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Abstract

In order to solve the problem of plasticizers limited in alpine regions, in this paper,
1,6-hexanediol oleate (HD) was synthesized by a simple synthetic method using
oleic acid and 1.6-hexanediol, and its epoxidation reaction was utilized to prepare
a cold-resistant plasticizer (epoxidized 1,6-hexanediol oleate (EHD)) with excel-
lent performances, which was structurally characterized by using Fourier transform
infrared spectroscopy and 1HNMR. The properties of HD and EHD plasticized
polyvinyl chloride (PVC) were tested and compared with dioctyl adipate (DOA).
The results showed that the elongation at break, migration resistance and UV resist-
ance of HD plasticized PVC films were slightly lower than those of DOA plasti-
cized PVC films, but the temperature was 24.4 °C higher than that of DOA at 25%
loss of mass, and the thermal stability was better; the epoxidized EHD plasticized
PVC films showed 48.78% higher mechanical properties, 11.4 °C higher thermal
stability at 25% loss of mass, higher migration resistance, compared with the DOA
plasticized PVC films. The mechanical properties were 48.78% higher than those of
DOA plasticized PVC films, the migration resistance was more stable in petroleum
ether and anhydrous ethanol, and the UV resistance was better than that of DOA
plasticized PVC films. Molecular dynamics simulations further verified the migra-
tion resistance of EHD/PVC in different solvents. In conclusion, EHD is suitable for
low-temperature environments with excellent cold resistance, migration resistance
and good stability.
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Introduction

Polyvinyl chloride (PVC) is a polymer produced by the free radical polymeri-
zation of vinyl chloride monomer under the action of an initiator. Its molecular
weight is generally in the range of 50,000-110,000 [1-3], which has been widely
used in agriculture, industry, construction, and other fields due to its low price
and excellent thermal stability, abrasion resistance, electrical insulation, mechani-
cal properties and other advantages [4—6]. In recent years, the worldwide demand
for PVC has continued to increase, and only in 2020, the global demand for PVC
had reached 49.5 million tons [7-10]. However, due to the PVC molecular chain
contains a large number of C—CI bonds, and each C-Cl bond in the PVC chain
has a significant interaction force, the molecular chain of PVC is complicated to
free movement, resulting in PVC material products have the disadvantage of hard
and brittle [11-13]. As a result, PVC system varieties usually require the addition
of a number of plastic additives to improve their properties, the largest percentage
of which is consumed by plasticizers, whose main purpose is to reduce the plas-
ticity of the PVC material and to give PVC better handling characteristics [14].
About 50% of the world’s regions are in alpine areas; pure PVC resins are
glassy at 25 ‘C and lack processability. Because of this, the use of PVC materials
in alpine regions generally requires cold-resistant plasticizer, but the choice of
plasticizers in the low-temperature environment is extremely limited, which seri-
ously restricts the application of plasticized PVC in alpine regions [15-18].
Currently, straight-chain aliphatic diesters are industrialized cold plasticiz-
ers, of which dioctyl adipate (DOA) is the largest class of cold plasticizers, with
a mature production process and superior plasticizing properties [19, 20]. Due
to its small molecular weight and lack of polar groups, dioctyl adipate causes
(DOA) poor migration resistance in PVC materials, which has a significant nega-
tive impact on PVC performance. At the same time, this plasticizer has the poten-
tial risk of carcinogenicity [21, 22]. DOA is more complicated during produc-
tion, and the control conditions are more stringent. The efficiency of generating
the product is lower, which results in higher costs and the phenomenon of waste
of raw materials [23-25]. Based on this, there is an urgent need to find efficient
cold-resistant plasticizers. Generally speaking, plasticizers with straight-chain
alkyl groups have good cold resistance; the longer the alkyl chain, the better the
cold resistance, while the more branched chains, the worse the cold resistance. In
recent years, researchers have been committed to the development of new cold-
resistant plasticizers in order to expand the applicable fields of PVC. Wang Shu-
qing et al. [26] synthesized the cold-resistant plasticizer n-octyl n-decyl adipate
by using adipic acid and n-octanol, which has better low-temperature resistance,
as well as low volatility and better heat and light resistance, but the synthesis
process is complicated and the yield is low. Li Jinyu et al. [27] used neopentyl
glycol, 1,2-propanediol, and adipic acid and synthesized polyester polyols such as
2-Propanediol neopentyl glycol adipate by high-temperature melt polycondensa-
tion, which have good oil resistance and migration resistance, and because of the
presence of macromolecules, excellent thermogravimetric properties and better
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cold resistance, but poor mechanical properties and lack of plasticizing effect.
Wang Fang et al. [28-30] synthesized a kind of epoxy oleic acid bis ester plasti-
cizer by stepwise esterification and acid-catalyzed epoxidation using oleic acid,
ethylene glycol and acetic anhydride as raw materials in order to solve the prob-
lem of easy migration of traditional epoxy fatty acid methyl ester plasticizers. The
findings demonstrate that, although the epoxy oleic acid bis ester plasticizer has
good plasticizing properties and has somewhat improved its migration resistance
when compared to the traditional epoxy fatty acid methyl ester, its cold-resistant
performance is subpar and its preparation is difficult. The ester plasticizers syn-
thesized from acids and alcohols with longer carbon chains can confer excellent
low-temperature properties to the products [31, 32]. Oleic acid is a straight-chain
structure with a large molecular mass, and its structure contains a double bond,
which can be subjected to epoxidation reaction to further increase the polarity
and improve the compatibility with PVC, and it can be extracted from biomass;
1,6-hexanediol is mainly used to increase heat resistance and chemical resistance
of the products [33, 34], belongs to straight chain diols, and is easy to esterify
with acids. Therefore, the study was based on oleic acid with a straight chain
length of 18 carbons and 1,6-hexanediol with a straight chain length of 6 carbons
to synthesize new plasticizer EHD and HD. It was also compared with DOA to
see how assess the effects of the prepared plasticizers affected on the mechanical
properties, thermal stability, resistance to transference, and other aspects proper-
ties of PVC materials. The plasticizing mechanism of cold-resistant plasticizers
was investigated, and the interaction relationship between PVC and plasticizers
was simulated using molecular dynamics.

