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A B S T R A C T   

This paper describes the epoxidation of vegetable oil derived from waste kapok seeds using 
performic acid, which was generated in situ with sulfuric acid acting as a catalyst. The mole ratio 
of formic acid to double bonds varied between 0.25 and 1.00. The completion of the reaction has 
been verified by analyzing FTIR and NMR spectra. The resulting epoxidized kapok seed oil 
(EKSO) has a maximum oxirane oxygen content of 2.7%, achieved at a formic acid to double bond 
mole ratio of 0.5. The study has also examined the potential use of EKSO as a co-stabilizer in the 
presence of Ca/Zn stearate for stabilizing polyvinyl chloride (PVC). Both static and dynamic tests 
demonstrated that incorporating EKSO into the Ca/Zn stearate system leads to a significant in-
crease in the thermal stability of PVC. Moreover, the effectiveness of EKSO as a co-stabilizer was 
found to be comparable to that of epoxidized soybean oil (ESBO). However, the use of EKSO did 
result in a decrease in the strength of PVC due to an increase in plasticity, although this effect was 
minimal at low dosages and was also observed with ESBO. On the other hand, when utilizing 
small doses (<2 phr), there is a tendency for flowability to decrease, but the reduction is not 
significant either. Overall, these findings suggest that EKSO could be a valuable co-stabilizer for 
PVC in industrial applications, as it enhances PVC’s thermal stability without significantly 
compromising its mechanical and flow properties.   

1. Introduction 

Kapok fiber is a natural product obtained from the fruits of the silk-cotton or kapok tree (Ceiba pentandra) [1]. Kapok is of the 
Malvaceae family and is cultivated and is widely spread in several plantations in Southeast Asia, with most of the countries producing 
and exporting kapok fiber [2]. Kapok fiber is used for pillows, bedding, soft-toy stuffing, life jackets, and insulation against sound and 
heat [3]. The global market size of kapok fiber is projected to reach US$ 975.2 million by 2027, growing at a CAGR of 4.2% during 
2022–2027 [4]. Kapok fiber production generates kapok seeds as waste, estimated at 1.4–1.7 tons per ton of fiber. These seeds contain 
17-20%-w of kapok seed oil (KSO) which is rich in unsaturated fatty acids (53–84%-w) [5]. However, KSO also contains up to 15% 
cyclopropenoid fatty acids [6], which are toxic, rendering KSO unsuitable for consumption as an edible oil [7–10]. Various non-edible 
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applications for KSO have been explored, including biodiesel [11–15], nanofluid [16,17], bio-lubricant [18], and antibacterial [19]. 
Polyvinyl chloride (PVC) is the most versatile thermoplastic polymer after polyethylene and polypropylene around the world [20]. 

To prevent thermal degradation due to instability at processing temperatures, a thermal stabilizer is necessary when working with PVC 
resin [21–24]. Ca/Zn-based thermal stabilizers are commonly utilized in the industry due to their cost-effectiveness and environmental 
friendliness, as opposed to conventional lead-based thermal stabilizers which are being phased out in many regions [25–27]. 
Ca/Zn-based thermal stabilizers are typically prepared from fatty materials, such as stearic acid. However, their effectiveness is still 
mild, so a co-stabilizer (secondary thermal stabilizer) is needed to increase their efficacy [28]. Epoxidized vegetable oil, prepared by 
epoxidizing the unsaturated part of vegetable oil, is one of the most popular groups of co-stabilizers [29]. The commonly used 
epoxidized vegetable oil in the PVC industry is epoxidized soybean oil (ESBO) [30]. Other vegetable oils, such as sunflower oil 
[31–33], rubber seed oil [29,34], and silkworm pupae oil [35] have also been studied in epoxidized forms to stabilize PVC. KSO 
contains a large amount of unsaturated fraction, making it very promising for use as a raw material for producing epoxy-based 
co-stabilizers. 

Waste utilization is a key element of a circular economy, which aims to accelerate the achievement of sustainable development 
[36]. The use of KSO as a raw material for producing co-stabilizers is in line with this goal. It not only increases the value of the kapok 
fiber industry but also provides an alternative raw material for co-stabilizers, without disrupting the supply of edible oil. Despite its 
potential, KSO has not been explored as a raw material for a co-stabilizer for PVC. The objective of this research is to synthesize 
epoxidized KSO (EKSO) and evaluate its thermal stabilizing effect on PVC in the presence of a Ca/Zn stearate. 

2. Materials and methods 

2.1. Materials 

Kapok seeds were sourced from a local household scale kapok fiber industry, while formic acid (≥98%), hydrogen peroxide solution 
(30%), sulfuric acid (≥97%), and n-hexane (≥97%) were purchased from Merck and used without purification. Potassium hydroxide 
(≥85%), ethanol (≥99.5%), and iso-propanol (≥99.5%) were used for acid value measurement. Additionally, potassium hydroxide 
and ethanol were utilized for determining saponification value, along with hydrochloric acid solution (37%). For the determination of 
hydroxyl number, acetic anhydride (≥98%) and pyridine (≥99.0%) were used in conjunction with potassium hydroxide and ethanol. 
Iodine value measurement involved the use of chloroform (≥99%), Wijs reagent (0.1 mol ICl/liter), potassium iodide (≥99.0%), and 
sodium thiosulphate (≥98.0%). Oxirane oxygen determination utilized hydrogen bromide in acetic acid solution (33%) and chloro-
benzene (≥99.5%). All the chemicals used for analysis were procured from Merck. PVC resin (K value of 65) was provided by Asahimas 
Chemical Company of Indonesia. All the chemicals used for PVC resin formulation, namely zinc stearate, calcium stearate, stearic acid, 
paraffin wax, chlorinated polyethylene, polyacrylic (PA-20), and calcium carbonate, were sourced from local suppliers and of in-
dustrial grades. 

