Polym. Korea, Vol. 45, No. 3, pp. 380-389 (2021)
https://doi.org/10.7317/pk.2021.45.3.380

ISSN 0379-153X(Print)
ISSN 2234-8077(Online)

HIO|O{A 7|8ke| HIZE JI4aXN| &M 3 Poly(vinyl chloride)e]
718 S4o| cist dg
ARTO - sfus

Fo st TEAFE)

(20208 119 179 A5, 20208 129 299 44, 20219 19 49

Al

Synthesis of Biomass-based Reactive Plasticizer and Its Effects
on the Processing Properties of Poly(vinyl chloride)

Jae-Koo Kim'

and Kang Moo Huh

Department of Polymer Science and Engineering, Chungnam National University,
99, Daehak-ro, Yuseong-gu, Daejeon 34134, Korea

(Received November 17, 2020; Revised December 29, 2020; Accepted January 4, 2021)

Hy =
pu

&l
Oi§ o] s A

ufe]

o

CLEMEEIE R

7teAlE d-&shke il

S 7heA

=]
=

i A 9 Y
et Ao
5
7VeA| (BmBP)E 71E2] THHA o] ZA|8) ke S A0 el 3¢
TINTM 2 DIDPS} 71224 Z=HolA] A v ZE sit).

=

PR o Y, ATEE] e Aol
3ol weh AY7ESE AN ZA Ak AAS
Aol TNGY 2L TPw S0 S5 W

s4e w8 st 94

Abstract: Waste vegetable cooking oil (WVCO), a type of biomass, is primarily produced in large quantities within the
residential and commercial sectors and is a resource with low recycling rate. WVCO has been receiving much attention
as a renewable resource due to rising environmental concerns and the depletion of petrochemical resources. In this study,
reactive plasticizer (BmBP) recycled with biomass-based WVCO was synthesized via a three-step process that was inno-
vatively simplified from the conventional seven-step epoxidation process, which has high heat resistance and high
strength. The synthesized BmBP was compared with corresponding specialty plasticizers, such as TINTM and DIDP, in

terms of processability.

Keywords: biomass, reactive plasticizer, poly(vinyl chloride), thermal property, mechanical properties.

Introduction

Billions of tons of food and oil are wasted globally every
year. Waste or used vegetable cooking oils (WVCOs) are
biobased oils that have been used for cooking, frying, and
other processing types in households, restaurants, fast foods,
and the food manufacturing industry. Most industrial, com-
mercial, and domestic WVCO is disposed of landfill sites or
the ocean without the particular utilization. In fact, it is a
renewable resource and can be reused to produce fuel oils and
biobased products such as lubricants in the replacement of
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petroleum-based mineral oils. However, the major obstacle in
reusing it as energy and chemical sources is its high cost of
collection, transportation, pretreatment (e.g., purification), and
commercialization.'*

WVCO is primarily composed of triglycerides, mono-
glycerides, diglycerides, and variable quantities of free fatty
acids (5~20% w/w) generated during the frying process. This
process causes physical and chemical changes in cooking oil
due to chemical reactions, such as hydrolysis, thermal deg-
radation, oxidation, and polymerization. The main components
of triglycerides are saturated and unsaturated fatty acids, which
can be used as platform chemicals in the manufacturing of
added-value chemicals and polymer materials.”®

The presence of unsaturated fatty acids in oil waste allows
for the formation of epoxy groups through the epoxidation of
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double bonds. Epoxidized fatty acids are used in plasticizers
and lubricants to improve the flexibility and workability of
polyvinyl chloride (PVC), polyolefins, epoxy resins, and bio-
degradable polymers, such as poly(lactic acid) (PLA),
poly(butylene succinate) (PBS), and so on. Furthermore, not
only epoxidized fatty acids but also saturated fatty acids can
undergo esterification with polyglycerol for the formation of
fatty acid polyglycerol esters used as surfactants in various
types of food and technical processes. The presence of epoxy
groups allows for further chemical modification via ring-open-
ing reactions to increase the performance of synthesized sur-
factants and create polyurethane and other polymers.”'

