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Abstract
In this study, the natural antioxidant efficiency of the clove oil on the oxidative stability of waste cooking oil biodiesel was 
investigated. The oxidative stability was determined as for ASTM D7545 standart method for biodiesel added with 1,000, 
2,000 and 3,000 ppm of additives by using oxifast device, and compared with the chemical antioxidant butylated hydroxy 
toluene (BHT) at the same concentrations. Samples were characterized by using Fourier transform infrared spectroscopy 
(FT-IR) and differential scanning calorimetry (DSC) techniques. Oxidation stability was determined by using ASTM D7545 
by rapid oxidation test method. With the effect of antioxidant addition to biodiesel, the bond vibrations and transmittance % 
values of the FT-IR peaks changed. The crystallization temperatures  (Tcr) of the samples were determined by using a DSC 
technique. It was concluded that  Tcr values of samples with antioxidant were decreased compared to the non-antioxidant 
biodiesel sample (B100). The order of antioxidant power was B100BHT3 > B100C3 > B100C2 > B100BHT2 > B100C1 > 
B100BHT1 > B100. The oxidation times were determined as 29, 34, 40, 41, 46, 55, and 60 min respectively. The results 
show that the crystallization onset temperatures for B100, B100C3, and B100BHT3 were − 51.83, − 54.49, and − 54.15 °C 
respectively. Addition of natural antioxidant has a positive effect on biodiesel oxidative stability for all concentrations; in 
addition, natural clove oil showed a similar efficiency with the synthetic chemical antioxidant.
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1 Introduction

In the current century, the demand for environmentally 
friendly, sustainable, economical, and renewable energy 
sources has increased [1]. The main reasons for the increas-
ing demand are the limited fossil fuel resources and the 
harmful emissions emitted by existing energy resources to 
the environment [2]. Emissions of traditional fossil fuels 
bring along many environmental problems such as air pol-
lution, global warming, and climate change [3, 4].

Alternative fuels which have tremendous characteristics 
such as sustainability, cleanliness, and environmental friend-
liness are a new awareness tool to reduce the negative effects 
of conventional fuels. In this context, the use of biodiesel 
in diesel engines has come to the fore [5]. Biodiesels are 
methyl esters of fatty acids formed by the reaction of various 

seed oils, animal fats, or waste oils with catalysts and alco-
hol. The degree of saturation of these oils determines the 
biodiesel production capacity and efficiency [6].

Biodiesels contain large amounts of methyl esters of 
unsaturated fatty acids. The overabundance of methyl 
esters of unsaturated fatty acids (FAME) creates a vulner-
able situation against autoxidation [7]. Autooxidation is an 
undesirable situation for biodiesel. Firstly, it reduces the 
shelf life of biodiesels by negatively affecting its storage 
properties. Secondly, it leads to the formation of oxidation 
products such as organic acids, aldehydes, ketones, alkanes, 
and various polymers. These products cause problems such 
as corrosion of the engine and its parts, blockages, engine 
power imbalance, and filtration problems. Therefore, the 
oxidation stability of biodiesel is important for both storage 
and engine performance [8]. Oxidation stability is one of 
the fundamental parameters used in the quality control of 
biodiesel. The oxidation of biodiesel is a complex process 
due to biodiesel’s high viscosity, water content, acidity, and 
peroxide degree. Moisture and metal content in biodiesel, 
exposure to heat, and light affect oxidation stability. These 
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should be controlled [9]. The formation of hydroperoxide, 
which decomposes to form an array of secondary oxidation 
products like aldehydes, ketones, carboxylic acids, oligom-
ers, polymers, gum, and sediment, can block fuel lines and 
pumps. Because of these reasons, the oxidation stability 
should be kept at an acceptable level in biodiesel industry 
[10].

