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Abstract

A new oleic acid derivative plasticizer, epoxidized trimethylolpropane trioleate (EPO), has been synthesized and its
application in PVC formulations compared with di(2-ethylhexyl) 1,2-cyclohexanoate (DOCH/DEHCH), a commercial
phthalate-free plasticizer of petrochemical origin. EPO and their blends with DOCH were added to PVC resin (50 PHR)
and the plasticized PVC has been characterized by thermal and mechanical measurements. EPO demonstrated good
compatibility with the PVC resin improving the thermal stability and elongation at break. Due to EPO high molar mass,
a slight increase in the glass transition temperature and hardness was observed as the content of EPO in the plasticizer
blend increased. The results indicate that EPO is a potential plasticizer for PVC when pure and, by replacing 50% of
DOCH, the PVC compound shows similar properties to pure DOCH, but better elongation at break and thermal stability.
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1. Introduction

Poly(vinyl chloride), PVC, is the most widely used
thermoplastic in commercial and household applications,
such as toys, medical supplies, packaging materials, and
others!!l. This range of uses is due to the large number of
additives that can be incorporated into PVC, originating
from rigid to flexible or translucent to opaque products!?.
The most used additives in PVC are plasticizers. These
compounds can efficiently interact with the polymer due
to the existence of the polarized C-Cl bond in PVC, which
allows the association between the plasticizer and polymer
chain during the product’s lifetime!**.

Many plasticizers used in PVC are derived from
petroleum and have phthalates in their structure. Some
studies show that these compounds, containing a phthalate
fraction, are very toxic and can cause disturbances in the
human reproductive system®#l. The restriction of the use
of phthalates, in particular dioctyl phthalate (DOP), as a
plasticizer is increasing. In the United States, for example, the
Environmental Protection Agency (EPA) has already banned
its use in toys that go in children’s mouths. Currently, there
are many alternative plasticizers to DOP, one of which are
secondary alcohol esters of cyclohexanecarboxylic acids,
that have been used to prepare flexible PVC compounds
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with enhanced low temperature flexibility, low toxicity, and
improved resistance to outdoor aging!®!%.

Among the commercial non-toxic plasticizers used,
di(2-ethylhexyl) 1,2-cyclohexanoate (DOCH) stands out as
a highly efficient and phthalate-free primary plasticizer!!'-'3),
Schilling and Kelly!'* found that DOCH is more compatible
with PVC in formulations with high contents of plasticizer
(100 PHR or more) and, the blend of DOCH with other
plasticizers showed a better performance in the range of
60-120 PHR. However, with the increasing restrictions of
environmental policies and the imminent depletion of oil,
more and more people are opting to replace fossil plasticizers
with ones from renewable sources!!'.

Vegetable oil-based plasticizers have a high potential
to replace petrochemical plasticizers. Among the vegetable
plasticizers, epoxidized soybean oil (ESO) stands out, being
among the green plasticizers recognized by the Food and
Drugs Administration of the United States!'®!.

Epoxidized soybean oil (ESO) is known as an additive
in plasticized PVC since it functions both as a plasticizer
and stabilizer. Therefore, Karmalm et al.'” studied ESO
as a primary PVC plasticizer in the formation of plastisols
and noticed that after aging the material became stiff and
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opaque, due to the formation of a cross-linking network
between ESO and PVC. However, using a suspension PVC
resin,it was not observed, concluding that the crosslinking
reaction was catalyzed by some component of the PVC
plastisol preparation, which was avoided by the addition
of stabilizers.

Mao et al.'¥ studied the ability of ESO, tri(2-ethylhexyl)
trimellitate, and their blends as plasticizers for PVC. Both
were efficient in plasticizing the polymer and, as expected,
plasticizer migration decreased with increasing ESO content.
In addition, PVC compounds with higher ESO content
showed lower Shore D hardness. Given this, ESO can fully
or partially replace the fossil plasticizer.

Epoxidized soybean oil and its methyl esters were tested
as plasticizers for PVC by Chaudhary et al.l"”!. The authors
showed that ESO, even having a high molar mass, proved
compatible with PVC, plasticizing it efficiently. This study
shows that soybean oil and its derivatives can be used as
sustainable plasticizers for PVC and meets the requirements
for coating wires and cables, among others.

