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Obstract

Epoxidized sunflower oil (ESO) and epoxidized sunflower oil methyl ester (ESOME) were synthetized and employed as 
secondary bio based plasticizers and combined with primary natural plasticizers. As such, di-esters isosorbide (DEI) and 
acetyl tributyl citrate (ATBC) used in Poly Vinyl Chloride (PVC) as compared to di-(2-ethylhexyl) phthalate (DEHP). 
PVC Sheets were obtained by processed the polymer and its additives on two-roll mill. The effect of the plasticizers 
combination on flexible sheets properties, including stabilization, migration, fusion rheological properties and light 
transmission have been discussed, Results have shown that ESO and ESOME have improved PVC formulations thermal 
stability, the weight loss by volatility has decreased in the formulations which contained ESO or ESOME. Mixtures 
of plasticizers have lower migration rates. Plastograph test has indicated a better compatibility of PVC with these 
plasticizer mixtures. The light transmission rate through PVC sheets plasticized by bio-based plasticizers mixtures is 
more than those containing DEHP.
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1. Introduction

Polyvinyl chloride (PVC) has a wide range of applications 
in various fields that have several advantages such as 
product performance, material processing capability, thermal 
stability, relatively low cost and versatility. Generally, 
it has been used with various additives such as thermal 
stabilizers, plasticizers, lubricants, fillers …etc, according 
to the application or depending on desired properties[1,2]. 
Plasticizers are the most consumable additives in PVC[3]. 
These materials are mainly used to modify the polymer chain 
flexibility, the glass transition temperature (Tg), degree of 
crystallinity, optical transparency and Young modulus[3-5]. 
The most widely used PVC plasticizer in the world is di-
(2-ethylhexyl) phthalate (DEHP) as a primary plasticizer. 
Plasticizers based on phthalates account for more than 90% 
of the total plasticizers used in PVC which DEHP represents 
more than 50% of the total phthalates[6-9]. Unfortunately, 
this phthalates migrate easily from PVC formulations and 
reduce the performance of PVC products with time[10]. Yet, 
petroleum-based plasticizers reveal negative environmental 
and health effects[11-13]. They would result in possible toxicity 
and high danger to contaminate environment and human 
food, as they are also suspected of having carcinogenic 
effects[1,5,14]. These have led researchers[15-19] to be interested 
in substituting these polluting substances with bio-based 
products that have no negative impact on the environment or 

on human health[11] by using some derivatives of vegetable 
oils, such as, soybean oil, linseed oil and sunflower oil, and 
to make these vegetable oils compatible with PVC, they 
have subjected to an epoxidation reaction where an oxygen 
atom introduced into the doubles bonds of carbon chains 
of fatty acids forming an oxirane ring, where the resulting 
properties are dependent on the epoxidation level which is 
linked with the iodine number[20]. Epoxidized soybean oil 
has been widely used in PVC as a secondary plasticizer, 
but it shows partial compatibility with PVC compared to 
petroleum based plasticizers[21]. But with its esterification 
by an alcohol improves the plasticizing effect on PVC and 
the resistance to migration against DEHP[22].

For this, we use sunflower oil, which has a high content 
of non-conjugated double bonds that are simply epoxidized 
by oxygen peroxide to produce epoxidized sunflower oil 
(ESO), and it shows a plasticizing effect higher than that of 
epoxidized soybean oil (ESBO)[23]. Then ESO is esterified 
by methanol to obtain epoxidized sunflower oil methyl 
ester (ESOME)[17]. These are used as secondary plasticizers 
to improve the thermal stability of PVC and increase the 
compatibility[24]. The use of a plasticizer alone does not 
satisfy all the desired performances; therefore, it is possible 
to use a combination of plasticizers in order to meet more 
properties of the PVC according to a particular application.

https://creativecommons.org/licenses/by/4.0/
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 The present study evaluates the performance of bio-
based plasticizers combinations in polyvinyl chloride 
(PVC). The secondary natural plasticizers were synthesized 
in our laboratory by epoxidation reaction of sunflower 
oil and esterification of epoxidized sunflower oil; these 
products were combined with primary bio-based plasticizers 
which are di-ester isosorbide (DEI) and acetyl tributyl 
citrate (ATBC).The formulations are prepared by mixing 
plasticizers combination and other additives with PVC resin 
which one contained DEHP alone used as reference. Then, 
blends aremixed and heated; sheets of plasticized PVC are 
obtained. Several techniques such as thermogravimetric 
analysis (TGA) in isothermal mode, volatility and migration 
tests, internal mixer test and light transmission have been 
used to study the thermal, physicochemical and rheological 
properties in order to search for a synergism of properties 
between these combinations of plasticizers.

