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ABSTRACT: Sunflower oil (SO) is a renewable resource
that can be epoxidized, and the epoxidized SO has poten-
tial uses as an environmentally friendly in polymeric for-
mulations, especially for poly (vinyl chloride) (PVC).
Epoxidized sunflower oil (ESO) was prepared by treating
the oil with peracetic acid generated in situ by reacting
glacial acetic acid with hydrogen peroxide. Epoxidation
was confirmed using spectroscopic and titration methods.
ESO was used as a coplasticizer in PVC for the partial
replacement of di-(2-ethyl hexyl) phthalate (DEHP). The
effect of ESO on the thermal stability of plasticized PVC
was evaluated by using synmero scale for the sheets. In
presence of ESO plasticized PVC samples showed a
reduction in discoloration and the number of conjugated
double bonds. By using thermogravimetry, the incorpora-
tion of 15/45 of ESO/DEHP in PVC presents the lowest
weight loss. The results of the shore hardness and me-

chanical properties showed that a proportion of DEHP
could be substituted by ESO. By use of DMA, the formu-
lation which contains 25 % wt of ESO in plasticizer sys-
tem shifts the glass transition temperature (T) to ambient
temperature. The migration phenomenon was studied on
PVC based samples plasticized with DEHP and ESO in
varying amounts. The migration was monitored by the
weight loss percentage of the samples immersed into n-
hexane or heated in an oven. The amount of extracted or
volatilized DEHP is proportional to the added ratio of
ESO in plasticizer system. All of this favored the partial
replacement of DEHP by ESO as biobased plasticizer for
flexible PVC. © 2010 Wiley Periodicals, Inc. ] Appl Polym Sci
118: 3499-3508, 2010
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INTRODUCTION

The use of plasticizers is one of the most efficient
ways to modify the thermal and mechanical proper-
ties of polymers. Plasticizers are often low-molecular
weight compounds that lower the glass transition
temperature (Ty) and convert rigid polymers into
flexible ones. To be effective, a plasticizer must dis-
tribute itself between the polymer chains and inter-
act with functional groups, thereby by reducing the
interaction between the polymer chains and soften-
ing the matrix." Most of plasticizers are high boiling
organic liquids, and their function is to reduce the
T, of the plastics to a level below the temperature
used in the actual application of the plastics. Because
of the brittle nature of the neat PVC, it is often com-
pounded with plasticizers to enhance its flexibility
and toughness for various applications, and the

Correspondence to: M. T. Benaniba (m_benaniba@yahoo.
com).

Journal of Applied Polymer Science, Vol. 118, 3499-3508 (2010)
© 2010 Wiley Periodicals, Inc.

most commonly used plasticizers for PVC are
phthalate. Since di-(2-ethyl hexyl) phthalate (DEHP)
was introduced in the 1930s, it has been the most
widely used plasticizer. However, it is known that
conventional low-molecular weight organic plasticiz-
ers for PVC, such DEHP, are somewhat volatile,
leading to plasticizer loss and unwanted deteriora-
tion of the material properties over the course of
time.> Phthalic plasticizers and metal soap stabil-
izers are usually used with epoxides as costabilizers
and heat stabilizers in PVC; they have been classi-
fied as epoxy plasticizers.*”

In our previous studies,®® we examined the effect
of epoxidized sunflower oil (ESO) on the thermal
degradation of PVC by using dehydrochlorination
rate measurement. Several other reports”'® on the
use of epoxidized triglycerides as heat stabilizing
additives for PVC claim that their effectiveness as
stabilizers is related to the oxirane content and is
because of the facile reactions of the epoxide with
HCl evolved at the early stages of the dehydro-
chlorination (which precludes autoacceleration of the
dehydrochlorination process) and with the labile
chlorine atoms in the PVC (which reduces the
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susceptibility of the polymer to dehydrochlorina-
tion). The suitability of epoxidized triglycerides as
biodegradable nontoxic plasticizers for PVC pro-
vides additional rationales for the examination of
the effect of epoxidized triglycerides on the plastici-
zation of PVC formulations.

In this study, we explored the possibility of using
a combination of ESO and DEHP as the plasticizer
for PVC. The thermal, mechanical, dynamical me-
chanical properties, and leaching of plasticizer sys-
tem were examined.

