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1. Introduction

Poly(vinyl chloride) (PVC) is one of the most commercialized
thermoplastic polymer materials due to its low cost, good
processability, flame retardance, various mechanical properties
and its compatibility with various additives. Due to its
versatile properties PVC is used in rigid and flexible products,
such as pipes, construction products, cable coatings, and
medical products. One of the reasons PVC is used in such
diverse applications is because PVC can accommodate
various additives due to its inherent polarity arising from the
carbon-chlorine bond. 

One of the most frequently used methods of PVC processing
is the plasticization of PVC by addition of plasticizers.
Plasticizers are defined as a substance that makes a material
softer and more flexible. The mechanical properties of PVC
vary greatly with the addition of plasticizers. The degree of
plasticizer addition varies from a small amount used to
improve the workability of the polymer melt, to amount as

high as 80 phr in which the properties of the product are
greatly altered [1−4].

Typically plasticized PVC are classified into internally
plasticized PVC and externally plasticized. Internal plasticizers
are softer substances copolymerized PVC making it more
flexible than the PVC homopolymer. External plasticizers are
substances when physically mixed with PVC, gives it flexible
properties. External plasticization of PVC occurs when
plasticizers, normally ester compounds, solvate the amorphous
region of the PVC increasing its free volume [1−3]. Externally
plasticized is more preferred in the industry due to relatively
low cost compared to internally plasticized PVC where the
complexity from copolymerization attributes to its relatively
high cost.

Phthalate derived chemicals such as diethylhexyl phthalate
(DEHP) and diisononyl phthalate (DINP) account for the
majority of the plasticizers used in the world. However,
concerns on endocrine disruption of phthalate derived
chemicals have stimulated extensive restrictions on phthalate
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Abstract: Plasticized poly(vinyl chloride) (PVC) is widely used in industrial products
because of its low price and various mechanical properties. The mechanical properties of
PVC can be easily altered by adding plasticizers, changing rigid PVC into flexible PVC. How-
ever, growing concerns about the migration of phthalate-derived plasticizers, which can
act as endocrine disruptors, have led to extensive research into alternative materials. In this
work, plasticized PVC was prepared using acetylated citrate plasticizers and their potential
to replace commercial phthalate derived plasticizers was investigated. Plasticized PVC was
prepared by melt compounding the premixed plastisol using a twin-screw extruder. The
compatibility of acetylated citrate plasticizers with PVC was compared with different com-
mercial plasticizers by means of rheology and spectroscopy. The thermal stability and plas-
ticizing ability of citrate plasticizers were evaluated using thermogravimetric analysis (TGA)
and tensile modulus analysis, respectively. Acetylated citrates showed promising thermal
and mechanical properties, making them a possible alternative to phthalate plasticizers.
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plasticizers. Ban on phthalates such as DEHP and DINP in
children’s toys and child care products, by the U.S Consumer
Product Safety Commission Improvement Act have spurred
extensive research on its alternatives [5−9].

Various non-phthalate esters such as adipates, trimelilitate,
maleates, and succinates have been investigated as alternatives
to phthalate plasticizers [1,5]. However phthalates are still
the most commercially used plasticizers due to their versatility.
The uses of alternatives to phthalates are restricted due to
various reasons such as cost, migration rates, and low
performance [1].

Acetylated citrates prepared by the acetylation of citrate
esters are environmentally benign and non-toxic substance
which has great potential to replace phthalates as plasticizer
for PVC. In this research two acetylated citrates with
different alkyl chain lengths were investigated for its use as
the primary plasticizer for PVC. The compatibility of the

acetylated citrates to PVC was analyzed to investigate the
possibility of acetylated citrates to replace phthalates primary
plasticizer for PVC. FTIR spectral shifts of the PVC plastisols
were calculated to investigate the physical interaction between
PVC and the plasticizers to provide comparison for PVC-
Plasticizer compatibility of different plasticizers. The storage
and loss modulus were investigated at increasing temperature to
investigate the gelation temperature and mechanical properties.
Univerasl testing machine (UTM) and thermogravimetric
analysis (TGA) was used to characterize the tensile properties
and thermal stability of the plasticized PVC. 