2. Materials and Methods

Polyvinyl chloride (PVC), suspension grade resin (SE 
950, K 65.7-67.1), was kindly supplied by SHINTECH 
(Houston, USA). Plasticizers used were as follows: Acetyl 
tributyl citrate (ATBC) from Sigma Aldrich, USA, Di-
esters isosorbide(DEI), ID47 from Roquette Frères, France, 
Epoxidized sunflower oil (ESO) and Epoxidized sunflower oil 
methyl ester (ESOME) with 6.1% of oxirane oxygen index, 
were prepared in our laboratory and have been reported in 
our previous study[17], Di-(2-ethylhexyl) phthalate (DEHP) 
as plasticizer reference was supply from Plastimed, Tunisia.

2.1 PVC sheets preparation

The preparation of the PVC with plasticizers mixtures 
was carried out in a two-roll mill of the Rodolfo Comero 
type. It is a method of mixing the melt material by crushing 
between two heated and mechanically driven rolls. Blends 
were obtained by manually mixing the PVC resin and 
additives (plasticizers, stabilizers and lubricants), and then 
they were placed in the mixer at 160 °C for 10 minutes until 
the resin was completely homogenized.

2.2 Formulations

Table 1 presents the various formulations in which the 
additive contents were kept constant:

• 100 phr of the PVC resin;

• 1 phr for the lubricant which is stearic acid (SA);

• 2 phr for the thermal stabilizer which is Calcium / Zinc 
stearates;

• 60 phr for the plasticizer system containing DEI, ATBC, 
ESO and/or ESOME;

The various plasticized formulations are obtained 
either in the presence of plasticizer alone, DEI or ATBC or 
with their binary combinations with ESO and ESOME, in 
addition to a reference formulation which contains DEHP 
alone as plasticizer.

2.3 Thermal gravimetric analysis (TGA)

TGA was performed using a TA Instruments (TGA Q500, 
USA). Isothermal weight loss studies were conducted at 
160 °C, 180 °C and 200 °C for 90 minutes under 40 mL/min 
of nitrogen flow. Approximately 10 ± 2 mg of each sample 
is heated from room temperature to the selected temperature 
with a constant heating rate of 100 °C/min. The mass 
evolutions are recorded as a function of time.

2.4 Volatility test

The weight loss of plasticizer from PVC sheets by 
volatility was determined according to ISO 176-2005. 
The samples (25x25 mm2 in triplicate) are weighed and 
then placed in an oven at 100 °C. After 24, 48 and 96 hours, 
sheets were allowed to cool down to room temperature and 
are cleaned well to remove any traces of volatile plasticizers, 
which may condense on the sheet surfaces. The masses were 
measured by an analytical balance having an accuracy of 
0.1 mg and the average percentage of losses by volatility 
was determined.

2.5 Migration test

Plasticizer migration from PVC sheets was based on 
ASTM D1239-14[25]. When was carried out in four different 
solvents (acetic acid, ethanol, petroleum ether and n-heptane) 
at 25 °C[26]. Samples of 25×25 mm2 were used in triplicate 
runs to confirm repeatability, were weighed and then 
immersed in 150 mL of each solvent for 48 and 96 hours, 
and then dried. Sheets were weighed and the average mass 
losses were determined.

2.6 Plastograph test

The plastograph is an internal mixer that tracks rotational 
torque as a function of time. This equipment (Brabender, 
Germany) allows continuously to monitoring the torque 
variation as a function of time. Accurately 63 g of the 
PVC and its plasticizers combinations were added into the 
mixer chamber at 40 rpm and heated to 180 °C for 40 min, 
a pressure is applied on the melted material by descent of 
a piston; the fusion rheological property was measured and 
recorded by Brabender® Data Correlation software.

