

In laboratory scale

The laboratory tests described earlier led us to assume 
that waste PET may be a valuable raw material for obtain-
ing oligoester plasticizers for PVC [15]. Two dicarbox-
ylic acids, i.e., adipic acid and azelaic acid and four gly-
cols including diethylene, dipropylene, triethylene and 
1,4-butanediol were selected for this process. Glycerin 
was also used for synthesis in order to obtain branched 
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plasticizers which according to the literature are more per-
manent than the equivalent but linear plasticizers. Since 
branching tends to hinder movements or entangles of the 
plasticizer molecules within the polymer matrix, making 
it more difficult for them to migrate or to be removed by 
volatilization or extraction [8].

The new method for the synthesis of these plasticizers 
consists of two successive steps. The first stage involves 
the synthesis of oligoesters from dicarboxylic acid, glycol 
and 2-ethylhexanol. It was conducted until an acid value of 
less than 10 mg KOH/g was achieved. The second stage, 
on the other hand, involves the transesterification of waste 
PET using the previously synthesised oligoester and the 
Fascat 4100 catalyst until a hydroxyl and acid value of less 
than 10 mg KOH/g was achieved. This made it possible to 
assume that the obtained oligoesters had 2-ethylhexanol 
ends on the both sides. Based on the analysis of 1HNMR 
spectrum (Fig. 1), it is also revealed that no free function 
groups, i.e., hydroxyl or carboxyl groups were present. 
Additionally, signals originating from protons of meth-
ylene groups (1.25–1.75 ppm) and aromatic rings (8.00–
8.25 ppm) confirmed the expected course of the transesteri-
fication reaction.

The volatility and thermal stability of the synthesised 
plasticizers, and comparatively, the DEHP and commer-
cial oligomeric plasticizer were determined via the oven 
method at temperatures of 160, 170 and 180 °C (Fig. 2). 
Determination were also made of the temperatures at which 
there were losses of 3 and 5 wt% in mass, the temperature 
of decomposition, as well as the weight loss value after 1 h 
in isothermal conditions at a temperature of 180 °C under 
the atmosphere of nitrogen by TGA (Table 3).

The greatest volatility, especially at 180 °C was demon-
strated by the DEHP monomeric plasticizer. As expected, 
all of the synthesised oligoester plasticizers were char-
acterised by lower volatility (below 2%) compared to the 
volatility of the commercial DEHP plasticizer. The lowest 
values, less than 1% were demonstrated by PETBDAz and 
PETTEAd which are even better results than the plasticized 
PVC with commercial oligomeric plasticizer (H-1).

Based on the determined decomposition temperature 
values of the tested plasticizers, it was found that all the 
synthesised plasticizers are characterised by markedly 
higher thermal stability compared to the thermal stability 
of the monomeric and commercial oligomeric plasticizers. 
The PETDEAzGl plasticizer was the most thermally sta-
ble (decomposition temperature: 445.8 °C). Similarly, the 
temperatures correlated with 3 and 5% weight losses were 
also higher for the PETDEAzGl plasticizer. This signifi-
cant difference between synthesised and commercial plas-
ticizers allows expecting the possibility of reduction of the 
amount of the used stabiliser (which is very often bisphenol 

A-BPA). Unfortunately, BPA has an adverse effect on 
human health, especially on the endocrine system [17].

Mass loss values in isothermal conditions under nitrogen 
atmosphere was varied, and in many cases similar to those 
for the commercial products. However, it must be noted 
that the synthesised products were not stabilized inten-
tionally in order to show their real thermal stability and 
volatility at elevated temperatures. Taking into account the 
functional properties, the commonly accepted method for 
estimation of the plasticizer effectiveness is the determina-
tion of the hardness of the modified material at room tem-
perature (Table 4). As can be seen in Table 4 the mechani-
cal properties of the plastificates containing the analysed 
plasticizers were depended on the molecular weight and 
the structure of the plasticizer used, as well as on its quan-
tity which for comparison was kept the same. The hard-
ness of the samples containing oligomeric plasticizers was 
slightly greater than that of the samples containing DEHP. 
The overall tendency suggests that hardness increases with 
the molecular weight of the plasticizer [2]. However, these 
samples were characterised by greater tensile strength than 
those containing the monomeric plasticizer. In addition, 
in the most cases, the elongation of the dicarboxylic acid 
chains had a positive impact on the resulting mechanical 
properties. The best results (tensile strength values over 
26 MPa) were obtained for three plasticizers: PETDPAd, 
PETDPAzGl and PETTEAd.