According to the reported literature, edible oils were used for
epoxide synthesis, as plasticizer application and the epoxi-
dation of vegetable oils focused primarily on soybean,'
palm,'” castor,'® tung,' sunflower,” rice bran,”' palm kernel,”
linseed,” olive,”* corn,** safflower,”® melon seed”® (citrullus
lanatus seed), cotton seed,” and rubber seed oil.*® Currently,
epoxidized soybean oil (ESO) has been used on the market
widely only as secondary heat stabilizer rather than a plas-
ticizer due to its poor compatibility with base polymers, such
as PVC resin in particular. However, no information is avail-
able in the literature regarding plasticizer synthesis via epox-
idation reaction using purely WVCO. In most cases, the
epoxidation synthetic route using auxiliary materials, such as
citric acid, terephthalic acid, and benzoic acid, is predomi-
nant.”*

With the recent strict regulation of the European Union and
US on six phthalates, such as DINP, DEHP, DBP, BBP, DIDP,
and DnOP, there is a strong demand for the development of
alternatives to commodity, including specialty plasticizers.
Currently, phthalate-based commodity plasticizers have been
replaced considerably with terephthalic-based plasticizers such
as DOTP, but there are no proactive actions to replace high-
functional plasticizers. In the ECHA (European Chemical
Agency), many types of wire and cable-range plasticizers are
currently being evaluated for possible controls, such as restric-
tion or designation, as an SVHC, which is identified in the
“Candidate List of substances of very high concern for
Authorisation.” Typically, the plasticizer content in thermo-
plastic PVC insulation and jacket compounds is approximately
30%, so unlike most other organic additives in many polymer
systems, plasticizers represent a significant proportion of the
total plastic. Some of the main plasticizers under consideration
in wire and cable PVC insulation and jacketing applications
include Cy.y; phthalates, linear acid diesters, and especially

trimellitates.*® In addition, securing the technology to lower the
hardness while maintaining high strength and heat resistance,
which are the unique characteristics of specialty plasticizers, is
becoming a key issue.

This study aims to develop a biomass-based reactive plas-
ticizer (BmBP) with high functionality using WVCO. The
reactive BmBP was synthesized through a process that sim-
plified the current complex seven epoxidation steps into only
three steps, leading to a mechanically strong and thermally sta-
ble macromolecular network via stabilization and partial cross-
linking reaction with structurally soft and long hydrocarbon
chains. Then, this study makes a relative comparison in terms
of processability, such as strength, heat resistance, and hard-
ness, with specialty plasticizers such as DIDP and TINTM,
which are used in wire, cable, and/or electrical insulation appli-
cations.

Experimental

Materials. For the synthesis of BmBP, biomass (WVCO)
was purchased from Daejimulsan Co., Ltd. (Korea), and decol-
orization and deodorization were performed using a distillation
apparatus. Formic acid and hydrogen peroxide (35% w/v)
were purchased from Daejung Chemical & Metals Co., Ltd.
(Korea), while the PVC resin with a K value of 1000 was
obtained from Hanwha Chemical Co., Ltd. (Korea). The com-
mercial plasticizers, diisodecyl phthalate (DIDP) and triisononyl
trimellitate (TINTM) were supplied by Aekyung Petrochemical
Co., Ltd. (Korea) and Hanwha Chemical Co., Ltd. (Korea).
Finally, the heat stabilizer, LOX-7200, was obtained from KD
Chemical Co., Ltd. (Korea).

Synthesis of the BmBP. The BmBP was synthesized via
a three-step process that innovatively simplified the conven-
tional seven-step epoxidation process, which consists of pre-
treatment, reaction, separation, neutralization, bleaching,
filtration, and distillation steps.**

In the first pretreatment step, biomass was decolorized and
deodorized using distillation apparatus at 60 °C under vacuum.
Following the second reaction step, biomass (220 g) was first
mixed with formic acid (26 g) in a 500 mL four-neck flask
equipped with a mechanical stirrer, a thermostat, a reflux con-
denser, and a hydrogen peroxide inlet. The mixture was slowly
heated to 50 °C in a nitrogen atmosphere and was then kept
constant for 30 min. Hydrogen peroxide (136 g) was then
added in drops by a funnel while maintaining low speed. At
this time, the temperature of the mixture was maintained below
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Figure 1. Simplified epoxidation process for the synthesis of BmBP.

