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The present work reports the results of the study of the effect of metal contaminants on the oxidation, thermal, and storage stability
of Jatropha curcas biodiesel (JCB) with and without antioxidants. Taking Pyrogallol (PY) as the most effective antioxidant based on
the earlier work of the authors, JCB was mixed with different transition metals—Fe, Ni, Mn, Co, and Cu in different concentrations.
Induction period (IP) was measured using Rancimat method (EN 14112). The ASTM D6468 and thermogravimetric analysis
(TGA) methods are used for evaluating the thermal behavior of JCB. Based on results, several correlations are developed for
assessing the oxidation, thermal, and storage stability. For the purpose of optimization, response surface methodology (RSM)
is used. A comparison between the experimental values and those predicted by the correlation shows that all the data points
lie within ±10% deviation lines of the experimental results. The optimized concentration of PY for 2 ppm metal-contaminated
biodiesel to have an IP of 6 hr is 326.96, 361.64, 386.15, 417.24, and 600 ppm for Fe, Ni, Mn, Co, and Cu, respectively. From the
experiments it is found that if metal concentration is 0, then, 200 ppm of PY is sufficient to make biodiesel stable for 6 months.
If metal (Fe) concentration is 2 ppm or more, then 800 ppm PY is sufficient to make biodiesel stable for 5.5 months. This is the
first study of its kind being reported in the literature in which RSM is used for design of experiment for developing the correlation
for oxidation, thermal, and storage stability. The models developed by RSM will be highly useful for predicting the optimum
antioxidant concentration to impart maximum fuel stability in JCB.

1. Introduction

Stability of biodiesel may be affected by its interaction with
contaminants, light, temperature, factors causing sediments
formation, changes in color, and other changes that reduce
the cleanliness of the fuel [1]. Biodiesel produced from veg-
etable oils and other feed stocks have been found to be
more susceptible to oxidation owing to the exposure to oxy-
gen of the air and higher temperature, mainly, due to the
presence of varying numbers of double bonds in the free
fatty acid molecules. The chemical reactivity of fatty oils and
their esters is, therefore, divided into oxidative and thermal
instability that can be determined by the amount and config-
uration of the olefinic unsaturation in the fatty acid chains.
Most of the plant-derived fatty oils like soybean and rapeseed
contain poly-unsaturated fatty acids that are methylene

interrupted rather than conjugated. This structural feature is
key to understanding both oxidative and thermal instability.

Different vegetable oils obtained from soybean, castor,
sunflower, cotton, corn, palm, and so forth are widely used
for biodiesel production in different parts of the world
depending on the cultivation of oil crops. India imports
about 40–50% of total domestic edible oil demand, and
therefore, it is impossible to divert these resources for bio-
diesel production [2]. Therefore, attention has been focused
to the use of nonedible oil resources like Jatropha, pongamia,
neem, and so forth for biodiesel production in the country.
Jatropha curcas plantations are under cultivation on more
than 40 000 ha of land under the National Biofuel Program
of the Government of India [2]. The oil from the seeds of the
Jatropha curcas plant would become the source of biodiesel
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Table 1: Physicochemical properties of JCB as per different standards.

S. no. Property (unit) ASTM D6751 ASTM D6751 limits IS 15607 IS 15607 limits JCB

1 Flash point (◦C) D-93 Min. 130 IS 1448 172

2 Viscosity at 40◦C (cSt) D-445 1.9–6.0 IS 1448 4.38

3 Water and sediment (vol%) D-2709 Max. 0.05 D-2709 Max. 0.05 0.05

4 Free glycerin (% mass) D-6584 Max. 0.02 D-6584 Max. 0.02 0.01

5 Total glycerin (% mass) D-6584 Max. 0.24 D-6584 Max. 0.24 0.03

6 Oxidation stability of FAME, hrs EN14112 3 EN 14112 Min. 6 3.27

7 Oxidation stability of FAME blend, hrs — — EN 590 Min. 20 —

8 Free glycerol D6584 0.02 (max) D6584 0.02 (max) 0.01

9 Total glycerol D6584 0.25 (max) D6584 0.25 (max) 0.12

10 Acid value D664 0.5 (max) D664 0.5 (max) 0.38

11 Ester content — — EN14103 96.5 (max) 98.5

which will be used as substitute of diesel fuel on a significant
scale in India [2].

The influence of antioxidants on the oxidation stability
of biodiesel was studied by Mittelbach and Schober [3] who
showed that the oxidation stability is influenced by the addi-
tion of different natural and synthetic antioxidants. Dunn
[4] examined the effectiveness of five antioxidants, namely,
tert-butylhydroquinone (TBHQ), butylated hydroxyanisole
(BHA), butylated hydroxytoluene (BHT), propyl gallate
(PrG), and R-tocopherol in mixtures with soybean oil fatty
acid methyl esters (SMEs) and found that increasing the anti-
oxidant concentration increases the activity thereby lead-
ing to the improved oxidation stability.

Sarin et al. [5] have improved the oxidation stability of
Jatropha biodiesel by mixing the palm biodiesel in different
proportions. The effect of natural and synthetic antioxidants
on the oxidative stability of palm biodiesel was examined by
Liang et al. [6] who found that crude palm oil methyl ester
(CPOME) containing 600 ppm of vitamin E was found to
exhibit oxidative stability of more than 6 h as per the speci-
fications of the European standard for biodiesel (EN 14214).
Sarin et al. [7] have further evaluated the influence of metal
contaminants on the oxidation stability of Jatropha biodiesel
and found that the metals had a detrimental effect on the
oxidation stability. Even small concentrations of metal con-
taminants showed nearly the same effect on the oxidation
stability as large concentrations. Cu has been found to have
the strongest detrimental and catalytic effect.