When PVC is used in food packaging, the migration of
plasticizers is of increasing concern in terms of toxicity and
environmental pollution. Therefore, Coltro et al.?" studied
the migration of several plasticizers from the PVC matrix,
including ESO. The authors used olive oil as a simulant for
fatty foods and it was proven that ESO showed the highest
rate of exudation. Choi et al.?!) also evaluated the migration
of ESO simulating fatty food environment using n-heptane.
The samples with ESO showed a high exudation rate,
around 35%. These results demonstrate that the migration
of plasticizers should be constant.

Besides, the search for new plasticizers from ESO
or other green sources has been gaining space in recent
years??. Jia et al.”’! synthesized new polyol esters using
soybean oil, with glycerol or pentaerythritol, of which two
were acetylated and two were additionally epoxidized.
The pentaerythritol-derived esters showed the best
performance as a PVC plasticizer. Zheng et al. performed
the transesterification of methyl esters from waste cooking
oil with 2-ethylhexanol®!. These epoxidized esters were
tested as plasticizers and the obtained PVC compounds
showed improved mechanical and thermal performance,
and the migration resistance was reduced. In addition,
2-ethylhexyl epoxidized esters from cooking oil proved to
be an effective alternative to dioctyl phthalate, replacing
about 40% of the total plasticizer.

In2015, Kandula et al.*' added several functional groups
such as epoxy, acetoxy, methoxy, thiirane, and aziridine to
soybean oil and evaluated it as a PVC plasticizer. The high
viscosity and darker color of the aziridine and thiirane
derivatives limited their usefulness, while the physical
properties of the other derivatives were acceptable. Methoxy
and acetoxy plasticizers of soybean fatty acid esters (methyl
and n-butyl) showed good PVC compatibility, high efficiency,
and gelling properties comparable to the properties of the
commercial plasticizer, di-isononyl phthalate.

Owing to environmental concerns and the impending
depletion of petroleum, this study developed a new green,
phthalate-free plasticizer. This bio plasticizer was synthesized
from the epoxidation of a vegetable triester, trimethylolpropane

2/10

trioleate. The difference to a triglyceride is the absence of
hydrogen-f, which increases the thermal stability in relation
to soybean oil derivatives®. In addition, epoxy groups were
added for better compatibility of the bioplasticizer with
PVC. This product was tested as a plasticizer, either pure or
mixed with DOCH at different concentrations (10 - 50 PHR),
and the plasticizer efficiency was investigated through the
mechanical and thermal properties.

2. Materials and Methods

2.1 Materials

PVC was purchased from Braskem (Norvic® SP1000)
having a volumetric density of 0.52 + 0.03 g.cm?.
Di(2-ethylhexyl)-1,2-cyclohexane dicarboxylate (DOCH)
was purchased from Elekeiroz® (EKFLEX® 8815), with
a density of 0.952 g.cm™ and a molar mass of 396 g.mol".
Trimethylolpropane trioleate (Emulchem OTMP) was
purchased from Chemax® with a molar mass 0of 924 g.mol™.
Formic acid and 30% hydrogen peroxide were purchased
from Synth and Nuclear, respectively. External lubricant
(Stearic Acid, Gotalube), thermal stabilizer (Ca-Zn, Gotalube
GL-4522®), and optical brightener (Hostalux KCD®) were
donated by the Federal Institute of Rio Grande do Sul (IFRS).

2.2 Epoxidized Trimethylolpropane Trioleate Synthesis
(EPO)

Trimethylolpropane trioleate, OTMP, (30.92 g, 0.10 mol
double bond) was mixed with formic acid (7.55 mL, 0.2 mol)
in a round-bottomed tritubulated flask under mechanical
stirring followed by the addition of an aqueous solution
of 30% hydrogen peroxide (204 mL, 2 mol) drop by drop
for one hour (maintaining a molar ratio of 1:20:2 double
bond/hydrogen peroxide/formic acid). This addition was
performed at room temperature, and the reaction proceeded
for 4 h at 65 °C. Thereafter 100 mL of a saturated solution
of sodium bisulfite was added and the mixture was stirred
for 15 min. The mixture was placed in a separation funnel
and washed with 130 mL diethyl ether. The organic phase
was separated and washed with 200 mL deionized water
and 200 mL brine, and the pH of the solution should be
around 7. The aqueous solution was discarded, the organic
phase dried with anhydrous sodium sulfate, filtered, and
concentrated in a rotary evaporator. The isolated product
was characterized by 'H-NMR, TGA, GPC, and Brookfield
Viscosity. Yield: 55%