Experimental section
Materials

Oleic acid (OA, acid value 195-200 mg/KOH/g, Tianjin Komeo Chemical Rea-
gent Co., Ltd.) and tetrahydrofuran (THF, AR, Tianjin Obokai Chemical Co., Ltd.),
1,6-Hexanediol (98%, Shanghai McLean Biochemical Science and Technology
Co), Hydrogen peroxide (H,O,, 30%, Tianjin Baishi Chemical Co), Formic acid
(ACS, >98%, Sinopharm Chemical Reagent Co., Ltd.), petroleum ether (AR, Yan-
tai Shuangshuang Chemical Co., Ltd.), anhydrous ethanol (AR, Tianjin Ou Bocai
Chemical Co., Ltd.), dioctyl adipate (99%, Shanghai McLean Biochemistry & Tech-
nology Co., Ltd.), PVC (QingHai Salt Lake Industry Co., Ltd.).

Synthesis of 1,6-hexanediol oleate

1,6-Hexanediol oleate (HD) was synthesized by esterification of oleic acid and
1,6-hexanediol as raw materials. Oleic acid (211.48 g) and 1,6-hexanediol (59.09 g)
were mixed and poured into a three-necked flask equipped with a thermometer and
a magnetic stirrer, and the reaction was carried out under nitrogen for 8 h. After
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the reaction was completed, the solution was washed with sodium bicarbonate to
remove unreacted concentrated sulfuric acid and then washed with water for 3 to 5
times until the solution was neutral. Finally, the upper liquid 1,6-hexanediol oleate
(HD) was obtained by standing for 3 days.

Synthesis of epoxy 1,6-hexanediol oleate

Hydrogen peroxide (42 g, 30%, V/V), formic acid (9 g), and concentrated sulfuric
acid (9 g) were mixed homogeneously and dropped into a beaker containing a solu-
tion of HD (60 g), followed by continuous stirring for 8 h at 60 °C. At the end of the
reaction, the mixture was washed with water to neutrality. The residual water was
subsequently removed by spin evaporation to obtain epoxy 1,6-hexanediol oleate
(EHD). The synthesis steps are shown in Fig. 1.