2.2. Oil extraction 

The extraction was performed using a Soxhlet apparatus, equipped with a 250 ml capacity extraction chamber and utilizing n- 
hexane as the solvent. Initially, the kapok seeds were crushed until they could pass through a 10 mesh sieve. Subsequently, the crushed 
seeds were placed in a filter paper thimble. The thimble was then inserted into the Soxhlet extraction chamber, which was connected to 
a 1000 ml round bottom flask containing a predetermined amount of solvent. The flask was heated using a heating mantle to facilitate 
solvent evaporation, with the evaporated solvent condensing through a condenser mounted on the top of the extraction chamber. Tap 
water was employed as the cooling medium. The condensed solvent effectively wetted the seeds, facilitating oil extraction, and 
returned as extract to the flask via a siphon arm. This extraction cycle was repeated four times, and the resulting KSO was obtained by 
evaporating the solvent from the extract under vacuum conditions. Each extraction employed approximately 150 g of crushed seeds 
and 500 ml of n-hexane. The yield of KSO was approximately 17%, based on the weight of the kapok seeds. The extraction process was 
repeated multiple times to ensure an adequate quantity of KSO was obtained for the entirety of the experimental runs. 

2.3. Epoxidation 

The epoxidation was caried out in a jacketed glass reactor with a lid connected to a condenser and equipped with a thermometer to 
accurately measure the temperature of the reaction mixture. Water, regulated to within ±1 ◦C accuracy, was circulated through the 

Table 1 
Epoxidation condition.  

# Variable Value 

1 Formic acid to double bond mole ratio 0.25–1.0 
2 Hydrogen peroxide to double bond mole ratio 2 
3 Concentration of hydrogen peroxide solution 30%-w 
4 Sulfuric acid-to-KSO weight ratio 2% 
5 Concentration of sulfuric acid solution 6%-w  

I.D.G.A. Putrawan et al.                                                                                                                                                                                              



Heliyon 9 (2023) e19624

3

jacket. The reactor was placed on top of a magnetic stirrer, and the temperature of the reaction mixture in the reactor was monitored 
using a thermometer. 

A 15 g of KSO sample was placed in the reactor and mixed with an appropriate amount of formic acid and sulfuric acid solution. The 
mixture was stirred until it became homogeneous, and a determined amount of hydrogen peroxide was added dropwise. The reaction 
was conducted for 6 h at a controlled temperature of 60 ◦C. The product was then extracted with n-hexane, washed with distilled water, 
and dried under vacuum. Further details regarding the epoxidation conditions are provided in Table 1. 

2.4. Characterization 

KSO and EKSO were characterized by Fourier Transform Infrared (FTIR) and Nuclear Magnetic Resonance (NMR) techniques. FTIR 
spectra were recorded by a Bruker Alpha spectrophotometer equipped with an OPUS package. The spectra were recorded in the 4000- 
500 cm− 1 region with a 4 cm− 1 resolution. The 1H (500 MHz) and 13C (125 MHz) NMR spectra of KSO and EKSO were recorded on an 
Agilent NMR spectrometer with DD2 console system and with CDCl3 as a solvent. 

2.5. Analysis 

The acid value, saponification value, and iodine value were determined according to ISO-660-2020, ISO-3657-2020, and ISO-3961- 
2018 procedures, respectively. The hydroxyl number was determined according to ASTM D-1957-86. The percentage of oxirane ox-
ygen was determined by the direct method with HBr as outlined in ASTM D-1652-97. The relative fractional conversion to oxirane 
(RCO), the theoretical maximum oxirane oxygen (OOT), the overall conversion of double bond (DBC), and the selectivity of the 
epoxidation reaction towards oxirane oxygen (S) were calculated using equations (1)–(4), respectively [37,38]. 

RCO (%)= 100 x OOE / OOT (1)  

OOT (%)= (1600 x IVO / 253.8) / {100+(16 x IVO / 253.8)} (2)  

DBC (%)= 100 x (1 – IVE / IVO) (3)  

S (%)= 100 x RCO / DBC (4)  

in these equations, OOE represents the measured oxirane oxygen, IVO represents the iodine value of the KSO, and IVE represents the 
iodine value of the product. 

2.6. Thermal stability test 

The thermal stability of PVC was tested both statically and dynamically, using a dehydrochlorination apparatus and a two-roll mill, 
respectively. These methods were previously described [25]. The dehydrochlorination apparatus consisted of an oil batch provided 
with a heating tape, a temperature controller, and a 7 mm ID, 1 mm thick glass test tube. Nitrogen gas was used to sweep the hydrogen 
chloride gas resulting from the degradation in the tube test onto absorbing water at a flow rate of 60 ml min− 1. A glass beaker filled 
with 200 ml of distilled water was placed on a magnetic stirrer to absorb the hydrogen chloride gas. The conductivity of water, which 
increased due to the absorption of hydrogen chloride, was monitored using a Martini Instrument conductivity meter (model Mi170). 
The formula of the PVC compound used for the two-roll mill tests can be found in Table 2. 