2. Experimental

2.1. Materials
Suspension PVC resin (KH-60) with degree of polymerization

(DP) 1700±100 and K-value 78 was purchased from Hanwha

Table 1. Chemical structure of the plasticizers used and their abbreviations

Plasticizer Chemical structure Abbreviation

Diethyl hexyl phthalate DEHP

Diisononyl phthalate DINP

Diisononyl 1,2-cyclohexanedicarboxylic acid DINCH

Diethyl hexyl maleate DEHM

Acetyl triethyl citrate ATEC

Acetyl tributyl citrate ATBC

 

 

 

 

 

 



아세틸화 구연산의 폴리염화비닐에 대한 상용성의 연구 ▐  189

Chemical. Acetylated citrate plasticizers, acetyl triethyl
citrate and Acetyl tributyl citrate were purchased from Tokyo
Chemical Industry Co. Commercially utilized plasticizers
DEHP, purchased from Samchun Pure Chemical Co., Ltd.
(Korea), DINP purchased from Sigma-Aldrich (Korea), and
diisononyl 1,2-cyclohexane dicarboxylic acid (DINCH) supplied
by BASF (Korea), and diethylhexyl maleate (DEHM) were
chosen for comparison. Epoxidized soybean oil (ESBO)
provided by Songwon Industrial Co., Ltd. was used as a
lubricant and thermal stabilizer. 

2.2. Preparation of Plasticized PVC Films
The plasticized PVC films were prepared by mixing the

following formulation of PVC and plasticizers. The amount
of primary plasticizers was fixed at 60 phr to ensure that the
plasticized PVC has a high flexibility, so that the comparison
on the plasticizing ability is clear. Four different commercial
plasticizers were used in this study for comparison to
investigate the capabilities of acetylated citrates as a primary
plasticizer. The list of the different plasticizer structures and
their abbreviations used in this study are described in Table
1. ESBO was chosen as secondary plasticizer due to its
efficacy as a thermal stabilizer. The primary and secondary
plasticizers were mixed by hand prior to the addition of the
PVC resin. PVC resin was added to this mixture and was
mixed using a mechanical mixer for 30 minutes until no
visible agglomerates of PVC resin remained. The plastisol
was melt compounded using a twin screw extruder (BA-19,
Bautek) at 150 oC and melt compounded PVC was compression
molded in to 40.0×40.0×0.5 mm films at 140 oC for
mechanical properties and thermal stability characterization.

2.3. Characterization
PVC-plasticizer compatibility is one of the key elements

on determining the effectiveness of the plasticizer and can
provide information on the migration of the plasticizer.
Several theoretical and experimental methods to measure
the strength of the PVC-plasticizer interaction have been
explored in various researches [2,10]. In this research
convenient and effective rheometric analysis and FTIR
spectra method was applied to compare the PVC-plasticizer
compatibility. 

The gelation and fusion temperatures of the PVC plastisol
were determined using rheometric analysis to evaluate the
compatibility of the different plasticizers with PVC [11−14].
The temperature dependence of the PVC plastisol viscosity
was investigated using Advanced Rheometric Expansion
System (ARES) (Rheometric Scientific). The oscillatory tests
using 20 mm diameter parallel plates with gap of 0.5 mm
were measured at temperature range of 40 to 180 oC with
elevation rate of 5 oC/min at frequency of 1Hz and strain of
20%.

Fourier Transform Infrared (FTIR) spectroscopy was used
to evaluate the carbonyl group spectral shifts which occur
due to the interaction of ester groups in the plasticizer with
the carbon-chlorine bond of the PVC. The shifts in the

carbonyl group spectra were evaluated by comparing the
FTIR spectra of the plasticizer and the processed plasticized
PVC film. FTIR spectroscopy was performed using Nicolet
760 MAGNa-IR spectrometer at room temperature with
resolution of 2 cm-1. 

Thermogravimetric analysis was performed on the plasticized
PVC to evaluate the thermal degradation properties. TGA
was performed using a Pyris 1 thermogravimetric analyzer
(Perkin Elmer) over the temperature range of 30−600 °C
under nitrogen atmosphere with a flow rate of 20 ml/min. 

The mechanical properties of the plasticizer/PVC systems
were compared using Universal Testing Machine (INSTRON
4465, Instron Corp.). The test was conducted according to
ASTM D638, and at least 5 samples were tested.