Preparation of plasticized PVC samples

First, 12 g of PVC resin powder and 150 mL of tetrahydrofuran were mixed in a
beaker, which was sealed with plastic wrap to prevent volatilization of the tetrahy-
drofuran and placed on a magnetic stirrer for thorough stirring until the mixture
became clear and transparent. Then, add a certain amount of plasticizer (DOA, HD,

HO, HO,
OH
[e]
O o
OH o) o
+ H,SOy4 H,0, H,SO, HCOOH
\ 8h (130°C) 8h(60°C)

HO \

Fig. 1 Flowchart of HD and EHD synthesis
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EHD) to the beaker and continue to stir until it is homogeneous and transparent. The
homogenized solution is then poured into a 15-cm-diameter Petri dish. The Petri
dish was allowed to stand at room temperature for 3 d. The Petri dish was placed in
a thermostatic oven at 50 °C for 3 d. The PVC samples were then removed from the
Petri dish. The composition of different PVC specimens is shown in Table 1.

Characterization of different plasticizers and PVC samples
Total reflection Fourier infrared spectroscopy (FT-IR)

The infrared spectrometer model is Nicolet 6700 and uses a DLaTGS detector. In
addition, the FT-IR spectrometer has a scan count of 32 with a resolution of 4 cm™!
and a scan range of 500-4000 cm™! for all samples.

Nuclear magnetic resonance hydrogen spectroscopy (‘H NMR)

Depending on the environment of the protons in the molecular structure, it will show
different chemical shifts, peak shapes, and splitting in the NMR hydrogen spectra,
so it is a typical characterization method to determine the structure of compounds.
The solvent used in this paper’s NMR hydrogen spectroscopy tests is deuterated
chloroform (CDCl,), and the internal standard is tetramethylsilane (TMS).

Thermogravimetric analysis (TGA)

Thermogravimetric analysis tests the change in sample mass with temperature or
time by subjecting the sample to a certain temperature program (rise/fall/constant
temperature). Thermogravimetric analysis can evaluate the sample’s aging and high-
temperature resistance. This paper’s test conditions for thermogravimetric analysis
are as follows: nitrogen as carrier gas, nitrogen flow rate of 50 mL/min, test temper-
ature range of 50-600 ‘C, warming rate of 20 ‘C/min, and sample mass of 8—10 mg.

Z?fl;:;;ntTP}sCC (S);nnl: ;)ls;?ons of Component (phr) DOA HD EHD
pPVC 0 0 0
DOA-50 50 0 0
HD-30 0 30 0
HD-40 0 40 0
HD-50 0 50 0
EHD-30 0 0 30
EHD-40 0 0 40
EHD-50 0 0 50
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Mechanical properties test

Tensile strength and elongation at break are essential parameters of PVC specimens
and an essential basis for evaluating the plasticizing performance of plasticizers. In
this paper, the mechanical properties of the PVC specimen test method refer to the
standard ISO 527-5:2009 by using a specific mold from the PVC film cut out dumb-
bell-shaped test samples, each sample test length of 25 mm, width of 3.5 mm, thick-
ness of 1 mm. The tensile rate of 50 mm/min, each PVC film samples to take the
average of the results of the three independent samples as the final results.

Determination of aging resistance

The aging resistance of PVC film samples was tested in accordance with the stand-
ard GB/T 9349-2002 standards. Prepared PVC samples were cut into 20 mm (L) X
20 mm (W) x 1 mm (H) square test pieces; the different components of the PVC film
samples were placed in the oven at 180 °C. Every certain period on the different
components of the sample photo, record the color change.

Dynamic mechanical analysis (DMA)

The glass transition temperature is an important parameter of PVC samples accord-
ing to the size of the glass transition temperature of plasticized PVC samples, which
can be judged as plasticizer plasticizing effect. In this paper, the glass transition tem-
perature of PVC samples is determined by a differential scanning calorimeter. Test
method: PVC samples are cut into rectangular strips of 30 mmXx 6 mm, and a film
stretching fixture is used in the test process. Test conditions: the test temperature
range was —40-80 °C, the temperature increase rate was 3 °C/min, and the vibration
frequency was 1 Hz.