EXPERIMENTAL PART
Materials and equipment

The formulations used were based on PVC, pro-
duced by the Algerian company ENIP-Skikda, with
the following physical characteristics: grade = 4000
M, K value= 65 — 67, density (powder PVC) = 0.48
— 0.56. The other ingredients added to the PVC resin
were DEHP, with a viscosity of 80 MPa.s and a mo-
lecular weight of 390 g mol™'; Ca/Zn based carboxy-
late used as thermal stabilizer, and stearic acid, used
as an external lubricant.

ESO was especially prepared. All analytical grade
solvents were used as obtained from Prolabo (Paris,
French). PSK 1411 cross-linked poly (styrene-sulfonic
acid) ion exchange resin and hydrogen peroxide
(30%) were purchased from Bayer (Munich, Germany)
and Aldrich (Lyon, French) Chemicals, respectively.

Preparation of ESO
Synthesis of ESO

For the synthesis of ESO, a solution of sunflower oil
(SO) (100 g, 0.113 mol), glacial acetic acid (20.4 g,
0.34 mol), PSK 1411 (21 g), and toluene (40 g) were
placed in a 500 mL four-neck round flask equipped
with mechanical stirrer, thermometer sensor, and
reflux condenser. The mixtures were heated and the
temperature was maintained at 55°C. Then 30%
H,0; (79.4, 0.7 mol) were added slowly to a separa-
tor funnel and reacted at 55°C for 7 h. After the
reaction was completed, the crude product was fil-
tered and washed with distilled water repeatedly
until pH was 7. The oil phase was dried with anhy-
drous sodium sulfate and then filtered. Finally, the
toluene was removed in a vacuum oven at 80°C.
The yield of the obtained ESO was 90%. The level of
epoxidation (6.4% oxirane oxygen) was determined
using analytical method."!

Formulation blending

The DEHP and ESO are 60 phr to PVC. The effect of
ESO on the various properties of PVC/plasticizer
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Scheme 1 Epoxidation of vegetable oil.

(100/60), with the plasticizer made up of (ESO/
DEHP) is studied on 00/60, 55/05, 50/10, 45/15,
40/20, 25/35, and 30/30 weight ratios of ESO/
DEHP. The PVC used in all blends contained a Ca/
Zn =1 wt % of thermal stabilizer to minimize deg-
radation. The blends were processed into sheets on
roll-mill for 10 min with the rolls set at a tempera-
ture of 170°C, roll friction ratio of 1.25. The sheets
were compression molded to make films and
plaques, which were required for some of the tests.
The operating temperature was 170°C for 3 min
with hydraulic pressure of 20 tons.

Characterization methods
'"H NMR of SO and ESO

'"H NMR data of ESO were recorded using a Bruker
AM 300 spectrometer, operating at 500 MHz using a
5-mm broadband inverse Z-gradient probe in CDCl;

Discoloration analysis

The evolution of discoloration was measured using a
ten-degree color scale synmero as described by
Ocskay et al.'” Changes in the discoloration degrees
were determined for the sheets obtained on roll-mill
and after heat treatment in air circulating oven at
100°C for 7 days.

UV-visible analysis

The PVC materials with different components
were pressed into films with the thickness about
100 pm. UV-visible spectra of films PVC were
obtained by using a Shimadzu 120-02 UV-visible
spectrophotometer.
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Figure 1 1H NMR spectra of SO (a) and ESO (b).

15 mg were heated under air flow (90 mL min ")
from room temperature to 600°C with a heating rate
Thermogravimetric (TG) analysis was performed on  of 10°C min '. The results presented here were re-
the polymeric formulations by using an ATG (Q500)  producible and the temperature and mass loss devi-
instrument. The samples ranging between 10 and  ations were within the maximum range of *2 %.

Thermogravimetric studies

Journal of Applied Polymer Science DOI 10.1002/app
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Figure 2 Discoloration degrees of PVC sheets obtained
by heat treatment on two rolls milling at 170°C for 10 min
and in oven at 100°C for 7 days.

Hardness

The shore A and D hardness test was carried out
according to ISO 7619 using a Zwick 7206 hardness
tester. This method is based on an indenter penetra-
tion test and requires a sample thickness. Ten mea-
surements were made on each sample type.

Mechanical properties

The young modulus, tensile strength, and elongation
at break were determined from a traction test in a
universal dynamometer Instron. Samples were tested
at room temperature, using a 0.5 KN load cell, with

a testing speed of 20 mm min .