2.7. Mechanical properties measurement 

The mechanical properties of the PVC samples in the form of a rectangular bar (100 mm × 10 mm × 0.3 mm) were evaluated using 
a universal testing machine (Instron 5985). The reported properties include tensile stress, elongation at break, and Young’s modulus. 
The Young’s modulus was calculated from the slope of the linear portion of the stress–strain curve in the elastic deformation region. All 
values were reported as confidence intervals at a 95% confidence level based on at least four samples. 

Table 2 
Formulation for two-roll mill tests.  

# Additive Function Content (phr) 

1 Ca/Zn stearate 4/1 Thermal stabilizer 5 
2 EKSO Co-thermal stabilizer 1–4 
3 Calcium stearate Internal lubricant 0.4 
4 Stearic acid Internal lubricant 0.4 
5 Paraffin wax External lubricant 0.6 
6 Chlorinated polyethylene Impact modifier 4 
7 Polyacrylic (PA-20) Processing aid 1 
8 Calcium carbonate Filler 15  
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2.8. Melt flow index test 

Melt flow index (MFI) was measured using an MFI tester of LY-RR model from Guangdong LIYI Technology. The measurement was 
done according to ASTM D-1238-13 at 190 ◦C with a 21.6 kg load as recommended by the standard. The measurement was repeated six 
times with the same formula as for the two-roll mill test. 

3. Results and discussion 

3.1. Analysis of KSO 

The results of the analysis of KSO are shown in Table 3 which also includes data from various sources in the literature. The literature 
data reveal a broad spectrum of qualities of KSO. The acid value, an indicator of free fatty acids resulting from enzymatic activity 
during storage and handling of the seeds, ranges from 1.6 to 35.9 mg KOH/g. Oil from fresh seeds typically has a lower acid number, 
while oil from poorly handled and stored seeds tends to have a higher acid number. The measured acid value of 24.3 mg KOH/g in this 
work is not as high as the upper limit of the literature range, but still high enough to indicate significant enzymatic activity prior to seed 
extraction. This is likely due to kapok seed being produced as a waste of processing kapok fiber, and the seeds not being stored 
properly, often just left in piles around fiber processing facilities. The saponification value, a measure of the quality of raw materials if 
KSO is to be used as soap, ranges from 129 to 197 mg KOH/g in the literature, with the measured value in this work being 189.4 mg 
KOH/g, indicating there was still a high amount of triglyceride and fatty acid fractions present. The iodine value is the most important 
attribute related to epoxidation reaction and provides information on the unsaturation degree in terms of the amount of iodine that can 
be absorbed per 100 g of sample. The KSO iodine value in the literature is 76.0–130.0 g I2/100 g, with the measured value in this work 
of 97.6 g I2/100 g being approximately in the middle of this range. This value is higher than that of palm oil, which is in the range of 
44–58 g I2/100 g [39], although lower than that of soybean oil, which is in the range of 120–136 g I2/100 g [39]. The high content of 
double bonds in KSO makes it an attractive option for use as an epoxy-based co-stabilizer for PVC, particularly since KSO is not 
commonly used as a food commodity. 

3.2. Characteristics of EKSO 

Fig. 1 depicts the infrared spectra of KSO and EKSO. The spectra are interpreted by referring to the related infrared spectra in the 
literature [19,52–55]. The spectrum of KSO exhibits the characteristic absorption bands that are indicative of triglycerides, with the 
asymmetrical and symmetrical stretching vibration of methylene (-CH2) located at wave numbers 2922 and 2853 cm− 1, respectively. 
Additionally, the absorption peaks at 1742 and 1711 cm− 1 show the symmetrical stretching vibrations of (C––O) of ester in triglyceride 
and carbonyl in free fatty acid, respectively. The noticeable peaks around 1458 and 1163 cm− 1 correspond to aliphatic CH2 bending 
vibration and C–O stretching vibration, respectively. The presence of double bonds is indicated by the absorption peak of C––C–H 
stretching vibration at 3007 cm− 1. The success of epoxidation can be observed through the disappearance of the absorption band of the 
double bond at 3007 cm− 1 and the emergence of a new epoxide band in the EKSO spectrum ranging from 844 to 824 cm− 1, which is 
indicative of the formation of the epoxide [38,56,57]. 

Fig. 2 presents the 1H NMR spectra of KSO and EKSO. When interpreting the spectra, reference was made to related 1H NMR spectra 
found in the literature [19,53,58]. For the 1H NMR spectrum of KSO, the signals at δ 5.3266–5.3914 ppm corresponds to olefinic 
protons (-CH––CH-) of unsaturated fatty acids. The signals at δ 5.2454–5.2660 ppm and at δ 4.1153–4.3024 ppm corresponds to the 
glycerol protons (CH–OCO-R) and (-CH2-OCO-R), respectively. The signals at δ 2.7429–2.7693 ppm corresponds to linoleyl protons 
(-CH––CH–CH2–CH––CH-). The signals around δ 2.3 ppm are due to the second protons of fatty acids (-CH2-COOH), around δ 2.0 ppm 
are due to the allylic methylene protons (-CH2-CH––CH-), at δ 1.5216–1.6028 ppm are due to the third protons of fatty acids 
(-CH2-CH2-COOH), at δ 1.2416–1.2925 ppm are due to the methylene proton ((CH2)n), and at δ 0.8523–0.8892 ppm indicates the 
terminal methyl proton (–CH2–CH2-CH2-CH3). The signal at δ 0.7535 ppm is generated by the cyclopropenic methylene protons of 
sterculyl and malvalyl [59]. In the 1H NMR spectrum of EKSO, a new signal found at δ 1.4513 ppm represents the methylene protons 
adjacent to the epoxy group (-CH2-HCOCH-CH2-) [60]. In addition, two new groups of signals at δ 1.6709–1.6966 ppm and at δ 
3.0289–3.0847 ppm were found. These groups of signals correspond to the methylene protons between two epoxy groups 
(–HCOCH–CH2-HCOCH-) and the epoxy protons, respectively [58,60]. The epoxy protons include the epoxy protons derived from oleyl 
(-HCOCH-) and from linoleyl that can be epoxy protons separated by two epoxy groups (-HCOCH-CH2-CHOCH-) or epoxy protons 

Table 3 
Properties of KSO.  