Migration resistance test

Regarding the standard “ISO 175-2011 Plastics—Experimental methods for the
determination of the immersion effect of liquid chemicals,” samples of PVC films
were tested for their resistance to extraction. The solvents used in this paper are dis-
tilled water, polar solvent anhydrous ethanol, and non-polar solvent petroleum ether.
The specific operation steps were as follows: The prepared PVC samples were cut
into several square PVC sheets with specifications of 20 mm X 20 mm X 1 mm and
then placed in a desiccator to dry for 6 h. Afterward, the mass of the PVC sheets was
weighed using an analytical balance with an accuracy of 0.0001 g and recorded as
W,. The PVC flakes were immersed in a 50-mL conical flask containing the same
volume of solution, and the flask was placed in a thermostat at 30 °C. The PVC
flakes were taken out at regular intervals, and the surface of the flakes was wiped
clean with a piece of filter paper and then dried flat in an oven at 50 °C. After dry-
ing, the flakes were taken out, and the mass of the flakes was weighed and labeled
as W. To minimize the experimental error, the same PVC samples were calculated
for the mass loss rate of three independent samples, and finally, take the average
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value as the final result, the mass loss rate of the PVC sheet according to Eq. 1 for
calculation

W, - W
n = Ow x 100% (1)

1,: migration loss rate, %; W,,: mass of PVC sheet before immersion, g; W: mass of
PVC sheet after immersion, g.

UV transmission test

The transmittance of the PVC specimens was tested by using a dual beam UV-Vis
spectrophotometer scanning over the wavelength range of 200-800 nm.

Molecular dynamics simulation

Density functional theory (DFT) calculations were performed using the Dmol3
module of Material Studio 2020. The generalized gradient approximation (GGA)
method of the Perdew—Burke—Ernzerhof (PBE) functional is used to describe the
interactions between nuclei and electrons. The force and energy convergence criteria
were set to 0.002 HaA™! and 10~ Ha, respectively. The binding energy (AE) is cal-
culated as shown in Eq. 2

The binding energies between a molecule of EHD, DOA, and different substances
with the same number of molecules (PVC, C,Hs;OH, H,O, and petroleum ether) are
explored by forming a simple three-dimensional model.

AE(eV) = 27.212 x (Etotal(Ha) — E,(Ha) — E,(Ha)) )

Etotal: optimizing the energy of the system; E;: energy from EHD or DOA; E:
energy from PVC, C,H;OH, H,O0, and petroleum ether.

Results and discussion
FT-IR spectra of plasticizers

The infrared spectra of the different types of plasticizers synthesized are shown
in Fig. 2, where Fig. 2a shows the line graph of the infrared spectra of oleic
acid, Fig. 2b shows the infrared spectra of 1,6-hexanediol oleate, and Fig. 2c
shows the infrared spectra of epoxy 1,6-hexanediol oleate. The telescopic vibra-
tion peak of a hydroxyl group (-OH) on the carboxyl group in the molecular
structure of oleic acid at 937 cm~! in Fig. 2a, the characteristic peak disappeared
after the first step of the esterification reaction; in addition, the telescopic vibra-
tion peak of the carbonyl group (C=0) in the carboxyl group at 1709 cm™!
move to 1735 cm™!, which indicated the successful esterification reaction [35].
In the second step of the epoxidation reaction, the stretching vibration peak
of the epoxy bond (C—O-C) at 829 cm™' in Fig. 2c appears concurrently with
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Fig.2 FT-IR spectra of OA, HD, and EHD

the disappearance of the unsaturated C—H bond’s stretching vibration peak at
3007 cm™! in Fig. 2b, which is a good indication of the unsaturated double
bond’s successful conversion to the epoxy bond in the HD structure [36].

"H NMR spectra of plasticizers

Nuclear magnetic resonance hydrogen spectroscopy was utilized to verify the
molecular structure of the products after each step of the reaction, and the
results are shown in Fig. 3. In Fig. 3a is the 'H NMR curve of oleic acid, b is
the '"H NMR curve of HD, c is the '"H NMR curve of EHD. Comparing the 'H
NMR curves of oleic acid and 1,6-hexanediol oleate, the peak at 3.9-4.1 ppm of
HD is attributed to the proton signals on the carbon atoms in the ester molecule,
indicating that the esterification reaction was successfully carried out [37]. In
the 'H NMR curves of esters and epoxides, the peak at 5.3-5.4 ppm for HD was
shifted, while the peak at 2.8 ppm for EHD appeared, which indicated that the
unsaturated double bond of the ester was basically converted to epoxide group
[38]. It also demonstrates the accomplishment of the esterification and epoxida-
tion processes.
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Fig.4 TGA and DTG curves of specimens after plasticizing
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TGA analysis