The effect of antioxidants on refined palm oil was exam-
ined by Fritsch et al. [8] who found that TBHQ has a better
effect as an antioxidant on refined palm oil compared to BHT
and BHA. Although numerous papers are available on the
effect of antioxidants storage, thermal and oxidation stability
of biodiesel, and the influence of the presence of metal on
the oxidation and thermal behaviors of biodiesel synthesized
from edible oils, little work is reported on the oxidation and
thermal stability of biodiesel from nonedible oil resources.
Accordingly, it was felt strongly to develop correlations which
will be helpful for determination of the amount of antioxi-
dants actually required to be added to stabilize the biodiesel.

The present paper reports the results of the study carried
out by alternate hydroenergy centre (AHEC) on the influence

of antioxidants and metals on the oxidation, thermal, and
storage stabilities of JCB. For this purpose different transition
metals like Fe, Ni, Mn, Co, and Cu commonly found in the
alloys and metallurgy used in the manufacturing of stor-
age tanks and barrels were blended in JCB with varying
concentrations (mg/L) in JCB. The effectiveness of different
antioxidants has already been reported in our earlier paper,
in which PY was found to be the most effective antioxi-
dant, and therefore, only PY is used as antioxidant in the
present study [9]. Based on the results obtained, different
correlations are developed for the oxidation, thermal, and
storage stability as a function of antioxidants and metal con-
taminants. The amount of antioxidants was also optimized
to get the specifications of oxidation, thermal, and storage
stability of JCB. Depending upon various correlations de-
veloped a correlation between the oxidation and thermal sta-
bility has also been developed and reported in this paper.

2. Material and Methods

All chemicals including PY were of analytical grade (AR) and
purchased from Sigma Aldrich, India. Different transition
metals, Fe, Ni, Mn, Co, and Cu, were also purchased from
Sigma Aldrich, India. Biodiesel was prepared using two-step
acid-base-catalyzed transesterification processes developed
by the authors and reported in our previous publications [10,
11]. Physicochemical properties and fatty acid composition
of JCB are shown in Tables 1 and 2, respectively. Biodiesel
was mixed with predetermined concentrations of different
metal contaminants and PY and these biodiesel samples were
subjected to various tests to measure the oxidation, thermal,
and storage stability. ASTM D6468 and TGA methods were
used for the measurement of thermal stability in terms
of insoluble formation (Ins) and activation energy (Ea),
respectively, [12, 13] and Rancimat method was used for the
measurement of IP of biodiesel [14].

Table 1 shows that most of the properties of JCB are
satisfying the ASTM D6751 and IS 15607. Oxidation stability
of JCB is satisfying the ASTM D6751 but at the same time it
is less than required by IS 15607. The reason of low oxidation
stability of JCB is because of high amount of unsaturated
fatty acids as shown in Table 2.
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Table 2: Fatty acid composition of JCB.

Fatty acid % Composition

Palmitic acid (P) 16.8

Stearic acid (S) 7.7

Oleic acid (O) 39.1

Linoleic acid (L) 36.0

Linolenic acid (LL) 0.2

2.1. Range of Parameters. Different concentrations of antiox-
idants varying from 100 to 600 ppm were added to JCB to
check the effectiveness of antioxidants. Based on the result
as will be discussed in the next section, PY was found as the
most effective antioxidant to increase the oxidation stability
of JCB and therefore only PY has been chosen and mixed
in different concentrations in JCB to study its effect on oxi-
dation, storage, and thermal stability of JCB. Different metal
contaminants with concentration varying from 0.5 to 3 ppm
were also added to JCB and it is observed that if metal con-
centration is increased to more than 2 ppm, the effect of
metal concentration on oxidation stability becomes constant
and accordingly a maximum concentration of 2 ppm has
been taken for different metals to be added in JCB. Table 3
gives the range of parameters in terms of PY concentration
and metal contaminants used for measuring the different
type of stabilities.

Samples were prepared using the previous range of
parameters for the present study. Two kinds of approaches,
namely, simple statistical approach using Sigma plot and
RSM approach, were used to develop the correlation between
different stabilities with antioxidants and metal concentra-
tion. RSM has been used to optimize the antioxidants and
metal concentration for optimum oxidation, thermal, and
storage stability.

2.2. Design of Experiment Using RSM. A 5-level-2-factor cen-
tral composite design (CCD) including 2 replicates at facto-
rial, 2 replicates at axial, and 5 replicates at the centre point
leading to 21 runs was used for fitting the response surface
for oxidation and thermal stability. Metal contaminants and
antioxidant concentration were the independent variables
selected to be optimized for obtaining the 6 hrs IP of JCB.
The coded and uncoded levels of the independent variables
are given in Table 4.

A 5-level-3-factor central composite design (CCD) in-
cluding 2 replicates at factorial, 2 replicates at axial, and 6 re-
plicates at the centre point leading to 34 runs was used for fit-
ting the response surface for storage stability. Metal contam-
inants, antioxidant concentration, and storage time were the
independent variables selected to be optimized for obtaining
the 6 hrs IP of JCB. The coded and uncoded levels of the in-
dependent variables are given in Table 5.