Property This work Literature data [Source] 

Acid value (mg KOH/g) 24.3 ± 0.2 1.6 [19], 1.7 [40], 4.5 [41], 11.5 [7], 12.0 [9], 13.9 [42], 14.0 [43], 15.4 [10], 16.0 [44], 19.6 [45], 19.8 
[46], 21 [47], 21 [14], 28.7 [48], 33.6 [49], 35.9 [50] 

Saponification value (mg KOH/g) 189.4 ± 1.1 129.0 [44], 152.8 [41], 172.5 [50], 180.0 [51], 183.0 [40], 186.9 [19], 195 [48], 189–197 [39] 
Iodine value (g I2/100 g) 97.6 ± 2.8 76.0 [51], 94.5 [44], 

95.0 [40], 97.7 [7], 101.7 [19], 101.9 [48], 86–110 [39], 130.0 [41]  
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separated by a methylene groups (–HCO–CH-CH2-CHOCH-). The peaks of olefinic protons (-CH––CH-), linoleyl protons 
(-CH––CH2–CH2–CH––CH-), and allylic methylene protons (-CH2-CH––CH-) disappeared. The peaks of cyclopropenic methylene 
protons related to the unsaturated bonds of sterculyl and malvalyl also vanished. 

Fig. 3 presents the 13C NMR spectra of KSO and EKSO. The interpretation of these spectra was based on reference to corresponding 
13C NMR spectra found in the literature [19,53,61,62]. The signals at δ 173.3515–173.4349 ppm and at δ 172.9760 ppm corresponds 
to the first carbons of triglycerides C1,sn-1,3 and C1,sn-2, respectively. The signals in the δ range of 109.1771–130.2929 ppm 
correspond to the unsaturated carbons. The peaks at δ 130.0539–130.2929 ppm are due to C9 of linoleyl and linolenyl and C13 of 
linoleyl, at δ 129.7695–129.8150 ppm are due to C9 and C10 of oleyl, at δ 128.1574–128.1802 ppm are due to C10 of linoleyl and C12 

Fig. 1. Infrared spectra of KSO and EKSO.  

Fig. 2. 1H NMR spectra of KSO (a) and EKSO (b).  

Fig. 3. 13C NMR spectra of KSO (a) and EKSO (b).  
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and C13 of linolenyl, and at δ 127.9943 is due to C12 of linoleyl and C12 and C15 of linolenyl. The group of signals at δ 
109.1771–109.6360 ppm corresponds to the unsaturated carbons of sterculyl and marvalyl [59]. The signals at δ 68.4057–68.9898 
ppm and at 65.1171 correspond to the carbons CHO-,sn-2 of triacylglycerol and the carbon CH2O-,sn-1 of monoacylglycerol, 
respectively. The signal at δ 62.2041 corresponds to CH2O-,sn-1,3 of triacylglycerol and CH2O-,sn-1 of 1,2-diacylglycerol. The signals 
at δ 34.0939–34.2873 ppm and at δ 31.6360–31.9963 ppm correspond to the C2,sn-2 of all acyl chains and the C16(ω3) of linoleyl, 
respectively. The signals at δ 29.0036–29.8798 ppm are due to the C4–C7 of all acyl chains, C12–C15 of oleyl, C8–C15 of stearoyl, and 
C8–C13 of palmitoyl. The signals at 27.3043–27.4902 correspond to the C8 of oleyl and linoleyl and the C11 of oleyl. The signals at 
25.7302–26.1323 ppm correspond to the C11 of linoleyl and linolenyl and C14 of linolenyl. The signals at 24.7440–24.9678 ppm, at 
22.6920–22.8096 ppm, and at 14.1804–14.2259 ppm correspond to the C3, C17(ω2), and C18(ω1), respectively, of all acyl chains. The 
peak at 7.4781 ppm represents the cyclopropenic methylene carbons of sterculyl and malvalyl [59]. This signal and the unsaturated 
signals at δ 128–130 ppm and around δ 109 ppm disappeared in the 13C NMR spectrum of EKSO. New groups of signals, however, 
appear at δ 56.6179–57.3538 ppm and at δ 54.2738–54.4180 ppm indicating the epoxy carbons of oleyl and linoleyl. The charac-
terizations conducted confirmed that EKSO has been successfully synthesized. 

3.3. Analyses of EKSO 

Fig. 4 presents the results of the analysis of iodine value, double bond conversion, oxirane oxygen content and selectivity toward 
EKSO at various mole ratios of formic acid to double bonds. It is evident that EKSO iodine value is much lower than KSO iodine value, 
indicating that the double bonds have been consumed when subjected to epoxidation reaction. As the mole ratio of formic acid to 
double bonds increases from 0.25 to 0.5, the EKSO iodine value decreases drastically, while the conversion increases significantly. 
However, the decline in EKSO iodine value and the increase in conversion rate slowdown in the 0.5–1.0 ratio range, with both values 
reaching an asymptote at a ratio of formic acid to double bonds of 0.75. Therefore, from the point of view of chemical conversion and 
additional conversions obtained from the increased use of chemicals, a mole ratio of formic acid to double bonds of 0.5 is considered 
the optimal ratio. 

