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Abstract: Phthalate esters have been extensively used as plasticizers to improve the flexibility and processability of
poly(vinyl chloride) (PVC) resin. However, the use of phthalate plasticizers is prohibited, and they have been replaced
by non-phthalates due to the controversy over their harmful effects on the human body and the environment. Therefore,
in this paper, a coconut oil-based bio-plasticizer (COBP) was synthesized via bioconversion of coconut oil using an
enzyme catalyst. The rheological and fusion effects of the COBP on the PVC resin were compared with the effects of
commercially available phthalate plasticizers in terms of processability, and a predictive model for correlating the
mechanical and thermal properties was suggested.
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Introduction

A plasticizer is a material that is incorporated into rigid and
hard plastics to increase their flexibility, or elongation, and
their workability. Addition of the plasticizer may decrease the
elastic modulus, the melt viscosity or the glass transition tem-
perature of the second-order transition." Over 90% of the plas-
ticizers by volume are used in the PVC industry. The reason
for such high usage with poly(vinyl chloride) (PVC) is that the
benefits afforded to the plasticized PVC are far greater than
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those afforded to other polymers. PVC would rarely be used
alone without the wide range of available additives, e.g., plas-
ticizers, stabilizers, fillers, lubricants, and pigments. PVC is
easily mixed with various additives to obtain a broad variety of
material properties. The PVC offers not only a wide range of
physical, chemical, and mechanical properties but also dura-
bility and cost effectiveness. All these properties allow PVC to
be used in many applications, such as packaging, healthcare
devices, toys, wall coverings, floorings, building materials and
electrical wire insulation.>?

Phthalate esters have been used as plasticizers in plastic
materials since the 1920s. However, the world phthalate plas-
ticizer market has recently decreased from 87% in 2005 to
80% in 2014.* This reduction is the result of human and envi-
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ronmental hazard controversies. The harmful effects of phthal-
ate exposure on health have been investigated in studies
involving rodents and humans for more than 35 years.”®
Phthalate esters have been reported to cause serious harm to
human health, including changes in hormone levels, respi-
ratory difficulties, reproductive malformations, chronic tox-
icities, and hepatic tumorigenesis.”'® For these reasons, the
European Union has restricted the use of several phthalate
esters (less than C8), especially for PVC toys for young chil-
dren.’ Korea has further limited the use of C9 and C10 phthal-
ate plasticizers in addition to adhering to the EU regulations,
according to the domestic laws and regulations trend data of
KOVEC (Korea Vinyl Environmental Council).

Recently, given the increasing concerns about the fatal influ-
ence of phthalate esters, extensive research has been carried
out to develop safer plasticizers with lower toxicity and migra-
tion rates. These plasticizers could replace petrochemical-
based phthalate plasticizers for medical and other commodity
PVC products because of their economic feasibility, technical
advantages and environmental stability. Recently, there has
been increasing interest in natural-based plasticizers derived
from renewable and eco-friendly biomass. However, these
epoxidized triglycerides prepared from natural resource such
as soybean oil, linseed oil, castor oil, sunflower oil, glucose
ester, and fatty acid esters (FAESs) are used more as lubricants,
processing aids or antifogging agents than as plasticizers.'”®
Therefore, it remains a challenge to manufacture effective
plasticizers with excellent performance, environmental sta-
bility and commercial availability in practical industry.

The aim of this study is to develop an environmentally
friendly bioplasticizer to replace the current phthalate esters
and to evaluate its effect on the rheological and fusion prop-
erties of PVC resin. The bioplasticizer is synthesized from edi-
ble coconut oil through bioconversion with lipase enzyme. The
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coconut oil-based bioplasticizer (COBP) was compared with
commercially available phthalate plasticizers in terms of the
processability, and a predictive model for correlation with the
mechanical and thermal properties was suggested.