Dynamic mechanical analysis

The thermomechanical behavior of the formulations
was characterized using TA instruments DMA 2980
over a temperature range from —100 to 150°C with a
2°C per minute heating rate at a frequency of 1 Hz.
Samples with a large of 5 mm and a length of 15
mm were tested in the single cantilever mode in
DMA with a fixed displacement. Storage modulus
and loss modulus were measured as function of
temperature.

Cl Cl
[ I
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Migration and extraction of plasticizer

Extraction of plasticizer from the blends was exam-
ined in n-hexane at 40°C under stirring for a month.
15 mm x 15 mm x 1 mm samples were pre-
weighted and immersed into 50 mL of methanol in
the flask and was shaken occasionally. After the
extraction, the samples were fully dried in reduced
pressure until the weight of the samples was con-
stant. The weight of the extractable part was
calculated.

Samples of PVC sheets were heated in an air cir-
culating oven 100°C for 7 days. Changes in weights
and discoloration degrees were measured after heat
treatment. Each sample was taken off and weighted.
The rate variation of the mass was determined as a
function of time following the relation:

T = (my — mp/mp) x 100 (1)

where m,, is initial mass before immersion and m,, is
mass of the sample at the time .

m and m, were measured to an accuracy of
10 *g.

RESULTS AND DISCUSSION

Our study investigates the suitability of ESO as a
PVC coplasticizer. Epoxidation is the addition of an
oxygen atom to a carbon-carbon double bond to
form a 3-membred ring with epoxide (or oxirane)
functionality. The unsaturated double bonds of SO
may be used to introduce functional groups like
epoxides. Scheme 1 shows an example of a typical
epoxidation product of oil.

From the spectra given in Figure 1(a,b), '"H NMR
measurement on ESO (6.4% oxirane oxygen) shows
the disappearance of the signals of vinylic protons at
5.3-5.5 ppm and indicates that the epoxy group is
present in the ¢ 3.0-3.2 ppm region. The methine
proton of —CH,—CH—CH, backbone at 6 5.1- 5.3
ppm, methylene proton of —CH,—CH—CH,— glyc-
erol’s backbone at 6 4.0-4.4 ppm, CH, proton adja-
cent to two epoxy group at 6 2.8-3.0 ppm, —CH—
proton of the epoxy ring at 6 3.0-3.2 ppm, a-CH, to
C=0 at 6 2.2-2.4 ppm, o -CH, to epoxy group at
1.7-1.9 ppm, B-CH;, to C= O at 6 1.55- 1.7 ppm, P -
CH, to epoxy group at 6 1.4-1.55 ppm, saturated
methylene group at & 1.1-1.4 ppm and terminal -
CHj; groups at 6 0.8-1.0 ppm region.

wnnrCH,-CH-CH,-CH-CH o —2HCl v CH=CH-CH,-CH=CHw\ o

Scheme 2 PVC dehydrochlorination.

Journal of Applied Polymer Science DOI 10.1002/app
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Figure 3 UV-visible spectra of PVC film.

For our preliminary study the synmero scale has
been used. Figure 2 shows the discoloration degrees of
PVC sheets obtained by heat treatment on two rolls
milling at 170°C for 10 min and heated in oven at
100°C for 7 days. Good color thermal stability can be
seen when ESO is added to DEHP system. In the pres-
ence of DEHP, ESO retards the development of discol-
oration until 45/15 of DEHP/ESO content. After this, a
progressive yellow discoloration takes place. During
dehydrochlorination, double bond sequences are
formed within the PVC polymer chains. The color of
the degraded PVC is an indication of the presence of
conjugated double bonds from yellow to orange to
brown as the number of conjugated double bonds
increases. The changes in the discoloration degrees
were used as estimates of the relative thermal stability
of the plasticized PVC; the higher the discoloration
degree, the greater the extent of degradation of the
sample. From these results, it is apparent that good sta-
bilization effects of epoxides with metal soaps. This
feature was ascribed to the action that the epoxides
serve as an acceptor for the excessive cool color pro-
ducing metal chloride produced from zinc stearate
and cadmium stearate to retard the abrupt discolora-
tion of stabilized PVC.'? The nature of the degradation
process occurring with the dehydrochlorination reac-
tion and the catalytic effect exercised by traces of some
substance such as H', ZnCl,, and CaCl, suggest an