50 °C to avoid the formation of byproducts due to the exo-
thermic reaction between peroxy-formic acid and unsaturated
sites of biomass. In addition, the epoxidation at temperature
higher than 50 °C increases the possibility of ring-opening of
oxirane groups. The mixture was finally maintained at 50 °C
for 5 h after the injection of the formic acid was completed.
After the reaction, the reaction product was transferred to a dis-
tillation apparatus for the third step. BmBP was separated
using a distillation process at 50 °C for 8 h under vacuum. A
conversion rate of 90% can be obtained via a simplified three-
step epoxidation process and precise temperature control.
Overall, the scheme of a simplified epoxidation process for the
synthesis of BmBP is indicated in Figure 1.

Preparation of the PVC Sheets. Three types of flexible
PVC dry blends were prepared by mixing the PVC powder
with three different plasticizers-BmBP, DIDP, and TINTM-in
the standard proportion of 36 parts plasticizer and 2 parts heat
stabilizer to 100 parts resin by weight; however, PVC dry
blend with BmBP used a stabilizer of 0.5 parts. These mixtures
were then thoroughly blended using a laboratory-type super
mixer. PVC powder was first placed into the super mixer, after
which the temperature was raised to approximately 60 °C.
Afterward, the mixture of plasticizer and heat stabilizer were
added at moderate speed. The compound was finally obtained
after the volume of the mixture increased and then decreased.
The PVC sheets were obtained from the melts, which were
fused at 180 °C for 7 min using HAAKE internal mixer, using
a press apparatus.

Characterization. The biomass (WVCO) and BmBP were
identified using gas chromatography (GC) with a GC-FID
HP7890A apparatus (Agilent Technologies, USA), Fourier
transform infrared spectroscopy (FTIR) with a VERTEX 80v
FTIR spectrometer (Bruker, Germany), and 'H NMR spec-
troscopy with an AVANCE III 600 spectrometer (Bruker Bio-
Spin, Germany) at 600 MHz.

The fusion properties of PVC dry blends were examined
using a HAAKE MARS-I Rheometer (Thermo Electron
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GmbH, Germany) with an internal mixer, and the evaluation of
the fusion behavior was performed at 170 °C for 7 min. The
effects on the processability were predicted based on the fusion
behavior analysis. The analysis of PVC sheets to correlate the
processability with the mechanical and thermal properties was
then performed. The Young’s modulus, tensile strength, and
elongation at break were determined at room temperature
using a universal testing machine LS 1 (LLOYD, UK) at a
constant rate of 500 mm/min by applying a 20 N load cell
according to ASTM D-638. The analysis of the thermal sta-
bility was performed using a thermogravimetric analyzer
(TGA) (Thermo plus EVO II, Rigaku Co., Japan) at a 10 °C/
min heating rate from room temperature to 600 °C under nitro-
gen flow, while the Fourier transform infrared spectroscopy
(FTIR) used a VERTEX 80v FTIR spectrometer (Bruker, Ger-
many).

Results and Discussion

Synthesis Characterization of the BmBP. Gas Chro-
matography (GC-FID): The biomass used in this study was
refined waste vegetable cooking oil (WVCO) that was dis-
carded after being used in fried foods in Korea. The primary
source of domestic WVCO are establishments that use cooking
oil in large-scale restaurants and fast foods. WVCO is of no
value to food, but can be recycled as soap or biodiesel.

The accurate characterization of such biomass was per-
formed through classical gas chromatography (GC).** Figure
2 illustrates the GC-FID chromatogram of biomass after decol-
orization and deodorization in addition to the approximate con-
centrations of the fatty acids in biomass calculated by each
area ratio as follows: 2.98% palmitic saturated C16, 1.56%
stearic saturated C18, 22.2% oleic mono-unsaturated C18:1,
22.4% linoleic di-unsaturated C18:2, 26.1% linolenic tri-unsat-
urated C18:3, and 24.7% eicosapentaenoic penta-unsaturated
C20:5 fatty acids, and 0.06% the other fatty acids.

According to the GC analysis, it was found that approx-
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Figure 2. GC-FID chromatogram of biomass after decolorization and deodorization.
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and thermally act as a reactive plasticizer. Meanwhile, other
epoxy groups were introduced for use as a primary plasticizer
and a thermal stabilizer; in other words, an epoxy group was
introduced to improve the thermal stability by increasing the
compatibility with PVC resin and the unsaturated group
caused crosslinking with PVC resin to improve mechanical
properties.