2.7 Light transmission

Light transmission in PVC sheets was measured using 
a UV spectrophotometer (SHIMADZU UV-1800, Japan). 
The samples of a square shape of sizes 2.5×2.5 cm2 and 
0.5 mm thick had substantially flat-to-parallel surfaces free 
of dust and internal voids[26]. The results were recorded in the 
wavelength range 200 to 1100 nm at a resolution of 1 nm. 

Table 1. Plasticizer systems compositions.

Plasticizers (%)
Formulation Number

0 1 2 3 4 5 6 7
DEI - 100 50 00 50 - 50 -

ATBC - 00 50 100 - 50 - 50
ESO - - - - 50 50 - -

ESOME - - - - - - 50 50
DEHP 100 - - - - - - -
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Transmission percentages were obtained directly from the 
UV Probe software.

3. Results and Discussions

3.1 Thermal gravimetric analysis (TGA)

Figure 1 shows the thermogravimetric profiles of PVC 
plasticized with DEI or ATBC and its mixtures with ESO 

or ESOME at 160 °C, 180 °C and 200 °C. PVC samples 
containing ESO or ESOME in their plasticizer systems 
show a lower weight loss after 90 minutes as compared 
to DEI or ATBC alone. Thus, ESO and ESOME improve 
the thermal stability of PVC formulations. This effect is 
attributed to the epoxide functions presented in the structure 
of secondary plasticizers[11]. It is clear that oxirane rings 
react with heat-generated HCl at a rate greater than the rate 
of volatilization of HCl from the PVC sample. The point 

Figure 1. Weight loss by TGA in isothermal mode of PVC plasticized with DEI, ATBC and their mixtures with ESO, ESOME and with 
DEHP as reference.
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at which the volatilization of HCl dominates the reactions 
which cannot be determined during the 90 minutes period[11]. 
Therefore, maintaining the integrity of the ESO or ESOME 
as a secondary plasticizer is primordial because of epoxide 
rings and ester functions that limit the decomposition of 
PVC samples[10,27].

Activation energies for the PVC degradation process 
were determined by TGA for PVC plasticized by DEHP 
and PVC with ATBC or DEI and its mixtures with ESO or 
ESOME according to the Arrhenius equation:

/Ea RTk Ae−=  (1)

where k is the degradation rate at a particular temperature, 
A is the frequency factor, Ea is the activation energy for 
the degradation process, R is the gas constant, and T is the 
absolute temperature.

The isothermal weight loss data of PVC plasticized with 
different plasticizers systems at various temperatures a long 
with the Arrhenius activation energy are presented in Table 2.

The plots for each sample are shown in Figure 2.
The activation energy for the initial degradation for 

PVC plasticized with DEHP alone is 81.79 ±9.63 kJ 
mol-1 while that for PVC with ATBC and DEI alone are 
65.55±0.96 kJ.mol-1 and 70.25±1.44 kJ.mol-1, respectively. 
Therefore, PVC with DEHP has lost more weight than with 
ATBC or DEI, the activation energy has increased in the 
case of ATBC with ESO (75.09±2.97 kJ.mol-1) and almost 
remains stable with ESOME (62.90±3.44 kJ.mol-1) as 
compared to the plasticizer alone, but in the case of DEI, 
the activation energy has decreased with the incorporation 
of ESO (44.97±9.2 kJ.mol-1) or with the incorporation of 
ESOME (53.79±10.89 kJ.mol-1) in comparison to DEI 
alone. these energy reductions suggest that when PVC is 
plasticized with plasticizer system containing ESO and 
especialy ESOME that capture the HCl that is released by 
PVC and as such preventing the autocatalytic role of HCl, 
so the weight loss is reduced, therefore the activation energy 
has decreased[11]. Plasticizers combination reduces migration 
as compared to a single plasticizer[28].

3.2 Volatility test

The volatility of the plasticizers in the polymer is 
highly dependent on the molecular weight, solubility, 
compatibility, and chemical structure of the plasticizers[29-31], 

and are important parameters for assessing the migration 
of plasticizers[5]. Figure 3 shows the mass loss by volatility. 
At elevated temperatures, plasticizers migrate from the PVC 
resin to the surface where the weight loss by volatility of the 
plasticizer will negatively affect the mechanical properties 
of the PVC films[26].