OTMP="HNMR (400 MHz, CDCL,) & (ppm): 5.33 (He,
m, 5.97H), 4.01 (Ha, s, 6H), 2.29 (Hb, t, 6.10H), 1.99 (Hd
and Hf, m, 11H), 1.60 (He, m, 6.28H), 1.29 (CH,, m, 60H),
0.87 (CH,, t, 12H). (Figure S1 — Supplementary Material).

EPO ="HNMR (400 MHz, CDCI,) & (ppm): 3.99 (Ha,
s, 6H), 2.87 (He, m, 5.76H), 2.28 (Hb, t, 6.57H), 1.59 (Hd,{,
m, 6.24H), 1.47 (He, m, 20.97 H), 1.30 - 1.25 (CH,, m, 40H),
0.86 (CH,, t, 12H). (Figure S2 — Supplementary Material).

2.3 PVC compound preparation

100g of PVC resin (sp1000) was mixed in an intensive
mixer, developed by IFRS, with external lubricant (Stearic
Acid, 0.5 PHR), thermal stabilizer (Ca-Zn, 3 PHR), and an
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optical brightener (Hostalux, 0.2 PHR) until a temperature
of 80 °C was reached, by shearing with 7200 rpm. At this
temperature, the plasticizers EPO and/or DOCH (50 PHR)
were added, the temperature was increased to 95 + 1 °C, and
kept stirring for 30 minutes to obtain the dry blend. After
this time, the dry blend obtained was calendered in calender
with dimensions 149 x 92 x 59 cm (H x W x D, MH150C,
MH Equipaments®) and two horizontal stainless steel rolls
(@ 11x23 cm, 25 rpm) at 130 °C, forming rectangular films
with 22 x 33 cm length versus width, and 1 mm thickness.
The films were cut into 11x11 cm squares, stacked, and pressed
at 150 °C with 8 tons of pressure for 20 min. The pressed
squares were cut according to type IV specimen [ASTM
D638-02], with 4 + 1 mm thick and 11 cm in total length,
and stored at 25 °C. The samples were labeled SODOCH,
4010, 2525, 1040, and S0EPO according to Table 1.

2.4 Characterization of EPO and PVC compounds

2.4.1 "H NMR measurements

"H NMR spectra were performed in equipment Bruker
400 MHz. Samples were dissolved in deuterated chloroform
(CDCL,), using the chloroform signal at 7.26 ppm for
calibration.

2.4.2 Infrared spectroscopy (FTIR)

The Infrared spectra (IR) were recorded on a Perkin-
Elmer spectrometer model Frontier in the ATR (attenuated
total reflectance) mode, the spectra expressed by the
wavenumber ratio (cm™) being the sample analyzed from
6000 to 400 cm™.

2.4.3 Gel Permeation Chromatography (GPC)

Analyzes were performed on Viscotek chromatograph
with GPCmax module (VE2001) equipped with detector
TDA402 and Shodex columns (806M, 805L, 804L, and
803L). The samples were solubilized in THF and filtered
with a Chromafil Xtra PVDF - 45/25 filter with a pore
size of 0.45 um before injection. For calibration standard
monodisperse polystyrene samples were used.

2.4.4 Brookfield viscosity

The viscosity of the solutions was measured at 60°C
on a DVII + PRO digital viscometer (Brookfield) and the
results were expressed as dynamic viscosity (cP).

2.4.5 Mechanical dynamic analysis

According to ASTM E1640, the DMA analysis was
performed on a Perkin Elmer DMA 8000 equipment at
a heating rate of 2 °C.min’! using a strain amplitude of
0.010 mm and a frequency of 1 Hz.