In addition, due to the characteristics of the GC equipment
used in this experiment, there was a limitation in the analysis
of the polar epoxidized material, and FTIR and NMR analyses
were performed to characterize BmBP.

Fourier Transform Infrared (FTIR): The conversion of the
unsaturated groups of WVCO structure to the epoxy group
was analyzed through ATR-FTIR spectroscopy. The frequen-
cies and intensities confirm the presence of the epoxy groups
in WVCO according to the disappearance of or noticeable
decrease in the double bonds in the BmBP. The various
absorption bands of the spectra were assigned based on data
provided in the literatures.”””’

Figure 3 displays the ATR-FTIR spectra of biomass and
BmBP. The presence of double bonds in the biomass is visible
as the absorption peaks of above 3000 cm™, which is fre-
quently diagnostic of unsaturation and 1680~1620 cm™ of

Wavenumbers(cm-')

Figure 3. ATR-FTIR spectra of biomass and BmBP.

alkenyl C=C stretching vibration. Several indicators reveal that
the double bonds in the biomass were converted into epoxy
and hydroxy groups. Namely, the formation of epoxy groups at
830 cm™ (stretching C-O-C of oxirane group), 910 cm™ (stretch-
ing C-O of oxirane group), and 1400~1500 cm™ (stretching C-
H of oxirane ring) were confirmed by the transformation of
(unsaturated) double bonds into a three-membered oxirane ring
via epoxidation reaction. In addition, ATR-FTIR spectra exhib-
ited a trace of broad OH absorption peak at approximately
3000~3500 cm™, which represents oxirane cleavage during or
after the epoxidation reaction.

These results suggest that some of the double bonds are con-
verted into epoxy groups that act as a primary plasticizer and
heat stabilizer. Furthermore, a trace of double bond remains
unreacted, which acts as a reactive plasticizer by chemically
bonding with PVC resins and preventing the continuous ther-
mal degradation of PVC resin [Figure 8(d)]. Both greatly con-
tribute to improving the thermal stability and mechanical
properties of PVC resins.

'H NMR: The chemical compositions of the biomass and

Polym. Korea, Vol. 45, No. 3, 2021



384 J.-K. Kim and K. M. Huh

the BmBP were characterized by '"H NMR spectroscopy. The
presence of double bonds in the biomass and epoxy groups in
the BmBP is illustrated in Figure 4. The characteristic peaks of
the biomass were observed clearly in Figure 4(a). The two
sharp peaks at 4.1 and 4.3 ppm were attributed to the meth-
ylene protons on the glycerol backbone, while the peaks at ~0.9,
~1.3, ~1.6, and ~2.3 ppm were assigned to the terminal methyl
protons, the proton of the methylene group adjacent to the
methyl terminal, the proton of the methylene group adjacent to
the carbonyl, and the proton of the methylene alpha to the car-
bonyl, respectively. The presence of double bonds in the biomass
was confirmed by the peaks at ~2.0 ppm (-CH,CH=CHCH,-)
and 5.2 to 5.5 ppm (-CH=CH-). The characteristic peaks of the
BmBP, as displayed in Figure 4(b), were observed at 2.9~3.2,
1.7~1.8, and 1.5~1.6 ppm, which were assigned to the oxirane
ring (CHOCH)), the proton of the methylene group adjacent to
epoxy ring, and the OCOCH,CH,. Moreover, the peak at

(a) Biomass
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Figure 4. '"H NMR spectra of (a) Biomass; (b) BmBP.
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5.2~5.3 ppm indicated the presence of some double bonds in
the BmBP.

These results indicate that the BmBP, that is comprised of
90% epoxy groups and 10% double bonds, is successfully syn-
thesized from the biomass through the calculation of area ratio.