Figure 4 shows the TGA and DTG curves of PVC films after blending with dif-
ferent plasticizers. The thermal stability of EHD is higher than that of DOA, as
shown in Fig. 4a. In the DTG curves of EHD, the weight loss between 200-300 “C
is due to the fact that a small amount of saturated 1,6-hexanediol oleate is still pre-
sent in EHD. As shown in Fig. 4b, all the films showed no mass loss until 150 °C,
indicating that THF was removed from the PVC films. After that, the thermal
decomposition of each specimen was mainly applicable in the range between 150
and 550 °C. It can be seen from Fig. 4b that the first stage of thermal decomposi-
tion is mainly concentrated between 150 and 350 ‘C, and the weight loss is mainly
due to the volatilization of the plasticizer and the dehydrochlorination of the PVC
skeleton. Thermal degradation data, including weight loss temperatures (7,5 and
Ts,) for 25% and 50% of the degraded mass, are summarized in Table 2. The cor-
responding temperatures for the PVC samples (DOA-50, HD-50, and EHD-50)
when 25% of the weight loss of each sample was reached were 305.2 °C, 314.5 °C,
329.6 C, and 316.6 C, respectively. Subsequently, when the mass loss reached
50%, the corresponding temperatures for the different plasticizer specimens were
319.5 °C, 364.5 C, and 352.6 ‘C. Regardless of the mass loss, the temperature of
EHD in the first stage is higher than that of the commercially available samples.
This could be due to two different factors. One is that EHD is more heat resistant
and has a higher boiling point due to its larger molecular weight than both DOA.
Another explanation is that oleate plasticizers with straight-chain type structures
have significantly longer chains than DOA after mixing with PVC; hence, their
long alkyl chains are more densely entangled with PVC chains. Along with the
more significant contact force between the structure’s uniformly distributed polar
groups, PVC molecules also prevent the plasticizer from precipitating in the PVC
matrix, giving PVC greater thermal stability. The second stage of decomposition
is mainly concentrated between 350 and 450 °C, in which the molecular structure
of PVC is altered at high temperatures, the carbon skeleton is destroyed [39], and
the conjugated polyenes form aromatic compounds by cyclization; in the third
stage at 450-550 °C, the polyene structure is decomposed into olefins [40, 41]. In
conclusion, the compatibility and interfacial interaction between EHD and PVC
are better, and the thermal stability of plasticizer EHD in PVC is better than that
of DOA.

Table2 Thermal properties of PVC films with different plasticizers
PVC samples T,5 (°C) Ts5y (°C) Weight loss (Wt%)

150-350 (°C) 350-450 (°C) 450-550 (°C)

DOA-50 305.2 319.5 70.1 10.9 12.8
HD-50 329.6 364.5 394 37.8 16.2
EHD-50 316.6 352.6 48.1 275 17.2
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Cold resistance

The standard application of PVC products in low-temperature environments
depends on whether the plasticizer can have an excellent plasticizing effect in this
environment. The glass transition temperature (Tg) can evaluate the cold resist-
ance of PVC samples. In general, plasticized PVC specimens with lower Tg have
greater flexibility at low temperatures—that is, greater resistance to cold at lower
temperatures. By comparing the mechanical properties of DOA and EHD, migra-
tion resistance, etc., it can be seen that EHD has superior performance. Finally,
the superiority of cold resistance is determined by comparing the Tg of the two
best performers, DOA-50 and EHD-50. The Tg of different specimens can be
accurately tested by DMA.

The results are shown in Fig. 5a, and it can be seen that the Tan & curves of the
two PVC specimens have only one peak, which indicates that these two plasticiz-
ers are more compatible with PVC, and the Tg of DOA-50 is 16.89 °C, and the
Tg of EHD-50 is 23.05 °C. It can be seen from the results that DOA has relatively
low Tg value. However, the loss factor Tan 6 of EHD is lower than that of DOA at
the same temperature, and the loss factor is used to describe the viscoelastic char-
acteristics of the material, and the lower the value of Tan &, the better the elastic-
ity of the material, which indicates that the plasticizing effect of EHD is better
than that of DOA at low temperatures. Figure 5b shows different PVC specimens’
energy storage modulus curves. The degree to which these PVC specimens can
absorb deformation is indicated by the magnitude of their energy storage modu-
lus, and this can be interpreted as a measure of their stiffness. The figure shows
that the stored energy modulus of EHD-50 is larger than DOA, which indicates
that EHD-50 requires more energy for deformation and has more substantial stiff-
ness. The conclusion shows that EHD has better compatibility with PVC at low
temperatures and has better plasticizing effect.