Experimental

Materials. For the synthesis of COBP, the refined, bleached
and deodorized (RBD) coconut oil, triacetin (food grade), and
lipase catalyst were purchased from Dongsuh Co., Ltd.
(Korea), Zhonglan Industry Co., Ltd. (China), and Novozymes
Co., Ltd. (Denmark), respectively. The PVC resin with a K
value of 75 was purchased from Hanwha Chemical Co., Ltd.
(Korea). The commercial plasticizers, di-isononyl phthalate
(DINP) and di-octyl terephthalate (DOTP), were supplied by
LG Chemical Co., Ltd. (Korea). The heat stabilizer, LFX-910,
was obtained from KD Chemical Co., Ltd. (Korea).

Synthesis of the Coconut Oil-based Bioplasticizer
(COBP). The COBP was synthesized by the transesterification
reaction of coconut oil and triacetin using lipase (Figure 1).
The refined, bleached and deodorized (RBD) coconut oil
(360 g) was mixed with triacetin (240 g) in a 1 L four-neck
flask equipped with a mechanical stirrer, a thermostat, a vac-
uum pump, and a nitrogen inlet. The mixture of coconut oil
and triacetin was preheated to approximately 100 °C with vig-
orous stirring under vacuum for 1h to eliminate moisture.
After purging with nitrogen, the mixture was kept at 40 to
45 °C for 30 min, and then the lipase (60 g) was added to ini-
tiate the reaction. The mixture was reacted under stirring at a
low speed of 150 to 200 rpm for 1 h. After the reaction, the
lipase was separated from the mixture by centrifugation, and
the reaction product was transferred to a distillation apparatus.
To obtain the desired composition of the monoglycerides, the
unreacted triacetin and coconut oil, and other side products
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Figure 1. Bioconversion process for the synthesis of COBP.
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were sequentially separated by a series of distillation processes
at 60, 120, and 150 °C, respectively, under vacuum.

Preparation of the PVC Films. Three kinds of plastisols
were prepared by mixing the dry PVC resin with three dif-
ferent plasticizers, COBP, DINP, and DOTP, in the standard
proportion of 60 parts plasticizer and 3 parts heat stabilizer to
100 parts resin by weight. These mixtures were thoroughly
blended using a laboratory-type mixer at speeds of 500, 700,
and 1000 rpm sequentially for 20 min and then degassed for 30
min under vacuum (pressure < 100 Pa). After one day of
aging, the plastisols were spread on release papers. The coated
release papers were heated in a vacuum oven at 210 °C for 2
min to gel and fuse. The PVC films were obtained by remov-
ing the release papers at room temperature.

Characterization. The COBP was identified using gas
chromatography (GC) with a GC-FID HP7890A apparatus
(Agilent Technologies, USA), Fourier transform infrared spec-
troscopy (FTIR) with a VERTEX 80v FTIR spectrometer
(Bruker, Germany), and 'H NMR spectroscopy with an
AVANCE 1III 600 spectrometer (Bruker BioSpin, Germany) at
600 MHz.

The rheological properties of the plastisols were examined
using a HAAKE MARS-I Rheometer (Thermo Electron
GmbH, Germany) with a cone and plate geometry (0.2 mm
plate diameter) according to temperature factors. The effects of
the plasticizers on the processability of the plastisols were esti-
mated based on the rheological analysis. The viscosities of the
plastisols were measured using a Brookfield (BF) viscometer
at room temperature for 2 months.

The fusion properties of the plastisols were investigated
using the HAAKE MARS-I Rheometer with a parallel plate
geometry (0.2 mm plate diameter) under temperature-pro-
grammed conditions at temperatures from 20 to 200 °C for
20 min. The effects on the processability of the plastisols were
predicted from the fusion behavior analysis. The analysis to
correlate the processability with the mechanical and thermal
properties was carried out. The Young’s modulus, tensile
strength and elongation at break were determined at room tem-
perature with a universal testing machine LS 1 (LLOYD, UK)
at a constant rate of 500 mm/min by using a 20 N load cell
according to ASTM D-638. The analysis of the glass transition
temperature (7,) was carried out on a differential scanning cal-
orimeter (DSC) (SDT Q600, TA Instrument, USA) with a
heating rate of 5 °C/min from -20 to 120 °C under inert atmo-
sphere. The analysis of the thermal stability was performed on
a thermogravimetric analyzer (TGA) (Thermo plus EVO II,
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Rigaku Co., Japan) at a 10 °C/min heating rate from room tem-
perature to 600 °C under nitrogen flow.