Fig. 4. Acid value (a), double bond conversion (b), oxirane oxygen content (c), and selectivity (d) at various formic acid to doble bond mole ratios.  
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The maximum oxirane oxygen content of 2.73% is reached when the mole ratio of formic acid to double bonds is 0.5. At this ratio, 
the selectivity of epoxidation (the conversion of double bonds into epoxide products) was found to be 47%. This indicates that more 
than half of the double bonds were converted into non-epoxide products, due to epoxy ring opening caused by the presence of peracid, 
carboxylic acid, water, hydrogen peroxide, and protons. The limits of selectivity due to oxirane ring opening were also found in 
epoxidizing grape seed oil [63], mustard oil [64], katapang fruit kernel oil [65], and laburnum seed oil [66]. 

The epoxidation reaction through the formation of peracid in situ using formic acid catalyzed by strong acids occurs through the 
formation of performic acid in equation (5) and the transfer of oxygen in equation (6) [35,53,67]. 

HCOOH + H2O2 ⇌ HCOO − OH+H2O (5)  

> C=C< +HCOO − OH → >COC< +HCOOH (6) 

The two side reactions associated with formic acid are represented by equations (7) and (8) [67]. 

(7)  

(8) 

Formic acid is necessary for the production of performic acid in the reaction (5), but it can also lead to the side reaction (7). 
Similarly, performic acid is essential for the formation of epoxy through the reaction (6), but it can also cause side reactions that can 
open epoxy rings through the reaction (8). When the ratio of formic acid to double bonds is low, there is not enough formic acid and 
performic acid to open the epoxy ring and thus the oxirane number remains low. However, when the ratio of formic acid to double 
bonds is high, there is enough formic acid and performic acid to be dominant over the epoxy formation, leading to a maximum oxirane 
oxygen content within the range of formic acid to double bond mole ratios studied. 

3.4. Stabilization mechanism 

As shown in the literature [30], the stabilizing effects of Ca/Zn stearate are characterized by the synergistic action between the two 
metal stearates. Zinc stearate imparts a good early color to PVC by substituting labile chlorine atoms according to the reaction in 
equation (9) [30]. 

PVC − Cl+Zn(OOCR)2 → PVC − OOCR+ZnCl2 (9) 

On the other hand, calcium stearate reacts with zinc chloride to recover zinc stearate and to prevent the catalytic effect of zinc 
chloride through the reaction in equation (10) [30]. 

ZnCl2+Ca − (OOCR)2 → Zn(OOCR)2+CaCl2 (10) 

Additionally, calcium stearate binds hydrogen chloride to form calcium chloride and stearic acid through the reaction in equation 
(11) [30]. 

Ca − (OOCR)2+HCl → RCOOH+CaCl2 (11) 

The stabilizing mechanism actions of epoxydized oil include binding with hydrogen chloride, substitution of allylic chloride, and 
formation of complexes with ZnCl2 [30,68]. Epoxides enhance PVC stability by binding any free hydrochloric acid and, in the presence 
of active zinc ion or cadmium ion, they can substitute labile chlorine atoms in the PVC chain, as shown in equations (12) and (13) [30]. 

(12) 
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(13) 

The complexation of ZnCl2 is described by equations (14) and (15) [68], demonstrating the capability of epoxides to counteract the 
detrimental effects of ZnCl2. 

(14)  

(15) 

To confirm the stabilization mechanism outlined above, 1 g of a mixture of PVC resin and thermal stabilizer was placed in a glass 
tube and then heated in an oil bath at a controlled temperature. Doses of 5 phr and 2 phr were selected for Ca/Zn stearate and EKSO, 
respectively. Observations were made at 180 ◦C at various times and with various stabilizers. After a certain heating time, the mixture 
was removed from the tube, crushed, and sampled for IR spectral measurements. Fig. 5 displays the IR spectra obtained. The spectrum 
of PVC is characterized by the presence of a C–Cl absorption peak in the wave number range of 605–610 cm− 1 and the bending vi-
bration band of undegraded CH at a wave number around 1428 cm− 1. With the absence of a stabilizer, the intensity of the undegraded 
CH decreased significantly after 30 min of heating. The spectrum of the PVC resin stabilized by Ca/Zn stearate is characterized by 
absorption peaks at wave numbers around 1570, 1540, and 1478 cm− 1, indicating the presence of COO− . After heating for 15 min, the 
intensity of these peaks decreased significantly and practically disappeared after 30 min. As the intensity of the COO− vibrational 
peaks decreases, several new absorption peaks appear, indicating the presence of stabilization products from Ca/Zn stearate. New 
absorption peaks that appear around wave numbers 3400 and 1630 cm− 1 are an indication of the presence of calcium dichloride [69]. 
The existence of a new absorption peak at wave number 1700 cm− 1 describes the carbonyl group of stearic acid. The intensity of the 
three absorption peaks increased with the length of the heating time. These phenomena illustrate the performance of calcium stearate 

Fig. 5. IR spectra of 180◦C-heated PVC (heating times in minutes shown in parentheses).  
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through the reactions (10) and (11). However, the presence of an ester resulting from the replacement of labile chlorines by zinc 
stearate through reaction (9) was not found, most likely due to either the small amount of zinc stearate used or because the ester 
formed reacted with hydrogen chloride and was released from the PVC structure as stearic acid. The quick reduction in the intensity of 
COO− vibrational peaks suggests that Ca/Zn stearate is rapidly consumed during heating. 