2.4.6 Hardness Test (Shore A)

Based on ASTM D2240-15, the test was performed in a
standard laboratory atmosphere at a temperature of 23 + 2 °C

Table 1. Plasticizer content in each formulation (PHR).

and relative humidity of 50 + 10% using a Shore A durometer
(Woltest®, 0-100 Shore A). The samples were at least 5.0 mm
thick and the analysis was performed at five different positions,
5 mm apart. The durometer readings were taken after ten
seconds of penetration of the durometer tip into the sample.

2.4.7 Tensile properties

To determine the tensile properties of PVC samples the
universal testing machine (DL2000, EMIC, Brazil) was
used, the test was based on ASTM D638-14 at a speed of
50 mm.min"' with a load cell of 500 Kgf. Five samples were
conditioned in a standard laboratory atmosphere. A 25 mm
strain gauge was used, and the samples were 6 mm wide in
the working area and 5 = 1 mm thick.

2.4.8 Thermogravimetric analyzer

TGA measurements were performed in a Perkin Elmer
TGA 4000, based on ASTM E1131-08. The analysis parameters
used were a heating ramp from 30 °C to 900 °C at a heating
rate of 20 °C.min"' under an inert atmosphere (nitrogen).
The initial mass of the samples was 9.500 mg + 1 mg.

2.4.9 Migration testing

To evaluate the migration of polymeric matrix plasticizers
tests were performed in n-heptane according to ASTM
D1239-1427 and resolution n°105 of ANVISA (National
Health Surveillance Agency, Brazil)*. This test consists of
weighing the materials and after submerging seven (7) days in
the n-heptane, and after this time the samples are weighed again.

3 Results and Discussion
3.1 EPO synthesis

Since the 1950s, conventional epoxidation, also called
Prilezhaev epoxidation, can be used to epoxidize vegetable
oils. This conventional epoxidation method uses peracids,
with performic, peracetic, and m-chloroperbenzoic being the
most common!. Even though benzoic peracids have high
activity in epoxidation, they are characterized by high cost
and difficulty in separating the oil and the aqueous phase.
Among the other two peracids, performic acid is preferable
to peracetic acid, because the latter requires the addition of
a strong and corrosive acid as a catalyst (e.g. HNO,, HCI,
H,SO,) and higher temperatures, which can cause hydrolysis
of the oxirane ring formed®*31,

Therefore, when performing reactions on larger scales, it
is preferable to use the in situ generated performic acid and
for this reason, this method was chosen for the epoxidation
of trimethylolpropane trioleate (OTMP) to obtain EPO from
the epoxidized product as shown in Figure 1.

3.2 NMR analysis

The following signals are observed in the OTMP
spectrum (Figure 2A): at 5.3 ppm for oleate fraction of

50DOCH 4010 2525 1040 50EPO
DOCH 50 40 25 10 0
EPO 0 10 25 40 50
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Figure 1. Epoxidation of OTMP to obtain EPO.
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Figure 2. 'H-NMR spectra of (A) OTMP and (B) EPO (400 MHz, CDCIL,)".

vinyl hydrogens; at 4.0 ppm, the methylene hydrogens
CH,-O; at 2.3 ppm, the methylene hydrogens CH,-CO;
at 2.0 ppm, allylic methylene hydrogens CH,-CH = CH,
at 1.6 ppm, the methylene hydrogens CH,-CH,-CO, at
1.3 ppm, the aliphatic methylene hydrogens and 0.9 ppm
methyl hydrogens -CH,. The lower intensity signals at

3.5 and 2.8 ppm refer to hydrogens derived from linoleate
present in the starting reagent!3?),

The EPO NMR spectrum (Figure 2B) was confirmed
the complete consumption of the double bonds (signal
disappearance at 5.0 and 2.0 ppm) and the appearance of
the signal at 2.9 ppm, corresponding to the hydrogens of
the oxirane ring and at 1.5 ppm of the methylene hydrogens
adjacent to the oxirane.

The product was obtained with a conversion of 100% of
the double bonds and approximately 81% epoxy selectivity
(calculated by Equation 1 using the integration obtained
through 'H NMR spectrum), giving a functionality of
2.3 epoxy groups.mol’. As it is known from literature!3’!
excess formic acid and long reaction times can lead to
opening reactions of the epoxy group resulting in OH/
formiate groups.