The experimental data obtained using the previous pro-
cedures were analyzed by the response surface regression pro-
cedure using the following second-order polynomial equa-
tion:

y = β0 +
∑

βixi +
∑

βiix
2
i +
∑

βi jxixj , (1)
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Figure 1: Effect of metal contamination on oxidation stability of
JCB.

where y is the response (IP/Ins/Ea), xi and xj are the uncod-
ed independent variables, and β0, βi, βii, and βi j are inter-
cept, linear, quadratic, and interaction constant coefficients,
respectively. Design Expert software package 6.0 was used
for regression analysis and analysis of variance (ANOVA).
Several optimization points for each independent variable at
an IP of 6 hrs were obtained. Confirmatory experiments were
carried out to validate the equations using the combinations
of independent variables which were not part of the original
experimental design but were within the experimental re-
gion.

JCB has also been blended with petroleum diesel to see
the effect of blending of JCB with diesel on its oxidation
stability. For this purpose, different blends were prepared and
added with different antioxidants as well as metal contami-
nants. The range of parameters used for the experiments is
given in Table 6.

3. Results and Discussion

3.1. Oxidation Stability of JCB

3.1.1. Effect of Metal Contamination on Oxidation Stability of
JCB. As reported earlier, different transition metals, Fe, Ni,
Mn, Co, and Cu, commonly found in metal containers were
blended with varying concentrations (ppm) in JCB samples.
Figure 1 shows that the presence of these metals depressed
the oxidation stability of biodiesel. The presence of metals in
biodiesel resulted in acceleration of free radical oxidation due
to a metal-mediated initiation reaction. Copper had strong-
est catalytic effect and other metals, iron, nickel, manganese,
and cobalt also had strong negative influence on oxidation
stability. Figure 1 shows that IP became almost constant as
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Table 3: Range of parameters for the stability study of JCB.

S. no. Type of stability Parameters Concentration range

1 Oxidation stability
Antioxidant concentration, A 100 to 600 ppm

Metal concentration, M 0.5 to 2 ppm

2 Thermal stability
Antioxidant concentration, A 100 to 600 ppm

Metal concentration, M 0.5 to 2 ppm

3 Storage stability
Antioxidant concentration, A 100 to 800 ppm

Metal concentration, M 0.5 to 2 ppm

Storage time 0 to 6 months

Table 4: Independent variable and levels used for CCD in oxidation and thermal process for all the metals.

Variables Symbols
Levels

−1.68179 (−α) −1 0 +1 +1.68179 (+α)

Antioxidants concentration (ppm) A 0 150 300 450 600

Metal contaminants concentration (mg/L) M 0 0.5 1 1.5 2
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Figure 2: Effect of PY on oxidation stability of JCB.

concentration of metal is increased. This proves that the in-
fluence of metals was catalytic, as even small concentrations
of metals had nearly the same effect on oxidation stability as
large amounts.

3.1.2. Effect of PY on Oxidation Stability of JCB. Figure 2
shows the effect of PY on the oxidation stability of JCB. The
PY concentration varied from 0 to 600 ppm. From the figure
it is clear that as the amount of antioxidant increased in the
JCB, the IP also get increased from 3.27 hrs to 18 hrs. From
the figure it is clear that 100 ppm PY is sufficient to make bio-
diesel oxidatively stable, if it does not contain any metal con-
taminants.

3.2. Storage Stability of JCB

3.2.1. Effect of Metal Contamination on Storage Stability of
JCB. Figure 3 shows the effect of metal contaminants on
various properties of JCB. The AV of fresh JCB without
metal contaminants is 0.15 mg KOH/gm which increases to
0.45 mg KOH/gm over a period of 6 months. PV of fresh
JCB without metal contaminants is 4.16 mg/kg which in-
creases to 38.26 mg/kg after 6 months due to oxidation of un-
saturated fatty acid compounds [1]. The viscosity of fresh

JCB without metal contaminants is found as 4.38 cSt which
increases to 5.63 cSt over a period of 6 months. When metal
contaminants were added in JCB, then the rate of increases of
viscosity became higher due to acceleration in the oxidation
process which in turn increases the peroxide formation [1,
7]. Due to the previous reasons the stability of metal-con-
taminated JCB deteriorates drastically. Fe has the least effect
on the storage stability while Cu has the strongest effect on
storage stability of JCB. This is in agreement with Sarin et al.
[7] who investigated the effect of metal contaminants on the
oxidation stability in terms of IP of biodiesel and found that
Fe has the least effect and Cu has the strongest effect on oxi-
dation stability.

Figure 4 shows relative variation in unsaturated fatty
acids amount. For fresh JCB the percentages of oleic, linoleic,
and linolenic acid are the same for all the samples with and
without metal contaminants. As the time passes, the relative
percentages of oleic, linoleic, and linolenic acid of JCB with-
out metal contaminants vary from 39.1 to 47.37%, 36 to
20.99%, and 0.2 to 0.026%, respectively. However, when
metals are mixed with JCB, then relative percentage of oleic
acid after 6 months is 47.48, 47.67, 47.78, and 47.87% for
Fe, Ni, Mn, Co, and Cu, respectively (Figure 4(a)). The
percentage of linoleic acid after 6 months is 20.78, 20.35,
20.13, 19.92, and 19.70 for Fe, Ni, Mn, Co, and Cu, respec-
tively (Figure 4(b)). The percentage of linolenic acid after 6
months is 0.024, 0.22, 0.021, 0.019, and 0.018 for Fe, Ni, Mn,
Co, and Cu, respectively (Figure 4(c)). These findings reveal
that an increase in relative percentage of oleic acid how-
ever decreases in relative percentage of linoleic and linolenic
acid representing the acceleration in oxidation process after
the addition of metal contaminants. This also shows that as
the oxidation deterioration advances, linolenic and linoleic
acids methyl decreases and fraction of oleic acid methyl
becomes relatively high. These finding is also in agreement
with the work of Yamane et al. [15].