PVC formulations contain ATBC have the highest mass 
loss values   (2.5%, 4.61% and 8.22%) over the entire test 
period (24 h, 48 h, and 96 h) at 100 °C. Meanwhile, the 
weight loss decreases very significantly with the integration 
of ESO (1.53%, 2.66% and 4.50%) or ESOME (2.07%, 
3.65% and 6.19%), conversely, it is noted that the mass 
losses in the case of DEI alone (0.95%, 1.62% and 2.4%) 
are comparable to those of DEHP (0.83%, 1.15% and 
1.93%), and they decrease with the incorporation of the 
ESO into the plasticizer system with the DEI at (0.11%, 
0.27% and at 0.35%) and with the insertion of ESOME at 
0.29%, 0.32% and at 0.32%.

This can be explained by the fact that the decrease of the 
mass loss by volatility in the formulations which contained 
ESO or ESOME in their plasticizing system, by the reaction 
of the epoxide function and the HCl produced by the 
dehydrochlorination of PVC and the higher number of ester 
bonds which could reduce the volatility[31]. As for the case 
of the DEI or the ATBC and even the DEHP, herein, there is 
no reaction between the plasticizer and HCl, assuming that 

Table 2. Loss weight and maximum rate of degradation by isothermal TGA mode at 160 °C, 180 °C and at 200 °C and Arrhenius 
activation energy.

Plasticizer Systems composition 
(%)

160 °C 180 °C 200 °C Activation energy
kJ.mol-1Δm/m0 (%) Vmax (%/

min) Δm/m0 (%) Vmax (%/
min) Δm/m0 (%) Vmax(%/

min)
DEHP 100 8.70 0.13 23.56 0.43 33.19 0.88 81.79±9.63
ATBC 100 21.73 0.43 30.31 0.98 36.05 2.00 65.55±0.96

ATBC/ESO 50/50 11.50 0.21 17.45 0.56 20.79 1.22 75.09±2.97
ATBC/ESOME 50/50 09.96 0.22 15.05 0.51 18.75 0.96 62.90±3.44

DEI 100 4.79 0.10 12.90 0.23 25.18 0.52 70.25±1.44
DEI/ESO 50/50 3.02 0.09 06.64 0.13 12.92 0.26 44.97±9.2

DEI/ESOME 50/50 3.87 0 .09 7.37 0.14 14.14 0.32 53.79±10.89
m: the final mass of the sample; m0: the initial mass of the sample; Δm = (m0-m); V max: the maximum degradation rate in%/min.

Figure 2. Arrhenius activation energy plots for PVC plasticized 
by ATBC, DEI and their mixtures with ESO and ESOME and 
DEHP as reference.
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the mass lost by volatilization at high temperatures contains 
the volatilized plasticizer and HCl[32,33]. The greatest loss of 
mass in the case of ATBC can be explained by its boiling 
point (173 °C) which is much lower than that of the DEI 
(375 °C) and the DEHP (385 °C). Therefore, the use of ESO 
and ESOME as secondary plasticizers is recommended 
to reduce the loss of mass by volatility and maintain the 
mechanical properties of sheets for longer life time.

3.3 Migration test

The probability of extraction of the plasticizer increases 
when a polymer material comes into contact with liquids 
(solvents)[34]. The resistance to migration of different 
plasticizer systems in PVC blends was investigated by the 
migration test using four different solvents as food simulants.

Figure 4 shows the mass loss by migration in ethanol, 
petroleum ether, acetic acid and n-heptane from PVC sheets 
after 48 and 96 hours where each value was the average of 
three specimens. It is worth noting that the migration rate 
of all plasticizer systems in all solvents is lower than that of 
DEHP. Mixtures of plasticizers have lower migration rates 
as compared to a single plasticizer such as the cases of DEI 
and ATBC. Hence, the combination of different plasticizers 
in PVC plasticization reduces the migration. Indeed, 
the interactions created between the plasticizers prevent 
their easy migration from the material to its surrounding 
environment[35] that is to say that the plasticizer that migrates 
with a slower speed limits the speed of the plasticizer which 
diffuses faster. The use of plasticizer blends in PVC samples 
has been shown to reduce migration in comparison to those 
containing a single plasticizer[28].