3. Results and Discussion

3.1. Plastisol Rheology
Rheological analysis of the premixed plastisols was carried

out using an ARES rheometer. The results of the temperature
dependence of the modulus and the complex viscosity of the
plastisols are shown in Figure 1. The resulting complex
viscosity curve displays a typical curve found in PVC
plastisols. The viscosity and the moduli rapidly increase till
it reaches a peak value or a decrease in elevation rate. At this
point the plasticizer starts to interact with PVC and is
absorbed in the resin till it appears dry as a solid. The
viscoelastic moduli continue to increase more steadily from
the point until it reaches the maximum. At these temperatures
gelation begins by the solvation of amorphous region of PVC
and the viscosity increases to a maximum where complete
gelation is achieved [15]. At the point of the highest viscosity,
PVC is completely gelated with microcrystalline domain
acting as crosslinks. At temperatures above this point the
crystalline domains are melted resulting in the decrease of
the viscoelastic moduli. The plasticizers are able to solvate
previously crystalline regions and new crystalline regions
form to act as crosslinks until all sites are melted [16−18]. 

The complex viscosity curve shows that DEHP to have the
highest viscosity at 132.6 oC. The complex viscosity peaks are
in the order of DINCH, DINP, and DEHM at temperatures
127.7, 142.7, and 140.0 oC, respectively. The temperature at
maximum viscosity can be interpreted as the temperature
where gelation is complete. Aliphatic diester plasticizers
appear to completely gelate at elevated temperatures compared
to aromatic diesters. The results of the gelation temperatures
can be interpreted that PVC is more effectively plasticized
by aromatic dusters due to their superior interaction. 

For the citrate, plasticizers ATEC and ATBC shows
gelation temperatures of 136.7 and 138.6 oC. Both ATEC and
ATBC show comparably higher moduli and viscosity profiles
than commercial plasticizers, this can be attributed to its
short alkyl chain length. In addition ATEC shows a higher
viscosity peak than ATBC and DEHP shows higher viscosity
peaks than DINP providing evidence that the increase in
alkyl chain length lowered the viscosity of the plastisols.



190 ▐ 박창규 · 김하늘 · 윤경원 · 김성훈 Textile Science and Engineering, 2018, 55, 187-193

3.2. PVC-plasticizer Interaction by FTIR Spectroscopy
The FTIR spectra of the plastisols before and after the

gelation were obtained to investigate the PVC-plasticizer
interactions. As the polar interaction between the C-Cl
bonds of the PVC chain and the ester region of the plasticizer
interacts a spectrum shift in both carbonyl stretching region
and the C-Cl stretching region can be observed. Figure 2
shows the infrared spectra of the carbonyl stretching band
in the range of 1650−1800 cm-1 of the plastisols [19,20]. The
shifting and narrowing of the carbonyl stretching band gives
evidence to the interactions between PVC and the
plasticizers. 

All plasticized PVC samples show spectrum shifts to lower
wavenumbers compared to their IR spectrum before
plasticization. Based on the data shown in Table 2, DEHP
showed the greatest spectrum shift with 9.6 cm-1 whereas

Figure 1. Temperature dependence of storage, loss modulus, and complex viscosity of plastisol samples using DEHP, DINP, DINCH, DEHM, ATEC,
and ATBC.

Figure 2. FTIR carbonyl stretching region (1650−1800 cm-1) of the
plasticizers (line) and plasticized PVC film (dash).
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DEHM showed the lowest shift of 7.3 cm-1. The results show
that the structural difference of the plasticizers have a
significant effect on the interaction between the plasticizer
and PVC. The compatibility of the aromatic esters showed
greater compatibility than any other esters.

The Citrate plasticizers appears to be relatively compatible
with PVC, however the compatibility of the plasticizers
seems to vary with the length of the alkyl chain. The steric
crowding due to the longer alkyl chain results in the
decrease of the carbonyl stretching band shift. The same
result is also found in the phthalate plasticizers where DEHP
shows greater peak shifts than DINP. 

3.3. Thermal Stability
The thermal stability of the Plasticized was evaluated by

TGA. The TGA curves and their calculated derivatives
(DTGA) are shown in Figure 3(a) and (b), respectively.
Typically PVC suffers thermal degradation in a two-step
process (ref. TGA 1). The first step of degradation occurs
at 200−350 oC, at this temperature range PVC undergoes
dehydrochlorination, where HCl is released resulting in
conjugated double bonds. In the second step occurring at
400−500 oC, cracking of the created double bound and
pyrolysis to linear or cyclic hydrocarbons occur [21−25]. 