2500
—— DOA-50(16.89°C) —— DOA-50
—— EHD-50(23.05°C)

0.4 |

—— EHD-50

2000

03 |
3 1500

Tand

1000

Storage modulus(Mpa)

500
0.1 |

0.0 I L L L L L L L 1 1
-40 -20 20 40 60 80 -40 -20 0 20 40 60 80

o

Temperature (°C) Temperature (°C)

(a) (b)

Fig.5 DMA curves and storage modulus curves of plasticized PVC with different plasticizers a DMA
curve of EHD, DOA plasticized PVC; b Storage Modulus Curves for EHD, DOA plasticized polyvinyl
chloride
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Fig.6 The XRD curves of PVC films after plasticizing with different plasticizers

Table 3 The crystallinity of PVC films
Samples PVC DOA-50 HD-30 HD-40 HD-50 EHD-30 EHD-40 EHD-50

Crystallinity (%) 31.39  27.19 34.12 31.81 30.21 29.61 28.32 26.89

Optical performance analysis

The XRD curves of PVC films after plasticizing with different plasticizers are
shown in Fig. 6. The crystallinity is shown in Table 3, from which it can be seen
that the crystallinity of EHD-50 is reduced by 4.5 compared to pure PVC, which
indicates that plasticizing improves the transparency of the material due to the
scattering and refraction of light caused by the crystalline regions of the polyvi-
nyl chloride, which results in the opaque and semi-transparent appearance of the
film. At the same time, the decrease in crystallinity makes the polyvinyl chlo-
ride material have better elasticity because the material with high crystallinity has
more ordered grain structure inside, which can effectively hinder the dislocation
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movement, which leads to the material having higher strength. This is consistent
with the findings of the mechanical properties mentioned in the text.

Transparency is a key feature of PVC film products, especially in applica-
tions such as window medical, device food and packaging. Superior transparency
enhances product visibility and attractiveness and draws the attention of consum-
ers. The physical drawings of PVC films with different plasticizers added are
shown in Table 4 which shows that both HD and EHD plasticized PVC films have
excellent light transmission and can be used in many applications, giving more
applicability to PVC films.

Optical properties of PVC different PVC samples

The UV transmittance of different PVC specimens is shown in Fig. 7, which
shows that the transmittance of PVC specimens decreases with the increase in
plasticizer content, and the obstruction of UV light increases. In the UV region of
wavelength 200-300 nm, the UV transmittance of commercial DOA specimens is
around 30% with the same addition of 50 parts of plasticizer. On the other hand,
the UV transmittance of HD and EHD was only 5%; in comparison, HD and EHD
enhanced the UV-resistant property to a certain extent.

Table 4 Pictures of PVC films after plasticizing with different plasticizers

PVC HD-30 HD-40 HD-50

DOA-50 EHD-30 EHD-40 EHD-50
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Fig.7 UV transmittance of different PVC specimens

Mechanical properties test

The mechanical properties of these plasticized PVC were evaluated by tensile
tests. The tensile stress—strain curves of different PVC specimens are shown
in Fig. 8, and the related mechanical property data are shown in Table 5. From
Fig. 8, it is evident that as the plasticizer concentration grew, the PVC speci-
mens’ tensile strength gradually dropped and their elongation at break gradu-
ally increased. The elongation at break of PVC samples following plasticizer
HD plasticization is only roughly 510%, even after adding the same amount of
plasticizer (30 parts, 40 parts, and 50 parts). Its tensile strength is much smaller
than the other PVC samples, which indicates that HD basically does not play a
plasticizing effect, because the plasticizer structure of the carbon—carbon double
bond cannot enter the rotation, so that the molecular flexibility is significantly
reduced. Because plasticizer and PVC are compatible, precipitating from the PVC
substrate is simple and does not result in the plasticizing effect. For this reason,
epoxidized vegetable oils can be used as secondary plasticizer applications, while
unprocessed vegetable oils cannot be used directly for plasticizing. Comparing
DOA and EHD the tensile strength is 28.76% greater and the elongation at break
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Fig. 8 Tensile stress—strain curves of difference PVC samples