The iodine value (IV), peroxide value (PV), oil stability 
index (OSI), and induction period (IP) values of biodiesel 
provide information about the oxidation stability of biodiesel 
[11]. The main techniques and standards used to determine 
these values are Rancimat, PetrOXY, and EN14112. Ran-
cimat analysis is based on the increase in conductivity of 
the water in the sample known as the acceleration test. The 
increased conductivity is due to the oxidation of volatile 
fatty acids [12]. The other method, EN14112 standard, was 
originally used to determine the stability of oils, but now 
it is internationally accepted in determining the oxidation 
stability of biodiesel. According to this standard, the mini-
mum induction time for biodiesel with Rancimat analysis at 
110 °C is 6 h [13]. Another method similar to EN14112 is 
the ASTM D6751 standard. The PetrOXY method, which 
was developed as an alternative to the Rancimat method and 
according to the ASTM D7545 standard, is used to deter-
mine the induction time of pure oxygen in the atmosphere. 
Compared to the Rancimat method, the PetrOXY method 
can be made with less samples and gives results in a shorter 
time [14].

In addition to all these methods, differential scanning cal-
orimetry (DSC) and Fourier transform infrared spectroscopy 
(FT-IR) are cheap and reliable methods used to determine 
oxidation stability of biodiesel. The crystallization onset 
temperature of biodiesel can be determined by DSC tech-
nique, and the products formed as a result of oxidation can 
be observed using the FT-IR technique [10].

Oxidation products are saturated structures as a result of 
the isomerization of double bonds in the structure of free 
fatty acids. These saturated structures with high molecular 
weight increase the density and viscosity values of biodiesel 
[15]. Some additives can be added to biodiesel in order to 
prevent or minimize the formation of the products that cause 
a decrease in oxidation stability. The oxidation process can 
be eliminated by addition of antioxidants [16]. Antioxidants 
are generally used as deoxidizers due to their mechanisms. 
The most active and common major antioxidants have phe-
nolic groups. Antioxidants not only donate hydrogen and 
electrons, but also prevent the oxidation of fatty acids in the 
biodiesel structure thanks to their stable radicals [17].

Recently, the usage of natural additives in industrial prod-
ucts such as food, medicine, cosmetics, and fuel has come to 
the fore. These natural additives are minimizing or reducing 
the effects of harmful substances are antioxidants used for 
the purpose [18].

Antioxidants mainly consist of two categories as natural 
and synthetic. The traditional synthetic antioxidants such as 
tert-butyl hydroquinone (TBHQ), pyrogallol (PY), propyl 
gallate (PrG) [7], butylatedhydroxyanisole (BHA), and buty-
lated hydroxy toluene (BHT) [10] have been used to improve 
the oxidation stability of biodiesel [19]. Additionally, natural 
antioxidants such as tocopherols, gossypol [20], quercetin, 
catechin, curcumin [21], oregano, basil, and bilberry [22] 
have also been indicated to increase the oxidation stability 
of biodiesel [23]. The many natural antioxidants are cheap 
from synthetic antioxidants. In addition, the natural antioxi-
dants are easily accessible. The synthetic antioxidants are 
toxic and non-biodegradable. The natural antioxidants are 
eco-friendly. Consequently, the usage of natural antioxidants 
decreases the cost and increases the benefit in environment 
[21].

In the study conducted by Malayoğlu et al., they obtained 
from anise (Pimpinella anisum), rosemary (Rosmarinus 
officinalis), laurel (Laurus nobilis), clove (Syzygium aromat-
icum), thyme (Oreganum onites spp.), and cumin (Cuminum 
cyminum) plants by a steam distillation method and investi-
gated the radical scavenging capacity and antioxidant activi-
ties of essential oils. The radical scavenging capacities and 
antioxidant activities of essential oils were determined by 
in vitro methods such as total phenol (TPA), 2,2-diphenyl-
1-picrylhydrazyl (DPPH) radical scavenging activity, and 
Trolox equivalent antioxidant capacity (TEAC). According 
to the findings, clove and thyme essential oils showed the 
highest radical scavenging activity (98.32%, 70.67%) and 
antioxidant capacity (421, 225 μM Trolox/100 g dry sam-
ple) due to their high eugenol and carvacrol contents. How-
ever, a high correlation was found between total phenol and 
DPPH (r = 0.97), total phenol, and TEAC (r = 0.99) values. 
As a result, this study demonstrated the antioxidant poten-
tial of essential oils during clove > thyme > laurel > rose-
mary > cumin > anise efficacy. In particular, clove and thyme 
essential oils can be used as natural antioxidant agents in 
medicine, food industry, and animal nutrition due to their 
high antioxidant activity [24].