The thermal decomposition parameters such as the initial
decomposition temperature (Ti) and thermal decomposition
temperature at the maximum rate (Tmax) to determine

Table 2. Carbonyl stretching peaks of the plasticizer and plasticized
PVC and their peak shifts

Plasticizer
Plasticizer

(cm-1)
Plasticized PVC

(cm-1)
Peak shift

(cm-1)
DEHP 1729.9 1720.3 9.6
DINP 1729.9 1721.2 6.7
DINCH 1737.6 1728.9 8.7
DEHM 1732.8 1725.1 7.7
ATEC 1745.3 1737.1 8.2
ATBC 1746.3 1737.6 8.7

Figure 3. TGA and DTGA curves of DEHP, DINP, DINCH, and DEHM
plasticized PVC samples. 

Table 3. Degradation temperatures of the plasticized PVC

Plasticizer Ti (
oC) T5 (oC) Tmax1 (oC) Tmax2 (oC)

DEHP 197.8 230.9 290.8 475.2
DINP 216.2 249.8 313.4 475.1
DINCH 200.6 241.7 308.7 475.8
DEHM 158.2 192.0 313.7 475.9
ATEC 132.6 164.0 291.4 467.4
ATBC 185.5 218.4 294.7 467.7

Figure 4. TGA and DTGA curves of DEHP, ATEC, and ATBC plasticized
PVC samples.
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thermal stability are summarized in Table 3. Among the
commercial plasticizers the initial degradation of DEHM
plasticized PVC occurs at a substantially low temperature; at
158.2 oC; compared to other plasticizers. In the initial
decomposition of plasticized PVC the plasticizers which
have a relatively low molecular weight are removed from the
plasticized PVC system [25−29]. The low Ti of the DEHM
plasticized PVC can be attributed to the relatively low
compatibility of DEHM with PVC.

According to Figure 4 the citrate plasticizers show lower
thermal degradation profiles than the commercial plasticizers.
The Ti of ATBC is found comparably higher than ATEC and
is about 12.3 oC lower than DEHP. ATBC appears to have a
higher degradation temperature compared to ATEC due to its
larger molecular weight. 

3.4. Mechanical Properties
The mechanical properties of the plasticized PVC were

evaluated via tensile testing. Strain softening behavior occurred
for all samples. The tensile strength and modulus are visualized
in Figure 5 and the elongation in Figure 6. 

The alkyl chain length as well as the number of ester
groups present in the plasticizer effected the tensile strength
at break. ATEC showed the highest stress at break than all
other plasticizer samples and exhibited a relatively low strain
softening behavior. For the commercial plasticizer samples,
where DINP has a lower value than DEHP, showing that the
alkyl chain length significantly reduces the tensile strength
at break.

The structural difference of the plasticizers as well as the
length of the alkyl group significantly affected the elongation
at break. The elongation at break or ATEC was the highest
for the citrate plasticizers and the lowest for ATHC. This
phenomenon is also observable for the phthalates where
DEHP is less elongated than DINP before break. The structural
difference also seems to have an effect on the elongation at
break where DEHM seems to have a lower elongation at
break values than DEHP. 

4. Conclusion

Acetylated citrate plasticized PVC were investigated to
study its possibilities as an alternative to phthalate derived
plasticizers. Plasticized PVC with two phthalates and two
non-phthalate plasticizer were also prepared as comparison.
The rheometric analysis demonstrated that the PVC
plastisols with citrate plasticizers exhibits the typical gelation
of plasticized PVC showing possibilities of the citrates as a
primary plasticizer in plasticized PVC systems. In addition,
moduli of the gelled citrates plasticized PVC was comparable
with the comparison plasticizers revealing that the final
mechanical properties to be somewhat close to commercial
plasticized PVC. ATEC showed superior compatibility to
PVC than ATBC in the FTIR results. However, shorter alkyl
groups resulted in poor plasticization ability and product
properties. Acetylated citrates revealed somewhat less
compatible with PVC compared to the phthalates. According
to this research ATBC and ATEC showed promising
characteristics to replace phthalates as plasticizers for PVC.
However, measures to overcome the economic and technical
barriers are necessary for citrates to completely replace
phthalates.
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