Results and Discussion

Synthesis and Characterization of the COBP. Gas
Chromatography (GC-FID): Classical gas chromatography
(GC) has been frequently used for the characterization of var-
ious edible oils.**** Figure 2 shows the GC-FID chromato-
grams of (A) the RBD-coconut oil, (B) the coconut oil after
bioconversion, and (C) the COBP after distillation. Figure
2(A) shows the approximate concentrations of the fatty acids
in the coconut oil as follows: 7% caprylic saturated C8, 8%
decanoic saturated C10, 48% lauric saturated C12, 16% myris-
tic saturated C14, 9% palmitic saturated C16, 6% oleic mono-
unsaturated C18:1, and 6% polyunsaturated fatty acids and the
other fatty acids.

The RBD coconut oil was converted to low molecular
weight (fatty acids) mono-, di-, and triglycerides diversely
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Figure 2. GC-FID chromatogram of (A) the RBD coconut oil; (B)
the coconut oil after bioconversion; (C) the COBP after distillation.
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through the bioconversion, as shown in Figure 2(B). Con-
sidering the compatibility and processability of PVC resin, the
low molecular weight (less than C8) and high molecular
weight (triglycerides) fatty acids marked by dotted lines in Fig-
ure 2(B) should be removed by the distillation process. Low
molecular weight is considered the major factor that affects the
problems of migration, thermal stability and mechanical prop-
erties in plasticized PVC. Additionally, high molecular weight
compounds especially interfere with the fusion of PVC resin
due to their bulky molecular structure and high molecular
weight and further affect the mechanical and thermal prop-
erties of PVC film because of the tardy and incomplete fusion.
As shown in Figure 2(C), the desired composition of the
COBBP, which consists of 85 to 90% monoglycerides and 15 to
10% diglycerides, was successfully obtained.

Fourier Transform Infrared (FTIR): The functional groups
of the RBD coconut oil and COBP were analyzed by FTIR
spectroscopy. The frequencies and intensities clearly confirm
the presence of the relevant functional groups in the coconut
oil and COBP. The various absorption bands of the spectra
were assigned based on data given in the literature.”!

Figure 3 shows the FTIR spectra of the coconut oil and
COBP. There are several indications that the triglycerides in
the coconut oil were converted into mono- and di-glycerides in
the COBP, namely, there were decreases in the peaks (~2925
and ~2854 cm™) of the asymmetric and symmetric stretching
vibrations of the C-H of the aliphatic CH, groups; an increase
in the peak (1741 and 1743 cm™) of the stretching vibration of
the ester carbonyl functional groups; an increase in the peak
(1370 cm™) of the bending symmetric vibration of the C-H
bonds of the monoglyceride CH, groups and a slight decrease
in the peak of the bending vibration of the CHj; aliphatic
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Figure 3. FTIR spectra of RBD coconut oil and COBP.

groups in the peaks (1462 and 1459 cm™); increases in the
peaks (~1237 and ~1050 ¢cm™) of the stretching vibrations of
the C-O ester groups; and finally, a decrease in the peak of the
-(CH,),- rocking vibration in the peaks (722 and 719 cm™).
These results suggest that the coconut oil, with high molecular
weight constituents, successfully transformed into the COBP,
with low molecular weight constituents, via bioconversion pro-
cesses. Furthermore, there were no observed peaks corre-
sponding to the carbonyl band (1704 cm™) and the broad OH
band (~3300 cm™) of free fatty acids, which can cause various
problems such as migration and decrease in thermal stability
and processability.