Clove, whose Latin name is Syzygium aromaticum, comes 
from the Myrtaceae family. It is a budded plant commonly 
grown in Madagascar. Clove showed high antioxidant activ-
ity in terms of neutralizing free radicals [24].

Accompanied by the available literature, oxidation stabil-
ity is an important parameter in determining and preserving 
biodiesel quality. For this reason, this study aims to examine 
the influence of clove oil as a natural antioxidant and BHT as 
a synthetic antioxidant on the oxidation stability of biodiesel 
prepared from WCO using ASTM D7545, FT-IR, and DSC 
methods. All antioxidants were added to biodiesel in 3 dif-
ferent ratios; 1000, 2000, and 3000 ppm, respectively, and 
the effects of the type and concentration of antioxidants on 
oxidation stability were investigated.
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2  Materials and Methods

2.1  Materials

Herein, waste cooking oil methyl ester (WCOME) was 
supported from Kolza Biodiesel Company in Turkey. The 
instrumental techniques for the determination of the bio-
diesel oxidative stability have been explained. Clove essen-
tial oil was provided as natural antioxidant. Butyl hydroxy 
toluene (BHT) was provided as synthetic traditional antioxi-
dant to compare with the effects of clove oil.

2.2  Addition of antioxidants to WCOME

Clove essential oil was used as natural antioxidants in this 
study. Clove essential oils were obtained from Arifoğlu 
Company (İstanbul, Turkey). Clove oil content was ana-
lyzed by GC–MS technique; helium was used as the carrier 
gas. A 0.1-mL sample was injected with splitless mode. The 
results are exhibited Table 1. BHT was used as classical 
antioxidant to compare with clove oil. Samples were mixed 
certain amount of natural and chemical antioxidant at differ-
ent concentrations between 1000 and 3000 ppm by centri-
fuge technique. The chemical formula of eugenol in clove oil 
and BHT is shown in Fig. 1. Antioxidants were added with 
WCOME at different ratios: 1000, 2000, and 3000 ppm. All 
antioxidants are dissolved in the WCOME biodiesel. Table 2 

shows the prepared samples besides WCOME biodiesel 
(B100).

2.3  Biodiesel characterization

Physico-chemical properties of all samples were determined 
by Vitsan Inspection Corporation Laboratory, Kocaeli, 
Turkey.

In this study, B100, B100C1, B100C2, B100C3, 
B100BHT1, B100BHT2, and B100BHT3 were character-
ized by using Perkin Elmer Fourier transform infrared spec-
trometer (FT-IR). FT-IR spectra were obtained in the range 
of 4000–650  cm-1 and processed with a computer software 
program Spectrum Two. Sample amount is 0.5 mL, and eth-
anol was employed to clean the analysis surface for cleaning 
before the background collection.

B100, B100C1, B100C2, B100C3, B100BHT1, 
B100BHT2, and B100BHT3 were analyzed by TA Q-2000 
DSC under the flow of nitrogen  (N2). The DSC curves were 
obtained in a calorimeter model DSC Q20 with RCS90 
coupled with a cooling system, both from TA Instruments. 
The analysis conditions are exhibited in Table 3. Each DSC 
analysis took approximately 15 min. All DSC thermograms 
were evaluated with the help of TA Orchestrator Version 
V7.2.2.1.