The spectra of PVC resins stabilized by Ca/Zn stearate and EKSO have an absorption peak from the beginning at 1735 cm− 1 which is 
related to the presence of ester groups from EKSO itself. This can be confirmed by the fact that the intensity of the peak at that 
wavelength decreases with increasing heating time, due to EKSO taking part in the stabilization process. Furthermore, if the resin was 
washed with n-hexane before FTIR analysis, this absorption peak was not observed, either before or after heating. In comparison to 
PVC stabilized with Ca/Zn stearate without EKSO, the decrease in the COO− absorption peak is slower when EKSO is present. Even 
after heating for 60 min, the spectrum of the resin still showed absorption peaks of COO− , indicating that Ca/Zn stearate was still 
present. Furthermore, the increase in intensity of the absorption peaks that denote the appearance of stabilization products from 
calcium stearate is not as rapid as in the resin stabilized with Ca/Zn stearate without EKSO. This implies that the consumption of Ca/Zn 
stearate is not as fast as when EKSO is absence. This finding further confirms that EKSO effectively binds hydrogen chloride, which 
reduces the consumption of calcium stearate required to counteract its degrading effects. As a result, more calcium stearate becomes 
available to recover zinc stearate, improving its efficiency. The roles of the epoxydized group, as evidenced by reactions (14) and (15), 
are confirmed by the absence of ‘zinc burning’ in PVC resin containing EKSO. This outcome is attributed to the mitigating effect of 
epoxides, which counteracts the catastrophic catalytic impact of ZnCl2 in a short period. 

3.5. Thermal stability of PVC 

Fig. 6 shows the results of dehydrochlorination tests of PVC stabilized with Ca/Zn stearate (5 phr) and EKSO as a co-stabilizer (2 
phr) using EKSO synthesized at various mole ratios of formic acid to double bonds, with the corresponding oxirane oxygen contents 
being extracted from Fig. 4. The shape of the conductivity versus time graphs obtained does not differ from typical dehydrochlori-
nation curves as presented in the literature [70,71]. Initially, the conductivity of water remains stable at its initial value. After a certain 
time, hydrogen chloride is released, resulting in a significant increase in the conductivity level. Two times as measures of PVC 
degradation were extracted from the dehydrochlorination curve: the induction time and the stability time. As per literature [22,72], 
the induction time is the time when hydrogen chloride begins to evolve, taken as the period during which the conductivity increases by 
3 μS cm− 1 and the stability time is the maximum acceptable level of degradation, taken as the period during which the conductivity 
increases by 50 μS cm− 1. 

Fig. 7 summarizes the results of the dehydrochlorination tests using EKSO obtained at various formic acid to double bond mole 
ratios. The mole ratios of formic acid to double bonds give significantly different induction times. The relationship obtained is 
consistent with the impact on the oxirane oxygen content of the mole ratio of formic acid to double bonds. As with the oxirane oxygen 
content, the maximum value for the induction time is obtained when EKSO is synthesized at a mole ratio of formic acid to double bonds 
of 0.5. This corresponds to the role of EKSO in substituting labile chlorines in the PVC structure. The elimination of labile chlorines is 
closely linked to the initial stability indicated by the induction time. Consequently, the EKSO with the highest oxirane oxygen content 
yielded the greatest induction time. 

There is a tendency for the stability time to decrease with the mole ratio of formic acid to double bonds. EKSO synthesized at a 
formic acid to double bond mole ratio of 1.0 shows a relatively lower stability time compared to other EKSOs, likely due to its lower 
oxirane oxygen content. Although the oxirane oxygen content of EKSO synthesized at a formic acid to double bond mole ratio of 0.25 is 
slightly lower than that at a ratio of 0.5, its stability time is slightly higher. This may be due to the presence of hydroxyl groups, which 
are formed when the oxirane ring opens and can be measured as the hydroxyl number. The hydroxyl numbers of the EKSOs obtained 
are presented in Fig. 8. The low oxirane oxygen content indicates that many hydroxyl groups are formed due to the epoxy ring opening. 
Interestingly, the presence of hydroxyl groups, although contradictory to oxirane oxygen contents, can enhance long-term stability by 

Fig. 6. Dehydrochlorination curves using EKSOs synthesized at various formic acid to double bond mole ratio.  

I.D.G.A. Putrawan et al.                                                                                                                                                                                              



Heliyon 9 (2023) e19624

10

scavenging hydrogen chloride, as documented in the literature [22,27,72,73]. Therefore, in addition to calcium stearate and oxirane 
oxygen, hydroxyl groups formed during the epoxy ring opening of EKSO also contribute to the capture of hydrogen chloride as a 
degradation product, providing a long-term stabilizing effect for the EKSO. This effect becomes significant when the oxirane oxygen 
contents are not substantially different, resulting in a lower stability time for EKSO synthesized at the formic acid to double bond mole 
ratio of 0.5 compared to that synthesized at a ratio of 0.25. 