The mechanical properties of plasticized PVC are also 
affected by the amount and structure of the plasticizer used. 
For a plasticizer to be effective and useful in PVC, it must 
contain two types of structural components, namely polar 
and non-polar ones. The polar unit/group of the molecule 
is bound reversibly with the PVC polymer chain and is 
responsible for the softening of its matrix. The solvation 
power of the non-polar portion of the molecule on PVC, 
however, is not significant enough to destroy the arranged 
(crystalline) structure of the polymer. In other words, the 

Fig. 2  Variation of the volatility of the plasticizers at temperatures of 
160–180 °C
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plasticizing efficiency of plasticizers depends on the ratio 
of particular components in the molecule, i.e., polar groups 
(esters and ethers), non-polar polarizable groups (benzene 
rings), and non-polar non-polarizable groups (alkyl and 
alkyne chains). The balance between the polar and non-
polar portions of the molecule is critical to controlling its 
solubilizing effect and when a plasticizer is too polar, it 
can destroy PVC crystallites, and when it is too non-polar, 
compatibility problems can arise [18].

In addition to the molecular weight of the plasticizer, 
the rate of plasticizer diffusion in the polymer matrix is 
one of the most important factors determining its effective-
ness. Some symptoms of the system instability are exces-
sive and rapid sweating out of the plasticizer, which leads 
to the deterioration of the mechanical properties. Plasticiz-
ing efficiency improves with the rate of diffusion into the 
morphological structures of the polymer. Although the dif-
fusion rate of the small-particle monomeric plasticizers is 

high, such systems are unstable which can be related to the 
rapid migration of the plasticizer from the polymer matrix. 
The migration of all the synthesised plasticizers was lower 
than that observed for the monomeric DEHP (Fig. 3). The 
lowest migration values were noted for the plasticizers con-
taining 1,4-butanediol glycol (Compositions 5 and 6) or tri-
ethylene (Composition 10) and adipic acid. The plasticizers 
containing glycerine molecules in their structure (Composi-
tions 7, 8 and 9) demonstrated a slightly higher migration 
value. This may be the result of a greater molecular weight 
distribution among these samples and a possibly higher 
content of molecules with a lower weight. The migrations 
of plasticizers present in the compositions 5, 6 and 10 are 
comparable to the migration value of the commercial oligo-
meric plasticizer (Composition 11).

In technical scale

Based on earlier test results, a plasticizer for synthesis-
ing on a technical scale in a reactor with a capacity of 
2000 kg was selected. The crucial properties for plasticizer 

Table 3  Mass loss, decomposition and glass transition temperature of the tested plasticizers, determined via TGA and DSC

Plasticizer code Mass loss (%) (isothermal condi-
tions 180 °C, 60 min, N2)

Temperature (°C)

Mass loss of 3% Mass loss of 5% Decomposition Glass transition

DEHP 1.5 273.9 289.5 372.3 –

PETDEAz 1.8 376.3 391.3 444.1 −44.6

PETDPAd 1.0 350.7 362.7 381.2 −47.3

PETDPAz 1.0 354.4 367.1 402.7 −45.8

PETBDAd 1.5 345.6 361.8 423.6 −46.2

PETBDAz 0.8 380.8 391.5 421.1 −51.1

PETDPAdGl 2.3 306.7 332.4 395.9 −45.5

PETDPAzGl 1.0 293.1 324.6 410.3 −48.2

PETDEAzGl 1.4 332.6 357.3 445.8 −43.6

PETTEAd 0.8 325.7 344.3 395.9 −45.3

H-1 1.5 344.7 357.6 379.3 −49.4

Table 4  Hardness and mechanical properties of PVC compositions

Composition 
number

Hardness 
(°Sh A)

Tensile strength 
(MPa)

Elongation-at-
break (%)

1 83.0 18.2 407.3

2 91.4 25.7 233.5

3 92.0 26.1 365.2

4 91.0 25.5 277.4

5 92.0 19.8 259.5

6 94.0 25.8 311.4

7 97.0 16.4 159.4

8 95.8 26.4 289.9

9 90.0 23.3 328.7

10 92.0 27.7 351.3

11 88.0 24.3 329.3

Fig. 3  Variation of the migration of the plasticizers from the softened 
PVC samples
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selection included low volatility, very good mechanical 
properties, low migration, as well as economic aspects, 
that is, the price of the raw materials used for obtaining 
the plasticizer. In the technical scale, plasticizer containing 
adipic acid, triethylene glycol, 2-ethylhexanol and waste 
PET was synthesised [PETTEAdts (ts-technical scale)]. 
Analogical properties to those for the plasticizers obtained 
on a laboratory scale were determined for the obtained 
product. The results shown below are compared to the val-
ues for the DEHP and the commercial polymeric plasticiz-
ers (Table 5).