'H NMR Measurements: The chemical compositions of
the RBD coconut oil and the COBP were characterized by 'H
NMR spectroscopy. The presence of triglycerides in the coco-
nut oil and monoglycerides in the COBP are traced in Figure
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Figure 4. '"H NMR spectra of (A) coconut oil; (B) COBP.
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4. The characteristic peaks of the coconut oil are observed
clearly in Figure 4(A). The two sharp peaks at 4.1 and 4.3 ppm
were attributed to the methylene protons on the glycerol back-
bone. The peaks at ~2.3, ~1.6, ~1.3, and ~0.9 ppms were
assigned to the proton of the methylene alpha to the carbonyl,
the proton of the methylene group adjacent to the carbonyl, the
proton of the methylene group adjacent to the methyl terminal,
and the terminal methyl protons, respectively. The presence of
unsaturated groups in the coconut oil was confirmed by the
peaks at ~2.0 ppm (-CH,CH=CHCH,-) and 5.2 to 5.5 ppm
(-CH=CH-). The characteristic peak of the COBP was
observed at ~2.1 ppm, marked by the red arrow in Figure 4(B).
Additionally, the absence of peaks at 3.5 and 3.8 ppm con-
firmed that there was no free glycerol. These results indicated
that the COBP was successfully synthesized from the coconut
oil by a series of bioconversions and distillation processes.

Rheological Behavior of the Plastisols. The rheological
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analysis of the plastisols provides much useful information for
the estimation of the processability of plasticized PVC. The
processability is one of the core criteria for determining
whether a substance can be used as a plasticizer.”> Wilkes et al.
described processability as the ease with which various pro-
cesses combine the liquid plasticizer with the PVC resin to
compound and form the end product. Figure 5 shows the rhe-
ological behavior of the plastisols at different processing tem-
peratures (A) 25 °C, (B) 35 °C, (C) 45 °C, and (D) 55 °C. The
dilatant and pseudoplastic characteristics were observed for
three kinds of plastisols. The dilatant and pseudoplastic behav-
iors of all the plastisols significantly diminished as the pro-
cessing temperature increased. Eventually, all the plastisols
showed a behavior corresponding to a Newtonian flow at
55 °C. These phenomena are mainly due to the morphology of
the agglomerates of the PVC resin and the type of emulsifier
used for the polymerization. The PVC resin used in this study
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Figure 5. Rheological behavior of the plastisols according to processing temperatures: (A) 25 °C; (B) 35 °C; (C) 45 °C; (D) 55 °C.
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was manufactured by microsuspension polymerization. The
PVC agglomerates produced by the polymerization and sub-
sequent drying and milling processes formed spherical shapes
with diameters of 15 to 0.2 um that consisted of primary par-
ticles, as shown in Figure 5(D)-(c). More importantly, the
agglomerates contained holes of various sizes, which is a crit-
ical factor in the performance of the PVC resin and the rhe-
ology behaviors of the plastisol.*** Therefore, PVC particles
with large pores gave rise to the rapid and easy absorption of
the plasticizer and swelling of the agglomerates, resulting in
the plastisol behaving like a dilatant. The subsequent plas-
ticization steps brought about the disassociation of the PVC
particles, which were loosened and transformed into primary
particles and exhibited pseudoplastic and Newtonian flow.
These phenomena were accelerated as the shear rate and pro-
cessing temperature increased. Additionally, Newtonian behav-
ior was demonstrated by the plasticizer acting as a buffer or
lubricant between the primary PVC particles and the emulsifier
used in the polymerization.

According to the rheological analysis of the plastisols, the
COBP showed less dilatant and pseudoplastic flow than did
the DOTP and DINP at low processing temperatures and more
Newtonian-like flow at high temperatures, indicating that the
COBP was more advantageous than were the DINP and
DOTP in terms of processability. The Newtonian behavior
related to the processability generally helps to achieve a usable
plasticized PVC product. In addition, it is necessary to deter-
mine whether changes are needed in the processing conditions
of the PVC plastisol for use in industrial applications.”*** PVC
products using plastisol are manufactured by coating and dip-
ping processes. The former is commonly carried out with a
production speed of 10 to 30 m/min and a product thickness of
0.2 mm at 25 to 30 °C. The resultant shear rate is in the range
from 83 to 416/s, as indicated in Figures 5(A) and 5(B). The
latter is generally performed with a production speed of 1 to 5
m/min and a product thickness of 0.2 mm at 50 to 55 °C. The
resultant shear rate is in the range of 833 to 2500/s, as indi-
cated in Figure 5(D). These indicate that the slight change in
production speed can affect the shear rate, which causes a
change in the viscosity and, subsequently, a variation in the
product thickness. Eventually, undesirable consequences on
the mechanical and thermal properties of the PVC film can
result because of the deviation of the product thickness and the
heat history (i.e., processing temperature). Thus, less dilatant
and pseudoplastic flow and more Newtonian-like flow of the
COBP are preferred to the contrary flow of the DOTP and

DINP to prevent adverse processing properties.