It is also found that ESOME has a low migration rate as 
compared to ESO, the increase in the polarity of ESOME 

Figure 3. Volatility weight loss of mixtures composed by different 
combinations of plasticizers at 100 °C for 24, 48 and 96 hours.

Figure 4. Weight loss by migration in: (a) ethanol; (b) petroleum ether; (c) acetic acid; and (d) n-heptane of the various compositions of 
the plasticizer systems.
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due to the ester functions which make it possible to create 
interactions with the PVC (interactions between the function 
C=O and the C-Cl bond)[36] which is responsible for the 
reduction of the migration rate. In general, the migration of 
the plasticizers is influenced by the polarity of the plasticizer 
and the solvent with which the PVC is in contact[37,38], which 
affects the compatibility of the plasticizer with PVC, that 
is to say the plasticizer-PVC interaction forces are greater 
as compared to those of the plasticizer-solvent, then the 
migration rate is lower, thus, the excellent solvent resistance 
of plasticizers retain the PVC properties possibly longer life 
time[19,39], it is suggested that the migration of plasticizers 
such as ESBO also depends on the manufacturing process 
of the PVC films[40].

3.4 Plastograph test

Figure 5 shows the evolution of the torque as a function 
of time for the various compositions of the plasticizer system. 
To be noted is that we find that the curves of formulations 
containing DEHP, DEI and ATBC have all a similar shape. 
After the torque goes stable, its value starts to rise again. 
This is called the onset of degradation[41]. Which is mainly 
caused by the formation of double bonds, which occurs from 
the dehydrochlorination of PVC[15], the further increase in 
the torque curve whose viscosity increases is a result of the 
crosslinking of chains containing double bonds[42]. All samples 
degrade after 1000 seconds, but with the incorporation 

of ESO or ESOME in the composition of the plasticizer 
system, the dynamic thermal stability of PVC increases 
very significantly. Herein, we notice that the degradation 
time exceeds 2500 seconds.

Table 3 presents the fusion time evolution, the minimum 
torque and the stability time as a function of the composition 
of the plasticizer mixture. It is observed that the fusion time 
of the formulations is minimal in the cases of ATBC and 
DEI alone, but it increases with the integration of ESO 
or ESOME in the plasticizer mixtures, where it reaches a 
maximum point at 436 seconds with DEI/ESO, this fusion 
time increase in the case of ESO is explained due to the large 
number of carbon in triglyceride which reduces somewhat 
its compatibility with PVC as reported by Garcia and 
Marcilla[43]. All formulations have a lower fusion time than 
DEHP (482 sec.) indicating a better compatibility of PVC 
with these plasticizer combinations as compared to DEHP. 
The same thing happened for the minimum torque which 
is related to the material melt viscosity[44], which increases 
with the addition ESO or ESOME in the plasticizer systems. 
It is explained by the high viscosity of these secondary 
plasticizers as compared to DEI and ATBC.

Regarding the dynamic thermal stability plateau in torque/
time curves, where the time at which the torque is constant 
is considered as a stability time[41], we observe that ESO or 
ESOME increases the stability time once incorporated in 
the plasticizer systems. This confirms the results of TGA, 
where the epoxide function reacts with the HCl released 
by the PVC dehydrochlorination reaction and limits the 
autocatalytic role of HCl in PVC degradation.

3.5 Light transmission

The transmission of light is a study of the diffusion of 
electromagnetic radiation through plasticized PVC films 
in a particular region of the spectrum: in the ultraviolet 
wavelengths (from 200 to 400 nm), the visible light (from 
400 to 750 nm) and the near infrared (from 750 to 1050nm). 
To do this, we have chosen the transmission almost at half 
of each range to note the difference between the different 
formulations, for instance, at 300 nm for UV, 550 nm for 
the visible range and 900 for IR as presented in Table 4.

PVC is optically a very transparent material, but its 
transparency could be affected by the addition of additives 
such as thermal stabilizer[45] or lubricant, which explains 
the lowering of transparency to than 82% for all sheets.