Processing Properties of PVC Sheets with BmBP, DIDP,
and TINTM. Fusion Behavior of the PVC Compounds:
The information on fusion behavior plays an important role in
determining the processability and predicting the mechanical
and thermal properties in PVC compounds.*’ Processability is
defined as the ease with which various processes combine the
plasticizer and other additives with the PVC resin to com-
pound and form the end product. The processability in PVC
processing depends on its viscoelastic behavior, which is
related to the gelation and fusion of the PVC compounds. The
characterization method for the progress of continuous gelation
and fusion over the temperature or time range of interest was
developed using viscoelastic or torque measurements.*
Gelation refers to a process in which liquid additives, such as
a plasticizer and a stabilizer, completely penetrate the PVC
resin particles in a mixture system of PVC resin, plasticizer,
and stabilizer; the process in which entangled PVC macro-
molecular chains inside PVC particles dissociate is called
fusion. In general, when observed with the naked eye, the color
of the PVC mixture in the gelation process is white and
becomes transparent as fusion progresses.

Figure 5 displays the fusion behaviors of PVC dry blends
with BmBP, DIDP, and TINTM. The curves illustrate the ther-
momechanical history experienced by PVC dry blends under
mixing and provide practical information on the prediction of
the mechanical and thermal properties. When PVC dry blends
are fed into the heated mixing chamber, they offer a certain
resistance to the free rotation of the blades, after which the
solid particles break into sub-grains or primary particles and
simultaneously melt the surface of them, therefore causing the
torque to increases to a maximum in Figure 5(a). PVC dry
blends are gelled during the formulation process using a super
mixer. Thus, agglomerated tertiary particles of PVC dry blends
are weakened by the gelation process and are easily dissociated
into primary particles by processing temperature and mechan-
ical shear. In addition, the fusion behavior up to the maximum
occurs primarily within the particles, after which the heating
acts as the main factor, and the primary particles become the
macromolecular chains. The torque consequently decreases
and reaches a steady-state condition as the fusion of PVC dry
blends continues, after which it may increase or decrease



Synthesis of Biomass-based Reactive Plasticizer and Its Effects on the Processing Properties of PVC 385

depending on whether crosslinking or degradation phenomena
occurs. The property of the plasticizer sorption of PVC dry
blends can be characterized based on the torque maximum, as
presented in Figure 5(a). The fact that the torque is the highest
indicates that the plasticizer absorption proceeded more ide-
ally, indicating that the thermal stabilizer easily penetrates the
PVC particles together with the plasticizer. Therefore, it con-
tributes simultaneously to the thermal stabilization of the PVC
resin and the improvement of mechanical properties. If the
plasticizer absorption proceeds incompletely, the double peaks
in the torque are observed, and the primary and tertiary par-
ticles coexist in the melt state, causing deterioration in the ther-
mal and mechanical properties. The plasticizer absorption of
BmBP had the highest level, and the levels for the DIDP and
TINTM followed. The thermal stability of the PVC dry blends
is determined based on whether the heat stabilizer penetrates
the internal structure of the PVC particles with the plasticizer
as quickly as possible to stabilize chlorine atoms vulnerable to
heat. Therefore, PVC compound using BmBP can be esti-
mated to exhibit better thermal stability than those using DIDP
and TINTM with benzene, which is a thermal resistant struc-
ture, even though BmBP has no benzene structure and a rel-
atively small content of heat stabilizer. In addition, the final
torque serves as a measure of the melt viscosity, which is an
important characteristic for optimizing the actuating variables
of a production line and provides a clue about the mechanical
property, as presented in Figure 5(b). In general, the higher the
melt viscosity, the better the mechanical property. Therefore,
the PVC sheet using BmBP can be the predicted to exhibit a
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Figure 5. Fusion behaviors of PVC dry blends with BmBP, DIDP,
and TINTM.

better mechanical property than those using DIDP and
TINTM, due to the effect of the complete solvation and fusion
and the crosslinking in the reactive sites, such as the oxirane
group and double bond of BmBP.