The plasticizers selected above were used to prepare 
the dry blend type compounds. The plastificates con-
taining the plasticizer synthesised on the technical scale 
(Composition 12) were analysed and compared with the 
samples containing DEHP (Composition 1) and the com-
mercial oligomeric variety (Composition 11). To determine 
the processing properties and functional performance of 
one of the selected synthesised PETTEAdts plasticizers, 
a plastographic assessment of the PVC blend containing 
this plasticizer was carried out. The established parameters 
were compared with those determined for the PVC blend 
samples containing monomeric and oligomeric commercial 
plasticizers. The results of the plastographic measurements 
are shown in Fig. 4 and in Table 6. 

In the case of polymer plasticization, compatibility 
should be interpreted as the ability to create a homogene-
ous system consisting of a polymeric matrix and plasticizer. 
Homogenization of the polymer–plasticizer system already 
takes place when the two substances are initially mixed. 
The subsequent intensive process assisted by thermal and 
mechanical (shear) energy takes place at the processing 
stage. What is important is that the obtained polymer melt, 
after gelation and cooling, was thermodynamically stable. 
A lack of or limited compatibility of the plasticizer with the 
polymer will be apparent at the processing stage. In such 
cases, the compositions show much longer gelation time or 
they do not gel altogether and delaminate.

The gelation time (tg) of the PVC composition contain-
ing PETTEAd was longer than those of the monomeric 

(DEHP) and the oligomeric (H-1) plasticizers. Following 
the gelation stage, the homogenization of the PVC blend 
melt proceeds under similar conditions for both the com-
position containing the commercial polymeric plasticizer 
as well as for the evaluated PETTEAdts plasticizer, as evi-
denced by similar ME torque values and the total W5 energy 
value (Table 5). Every PVC composition requires a precise 
determination of the optimum conditions for its processing. 
Based on the plastographic studies, it can be concluded that 
the use of the PETTEAdts plasticizer in PVC compositions 
requires processing at slightly higher temperatures of the 
plasticizing system.

The synthesised PETTEAdts oligomeric plasticizer gave 
the softened PVC samples the very good tear resistance, 
tensile strength, decreased weight loss after 168 h at 80 °C 
and low migration (Table 7). These samples, however, were 
least resistant to changes in the tensile strength and relative 
elongation-at-break values caused by thermal ageing. This 
is most probably a result of the lack of an antioxidant (e.g., 
bisphenol A) in the sample of the synthesised plasticizers. 
These substances are usually included in the commercial 
plasticizers.

Table 5  Mass loss, 
decomposition and glass 
transition temperature, 
determined for the tested 
plasticizers via TGA and DSC

DEHP PETTEAdts H-1

Mass loss (%) (isothermal condition 180 °C, 60 min, N2) 1.5 0.6 1.5

Temperature (°C)
Mass loss of 3%

273.9 355.1 344.7

Temperature (°C)
Mass loss of 5%

289.5 364.0 357.6

Temperature of decomposition (°C) 372.3 398.9 398.9

Glass transition temperature (°C) – −44.2 −49.4

Fig. 4  A sample torque curve of the PVC composition containing 
50 phr of PETTEAdts plasticizer; A point of loading, B minimum 
point of mixing, G inflection point, X maximum point of gelation, E 
equilibrium state, t gelation time
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Conclusion

The properties of the PET-based synthesised oligoesters, 
including volatility and weight loss proved that they can 
be used as PVC plasticizers. This is also confirmed by the 
achieved hardness, tensile strength and relative elonga-
tion-at-break values. Despite the fact that the synthesised 
oligoesters did not contain any antioxidants, their thermal 
stability was higher than the stability of the monomeric 
plasticizer and its oligomeric variety which are sold com-
mercially and used in industry. The determined gelation 
time for the composition containing the PETTEAdts plas-
ticizer was longer compared to those of the monomeric 
and polymeric versions. However, it fully meets the criteria 
determining whether a plasticizer is suitable for the pro-
cessing of PVC compositions. The most significant of the 
resistance changes observed are most likely caused by the 
lack of additional thermal stability. It would be advisable 
to carry out further work on the possibility of using PET-
containing oligoester plasticizers for industrial purposes.
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