Oxidation stability was determined by using the ASTM 
D7545Standard Test Method for Oxidation Stability of 
Middle Distillate Fuels—Rapid Small Scale Oxidation Test 
(RSSOT). This fast method is proposed as an alternative 
to the ASTM D2274 and EN 14,112, which require longer 
times. In this analysis, 5-mL sample was placed in a tightly 
closed cell under pure oxygen atmosphere 140 ℃. The 

Table 1  GC–MS analysis of clove oil

Compound % of total

Eugenol 56.27
Eugenyl acetate 18.25
Beta-caryophyllene 16.57
Alpha-copaene 1.22
Alpha-(E)-ionone 0.58
Caryophyllene oxide 0.45
Other compounds 6.66

Fig. 1  Structural formula of antioxidants a eugenol [25] and b BHT 
[26]

Table 2  The codes of the test samples for the study

Samples Contents

B100 100% WCO biodiesel
B100C1 100% WCO biodiesel + 1000 ppm clove oil
B100C2 100% WCO biodiesel + 2000 ppm clove oil
B100C3 100% WCO biodiesel + 3000 ppm clove oil
B100BHT1 100% WCO biodiesel + 1000 ppm BHT
B100BHT2 100% WCO biodiesel + 2000 ppm BHT
B100BHT3 100% WCO biodiesel + 3000 ppm BHT

Table 3  The operation 
conditions for DSC analysis

Samples Contents

Sample amount 3 ± 0.5 mg
Atmosphere Nitrogen  (N2)
Flow rate 50 mL/min
Temperature 25–80 ℃
Cooling rate 10 ℃/min
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decreases in the maximum pressure registered for the sys-
tem at induction time. The tests were carried out at 140 °C. 
Accelerated oxidation tests were carried by KLC Oxifast 
device.

3  Results and discussions

3.1  Physico‑chemical properties of WCOME

The measurement standard methods and measured proper-
ties of biodiesel have been summarized in Table 4. As a 
result of the analysis processed according to TS EN 14,112 
standard, the oxidation stability of biodiesel obtained from 
waste cooking oil (WCOME) without adding antioxidants 
was determined as approximately 10.4 h.

3.2  FT‑IR analysis

FT-IR is an important technique for determining functional 
groups and bonds by absorbing the electromagnetic spectra 
of organic liquids such as oil, ester, and biodiesel in the 
infrared region [27]. When biodiesel samples come into con-
tact with oxygen or moisture in the air, it is inevitable that 
various oxidation products are formed by degrading. As a 

result of this degradation, various organic molecules such as 
hydroperoxides, acids, aldehydes, alcohols, and ketones are 
formed in the unsaturated bond chain structures in biodiesel 
samples. Symmetrical and asymmetric methyl, methylene 
ν(C-H) bonds in biodiesel samples tend to oxidation pro-
cess. In addition, oxidation stability in biodiesel samples 
can be monitored with carbonyl and carboxylic acid groups 
ν(C = O) as well as aldehydes and ketones in their structure. 
Various antioxidants are used in fuels to ensure good oxida-
tion stability [28].

The effect of adding natural and synthetic antioxidants 
to biodiesel samples at different concentrations (1000 ppm, 
2000 ppm, and 3000 ppm) is exhibited in Fig. 2 a and b. 
In Fig. 3, IR spectra of all the biodiesel samples indicate 
a decrease in the intensity of the bands with increasing 
antioxidant concentration at wavenumber 1020–1090  cm−1 
(ν(-C-O)). Due to the increase in unsaturation, it shows that 
there is a lack of oxidative polymerization reaction [29]. 
Similarly, the antioxidant effect can be seen between wave-
numbers 1210 and 1250  cm−1, 1370 and 1420  cm−1, and 
2970 and 3020  cm−1 [30] [10].

Table 4  The measured 
properties of waste cooking oil 
methyl ester (WCOME)