Thermal Properties of the PVC Sheets: Figure 6 indi-
cates the thermal stabilities of PVC sheets with BmBP, DIDP,
and TINTM. The thermal stability of PVC sheets was con-
firmed by the weight loss, indicated by the TGA analysis and
isothermal heating test, as illustrated in Figure 6(a). As pre-
viously stated, the thermal stability of PVC sheet with BmBP
is superior to those with DIDP and TINTM. Additionally, the
weight loss of PVC sheets begins at 295, 283, and 284 °C for
BmBP, TINTM, and DIDP, respectively. In general, the sharp
weight loss in the temperature range of 250 to 350 °C indicated
the dehydrochlorination of the PVC resin, which involves pro-
gressive “unzipping” of neighboring chlorine and hydrogen
atoms along the PVC chain. The development of color is
attributed to the conjugated double bonds formed in this dehy-
drochlorination process. Therefore, the color of the PVC sheet
sequentially changed to yellow, red, brown, and finally black
as the thermal degradation proceeded. It is noted that vegetable
oils have a unique yellowish color, and the content of heat sta-
bilizer in the PVC sheet with BmBP is reduced to a quarter
compared with those with DIDP and TINTM. The thermal sta-
bility of the PVC sheet with BmBP composed of pure hydro-
carbon is superior to those with DIDP and TINTM composed
of a benzene structure because it is associated with the excel-
lent plasticizer absorption and the reactive sites, such as
oxirane group and carbon-carbon double bond. In particular,
excellent plasticizer absorption of BmBP permeates the PVC

100

80 -
- (a) Isothermal heating test
S WS TR
]
2
L4
=

0 T T T T T T T . T .
100 200 300 400 500 600
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Figure 6. Thermal stabilities of PVC sheets with BmBP, DIDP, and
TINTM.
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particles with heat stabilizer more quickly than DIDP and
TINTM and prevents the dehydrochlorination of PVC resin
and changes into thermally stable structures such as chloro-
hydrin compounds. Moreover, the fact that the first plateau of
the PVC sheet with BmBP is higher than those with DIDP and
TINTM indicates that crosslinking and stabilization reaction
occurred at the reactive sites, which contributes to improving
the thermal stability of BmBP. This result is consistent with the
fusion behavior in Figure 5(a).

Figure 7 presents the FTIR analysis of PVC sheets with
BmBP, DIDP, and TINTM, while Figure 8 indicates the ther-
mal degradation, stabilization, and crosslinking of PVC sheets
with DIDP, TINTM, and BmBP. The assignment of the spec-
tral bands was performed according to previously published
literatures.***

There exists much evidence of the crosslinking and sta-
bilization reaction of BmBP and thermal degradation of DIDP
and TINTM with PVC resin. Most of all, PVC sheets with
BmBP, DIDP, and TINTM exhibit a broad band at approx-
imately 3450 cm™. In the case of BmBP, the stabilization reac-
tion between the oxirane group of BmBP and hydrogen
chloride of PVC resin occurs to yield the hydroxyl group [Fig-
ure 8(d)]. Additionally, strong peaks of C-OH stretching vibra-
tions are observed near 1100 and 1170 cm™. On the other hand,
DIDP and TINTM are thermally decomposed to form hydro-
gen phthalate by cis-elimination and phthalic anhydride and
alcohol by further thermal decomposition [Figure 8(b) and
8(c)]. In this case, a strong peak appears near 1750 cm™ that
corresponds to hydrogen phthalate. Furthermore, new extra-
ordinarily strong peaks appear near 1260 and 1030 cm™ in par-
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Figure 7. FTIR analysis of PVC sheets with BmBP, DIDP, and
TINTM.
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ticular due to the presence of cyclic C-O-C asymmetric and
symmetric stretching vibrations that correspond to phthalic
anhydride, respectively [Figure 8(b) and 8(c)].

Near 3000 cm™ of the carbon-hydrogen stretching absorp-
tion, a new band of PVC sheets with DIDP and TINTM is
formed at approximately 3050 cm™ and may be associated
with the carbon-hydrogen stretching vibration from an unsat-
urated carbon-carbon linkage. Moreover, the weak absorption
band near 1610 cm™ is assigned to the carbon-carbon double
bond stretching vibration for conjugated aliphatic bonds,

(a) Thermal degradation of PVC

-CH2~[CH CH lcm == ~=CH{CH=CH}CH=~ + HCI
(b) Thermal degradation of DIDP
i /\/\/\:I/
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Figure 8. Thermal degradation, stabilization, and crosslinking of
PVC sheets with DIDP, TINTM, and BmBP.
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which are formed as a result of some dehydrochlorination
reaction [Figure 8(a)]. Regarding the PVC sheet with BmBP,
the C-H stretching band on neighboring CHCI groups at
2970 cm™ disappears after the PVC stabilization process [Fig-
ure 8(d)]. The presence of double bonds and chlorine atoms
suggests that the stabilization of PVC sheets with DIDP and
TINTM did not function normally and was followed by deg-
radation [Figure 8(a)]. In addition, the absence of peaks cor-
responding to double bonds within the PVC sheet with BmBP
indicates that the crosslinking was formed successfully [Figure
8(d)].