3.2.2. Effect of Antioxidants on Storage Stability of JCB. The
effect of antioxidant on various properties of JCB is given
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Table 5: Independent variable and levels used for CCD in oxidation process with respect to time for all the metals.

Variables Symbols
Levels

−1.68179 (−α) −1 0 +1 +1.68179 (+α)

Antioxidants concentration (ppm) A 0 150 300 450 600

Metal contaminants concentration (ppm) M 0 0.5 1 1.5 2

Storage time (months) T 0 1.5 3 4.5 6
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Figure 3: Effect of metal contamination on storage stability of JCB.

in Figure 5 which shows that after the addition of antiox-
idant, the rate of increase in AV with respect to time de-
creases due to deacceleration in the oxidation process. The
peroxide formation is found to decrease by addition of anti-
oxidants in JCB compared to JCB without antioxidants. This

is in agreement with the Das et al. [16] who found that per-
oxide formation decreases with increase in antioxidant con-
centration, thereby leading to the lower rate of increase of
viscosity that became lower. A number of reports confirm
that the retardation of oxidation process became higher as
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Figure 4: Effect of metal contaminants on unsaturated fatty acids with respect to time.

Table 6: Range of parameters for the oxidation stability study of
JCB/petrodiesel blends.

S. no. Parameters Range

1 Antioxidant concentration, A 50 to 300 ppm

2 Metal concentration, M 0.5 to 2 ppm

the antioxidant concentration is increased [7, 16–21]. The
reduced rate of peroxide formation led to the increase in

long-term storage stability in terms of IP which indicates
that it is possible to store biodiesel for longer period of time
by adding the antioxidant. These observations are explained
by the fact that PY (chain breaking antioxidant) contained a
highly labile hydrogen which can be more easily abstracted by
a peroxy radical than fatty oil or ester hydrogen. The resulting
antioxidant free radical was either stable or further reacted to
form a stable molecule which was further resistant to chain
oxidation process. Thus the chain breaking antioxidants help
to interrupt the oxidation chain reaction in order to enhance
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Table 7: Correlation developed for oxidation stability for different
metal contaminants.

S. no. Metal Correlations Regression
coefficient

1 Fe IP = 0.1255(A)0.7334(M)−0.472
0.93

2 Ni IP = 0.11735(A)0.7279(M)−0.4663
0.92

3 Mn IP = 0.0932(A)0.7578(M)−0.477
0.95

4 Co IP = 0.0841(A)0.7648(M)−0.5871
0.95

5 Cu IP = 0.063(A)0.7986(M)−0.7599
0.94

Table 8: Correlation developed for thermal stability for different
metal contaminants.

S. no. Metal Correlations Regression
coefficient

1 Fe
Ins = 2.975(M)0.1817(A)−0.3156

0.92

Ea = 8.23(M)−0.2239(A)0.3279
0.92

2 Ni
Ins = 3.534(M)0.2122(A)−0.3277

0.93

Ea = 2.975(M)−0.3313(A)0.4840
0.85

3 Mn
Ins = 3.586(M)0.2124(A)−0.3237

0.92

Ea = 2.022(M)−0.3796(A)0.5419
0.85

4 Co
Ins = 3.751(M)0.2418(A)−0.3164

0.95

Ea = 0.499(M)−0.5474(A)0.7625
0.77

5 Cu
Ins = 4.976(M)0.2003(A)−0.3511

0.90

Ea = 0.0395(M)−0.8432(A)1.1645
0.74

Table 9: Correlation developed for storage stability for different
metal contaminants.

S. no. Metal Correlations Regression
coefficient

1 Fe IP = 0.042(T)−0.2683(A)0.9112(M)−0.4654
0.93

2 Ni IP = 0.0406(T)−0.3314(A)0.908(M)−0.566
0.91

3 Mn IP = 0.0323(T)−0.3085(A)0.9364(M)−0.6322
0.92

4 Co IP = 0.0358(T)−0.302(A)0.9151(M)−0.6563
0.92

5 Cu IP = 0.0374(T)−0.2648(A)0.8838(M)−0.8805
0.91

the stability [1]. The results were in agreement with the
literature findings [16–21].

When antioxidants are mixed with JCB, the oxidation
process is retarded resulting in the decrease in relative
percentage of oleic acid as shown in Figure 6(a) and increase
in relative percentage of linoleic and linolenic acid indicating
the retardation of oxidation process after the addition of PY
(Figures 6(a), 6(b), and 6(c)).

3.3. Thermal Stability of JCB

3.3.1. Effect of Metal Contamination on Thermal Stability of
JCB. To determine the effect of metal contaminants on ther-
mal stability, the experiments were conducted by mixing the
JCB with different metal contaminants—iron, nickel, man-
ganese, cobalt, and copper in predetermined concentrations.
Each experiment was repeated twice and the average value
was considered for further calculation. Figure 7 shows that,

for all of the metal contaminants, Ins values increase with
the amount of metal contaminants because of accelerated
oxidation of JCB in the presence of metal contaminants. The
presence of these metals also reduces the Ea. The reason for
this is the same because of the acceleration of free-radical
oxidation as a result of a metalmediated initiation reaction,
which in turn increases the polymer formation as well.

Figure 7 shows that Ea and Ins became almost constant
as concentration of metal is increased. This proves that the
influence of metals was catalytic, as even small concentra-
tions of metals had nearly the same effect on thermal stability
as large amounts.

3.3.2. Effect of Antioxidants on Thermal Stability of JCB.
Figure 8 shows that as the amount of PY increases, the Ea and
Ins formed was decreased because of retardation in the oxi-
dation process.