Parameter (unit) Method Range Results

Density (15 °C) (kg/m3) TS EN ISO 12,185 860–900 880.8
Viscosity (40 °C)  (mm2/s) TS1451 EN ISO 3104 3.50–5.00 4.368
Total contamination (mg/kg) TS EN 12,662 0–24  < 12
Flash point (°C) TS EN ISO 3679  ≥ 101 158
Cold filter plugging point (CFPP) (°C) TS EN 116  ≤  + 5  + 2
Methanol (%m/m) TS EN 14,110  ≤ 0.20 0.06
Water concentration (%) TS 6147 EN ISO 12,937  ≤ 0.05 0.032
Sulfated ash (%m/m) TS ISO 3987  ≤ 0.02 0.001
Sulfur (mg/kg) TS EN ISO 20,846  ≤ 10.0 4.8
Phosphorus (mg/kg) TS EN 14,107  ≤ -4.0  < 1
Sodium + potassium (mg/kg) TS EN 14,538  ≤ 5.0  < 1
Calcium + magnesium (mg/kg) TS EN 14,538  ≤ 5.0  < 1
Iodine value (gl/100 g) TS EN 14,111  ≤ 120 87
Monoglyceride (%m/m) TS EN 14,105  ≤ 0.70 0.46
Diglyceride (%m/m) TS EN 14,105  ≤ 0.20 0.15
Triglyceride (%m/m) TS EN 14,105  ≤ 0.20 0.05
Free glycerol (%m/m) TS EN 14,105  ≤ 0.02 0.003
Total glycerol (%m/m) TS EN 14,105  ≤ 0.25 0.147
Ester concent (%m/m) TS EN 14,103  ≥ 96.5 97.4
Linolenic acid methyl ester (%m/m) TS EN 14,103  ≤ 12.0 0.2
Acid value (mgKOH/g) TS EN 14,104  ≤ 0.50 0.35
Polyunsaturated methyl ester (%m/m) TS EN 15,779  ≤ 1.0 0.41
Cetane number TS EN ISO 5165  ≤ 51.0 55.4
Cloud point (°C) TS EN ISO 23,015  ≤  + 9  + 8
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3.3  Oxidation stability analysis

As a result of the tests performed according to the TS EN 
14,112 and ASTM7545 method, it was seen in Table 5 that 

the oxidation stability increases with the increase in the 
antioxidant concentration in biodiesel. When compared to 
the synthetic antioxidant BHT, natural clove oil appears to 
have antioxidant activity. Clove oil exhibited antioxidant 

Fig. 2  Effect of antioxidant 
addition of a clove oil and b 
BHT
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performance due to its chemical structures and other stud-
ies showed in literature. The order of antioxidant power was 
B100BHT3 > B100C3 > B100C2 > B100BHT2 > B100C1 
> B100BHT1 > B100, which is consistent with their con-
centrations. The results showed that the clove oil has decent 
potential for replacement of synthetic antioxidant.  In addi-
tion, the low cost of natural antioxidant substances allows for 
commercial use. Due to the electron acceptors in the phenol 
compound, clove oil and BHT exhibit antioxidant perfor-
mance with induction effect. The better the electronegativity 
property of the substituents, the greater the inductive effect 
to the benefit of antioxidant activity [21]. 

3.4  DSC analysis

The crystallization onset temperatures of B100, B100C3, 
and B100BHT3 under  N2 atmosphere were studied using 
DSC and are presented in Fig. 4. The results show that the 
crystallization onset temperatures for B100, B100C3, and 
B100BHT3 were − 51.83, − 54.49, and − 54.15 °C respec-
tively. B100C3 and B100BHT3 crystallize lower than 
B100, hence the natural and synthetic antioxidant effects. 
The results were supported by accelerated oxidation sta-
bility analysis. The supporting of antioxidants to biodiesel 
decreases the concentration of saturated methyl esters which 

leads to a reduction in the crystallization onset temperature 
[10]. The results are consistent with the literature.

4  Conclusions

Clove oil proved antioxidant activity for waste cooking oil 
biodiesel. Oxidation stability has increased by increasing 
both natural and synthetic antioxidant concentrations. All 
samples were analyzed; B100BHT3 exhibited the highest 
antioxidant performance, followed by B100C3. The oxida-

tion times were determined as 29, 34, 40, 41, 46, 55, and 
60 min for B100BHT3, B100C3, B100C2, B100BHT2, 
B100C1, B100BHT1, and B100, respectively. The results 
show that the crystallization onset temperatures for 
B100, B100C3, and B100BHT3 were − 51.83, − 54.49, 
and − 54.15 °C, respectively. We conclude that clove oil can 
be added into biodiesel as natural antioxidants. The results 
showed that the clove oil has decent potential for replace-
ment of synthetic antioxidant. In addition, the low cost of 
natural antioxidant substances allows for commercial use. 
The results are consistent with the literature.
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