In Figure 6, the light transmission of PVC blends was 
plotted as a function of the composition of the plasticizer 
system and as a function of wavelength. Note that the 
transmission curves look alike for all PVC blends/plasticizers. 
The results show that transmission in the case of DEI 
(84.63%, 80.65%, and 11.38%) or ATBC (84.94%, 81.37% 
and 17.64%) is superior to DEHP (83.92%, 79.62%, and 
2.78%) for the infrared, visible and ultraviolet ranges, while 
the incorporation of ESO or ESOME is observed to decrease 
the light transmission. This reduction in light transmission is 
probably due to the type of plasticizer system composition 
used in the sheet formulation, probably because of the epoxy 
group, or the length of the secondary plasticizer chain[46].

Figure 5. Torque/Time curves for the various compositions of the 
plasticizer systems (a) in presence of ATBC; (b) in presence of DEI.
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All samples show a sharp decrease in transmission at 
380 nm but a transmission band of about 280 nm is observed 
for all formulations. This significant increase in transmission 
below 300 nm is associated with the C-Cl bond of PVC[47].

4. Conclusions

According to thermogravimetric analysis, formulations 
which contain DEHP, DEI and ATBC have maximum weight 
losses, because those are primary plasticizers and do not 
have a good thermal satability. Therefore, the incorporation 
of secondary plasticizers either ESO or ESOME into the 
plasticizer system improves significatively the thermal 
stability of PVC blends.

The decrease in mass loss by volatility in formulations 
containing ESO or ESOME in their plasticizer system can 
be explained by the reaction of the epoxide function and 
the HCl produced by the dehydrochlorination of PVC. 
The combination of different plasticizers in PVC plasticization 
reduces migration. Indeed, the interactions created between 
plasticizers prevent migration. It is also found that the ESOME 
has a low migration rate compared to the ESO, the increase 
in the polarity of the ESOME due to the ester functions 
which makes it possible to create interactions with PVC, 
in general, the migration of the plasticizers is influenced by 
the polarity of the plasticizer and the solvent with which the 
PVC is in contact, which influences the compatibility of the 
plasticizer with the PVC. The results of the internal mixer 
show that the thermal stability improves with the increase 
of the rate of ESO or ESOME. This confirms the results 
of TGA, where the epoxide function reacts with the HCl 
released by the PVC dehydrochlorination reaction and limits 
the autocatalytic role of HCl in PVC degradation. The light 
transmission test shows that the incorporation of the ESO 
or the ESOME leads to a difference in transparency, where 
the transmission of light decreased with the increase of the 
rate of the latter in the plasticizer system.

As purpose of this study was to provide alternatives 
to phthalates by the use of epoxidized sunflower oil and 
the methyl ester of epoxidized sunflower oil as secondary 
plasticizers, mixed with two primary bio sourced plasticizers 
such as di-esters Isosorbide (DEI) and acetyl tributyl citrate 

Table 4. Light transmission in PVC sheets.
Plasticizer systems composition (%)

UV (300nm)
Transmission (%)

Visible (550 nm) IR (900 nm)
DEHP 100 2.78 79.62 83.92
ATBC 100 17.64 81.37 84.94

ATBC/ESO 50/50 4.08 68.96 79.72
ATBC/ESOME 50/50 1.08 69.19 79.74

DEI 100 11.38 80.65 84.63
DEI/ESO 50/50 3.57 73.91 82.92

DEI/ESOME 50/50 1.28 68.77 83.28

Table 3. Fusion rheological characteristics of PVC formulations plasticized with various compositions of plasticizer systems.
Plasticizer systems composition (%) Fusion time (s) Minimum torque (Nm) Stability time (s)

DEHP 100 482 6.8 1078
ATBC 100 354 6.6 738

ATBC/ESO 50/50 414 7.1 >2586
ATBC/ESOME 50/50 368 7.7 >2632

DEI 100 372 6.3 712
DEI/ESO 50/50 436 8.1 >2564

DEI/ESOME 50/50 404 8.2 2694

Figure 6. Light transmission variation of different compositions 
of PVC films (a) in presence of ATBC; (b) in presence of DEI, as 
a function of wavelength.
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(ATBC), to plasticize PVC and seek to obtain properties 
similar or even better than those of di-(2-ethylhexyl) phthalate, 
then the mixtures of ESO and ESOME with DEI and with 
ATBC derived from renewable resources, show plasticization 
efficiency and can be applied as alternative plasticizers for 
conventional plasticizers based on a fossil source.
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