4. Development of Correlation

The results of the effect of antioxidant and metal concen-
tration indicated that these parameters play critical role in
oxidation and thermal degradation of biodiesel. The cor-
relations may be useful for biodiesel producers to know the
amount of antioxidant required to be added to maintain the
oxidation stability of metal contaminated biodiesel conform-
ing to international standard. Several correlations were de-
veloped for oxidation, thermal, and storage stability as a
function of metal contaminants, antioxidant concentration,
and storage time which are given in Tables 7, 8, and 9.

5. Optimization of Oxidation, Thermal, and
Storage Stability

5.1. Optimization of Oxidation Stability

5.1.1. Response Analysis of Fe-Contaminated Biodiesel. The
application of RSM yields the following regression equations
which are empirical relationship for thermal and oxidation
stability in terms of antioxidant concentration and metal
concentration:

IP = 3.52 + 0.030528 ∗ A− 1.84833 ∗ M − 5.66667

∗ 10−3 ∗ A ∗ M − 7.19444 ∗ 10−6 ∗ A2 + 0.16750

∗ M2.
(2)

The results from the two-factor factorial experiment in
Table 10 are analyzed using Design-Expert software package.
Common statistical tools in the analysis of variance table
such as F value and P value are used to define the most im-
portant factors affecting the JCB oxidation stability. The F
value is defined as the ratio of the respective mean square
effect and the mean square error. The P value is defined as
the smallest level of significance leading to rejection of the
null hypothesis. It may be noted that the standard level of sig-
nificance used to justify a claim of a statistically significant
effect is 0.05.

Equation (2) is plotted in Figures 9 and 10 as contour
and response surface plots of oxidation stability in terms of
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Figure 5: Effect of antioxidant on storage stability of JCB.

Table 10: Predicted models for IP, Ins, and Ea.

S. no. Metal Predicted model

1 Fe IP = 3.52 + 0.030528 ∗ A− 1.84833 ∗ M − 5.66667 ∗ 10−3 ∗ A ∗ M − 7.19444 ∗ 10−6 ∗ A2 + 0.16750 ∗ M2

2 Ni IP = 4.05394 + 0.028184 ∗ A− 3.09152 ∗ M − 6.33333 ∗ 10−3 ∗ A ∗ MC − 4.73232 ∗ 10−6 ∗ A2 + 0.78409 ∗ M2

3 Mn IP = 4.41515 + 0.025763 ∗ A− 4.36455 ∗ M − 6.33333 ∗ 10−3 ∗ A ∗ M − 7.52525 ∗ 10−7 ∗ A2 + 1.34227 ∗ M2

4 Co IP = 4.12273 + 0.026438 ∗ A− 4.34848 ∗ M − 8.0 ∗ 10−3 ∗ A ∗ M + 2.32323 ∗ 10−7 ∗ A2 + 1.40091 ∗ M2

5 Cu IP = 3.70909 + 0.029541 ∗ A− 3.82439 ∗ M − 8.66667 ∗ 10−3 ∗ A ∗ M − 5.17929 ∗ 10−6 ∗ A2 + 0.95886 ∗ M2

IP. This figure shows that the IP improves with increase of
antioxidant concentration at constant amount of metal con-
taminants.

In the same manner, the response analysis of other metal-
contaminated biodiesel is conducted. The model developed
for IP for all the metals selected for experiment is given in

Table 10. Table 11 is showing the summery of ANOVA for all
the metal-contaminated biodiesel.

For all the models, F value is large enough to make the
model significant. There is only a 0.01% chance that a “Mod-
el F Value” this large could occur due to noise. In all cases A,
M, AM, A2, and M2 are significant model terms. Also lack of
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Figure 6: Effect of antioxidant concentration on unsaturated fatty acids with respect to time.

Table 11: Summary of ANOVA.

S. no.
Metal in biodiesel

sample
Model F

value
Adjusted R2 Predicted R2

1 Fe 765.75 0.9948 0.9914

2 Ni 952.28 0.9958 0.9928

3 Mn 746.96 0.9947 0.9915

4 Co 872 0.9954 0.9923

5 Cu 902.34 0.9956 0.9926

fit is not significant which is desirable. Predicted R2 value is
in reasonable agreement with adjusted R2 value.

Table 12 shows the optimum results for oxidation stabil-
ity after doping the JCB with metal contaminants (2 ppm)
with antioxidant to get an IP of 6 hrs.

Table 12: Optimum amount of antioxidant for 6 hr IP.

S. no. Metal IP (hr) Antioxidant concentration (ppm)

1 Fe 6 326.96

2 Ni 6 361.64

3 Mn 6 386.15

4 Co 6 471.24

5 Cu 6 600

The amount of antioxidant shown in Table 12 is the max-
imum amount to stabilize the JCB because if the metal con-
centration is increased beyond 2 ppm, there will not be any
change in the oxidation stability of JCB [7, 17].
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Figure 7: Effect of metal contamination on thermal stability of JCB.
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Figure 8: Effect of antioxidants on thermal stability of JCB.