4/10

H epoxide
H doublebond

*

Selectivity = 100

(M

3.3 FTIR analysis

The FTIR spectra of OTMP and EPO are shown
in Figure 3. In the OTMP spectrum was observed
the double bond signal at 3014 cm™ (=C-H stretch
due to cis unsaturated fatty acid), which disappears
in EPO IR-spectrum and a new absorption band at
810 cm™! attributed to the C-O-C asymmetric bending
of the epoxy group is observedP*

3.4 GPC and brookfield analysis

Table 2 shows the number average molar mass and
Brookfield viscosity of the OTMP, EPO, and the commercial
PVC plasticizer, DOCH. The number average molar mass
was determined by GPC using a calibration curve with
standard monodisperse polystyrene samples and THF as
eluent. Therefore, the obtained Mn is a relative value and
depends on the hydrodynamic volume of the molecule in
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solution. The compounds based on trimethylolpropane esters
showed higher viscosity and higher molar mass than DOCH.
Although EPO and OTMP have similar molar masses,
EPO showed a higher viscosity than OTMP, probably due
to the presence of stronger intermolecular interactions due
to the presence of epoxy groups. However, etherification
and esterification of the epoxide groups of EPO generating
compounds with higher molar mass cannot be ruled out
as observed in GPC curves of the plasticizers in Figure
S3 (Supplementary Material).

3.5 TGA analysis

TGA/DTG curves of the plasticizers performed under
an inert atmosphere are presented in Figure 4, and initial
decomposition T, and maximum degradation rate temperature
(T, are summarized in Table 3. The compounds derived
from vegetable oil (OTMP and EPO) showed higher thermal
stability than DOCH, which presents a degradation process
withT  at204°CandT__ at315°C. While OTMP presented
only one process of weight loss with T at 342 °C and
T . at441°C, EPO degraded in two processes: from 200 to
400 °C, due to the elimination of formiate groups attached
to the opened oxirane rings corresponding to 11% weight
loss and from 400 to 500 °C, relative to the main carbon
chains degradation. As expected, the epoxidation of double
bonds increases the thermal stability of the compounds!**3l,
None of the three compounds presented residue.

3.6 Characterization of PVC compounds

Characterization was performed on the specimens produced
according to the formulation in Table 1. It was not possible to
obtain a specimen as pure PVC, because degradation occurs
during calendering, and the OTMP cannot plasticize PVC.

3.6.1 DSC analysis

An essential parameter of the plasticizer efficiency
is the reduction of the glass transition temperature (Tg)
compared to pure PVC. The Tg of the PVC resin used is
86°C (determined by DSC in Figure S4 - Supplementary
Material). The DSC heating curve of pure EPO showed
a melting peak around -10 °C (Figure 5) which was not

Table 2. Number average molar mass and Brookfield viscosity
of PVC plasticizers.

Mn (g.mol") Viscosity (cP)
DOCH 373 9.49
OTMP 1325 22.35
EPO 1317 52.85

g
@
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Figure 3. FTIR spectra of OTMP and EPO.
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Figure 4. TGA and DTG curves of the plasticizers DOCH, OTMP,
and EPO (N,, 20°C.min™).
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Figure 5. DSC heating curves of EPO and PVC S0EPO (20 °C/min,
N, atmosphere).

Table 3. Thermal degradation temperatures of DOCH, OTMP, and EPO.

DOCH OTMP EPO

T, .0 204 342 219

First Process T, (O 315 441 279
Loss Weight (%) 100 100 11

T, .0 - - 364

Second Process T, (O -- -- 453
Loss Weight (%) -- -- 89
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observed in the plasticized PVC, indicating compatibility
between the PVC and the plasticizer. As observed in Table 4,
the addition of EPO to PVC decreased the glass transition
temperature by about 30 °C compared to resin, as there is a
weakening of intermolecular interactions and an increase in
the free volume between the PVC chains resulting in higher
overall mobility of the main chain®7-4%,

The polar ester and epoxy groups of the plasticizers
interact with the polar part of the PVC polymer chain,
spacing out the PVC molecules reducing their friction,
and increasing the compatibility!". Furthermore, the long
non-polar alkyl chain can increase the free volume between
polymer molecules, resulting in a reduction of Tgl*!l.