Table 5 Mechanical properties of different PVC samples

PVC Samples Elongation at break (%) Tensile strength (MPa) Yield stress (MPa)
PVC 383.78 +13.1 11.78+0.3 2.35+0.2
DOA-50 670.28 +17.8 13.62+1.5 2.83+0.1
HD-30 510.41+8.1 32.28+1.2 10.15+2.1
HD-40 486.98 +12.6 23.61+2.5 7.39+0.5
HD-50 525.43+19.6 2327+1.4 7.49+0.8
EHD-30 667.31+3.1 19.11+0.3 3.37+0.1
EHD-40 678.20+7.8 17.33+0.9 3.53+0.1
EHD-50 719.06 +6.2 13.72+0.5 2.68+0.1

is 7.13% higher than that of DOA at the same content. This is because the addi-
tion of EHD increases the free volume of the PVC chain between the PVC mol-
ecules to give the free movement of the space between the PVC molecules to
reduce the interaction between the PVC molecules and can also act as a lubri-
cant in the process of PVC moving to reduce the sliding resistance, so that PVC
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Table 6 Binding energies between EHD and DOA with PVC, C,H;OH, H,O, and petroleum ether,
respectively

Etotal (Ha)  E, (Ha) E, (Ha) AE (eV)

—4510.93 —1242.03 —3268.87 —-0.86 PVC-EHD

—4431.99 —1163.55 —3268.40 —-0.79 PVC-DOA

—1394.82  —1242.04 —15276  —0.68 H,0-EHD

—1316.33 —1163.55 —152.76 -0.73 H,0-DOA

—1676.43 —1242.04 —434.37 -0.32 Petroleum ether-EHD

—1597.94 —1163.55 —434.37 -0.49 Petroleum ether-DOA

—1551.88 —1242.03 —309.82 —-0.69 C,H;OH-EHD
SAAAAAAAA  — 147340 116355 —30982  —074  CH;OH-DOA

¥ox

molecules are more likely to be accessible to move, which has played the role of
the effect of plasticizing.

Molecular dynamics simulation

The binding energies between EHD and DOA with PVC, C,Hs;OH, H,0, and petro-
leum ether, respectively, are shown in Table 6. It can be seen that in PVC the bind-
ing energy of EHD is 0.86, DOA binding energy is 0.79, indicating that the binding
ability between EHD and PVC is strong, in PVC compared to DOA is more stable;
in anhydrous ethanol the binding energy of EHD is 0.69, DOA binding energy is
0.74, this indicates that DOA has a stronger binding force in polar solutions and
is easier to migrate to polar solutions, indicating that EHD is more stable in polar
solutions; in distilled water, the binding energy of EHD is 0.68, the binding energy
of DOA is 0.73, indicating that DOA has a stronger binding force in distilled water
solution and is easier to migrate to it, indicating that EHD is more stable in distilled
water solution; in petroleum ether, the binding energy of EHD is 0.32, the bind-
ing energy of DOA is 0.49, indicating that DOA has a stronger binding force with
polar solutions in non-polar solutions and is easier to migrate to non-polar solutions,
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Fig.9 Weight loss of different PVC films after migration testing. a Weight loss of different PVC films
after 1 day; b Weight loss of different PVC films after 3 days; ¢ Weight loss of different PVC films after
5 days; d Weight loss of different PVC films after 7 days

indicating that EHD is more stable in non-polar solutions. In summary, EHD has

better stability in PVC and is more stable in water, petroleum ether, and anhydrous
ethanol.