5.2. Optimization of Thermal Stability

5.2.1. Response Analysis of Fe Contaminated Biodiesel. The
application of RSM yields the following regression equations
which are empirical relationship for thermal and oxidation
stability in terms of antioxidant concentration and metal
concentration:

Ins = 0.57091− 7.13131 ∗ 10−4 ∗ A + 0.16273

∗ M − 2.33333 ∗ 10−4 ∗ A ∗ M + 5.68182

∗ 10−7 ∗ A2 + 6.13636 ∗ 10−3 ∗ M2,

(3)

Ea = 43.67848 + 0.090157 ∗ A− 10.73288 ∗ M + 5.23333

∗ 10−3 ∗ A ∗ M − 5.99192 ∗ 10−5 ∗ A2 − 0.42273

∗ M2.
(4)

Common statistical tools in the analysis of variance table
such as F value and P value are used to define the most im-
portant factors affecting the grape seed proanthocyanidins
yields. The F value is defined as the ratio of the respective
mean square effect and the mean square error. The P value is
defined as the smallest level of significance leading to rejec-
tion of the null hypothesis. It may be noted that the standard
level of significance used to justify a claim of a statistically
significant effect is 0.05.

Figures 11 and 12 depict contour and response surface
plots represented by (3) for thermal stability in terms of Ins.
Similarly, this figure reveals that the Ins decreases with in-
crease in antioxidant concentration at constant amount of
metal contaminants.

Equation (4) is plotted in Figures 13 and 14 as contour
and response surface plots for thermal stability in terms
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Figure 9: Contour plot of the IP response for JCB.
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Figure 10: The response surface plot of the IP for JCB.

of Ea. This figure clearly confirms that the Ea increases with
the increase in amount of antioxidant concentration at con-
stant metal concentration.

In the same manner, the response analysis of other metal-
contaminated biodiesel is conducted. The model developed
for Ins and Ea for all the metals selected for experiment
is given in Table 13. Table 14 is showing the summery of
ANOVA for all the metal-contaminated biodiesel.

For all the models, F value is large enough to make
the model significant. There is only a 0.01% chance that a
“Model F Value” this large could occur due to noise. In all
cases A, M, AM, A2, and M2 are significant model terms.
Also lack of fit is not significant which is desirable. Predicted
R2 value is in reasonable agreement with adjusted R2 value.

5.3. Optimization of Storage Stability

5.3.1. Response Analysis of Fe-Contaminated Biodiesel. Com-
mon statistical tools in the analysis of variance table such as
F value and P value are used to define the most important
factors affecting the grape seed proanthocyanidins yields.
The F value is defined as the ratio of the respective mean
square effect and the mean square error. The P value is
defined as the smallest level of significance leading to rejec-
tion of the null hypothesis. It may be noted that the standard
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Figure 11: Contour plot of the Ins response for JCB.
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level of significance used to justify a claim of a statistically
significant effect is 0.05.

Figure 15 shows the variation of IP with respect to AOC
and time while the metal concentration is 0 ppm. The figure
also shows that if metal concentration is 0, then 200 ppm PY
is sufficient to make biodiesel stable for 6 months. Figure 16
is showing the variation of IP with respect to AOC and
time while the metal (Fe) concentration is 2 ppm. The figure
shows that if metal (Fe) concentration is 2 ppm or more,
then 800 ppm PY is sufficient to make biodiesel stable for 5.5
months.

By using RSM, the experimental values of IP are fitted to
the statistically significant factors. The second-order model
is utilized to develop IP contour and response surface. Using
the coefficients determined, the predicted model for Fe-con-
taminated biodiesel in terms of uncoded (actual) factors for
IP is given by

IP = 3.74114− 0.68440 ∗ T + 0.027098 ∗ A− 0.68071

∗ M − 6.87500E − 004 ∗ T ∗ A− 0.11000 ∗ T

∗ M − 6.637508 ∗ 10−3 ∗ A ∗ M + 0.044553

∗ T2 − 9.78261 ∗ 10−7 ∗ A2 − 0.094022 ∗ M2.
(5)
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Figure 13: Contour plot of the Ea response for JCB.

00

40

150
300

450
600

0.5
1

1.5
2

50

60

70

80

30

20

Metal concentration,M (mg/L) Antioxidant concentration,

A (ppm)

A
ct

iv
at

io
n

 e
n

er
gy

,E
a

(k
J/

m
ol

)

Figure 14: The response surface plot of the Ea for JCB.

In the same manner, the response analysis of other metal-
contaminated biodiesel is conducted. Table 15 gives the sum-
mery of ANOVA for all the metal-contaminated biodiesel.

For all the models, F value is large enough to make
the model significant. There is only a 0.01% chance that a
“Model F Value” this large could occur due to noise. In all
cases T , A, M, TA, AM, and T2 are significant model terms.
Also lack of fit is not significant which is desirable. Predicted
R2 value is in reasonable agreement with adjusted R2 value.

From the previous RSM optimization technique, the
maximum time is predicted for which metal-contaminated
JCB is stabilized with PY as synthetic antioxidant. According
to this if 800 ppm PY is added in Ni contaminated JCB, then
the biodiesel can be stabilized for 3.62 months. The same for
Mn, Co, and Cu is 3.24, 2.76, and 2.07 months, respectively.
It is clear from the previous discussion that the presence of
these metals reduces the oxidation stability of biodiesel as
measured by the IP and this behavior may be attributed due
to the acceleration of free radical oxidation due to a metal-
mediated initiation reaction [7, 16]. Cu is found to have
strongest catalytic effect followed by Co, Mn, Ni, and Fe. Due
to this reason, the antioxidant required for stabilizing the Cu-
contaminated biodiesel is also more while the PY required for
Fe-contaminated JCB is less than that required in any other
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Figure 15: Variation in IP with respect to AOC and time while the
metal (Fe) concentration is 0 ppm.
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Figure 16: Variation in IP with respect to AOC and time while the
metal (Fe) concentration is 2 ppm.

metal-contaminated JCB. This finding is in agreement with
literature [7].

Using the coefficients determined, the predicted model
for all metal contaminated biodiesel in terms of uncoded
(actual) factors for IP is given in Table 16.