TABLE I
The Relationship Between UV-Visible Absorption
Wavelength and the Conjugated Chain Length

A (nm) 287 311 326 342 361 390 419

Length of 3 4 5 6 7 8 9
conjugated diene

R-CH-CH; + HCl — RCH-CH:
\ [
O OH Cl

Scheme 3 Reaction of epoxide with HCL

ionic mechanism under certain conditions. HCI cata-
lyzes the dehydrochlorination, producing polyene
sequences with lengths ranging from 6 to 14 conju-
gated double bonds, to a maximum of 30 units. The
reaction can be represented by scheme 2.

The effectiveness of ESO on the thermal degrada-
tion of PVC exposed to heat at 100°C for 7 days is
shown in Figure 2. This stabilizing effect of ESO is a
result of the facile reaction of HCl with epoxy
groups to form chlorohydrins, which is thought to
reduce the autocatalytic effect of the HCl evolved.
Furthermore, the esterification and etherification
reactions, which occur with unstable allylic chlorine
groups in PVC, provide an explanation for the low-
values of the discoloration degrees observed when
ESO is used in combination with the Ca/Zn stea-
rates and DEHP.

As shown in Figure 3, where n denotes the num-
ber of conjugated double bonds of polyene at the
corresponding absorption maximum of the sample
in the UV-Visible spectra, the combined effect would
reduce the amounts of HCI evolved leading to the
formation of short polyene sequences absorbing in
the ultraviolet region. Therefore, it was observed
that the concentration of the polyenes for plasticized
PVC increases rapidly with the decrease of ESO in
plasticizer system. However, the increment of poly-
ene with small conjugation number is much greater
than that with a larger one. The plasticized PVC
demonstrated a decrease in the increment of the con-
centration of the polyenes with various conjugation
numbers (n). A proof for the high stabilizing effi-
ciency is obtained by measuring the extent of discol-
oration of degraded PVC." The results shown in
Figure 3 reveal the lower discoloration of PVC sam-
ples was obtained until 15/45 of ESO/DEHP system.
It has been reported that the UV-visible absorption
wavelength is corresponded to the conjugated chain
length of the sample,'* as can be seen from Table L
Until 25 wt % of ESO in plasticizer system, it exer-
cises a stabilizing effect in presence of DEHP.

Epoxy compounds are well-known as typical non-
metallic stabilizers for PVC. They are generally

R-CH-CH; + PVC — RCH-CH,
\ / I
O OH O-PVC

Scheme 4 Reaction of epoxide with PVC.

Journal of Applied Polymer Science DOI 10.1002/app
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2 —CH,(-CH=CH-CHCI),—CH>—CHj3; + nCa3(0,CR), — NO reaction

Scheme 5 Reaction of allylic chlorine groups in PVC with stabilizer system.

2 —~CH,(-CH=CH-CHCI),~CH,~CH; + nZn(OCOR), —
2 ~CH,~(CH=CH-CH(OCOR)),—~CH,—~CHj + nZnCl,

Scheme 6 Reaction of allylic chlorine with stabilizer system.

regarded as secondary stabilizers used to enhance
the effectiveness of metal soaps. They act as accept-
ors for the liberated hydrogen chloride'*'” and
retardants for the appearance of discoloration [as in
scheme (3) and (4)]:

From the aforementioned observation and results,
it seems reasonable to propose the following mecha-
nism for the stabilization of thermally degraded
PVC in the presence of Ca/Zn and ESO. The esterifi-
cation and reactions, which occur with allylic chlo-
rine groups in PVC, provide an explanation for the
synergism observed in the stabilization of PVC con-
taining a combination of an epoxy compound with
metal stabilizer. The mechanism of stabilization can
be displayed by Schemes (5-7):