Migration loss by leaching tests of PVC films

Migration resistance is one of the essential properties of flexible PVC products,
which determines the application areas of PVC products. The mass loss of different
PVC specimens in the extraction resistance and volatility resistance tests is shown in
Fig. 9. Due to HD’s poor plasticizing action and poor compatibility with PVC due
to double-kin in its molecular structure, a significant mass loss occurs in petroleum
ether and anhydrous ethanol in a relatively short period of time. For the mass loss
of other PVC specimens, it can also be seen from Fig. 9 that the mass loss rate of all
PVC specimens in the distilled water environment is less than 2% in the 7-day test
time. No migration occurs so that these PVC specimens can maintain excellent sta-
bility in the distilled water. In the nonpolar solution petroleum ether, only in 1 day,
as shown in Fig. 9a, the mass loss rate of DOA was very high and gradually stabi-
lized after that, which indicated that DOA were poorly stabilized in the nonpolar
environment. They all migrated out of the PVC matrix in less than one day. HD and
EHD had better extraction resistance in non-polar environments compared to HD
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and EHD, which had a loss rate of 15% in 1 day, but then the loss was slower and
stabilized. As shown in Fig. 9d, EHD had a loss rate of less than 10% after 7 days
in petroleum ether and no further loss. In the polar environment of anhydrous etha-
nol, the loss rate of the same plasticizer increased with the increase of the amount
of plasticizer within 7 days of testing. In comparing equal amounts of plasticizers,
the mass loss rate of EHD-30, EHD-40, and EHD-50 was less than 12%, while the
loss rate of DOA-50 was 15%, indicating that DOA-50 was less stable in the polar
environment. The stability of EHD was relatively better. This is because the molecu-
lar chain of EHD is longer than that of DOA, so it is more tightly intertwined with
PVC molecules. Furthermore, EHD has superior migration resistance because its
ester and epoxy groups exhibit particular subvalent bonding interactions with PVC
molecules that prevent EHD from escaping the polymer.

Plasticizing mechanisms for migration resistance of plasticizers in polyvinyl chloride

Since different plasticizers have varied plasticizing effects due to differences in
their molecular structures, combining them with the plasticizing mechanisms that
are now known (lubrication theory, gel theory, and free-volume theory) [42, 43].
Figure 10 depicts the potential plasticizing mechanisms of EHD. Without the use
of plasticizers, PVC molecules can freely move within the extremely small volume.
The PVC molecular structure also exists in a large number of polar parts. Hence,
the PVC molecules are between the existence of a significant interaction force, so
pure PVC shows hard and brittle characteristics. When EHD is mixed with PVC,

@\-\xed with Enyp
Piire PV/C

Dlactiri=odA D\/C

—— ————————

PVC

—
_Jl_l

DOA

&

HD N pH AV AN J
(! EHD

Il Pure PVC

M EHD molecule VAN

molecule \ )
interaction v i § \

)
U . s )

Fig. 10 Plasticizing mechanism of plasticizers
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they become embedded in the PVC molecules, increasing the free volume between
neighboring PVC chains and allowing more PVC molecules to move around. PVC
molecules move when the plasticized PVC film is subjected to external forces. The
contact force between the PVC molecules is the most important factor at this point.
To reduce the sliding resistance of PVC, the EHD plasticizers within the mate-
rial can function as a lubricant. The addition of plasticizer increases the distance
between PVC molecules, thus reducing the force between PVC molecules, making
it easier for PVC molecules to move, thus playing a plasticizing effect. Since the
molecular chain of EHD is longer than that of DOA, it is more tightly entwined
with the PVC chain. Additionally, because of the degree of subvalent bonding force
between the epoxy and ester groups in EHD’s molecular structure and the PVC mol-
ecules, EHD has a better migration performance than DOA.

Conclusions

The cold-resistant plasticizer HD was successfully synthesized from oleic acid and
1,6-hexanediol, and then, EHD was produced by epoxidation, with the addition of
epoxy functional groups to improve its polarity. Thermogravimetric analysis showed
that the thermal stability of PVC films plasticized with EHD was 11.4 °C higher
than that of films plasticized with DOA at 25% mass loss. In terms of mechanical
properties, EHD can improve the flexibility of PVC very well, and the plasticizing
effect is better than that of DOA; moreover, the migration resistance of PVC films
containing EHD in polar and nonpolar solutions is significantly improved compared
with that of DOA, and this result has been verified by molecular simulation. UV
transmittance tests show that EHD plasticized PVC films have higher UV resistance
than DOA, and DMA results show that EHD plasticized PVC films with a Tg of
23.05 °C are also suitable and more stable in cold regions. In conclusion, EHD can
improve the thermal stability, mechanical properties, optical properties and migra-
tion resistance of PVC film, and it is a good cold-resistant plasticizer.
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