3.6.2 Mechanical properties

The compatibility and plasticized effect of EPO in
PVC were investigated by DMA measurements. The Tg
of the PVC compounds was obtained by the maximum
peak of the tan 6. Figure 6 shows tan o versus temperature
curves of plasticized PVC with DOCH and EPO mixtures.
All compounds presented only one symmetrical tan 6 peak,
indicating that the materials are uniform, in other words,
the plasticizers are compatible with PVCI*42],

Therefore, the sample SODOCH presents a lower glass
temperature than EPO plasticized samples, since EPO
has a molar mass three times higher than DOCH. Similar
results were observed by Omrani et al.*! using a bio-based
plasticizer from oleic acid.

However, in the work of Ma et al.*¥], the addition of a
compound with a high molar mass causes an increase in the
free volume of the molecule and, consequently, a decrease
in the glass transition temperature. This effect was related
to the dendritic structure of the molecule, which promotes
the separation of PVC molecules. Tan et al.*! also observed
that the incorporation of flexible oxyethyl units in the
plasticizer can efficiently reduce the Tg of the plasticized
PVC, although the higher molar mass.

The storage modulus of the PVC compounds (Figure 7)
increases as the amount of EPO increases, indicating greater
resistance to deformation. These data corroborate with the
high Tg and Shore A hardness values (Table 4), because
the higher the energy storage, the lower the free volume,
which leads to increased stiffness of the PVC compound.
Similar results were reported by Feng et al.*! when using
cooking oil modified with an alkyl diacid as a bio plasticizer.

The efficiency of the plasticizer can also be described
by hardness measurements because it is associated with the
free volume in the PVC matrix“’. The lower the hardness
of the material, the higher the mobility of the PVC chains,
consequently, the better is the plasticization efficiency.
The addition of EPO to the PVC matrix has slightly increased
the hardness of the material regarding the formulation with
the commercial DOCH (Table 4), which should be associated
with its higher molar mass in comparison with DOCH.

Table 4. Properties of PVC compounds.

Omrani et al. also obtained similar Shore A hardness for
PVC plasticized with a bio-based plasticizer synthesized
from the oleic acid and thioglycolic acid“?..

Mehta et al.l*”) prepared PVC plasticized with a blend
containing 26 PHR of DOP and 26 PHR of an epoxy acylated
ricinoleic acid binary alcohol ether ester and obtained a
compound with a hardness of 95 Shore A. This value is
much higher when compared with the hardness of SOEPO
(89 Shore A), using 50 PHR of vegetable triester.

Table 5 shows the mechanical properties of PVC
compounds. The addition of EPO increases the elastic
modulus and the elongation at break of the material; however,
no significant variation of tensile strength was observed
indicating that EPO is a potential plasticizer to substitute
the petrochemical DOCH.

The elongation at break reached the highest value (24%
higher than SODOCH) when equal weight proportions of
DOCH and EPO are presented (2525). Similar results were

Temperature ("C)

Figure 6. Tan § versus temperature for PVC compounds.

Log E' (Pa)

Temperature (:C)

Figure 7. Storage modulus versus temperature of PVC compounds.

50DOCH 4010 2525 1040 50EPO
Tg (°C) 37 38 40 48 46
Hardness (Shore A) 82 83 86 88 89
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Table 5. Mechanical properties of PVC compounds.

Sample Tensile strength at break

Young’s Modulus (MPa)

Tensile strength (MPa) Elongation at break (%)

(MPa)
50DOCH 144 +0.8 31.5+4.8 23+0.1 215+22
4010 141+1.0 323+29 25+0.2 221 +74
2525 14.8+0.2 347+24 24+0.1 268 £ 20
1040 143 +0.1 69.7+0.7 24+0.1 231+ 04
50EPO 142+0.6 642+2.5 26+0.1 227 +26
Table 6. TGA data of PVC resin and compounds.
T, (C) T, (°C) T, (C) T, (°C) Residue (%)
PVC-Resin 238 346 318 477 49
50DOCH 230 325 319 479 3.9
4010 257 333 312 481 5.6
2525 264 347 329 483 6.1
1040 276 358 340 477 5.8
SO0EPO 278 379 341 479 54
observed for the plasticizing effect of epoxy soybean oil
compared with dioctyl phthalate petrochemical plasticizer!**!. 100.] 00001

Feng et al. also obtained a much higher elongation at break
using a natural origin plasticizer.