All the samples were subjected to thermogravi-
metric analysis (TGA), and the data were used to
assess the effect of ESO in combination with DEHP
on the degradation of PVC sheets. The TGA of the
plasticized blends are given in Figure 4. The thermal
decomposition temperatures involving two steps of
degradation measured from the peaks observed
from the first differential of TGA. In the first stage
of PVC degradation, the most abundant volatile
product is HCl. At low-temperature, molecular
dehydrochlorination plays a fundamental role
whereas at higher temperature the radical mecha-
nism becomes relevant. HCI formed further catalysis
the degradation process releasing more HCl and the
formation of polyenes occurs. During the first
decomposition stage of this system, the total mass
loss was found to be in the range (69.27-76.07%)
between 185.23 and 350°C. Thus, this first mass loss
represents not only loss of chlorine as HCI, but also
loss of plasticizer system or its decomposition prod-
ucts. The mass loss in the second decomposition
stage was found to be between (14.05- 20.58%) and
this occurs at a temperature range of 435-566°C. The
loss of HCI makes the allylic chlorine more active in
the polymer chain and its unzipping results in poly-
ene linkage, till the conjugated structure is stabilized
by resonance. The decomposition temperature in the

first step of dehydrochlorination increases with the
incorporation of ESO in the plasticizer systems.

Table II summarizes the values of initial degrada-
tion temperatures, corresponding to the onset of the
plasticizer evaporation and the loss of hydrogen
chloride from the PVC molecule. It was concluded
that the plasticizer combination affect the thermal
stability of the plasticized PVC samples. ESO used
in combination with DEHP systems at 15/45 was
generally found to be the most effective in retarding
the temperature to 205.56°C. ESO tendency to form
network structures appears to determine the upper
limit of the effective substitution of DEHP by ESO in
plasticized PVC formulation.

The plasticized PVC with a single plasticizer has
been discussed extensively in the literature. How-
ever, its real application, to optimize properties two
or more plasticizers are frequently used. The me-
chanical properties of PVC/(DEHP/ESO) ternary
blends were studied. The total plasticizer content is
60 phr in the blend.The variation in the hardness of
the plasticized PVC is shown in Figure 5. The hard-
ness Shore A and D values of formulations in pres-
ence of ESO in combination with DEHP are lower
than that of DEHP alone. Such reduction in hardness
with the addition of ESO is attributed to the plasti-
cizing effect of the epoxides. As discussed in above,
the incorporation of ESO with DEHP (15/45)
appears to produce a synergistic effect.

PVC is a hard and strong material and shows
dipole-dipole type attractions as a result of the elec-
trostatic interactions between the chlorine atom of
one chain and hydrogen of another. These interac-
tions are weakened by the presence of a plasticizer;
such dioctyl phthalate; increasing its flexibility and
reducing the viscosity of the molten material; the
Young modulus and the T.'"® Titow'” has reported
that the level of plasticization of the PVC blends
depended on the amount of the plasticizers added.
We also investigated the effects of the ESO on the
mechanical properties of PVC/(ESO/DEHP) blends.
Figure 6 shows the same tensile strength at break
with the incorporation of ESO until 20/40 of plasti-
cizer system and it decreases. The formulation with
15/45 of ESO/DEHP (25 wt % of plasticizer system),
the elongation at break was the biggest, higher than
that of all plasticized samples. The stress at break as

2 ~CH,(~CH=CH-CHCl),~CH>~CH; + nCas(OCOR), + nZn(OCOR), —
—CH,~(CH)=CH-CH(OCOR)),~CH,~CHj + Zn(OCOR), + CaCl,

Scheme 7 Mechanism of PVC stabilization with metal stabilizer.

Journal of Applied Polymer Science DOI 10.1002/app
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Temperature (°C)

Figure 4 Thermogravimetric curves of samples at 10°C
min ' with ESO/DEHP: 1-00/60, 2-05/55, 3-10/50, 4-15/
45, 5-20/40, 6-25/35, 7-30/30.

function of the plasticizer content for 20/40, 25/35,
and 30/30 samples is shown. These stresses decrease
as the plasticizer contents increase. The same behav-
ior the measurement of elongation at break and
Young modulus were also observed. This mechani-
cal behavior could be explained by the difference in
the T,s and the viscosity differences of the two plas-
ticizers: ESO presented a lower viscosity, and this
enabled its insertion between polymer chains,
thereby reducing the inter chain interactions. It can
be seen that 15/45 of ESO/DEHP shows good plasti-
cization of PVC compared with all the realized com-
positions. The dependence of hardness shore A or D
is related to the tensile parameters. The variation of
hardness with the ESO composition is similar to the
Young’s modulus and tensile strength at break. The
hardness is found to exhibit similar trends as the
tensile strength and modulus, and further confirms
the observations on modulus.