Fig. 9 shows the dehydrochlorination curves of PVC resin stabilized with Ca/Zn (5 phr) stearate in the presence of EKSO at various 
doses of EKSO, as well as the dehydrochlorination curve of the unstabilized PVC resin. The corresponding induction and stability times 
are shown in Fig. 10. Without a stabilizer, the induction time is very short (5.6 min), and degradation occurs quickly, resulting in a low 
stability time of 22.8 min. The addition of Ca/Zn stearate (5 phr) increases the induction time and stability time to 17.8 and 41.6 min, 
respectively, due to the synergistic effect of the two metal stearates. The effectiveness of EKSO as a co-stabilizer to the Ca/Zn stearate 
system is evident. When 1 phr of EKSO is added, the induction time is almost doubled compared to Ca/Zn stearate without EKSO, while 
the stability time increases by almost 1.5 times. This increase in induction and stability times cannot be separated from the stabilization 
mechanisms provided by EKSO through equations (12) to (15). The effect also results in a decrease in the rate of release of hydrogen 
chloride with increasing doses of EKSO, as shown by the lowering of the dehydrochlorination curve. 

Fig. 10 shows that the stability provided by EKSO increases linearly up to a dose of 4 phr. Further increases in dose from 4 to 8 phr 
still enhance the stabilizing effect. However, the increase is no longer linear and tends to reach an asymptotic value. Fig. 10 also 
compares the induction time and stability time between the systems using EKSO and ESBO as co-stabilizers. In the range of doses 
studied, ESBO provides a longer induction time compared to EKSO, which can be attributed to its higher oxirane oxygen content. The 
EKSO and ESBO contain oxirane oxygens of 2.7% and 6.1%, respectively. These oxygens replace labile chlorines in the PVC structure, 
so a higher content delays the release of labile chlorine, thus providing a longer induction time. Although EKSO has a lower oxirane 
content, it tends to provide a slightly longer stability time, particularly at higher doses. This is also attributed to the presence of 
hydroxyl groups because of the ring opening. The EKSO used had a hydroxyl number of 76 mg KOH/g, whereas ESBO did not contain 
any hydroxyl groups. The hydroxyl groups increase long-term stability, which is reflected in the stability time in this case. 

The results of roll-mill test for PVC stabilized with Ca/Zn stearate in the presence of EKSO are displayed in Fig. 11. EKSO, which has 
an oxirane oxygen content of 2.7%, was chosen and its dose was varied in the range of 0–4 phr. The doses for the other additives were 
set according to Table 2. Unstabilized PVC and PVC stabilized with Ca/Zn stearate in the presence of ESBO were used for comparison. 

Fig. 7. Induction and stability times using EKSOs synthesized at various formic acid to double bond mole ratio.  

Fig. 8. Hydroxyl number of EKSO.  
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The tests were conducted at 180 ◦C and 190 ◦C. 
It can be observed that the unstabilized PVC quickly turns dark. At 180 ◦C, the performance difference between the Ca/Zn stearate 

system with and without EKSO is not distinct until 110 min. At 120 min, the PVC stabilized with Ca/Zn stearate without EKSO begins to 
take on a brownish color, like that of the unstabilized PVC. In contrast, the PVC stabilized with EKSO in the presence of Ca/Zn stearate 

Fig. 9. Dehydrochlorination curves at various doses of EKSO.  

Fig. 10. Induction time (a) and stability time (b) from dehydrochlorination tests at various doses of co-stabilizers.  

Fig. 11. Discoloration from roll mill tests, doses in phr are shown in parenthesis.  
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remains non-brownish until the 120th minute, indicating that EKSO delayed the degradation of PVC. 
The effect of the EKSO dose on the color change at 180 ◦C for 120 min is not particularly noticeable. All doses were able to prevent 

dark brown coloration in the PVC, indicating that the PVC was not burned. The effect of adding EKSO is more pronounced at a higher 
temperature. At 190 ◦C, unstabilized PVC became brittle and could not be rolled after 30 min. The PVC stabilized with 5 phr of Ca/Zn 
stearate, turned brown after 60 min and became brittle, unable to be rolled. EKSO extended the stability of PVC by 10–30 min 
compared to Ca/Zn stearate without EKSO for doses in the range of 1–4 phr. 

The results using EKSO at more than 1 phr appear slightly darker than those using ESBO and Ca/Zn stearate without EKSO, likely 
due to the thermal oxidation of impurities in the KSO. It is noteworthy that the KSO used in this study was crude, containing impurities 
such as wax and gum. The tests conducted, however, have shown that EKSO, as a co-stabilizer, can enhance the thermal stability of 
PVC. 

3.6. Mechanical properties of PVC 

PVC is a polymer with properties that can be modified by adding additives. Commonly modified properties include flexibility and 
ductility, which can be changed by using plasticizers. Epoxidized vegetable oil is a popular plasticizer [74–77]. Therefore, it is 
important to examine the effect of using EKSO as a thermal stabilizer on the mechanical properties of PVC. Table 4 shows the me-
chanical properties of PVC films with various doses of EKSO. Additionally, the mechanical properties of PVC films stabilized by Ca/Zn 
in the absence of a co-stabilizer and in the presence of ESBO are also presented. Tensile strength measures the material’s resistance to 
an applied tensile load, strain at break assesses the flexibility or ductility of a material, and Young’s modulus evaluates the ease with 
which a material undergoes deformation under an applied load [78]. 