From the previous results, antioxidant concentration can
easily be predicted to stabilize the JCB if metal concentration
is known. The models developed can be used to predict the
amount of antioxidants required to maintain the specifica-
tion of 6 h IP for metal contaminated JCB with reasonable
accuracy in the range of parameters investigated.

The results indicated that Cu had strongest catalytic effect
followed by Co, Mn, Ni, and Fe. Based on the results of
various experiments, a number of correlations have also been
developed for storage stability in terms of IP as a function of
antioxidant concentration, metal concentration, and storage
time using RSM. A comparison between the IP obtained
from experimental investigation and those predicted by the
correlation shows that all the predicted data points lie within
±10% deviation lines of the experimental results. From
the experiments it is found that if metal concentration is
0, then, 200 ppm PY is sufficient to make biodiesel stable
for 6 months. If metal concentration is 2 ppm or more,
then 800 ppm PY is sufficient to make biodiesel stable for
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Table 13: Predicted models for IP, Ins, and Ea.

S. no. Metal Predicted model

1 Fe

Ins = 0.57091− 7.13131 ∗ 10−4 ∗ A + 0.16273 ∗ M − 2.33333 ∗ 10−4 ∗ A

∗M + 5.68182 ∗ 10−7 ∗ A2 + 6.13636 ∗ 10−3 ∗ M2

Ea = 43.67848 + 0.090157 ∗ A− 10.73288 ∗ M + 5.23333 ∗ 10−3 ∗ A

∗M − 5.99192 ∗ 10−5 ∗ A2 − 0.42273 ∗ M2

2 Ni

Ins = 0.59788− 7.93434 ∗ 10−4 ∗ A + 0.25197 ∗ M − 2.66667 ∗ 10−4 ∗ A

∗M + 6.18687 ∗ 10−7 ∗ A2 − 0.019318 ∗ M2

Ea = 46.68424 + 0.079609 ∗ A− 26.89727 ∗ M + 0.026567 ∗ A

∗M − 6.27096 ∗ 10−5 ∗ A2 + 2.60114 ∗ M2

3 Mn

Ins = 0.60152− 8.07071 ∗ 10−4 ∗ A + 0.28455 ∗ M − 3.0 ∗ 10−4 ∗ A

∗M + 6.69192 ∗ 10−7 ∗ A2 − 0.024773 ∗ M2

Ea = 45.48939 + 0.083027 ∗ A− 29.82515 ∗ M + 0.027333 ∗ A

∗M − 6.52121 ∗ 10−5 ∗ A2 + 3.33091 ∗ M2

4 Co

Ins = 0.65182− 9.98485 ∗ 10−4 ∗ A + 0.33379 ∗ M − 2.66667 ∗ 10−4 ∗ A

∗M + 8.30808 ∗ 10−7 ∗ A2 − 0.040227 ∗ M2

Ea = 43.21061 + 0.089323 ∗ A− 36.88318 ∗ M + 0.029667 ∗ A

∗M − 6.90379 ∗ 10−5 ∗ A2 + 5.31159 ∗ M2

5 Cu

Ins = 0.63394− 8.55051 ∗ 10−4 ∗ A + 0.51015 ∗ M − 4.0 ∗ 10−4 ∗ A

∗M + 6.28788 ∗ 10−7 ∗ A2 − 0.098409 ∗ M2

Ea = 40.33848 + 0.097579 ∗ A− 45.83288 ∗ M + 0.031867 ∗ A

∗M − 7.48359 ∗ 10−5 ∗ A2 + 8.00977 ∗ M2

Table 14: Summary of ANOVA.

S. no. Metal in biodiesel sample
Model F value Adjusted R2 Predicted R2

Ins Ea Ins Ea Ins Ea

1 Fe 71.76 69.31 0.9465 0.9447 0.9213 0.9120

2 Ni 171.11 142.41 0.9770 0.9725 0.9627 0.9539

3 Mn 212.87 169.80 0.9815 0.9769 0.9707 0.9622

4 Co 171.49 186.59 0.9771 0.9789 0.9642 0.9667

5 Cu 104.87 171.38 0.9629 0.9771 0.9335 0.9660

Table 15: Summary of ANOVA.

S. no. Metal in biodiesel sample Model F value Lack of fit Adjusted R2 Predicted R2

1 Fe 760.47 Not significant 0.9952 0.9933

2 Ni 1835.65 Not significant 0.9980 0.9972

3 Mn 787.06 Not significant 0.9954 0.9930

4 Co 2328.42 Not significant 0.9984 0.9978

5 Cu 1312.02 Not significant 0.9972 0.9965

Table 16: Predicted models for all metal-contaminated biodiesels in terms of uncoded factors.