3.6.3 TGA analysis

The thermal stability of the PVC compounds was
investigated by thermogravimetric analysis (TGA) as showed
in Figure 8. The thermal data as initial decomposition
and 50% loss weight temperatures (T and T, ) and, the

maximum degradation rate temperature corresponding to
each process (T, and T, ,) were summarized in Table 6.

All PVC compounds showed the characteristic two-loss
weight processes. The first one corresponds to the PVC
dehydrochlorination and the second to the formation of
aromatic and allyl compounds followed by degradation of
hydrocarbons chains. After the hydrogen chloride loss and
breakage of double bonds, cross-linking occurs between
polymer chains originating carbon black, which explains
the residue of 4 to 6% regarding the initial weight of the
PVC resint***",

While for the formulation with commercial plasticizer
DOCH (50DOCH) the thermal stability decreased, all
specimens formulated with EPO improved the thermal
stability. The initial degradation temperature, T, and
T,,, increase as the content of EPO increases. Comparing
pure PVC resin with SOEPO, an increase of 40 °C in the
T ... Was observed, better than the results obtained for
plasticizers based on epoxidized soybean oill*4¢l. Only
T,,, remains very close to PVC resin confirming that the
plasticizer acts directly on the loss of hydrochloric acid
from PVC. As described in the literature the epoxy groups
can absorb hydrogen chloride degraded by light and heat,
preventing the continuous decomposition of PVC and
prolonging its lifetime!!).

3.6.4 Migration test

The migration stability of the EPO plasticizer in PVC
blends was preliminarily investigated by leaching test using
n-heptane, which is a good solvent for the bio plasticizers and
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Figure 8. TGA and DTG curves of PVC compounds (N, 20 °C.min™").

a fatty food simulant?’-?*l, The plasticizers presented lower
leaching resistance in n-heptane (weight loss higher than
10%) since they are organic compounds. Unsurprisingly the
extraction of a high molar mass plasticizer EPO was lower
than the low molar mass plasticizer DOCH, improving the
resistance to exudation®!). The weight loss results (average
value among five samples) were 19% for S0DOCH, 13%
for 50EPO, and 10% for 2525.

4. Conclusions

Epoxidized trimethylolpropane trioleate (EPO), an
acid oleic derivate, was easily synthesized and used as
PVC environment-friendly plasticizer in substitution to
commercial di(2-ethylhexyl) 1,2-cyclohexanoate (DOCH).
Blends of DOCH/EPO (50 PHR) were added to PVC and
their properties investigated. The presence of the epoxidized
renewable source compound had a direct influence on the
degradation temperature of PVC, making the polymer
matrix more stable for all formulations compared to the
commercial plasticizer DOCH.

EPO demonstrated good compatibility with PVC,
which is evidenced by the presence of only one tan § peak
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in the DMA analysis and the improvement of mechanical
characteristics of PVC compounds. Thus, the tensile strength,
Young modulus, and elongation at break increase achieving
the best effect for a mixture containing equal amounts of
DOCH/EPO.

Therefore, it can be stated that EPO is a potential bio
plasticizer that can replace DOCH, a plasticizer of fossil
origin, and by replacing DOCH with 50% EPO significantly
improved the mechanical and thermal properties of the
PVC compound.
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Supplementary Material

Supplementary material accompanies this paper.

Figure S1: IH-NMR spectrum of OTMP (CDCI3, 400 MHz).

Figure S2: 1H-NMR spectrum of EPO (CDCI3, 400 MHz).

Figure S3: GPC curves of plasticizers DOCH, OTMP, and EPO.

Figure S4: Second heating DSC curve of PVC resin (Norvic®, sp1000).

This material is available as part of the online article from https://www.scielo.br/j/po
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