The dynamical mechanical property of plasticized
PVC was measured by DMA and the damping fac-
tor (Tang d) as function of temperature of sheets is
shown in Figure 7. The temperature at the maximum
point of the loss tangent was taken as the measure
of the T,. An interesting observation from the T,
measurements was that the mixtures of DEHP and
ESO and PVC showed a single T, of formulations
investigated, indicating that there is complete misci-
bility between these additives and PVC over this
range. ESO sheets of 0-50 wt % in plasticizer system
displayed significantly lower T, than 78°C, which
corresponds to PVC T,.

These results confirm that addition of both ESO
and DEHP causes a small increase in T, of the PVC
compound. A plasticizer behaves similar to a solvent
when mixed into a polymer and results in the lower-
ing of the T, and by this way influences its flexibil-
ity. Ziska et al.'® reported that the appearance of a
single T, was often used as a criterion for blend
compatibility. However, besides the compatibility,
the interactions between the DEHP and ESO should
also be learned in studying the FWHM (full width at
half maximum), which is the same until 15/45 in the
formulation PVC/(DEHP/ESO) ternary blends.

Table III summarizes the compositions, the a-tran-
sition temperature (Tg)l, and the FWHM? of all the
PVC blends prepared. Incorporating DEHP and /or
ESO increases T,, and ESO/DEHP appears to be a
more effective until 15/45, it shifts T, to ambient
temperature (21°C) and comparable value of FMHM
to those with lower contents of ESO/DEHP.

Besides the plasticization effect, plasticizers should
also be resistant to migration. Migration stability
was characterized by the amount of plasticizer
migrated out of samples to the liquid phase (extract-
ability) or to the gaseous phase (volatility) under
harsh or severe conditions.

Migration behavior was characterized by meas-
uring the weight loss of the specimens under two
different test conditions designed to simulate the
environments where flexible PVC products are used.

TABLE II
Thermal Decomposition and % Weight Loss for Various Samples Compositions
1st Stage 2nd Stage
ESO/DEHP TS Tmax> % Weight loss T/ Tmax® % Weight loss
00/60 188.50 297 72.26 418.54 460 17.79
05/55 199.09 297 76.07 409.93 465 14.67
10/50 201.14 296 72.65 415.50 455 20.24
15/45 205.56 299 69.27 403.23 457 14.05
20/40 187.54 299 71.22 404.82 450 16.73
25/35 186.26 290 72.61 406.87 445 20.58
30/30 185.23 280 70.20 408.57 446 21.51

? The onset degradation temperature.
b Temperature at maximum weight loss.

Journal of Applied Polymer Science DOI 10.1002/app
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Figure 5 Shore Hardness A and D of PVC samples con-
taining various contents of plasticizer system.

The test methods were designed to simulate each
representative environment for plasticizer migration
into different contacting media. The extraction test
simulates the variety of environments where migra-
tion may occur to a contacting liquid media of
which examples range from food wraps to food
packages to bottles to medical blood bags. The vola-
tility test simulates the migration of plasticizer from
the flexible PVC product to the atmosphere; for
example, to represent plasticizer migration from
flexible PVC flooring to air in a closed room at ele-
vated temperature. It is also noted that test methods

20
[ Tensile strenght at break (MPa)
| |72 Elongation at break (%)
77} Young modulus
154
3 o) 5 i ;}
Q £
= 104 3 #
3 2
>
5-

0060 05955 1040 1545 20140

ESODEHP

Figure 6 Mechanical properties of PVC sheets containing
various contents of plasticizer system.
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Figure 7 Behavior of glass transition data of the realized
formulations.

were modified to accelerate the migration so that the
weight loss during the tests would be large enough
to contrast the migration in flexible PVC plasticized
by ESO/DEHP. In the extraction test, the excess
amount of n-hexane with a relatively vigorous me-
chanical stirring at 40°C accelerated the migration of
extractable parts in the blend. In the volatility test,
the evaporation of volatile additives was accelerated
by putting the specimen sheets in oven at 100°C for
7 days. The extraction and the volatilization of sys-
tem plasticizers are expressed in terms of the per-
centage of weight loss after immersion or heating.
An increase means that the leaches penetrated the
samples, whereas a decrease means that some addi-
tives are volatilized. The mass variation data corre-
sponding to the realized formulations with time of
contact with solvent or heat are given in Figures 8
and 9, respectively. Figure 8 shows the greatest

TABLE III
Glass Temperature T, and FWHM of the Realized
Formulations from DMA Curves

Plasticizer system T, FMHM
content (ESO/DEHP) KON o
00/60 12.68 53.96
05/55 18.50 54.15
10/50 21.62 55.61
15/45 21.70 56.90
20/40 26.76 63.40
25/35 33.64 65.87
30/30 31.36 66.74

® o-transition temperature is based on the tan § peak
value at 1 Hz measured in DMA.