Comparative t-tests were conducted at a 95% confidence level, using the Ca/Zn (4/1, 5 phr) data as a reference. The results showed 
P-values ranging from 0.000 to 0.022 for EKSO and 0.000 to 0.043 for ESBO as co-stabilizers. These findings indicate that the observed 
differences are statistically significant. The inclusion of EKSO in the Ca/Zn stearate system leads to a decrease in tensile strength, while 
increasing strain and Young’s modulus. As a result, the plasticity of PVC increases when EKSO is used. The impact of increasing 
plasticity depends on the dosage applied. At low doses (1–2 phr), the table shows that adding EKSO reduces tensile stress by a 
maximum of 22% compared to when no co-stabilizer is present. However, it still improves the thermal stability of the PVC resin. A 
similar effect is observed when ESBO is used as a co-stabilizer. 

Comparative tests between EKSO and ESBO at 2 and 4 phr result in P-values ranging from 0.010 to 0.028, 0.578 to 0.678, and 0.047 
to 0.35 for tensile stress, Young’s modulus, and elongation at break, respectively. These results suggest that the observed differences in 
Young’s modulus and elongation at break lack statistical significance. However, the differences in tensile stress are found to be sig-
nificant, indicating that EKSO lowers tensile strength more than ESBO. This effect might be attributed to the presence of saturated fatty 
acids. As mentioned earlier, the iodine value of KSO is significantly lower than that of soybean oil. Consequently, it contains saturated 
fatty acids that do not undergo epoxidation. In the formulation, these saturated fatty acids act as internal lubricants, which tend to 
soften the PVC. 

3.7. Flowability of PVC 

Flowability is a critical factor affecting the overall processability of PVC. Understanding the impact of new additives on flowability 
is essential. One simple measure of flowability is MFI [79,80]. Fig. 12 presents the MFI results for PVC at various doses of EKSO used as 
a co-stabilizer, measured at 190 ◦C with a 21.6 kg load. ESBO is also included for comparison. 

Without a co-stabilizer, using Ca/Zn stearate at 5 phr gives an MFI of 5.5 ± 0.5 g/10 min. At lower doses (less than 2 and 4 phr for 
EKSO and ESBO, respectively), the MFI was a little bit smaller, indicating that the involvement of the two epoxidized oils increase the 
melt viscosity, thus reduced flowability. This is attributed to the co-stabilizing effect of the epoxy groups. As discussed earlier, epoxy, 
as a co-stabilizer, can enter the PVC structure, replacing the allylic chloride, and form complexes with ZnCl2. Both actions result in 
increased molecular weight, leading to higher viscosity and reduced flowability. As stated in the literature [81,82], MFI is inversely 
proportional to the molecular weight, meaning that the higher the molecular weight, the lower the MFI, and vice versa. 

At doses above 2 phr, the addition of EKSO sharply increase the MFI, suggesting the appearance of a plasticizing effect. Similarly, 
ESBO significantly increase the MFI at doses above 4 phr. These observations align with the results of the mechanical property 
measurements, where both EKSO and ESBO showed a significant decrease in tensile strength starting at doses of 2 and 4 phr, 
respectively. At the same doses, EKSO showed a higher MFI when compared to ESBO, possibly attributed to the presence of une-
poxidized saturated fatty acids in EKSO. Fatty acids have internal lubricant effects [83,84] and internal lubricants reduce melt viscosity 
[85,86]. Internal lubricants help lower the intermolecular forces between PVC particles, making it easier for them to move closer and 
adhere to each other. This results in improved fusion leading to a better flowability. 

4. Conclusions 

EKSO has been synthesized using performic acid, formed in situ in the presence of sulfuric acid as a catalyst. The formic acid to 
double bond mole ratio was varied in the range of 0.25–1.00. The completion of the reaction was confirmed by FTIR and NMR spectral 
analysis. A maximum oxirane oxygen content of 2.7% in the synthesized EKSO was obtained at a formic acid to double bond mole ratio 
of 0.5. The application of EKSO as a co-stabilizer in the presence of Ca/Zn stearate for stabilizing PVC has also been studied. Both static 
and dynamic tests showed that the addition of EKSO in the Ca/Zn stearate system results in a significant increase in thermal stability 
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for PVC. The efficacy of EKSO as a co-stabilizer is also quite competitive with ESBO. Measuring the mechanical properties showed that 
the use of EKSO reduces the strength of PVC due to an increase in plasticity. However, the decrease in strength experienced is not that 
great due to the use of small doses. On the other hand, when utilizing small doses (<2 phr), there is a tendency for flowability to 
decrease, but the reduction is not significant either. Overall, these findings suggest that EKSO could be a useful co-stabilizer for PVC in 
industrial applications. 
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Table 4 
Mechanical properties of PVC.  

Stabilizer Tensile stress (MPa) Young’s modulus (MPa) Elongation at break (%) 

Ca/Zn (4/1, 5 phr) 31.5 ± 2.3 11.4 ± 1.1 5.9 ± 1.9 
Ca/Zn-EKSO (1 phr) 27.6 ± 1.6 13.1 ± 1.1 9.1 ± 1.4 
Ca/Zn-EKSO (2 phr) 24.7 ± 0.4 13.2 ± 1.5 9.3 ± 1.2 
Ca/Zn-EKSO (4 phr) 23.1 ± 1.3 14.7 ± 1.8 11.9 ± 2.2 
Ca/Zn-ESBO (2 phr) 26.1 ± 1.5 13.6 ± 2.5 9.9 ± 1.5 
Ca/Zn-ESBO (4 phr) 25.0 ± 1.0 15.3 ± 2.7 13.0 ± 1.3  

Fig. 12. MFI of PVC.  
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