Figure 6 shows viscosity changes of the plastisols over a
long period of time. The COBP had excellent short-term and
long-term viscosity stability compared to that of the DINP and
DOTP. In general, the viscosity changes noticeably, as the plas-
tisol behaves like a dilatant or pseudoplastic flow. The plas-
tisols using the DINP and DOTP showed similar viscosity
changes until 1 week and displayed contrary results after 1
week. These changes were mainly due to the correlation
between the polar-nonpolar balance, the interactions with neg-
atively charged PVC particles, the molecular structure of the
plasticizers and the morphology of the PVC particles. As
shown in Table 1, the COBP had a typical surfactant structure,
which can lead to “PVC particles in bio-based plasticizer
emulsion” and therefore cause a small and uniform viscosity
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Figure 6. Viscosity changes of the plastisols over a long period of
time.
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change. On the other hand, the DOTP and DINP had molec-
ular structures that were different from the typical surfactant
structure. Furthermore, the DOTP had a low molecular weight
compared to that of the DINP and the COBP but had a rel-
atively bulky molecular structure and benzene ring structure,
known as the hard segment. Thus, the viscosity of the DINP
increased with time, which can be described as a fast absorp-
tion rate into the PVC particles. The viscosity of the DOTP
decreased with time, which brought about a phase separation
due to the poor absorption rate. Similar results have been
reported showing that the change of viscosity with time is
related to the particle morphology of the PVC resin, the molec-
ular size and shape, and the solvent power of plasticizer.”’

Fusion Behavior of the Plastisols. The processability
requirements in PVC processing depend on its viscoelastic
behavior, which is related to the gelation and fusion of the
plastisols. The characterization method for the progress of con-
tinuous gelation and fusion over the temperature range of
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interest has been developed by using viscoelastic measure-
ments.* ¥4 Figure 7 shows the viscoelastic behavior of the
plastisols and correlated processing properties, providing prac-
tical information on the estimation of the mechanical and ther-
mal properties of the plasticized PVC. In Figure 7(A), the
range of (a) indicates the plastisol as an initial mixture of the
PVC resin, plasticizer and thermal stabilizer. As the processing
temperature increased, the liquid additives penetrated the PVC
resins, which is defined as a gelation step (b) including the
concept of swelling. Further temperature increases led to the
dissolution of PVC resins, a fusion step (c).

As shown in Figure 7(A), there was a slight decrease in G’
and G" in the temperature range (a) due to the decreasing vis-
cosity of the plasticizer as the plastisols were heated. The min-
imum value of G’ corresponds to 7, as indicated by the black
arrow at (d), and the beginning of gelation. The values of 7,
for the COBP, DINP and DOTP were approximately 52.5, 63.1
and 67.8 °C, respectively. The values of 7, for the plastisols
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Figure 7. (A) Viscoelastic behavior of the plastisols and the correlated processing properties; (B) The measurement of T, using DSC analysis;
(C) The measurement of the mechanical properties using UTM; (D) The measurement of the thermal stability using TGA analysis.
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were confirmed by DSC analysis, as shown in Figure 7(B),
and followed a similar trend. The COBP had the lowest 7,
because of its soft and flexible molecular structure consisting
of hydrocarbons, while the DINP and DOTP had relatively
higher 7, values due to the hard benzene ring structure.