Some specific peaks are found in the PVC sheets with
BmBP, DIDP, and TINTM: CH-CI out of plane angular defor-
mation near 1380 and 1250 cm™ and C-Cl stretching vibration
near 830, 690, and 620 cm™. The peaks in the former disappear
as the main chains of PVC resin are destroyed and the chlorine
atoms are removed by the thermal degradation or the chlorine
atoms of PVC resin are stabilized with heat stabilizer and a
reactive plasticizer such as BmBP to form metal chloride com-
plexes and chlorohydrin compounds, respectively; these results
are consistent with data presented in Figure 6. In the latter
case, the presence of chlorine in PVC sheets using DIDP and
TINTM indicates that the stabilization reaction did not proceed
smoothly. On the other hand, the presence of chlorine in the
PVC sheet with BmBP indicates that the reaction between
oxirane groups of BmBP and chlorine atoms of PVC resin
occurred to create new -CHCI- structures [Figure 8(d)].

Mechanical Properties of the PVC Sheets: The analysis
of the fusion characteristic is a measure of the ability of a plas-
ticizer to fuse with the polymer and cause further structural
rearrangement (namely entanglement) that may improve its
melt viscosity. In general, the mechanical properties of the
PVC sheets improve as PVC dry blends are fully solvated and
fused or crosslinked.

Figure 9 illustrates the measurement of the mechanical prop-
erties of PVC sheets with DIDP, TINTM, and BmBP using
UTM. Considering the slopes of stress-strain curves and the
data of Young’s modulus, the PVC sheet with BmBP is much
softer than those with TINTM and DIDP, due to the difference
between the soft hydrocarbon structure of BmBP and the rigid
benzene segment of DIDP and TINTM. Furthermore, the data
above reveals that the plasticization efficiency and reduction
effect of plasticizer content for PVC sheet with BmBP are bet-
ter than those with DIDP and TINTM. Moreover, the tensile
strength of the PVC sheet with BmBP is superior to those with
DIDP and TINTM, which is consistent with the prediction in
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Figure 9. Measurement of the mechanical properties of PVC sheets
with DIDP, TINTM, and BmBP using UTM.

Figure 5(b). This result is caused by the presence of the reac-
tive sites, such as double bonds and oxirane groups, which can
lead to a mechanically strong and stable crosslinking structure.
The elongation of the PVC sheet with BmBP is slightly infe-
rior to that with TINTM but is superior to that with DIDP,
which is caused by the partial crosslinking despite the high
molecular weight of BmBP. In addition, if the complete cross-
linking occurred, the elongation of PVC sheet with BmBP is
greatly inferior to those with DIDP and TINTM.

Conclusions

BmBP was successfully synthesized via three epoxidation
steps that were innovatively simplified from the conventional
seven steps, which were otherwise comprised of complex and
expensive manufacturing processes. In addition, BmBP con-
sisted of 90% oxirane groups and 10% unsaturated groups
reinforce the thermal and mechanical properties of the PVC
sheet and obtain low hardness through partial crosslinking,
which is a major obstacle of DIDP and TINTM. The con-
tinuous gelation and fusion behaviors were characterized by
torque measurement and used as a predictive model for cor-
relating the thermal and mechanical properties. BmBP demon-
strates excellent plasticizer absorption compared with DIDP
and TINTM; therefore, the permeation of BmBP with the ther-
mal stabilizer into the PVC particles was faster than those of
DIDP and TINTM, resulting in superb thermal and mechanical
properties through stabilization with thermally sensitive chlo-
rine atoms. Moreover, reactive sites of BmBP, such as oxirane
groups and double bonds, played a major role in strengthening
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both PVC resin and BmBP via stabilization reaction and par-
tial crosslinking.

As aresult, BmBP is a powerful alternative to specialty plas-
ticizers such as C.;; phthalates and trimellitates, which can be
extensively used in wire, cable, and electrical insulation parts.
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