S. no. Metal Predicted model

1 Fe
IP = 3.74114− 0.68440 ∗ T + 0.027098 ∗ A− 0.68071 ∗ M − 6.87500E − 004 ∗ T ∗ A− 0.11000 ∗ T

∗M − 6.637508 ∗ 10−3 ∗ A ∗ M + 0.044553 ∗ T2 − 9.78261 ∗ 10−7 ∗ A2 − 0.094022 ∗ M2

2 Ni
IP = 3.29033− 0.20054 ∗ T + 0.027068 ∗ A− 1.57538 ∗ M − 1.17917 ∗ 10−3 ∗ T ∗ A− 0.076667 ∗ T

∗M − 7.11250 ∗ 10−3 ∗ A ∗ M − 9.21498 ∗ 10−3 ∗ T2 − 7.05842 ∗ 10−7 ∗ A2 + 0.21457 ∗ M2

3 Mn
IP = 3.30432− 0.14178 ∗ T + 0.027062 ∗ A− 2.00035 ∗ M − 9.14583 ∗ 10−4 ∗ T ∗ A− 0.12083 ∗ T

∗M − 7.49375 ∗ 10−3 ∗ A ∗ M − 0.018696 ∗ T2 − 1.47351 ∗ 10−6 ∗ A2 + 0.44674 ∗ M2

4 Co
IP = 2.84647 + 0.048388 ∗ T + 0.027882 ∗ A− 2.02734 ∗ M − 1.17500 ∗ 10−3 ∗ T ∗ A− 1.66667 ∗ 10−3 ∗ T

∗M − 8.08750 ∗ 10−3 ∗ A ∗ M − 0.044940 ∗ T2 − 1.12160 ∗ 10−6 ∗ A2 + 0.34304 ∗ M2

5 Cu
IP = 4.44796− 0.64410 ∗ T + 0.025363 ∗ A− 3.46106 ∗ M − 1.14792 ∗ 10−3 ∗ T ∗ A + 0.11250 ∗ T

∗M − 8.78125 ∗ 10−3 ∗ A ∗ M + 0.055302 ∗ T2 + 2.04823 ∗ 10−6 ∗ A2 + 0.86272 ∗ M2
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Figure 17: Relationship between IP and Ins for Fe-contaminated
JCB.
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Table 17: Relationship between oxidation and thermal stability for
different metal-contaminated JCB.

Metal Correlation Correlation coefficient (R2)

Fe
IP = 70.23 ∗ e−4.277∗ Ins 0.96

IP = 0.7419 ∗ e0.044∗Ea 0.97

Ni
IP = 55.837 ∗ e−3.606∗ Ins 0.96

IP = 1.2654 ∗ e0.036∗Ea 0.96

Mn
IP = 55.144 ∗ e−3.559∗ Ins 0.94

IP = 1.3048 ∗ e0.0358∗Ea 0.95

Co
IP = 60.419 ∗ e−3.504∗ Ins 0.96

IP = 1.5279 ∗ e0.0342∗Ea 0.94

Cu
IP = 58.189 ∗ e−3.318∗ Ins 0.87

IP = 1.5799 ∗ e0.0361∗Ea 0.92

5.5 months. The value of storage time for Ni, Mn, Co, and
Cu is 3.62, 3.24, 2.76, and 2.07 months, respectively, if metal
and antioxidant concentration is same in all the cases.

6. Correlation Development between Oxidation
and Thermal Stability

Based on the previous results, different correlations were de-
veloped for IP with Ins and Ea. Figures 17 and 18 show the
relation between the oxidation and thermal stability of Fe-
contaminated JCB. Figure 17 shows that the relation between
IP and Ins is exponential with the value of correlation
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Figure 19: Comparison of experimental and predicted values of IP.

coefficient of 0.96. Figure 18 is showing that the relation be-
tween IP and Ea is exponential with the value of correlation
coefficient of 0.97. From both figures it is concluded that with
the increase of Ins and decrease in Ea, IP decreases. Table 17
gives the different correlations for different metal contami-
nants with the values of regression coefficient.

Figure 19 gives the error between the predicted values
and experimental values of IP for Fe-contaminated JCB from
which it is clear that the 95% of the predicted data point lie
within ±10% deviation line of the experimental results.

From the aforementioned part it is concluded that the
correlations developed can be used for the prediction of Ins
and Ea if IP is known or vice versa. As no specification is
found, discussing about the maximum limitation of thermal
stability, such correlations can be useful to develop the
specification for thermal stability of biodiesel.

7. Conclusions

In the present paper the various aspects of stability of JCB
were studied. For the objective JCB was mixed with PY and
different metal contaminants, subjected to open air storage
exposed to sunlight condition. Different properties were
checked for the measurement of oxidation, thermal, and
storage stability of JCB. Based on results of various experi-
ments a number of correlations have also been developed
for oxidation stability in terms of IP and for thermal stabil-
ity in terms of Ins and Ea as a function of antioxidant con-
centration and metal concentration using RSM. Based on the
results following conclusions were drawn.

(1) The results indicated that Cu had strongest catalytic
and detrimental effect on the oxidation stability of
biodiesel followed by Co, Mn, Ni, and Fe.
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(2) A comparison among the IP, Ins, and Ea obtained
from experimental investigation and those predicted
by the correlation shows that all the predicted data
points lie within ±10% deviation lines of the exper-
imental results.

(3) The optimum amount of PY for 2 mg/L metal con-
taminated biodiesel to get an IP of 6 hr is computed
as 326.96, 361.64, 386.15, 417.24, and 600 ppm for Fe,
Ni, Mn, Co, and Cu, respectively. This is the maxi-
mum amount of PY needed to have an IP of 6 hrs
for metal contaminated JCB because beyond 2 mg/L
metal effect on oxidation stability is constant.

(4) It was found that stability of fresh JCB was not ac-
ceptable as per EN 14112. Fresh JCB without any
metal contaminant was also unstable, and when
metal contaminants were mixed with JCB, then its in-
stability is further enhanced and therefore it is not
possible to store JCB with and without metal contam-
inants without the addition of antioxidants.

(5) When PY was mixed with JCB, its stability increased
and 200 ppm of PY was sufficient to make fresh and
pure JCB stable for almost 6 months.

(6) Unsaturated fatty acid composition was also checked
with respect to time. From the experiment it was clear
that as oxidation deterioration advances with respect
to time, linoleic and linolenic acid methyl esters de-
crease and the fraction of oleic acid methyl becomes
relatively high.
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