" FWHM (full width at half maximum) here is defined
as the breadth (duration of temperature) of the transition
peak at half of its maximum peak value.
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migration rates occur in the first stages of the pro-
cess. They then become lower and tend to a mini-
mum as the time increases. It can be seen that the
samples from 00/60, 05/55, and 10/50 until 15/45
of ESO/DEHP showed linearly leaching, but the
other showed a considerable resistance to leaching,
with a maximum weight loss within the duration of
the tests less than 8%. This phenomenon arises
because when plasticizer migration occurs from flex-
ible PVC in large amounts, the extraction solution
slowly fills the vacant locations in the matrix. This
means that n-hexane penetrated plasticized PVC,
whereas migration of some additives occurred. Fur-
ther, PVC can shrink and became hard and stiff, so
the rate of DEHP migration might decrease with
time as a result in all the PVC samples. It may be
seen that the amount of DEHP extracted is directly
proportional to ESO content. It is expected that
DEHP contributes most to the migrated additives.
According to current legislation (Directive 90/128/
EEC and its amendments; EEC 1990), the overall
migration to a foodstuff from food contact plastics
must be less than 10 mg of plastic compounds per
dm? of surface area.

In Figure 9, the volatilization increased at initial
period and then gradually to equilibrium. The larger
the amount of DEHP, the more intensively loss takes
place. The results show low-volatilization from the
plasticized samples with those containing low quan-
tities of ESO. This phenomenon can be explained
that DEHP permeates into the space of PVC molecu-
lar chains when the main two materials, PVC and
DEHP are mixed. Intermolecular interaction between
the polymer chains decreases with increasing DEHP,
and consequently the whole bonding force decreases

(%)
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Figure 8 Migration of plasticizer system in hexane at
40°C.
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Figure 9 Migration of plasticizer system in oven at 100°C
of ESO/DEHP: 1-00/60, 2-05/55, 3-10/50, 4-15/45, 5-20/
40, 6-25/35, 7-30/30.

to release more DEHP from PVC matrix. The perma-
nence properties shown by PVC/(DEHP/ESO for-
mulation can be attributed partly to the relatively
high molecular weight of ESO and to its thermal
behavior (tending to form network structures at ele-
vated temperatures).

Excellent volatility resistance is particularly impor-
tant in PVC where specifications require minimal
losses after air aging. Human exposure to DEHP,
estimated to be an average of 1-30 micrograms per
kilogram of body weight per day, according to the
U.S. National toxicology Program (NTP).

CONCLUSIONS

A clean, facile, and ecologically friendly method for
the epoxidation of SO has been developed. ESO is
able to be for partial replacement of DEHP at up to
25 wt %, displaying acceptable properties in the
areas of thermal and mechanical properties. With
the inclusion of epoxy groups, this plasticizer should
also have the added advantage of being a heat stabi-
lizer. It was confirmed that ESO is compatible with
PVC and has a few plasticizing effects, this was
demonstrated both in terms of T, and in shore
hardness.

Plasticizer migration was reduced in proportion to
the amount the plasticizer replaced. At moderate (25
wt %) of plasticizer levels of incorporation of ESO
moderate improvements in the measured properties
of plasticized PVC were observed. The rates of the
mass variations increased for both model leachates
considered indicating their penetration in or
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migration from the plasticized PVC samples. The
phenomenon is influenced by the plasticizer concen-
tration, the temperature, the composition, and the
nature of the model leachate. At low moderate until
25% levels of incorporation of ESO, moderate
improvements in some of the measured properties
of the plasticized PVC were observed. ESO tendency
to form network structures appears to determine the
upper limit of the effective substitution of DEHP by
ESO in plasticized PVC. ESO, the derivative of a
renewable natural vegetable oil, may be more envi-
ronmentally friendly than DEHP and other petro-
leum-based plasticizers.
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