As the temperature increased further, the G’ and G" began to
dramatically increase because the PVC particles swelled from
the absorption of the plasticizer and induced gelation. The
maximum of G’ corresponded to the end of gelation and the
beginning of fusion. The gelation characteristics and the plas-
ticizer absorption rate are measures of the ability of a plas-
ticizer to fuse with the polymer to give a product of maximum
elongation and softness (i.e., maximum plasticization). The
COBP had the fastest gelation rate, and the rates for the DOTP
and DINP followed. Thus, the elongation of the COBP is
expected to be the highest, followed by that of the DINP and
DOTP. These results are consistent with those shown in Figure
7(C). This behavior is attributed to the soft and flexible seg-
ment of the hydrocarbon structure of the COBP and the long
methylene chain that is likely to be transformed into an entan-
glement. The plasticizer absorption rate into the PVC particles
decreased in the direction of the black arrow (e). The COBP
had the fastest plasticizer absorption rate, and the rates for the
DINP and DOTP followed. The plasticizer absorption rate is
closely related to the thermal stability of the plasticized PVC.
In general, the faster the plasticizer absorption rate is, the better
the thermal stability is. Furthermore, the slope of G’ and G”
shown in Figure 7(C)-(f) is an important indication of the
thermal stability of PVC systems. The steeper the slope was,
the more the thermal stability decreased. This trend occurred
because the thermal stabilizer contributing to the thermal sta-
bility of the PVC system was quickly absorbed by the plas-
ticizer. The thermal stability of the plastisols was confirmed
by the weight loss indicated by the TGA analysis and iso-
thermal heating test, as shown in Figure 7(D). In general, the
sharp weight loss in the temperature range of 200 to 300 °C
indicated the dehydrochlorination of the PVC resin. The
color of the PVC sheet sequentially changed to yellow, red,
brown and black as the thermal degradation proceeded
during the isothermal heating. The decrease in thermal sta-
bility resulted in dehydrochlorination and discoloring simul-
taneously.

In the temperature range of fusion (c) in Figure 7(A), addi-
tional swelling and dissolution occurred through the interaction
between the polymer and plasticizer molecules, and the G’ and
G" began to decrease gradually. The fusion characteristics are

a measure of the ability of a plasticizer to fuse with the poly-
mer and cause further structural rearrangement (i.e., entan-
glement) that may improve its mechanical properties. The ease
of the fusion of plastisols has been clearly connected to the
polarity and solvating power of the plasticizer used. To achieve
a useful plasticized PVC product, the polymer and plasticizer
must be fully solvated or fused. In general, the mechanical
properties of the PVC films increase in the direction of the
black arrow (f) shown in Figure 7(A). The mechanical prop-
erties of the DOTP and DINP are expected to be higher than
those of the COBP. The mechanical properties of the PVC
films are shown in Figure 7(C) and followed a trend similar to
those shown in Figure 7(A)-(f). The benzene ring, a hard and
rigid segment of the DOTP and DINP, is attributed to the high
Young’s modulus and tensile strength. However, the mechan-
ical properties excluding elongation are generally not key
requirements in soft PVC products. The Young's modulus is
required to be as low as possible, and the tensile strength is
required to be greater than approximately 4 MPa in most soft
PVC products.

Conclusions

The COBP, as a new bioplasticizer, was successfully syn-
thesized by the bioconversion of coconut oil with an enzyme
catalyst. The rheological and fusion effects of the COBP on
PVC resin were compared with those of commercially avail-
able phthalate plasticizers in terms of processability, and a pre-
dictive model for correlating the mechanical and thermal
properties was suggested. The COBP has an outstanding rhe-
ological flow compared to that of DINP and DOTP. The plas-
tisol with the COBP demonstrates Newtonian flow and
excellent short- and long-term viscosity stability compared to
those with DINP and DOTP; thus, it is more suitable for coat-
ing processes and dipping processes. The COBP also exhibits
a fusion behavior that is superior to that of DINP and DOTP.
The COBP demonstrates faster gelation and fusion charac-
teristics and thus enhances thermal and elongation properties.
As a result, the COBP is an appropriate material that can be
used as an eco-friendly bioplasticizer to replace phthalate plas-
ticizers, and its rheological and fusion behaviors can be used as
a model for predicting the mechanical and thermal properties
of plasticized PVC systems.
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