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ABSTRACT: This study investigates the effect of antioxidant additives on oxidation stability of neat biodiesel and its diesel
blends. Biodiesel was prepared by methanolic KOH catalyzed transesterification of Jatropha curcas oil. Various diesel-biodiesel
blends (B10, B15, B20, and B25) were prepared with conventional diesel sold at retail outlets of Northern India. Butylated
hydroxy anisole (BHA), butylated hydroxy toluene (BHT), pyrogallol (PL), propyl-gallate (PG), tert-butylhydroxyquinone
(TBHQ), and diphenylamine (DPA) additives were selected for this study. Significant improvement in oxidation stability as well
as in density and kinematic viscosity of diesel−biodiesel blends was obtained with all antioxidants studied. TBHQ, PG, and PL
were found to be the most effective among all antioxidants tested, and their use in diesel−biodiesel blends showed a greater
stabilizing potential. The properties of the blended fuel were not found consistent during the study. It may be due to composition
of biodiesel, nature of antioxidant additives, and quality of diesel fuel.

1. INTRODUCTION

Diesel is the major fuel source for transport and heavy-duty
engines due to high combustion efficiency, reliability, and cost
effectiveness. However, in respect of environmental concerns,
emission of pollutants is the major problem associated with the
diesel fuel. It is well accepted that in diesel engines, clean
combustion can be fulfilled only by engine development
coupled with diesel fuel formulation.1,2 Due to increase in
demand, depletion of petroleum reserves as well as increasing
environmental concerns, there is an urgent need for the search
of renewable energy, hydroelectricity, or nuclear energy
resources as alternative has been raised in recent years.3,4

One of the environmental friendly renewable energy sources is
biodiesel.5 Biodiesel is a mixture of methyl esters of long chain
fatty acids derived from vegetable oil and animal fats, and is
similar to the commercial diesel in terms of fuel quality and
combustion properties.6,7 The biodiesel production from edible
oil resources in India is very less, as the indigenous edible oil
production is much less than its actual demand. Therefore
nonedible oils (e.g., Jatropha, Pongamia(Karanja), Mahua, and
Sal) seem to be the only possible source of biodiesel in India.7

Biodiesel is a fuel source that is nonflammable, nonexplosive,
biodegradable, nontoxic, and free from sulfur and aromatics.
Biodiesel also provides less harmful emissions compared to
petroleum diesel fuel,9,10 which makes biodiesel a good
alternative to substitute for petroleum diesel.11 However, the
long-term storage of biodiesel is a problem. The presence of
unsaturated fatty acid esters in biodiesel makes it more
susceptible to oxidation or autoxidation during long-term
storage.12,13 It is well reported in the literature that oxidation
stability does not correlate with the total number of double
bonds but with the total number and position of allylic and bis-
allylic carbons that are adjacent to double bonds.14 These
oxidation processes are less pronounced in the parent oil due to
the presence of natural antioxidants which get partially lost
during refining.15 Reports have been found stating that, after

oxidation of biodiesel and its diesel blends, the acid value,
density, and viscosity increased, while iodine value decreased
with increasing storage time.16 Thus biodiesel instability results
in the formation of sediment and gum along with fuel
darkening, which causes filter plugging, injector fouling,
deposition in the engine combustion chamber, and malfunction
in various components of the fuel system.17,18 The use of
antioxidant additives not only slows down the oxidation
processes but also improves the fuel stability up to a certain
extent.19 Several reports have been found on the stabilities of
diesel biodiesel blends.19−27 However, very limited reports are
available on the impact of antioxidant additives on oxidation
behavior of biodiesel/diesel blends, especially when biodiesel is
derived from a nonedible oil source.8,28−46 The aim of this
study is to provide the experimental results on the effects of
antioxidant additives on Jatropha biodiesel and its blends with
diesel fuel sold in Northern India. The effectiveness of selected
antioxidants on oxidation stability, kinematic viscosity, and
density of the neat biodiesel and its diesel blends was
investigated. The goal was to find out the optimum additive
which could significantly improve the storage stability of both
the neat biodiesel and its diesel blends. These results will help
to support the development of biodiesel specification and
technology.

2. EXPERIMENTAL SECTION
2.1. Base Diesel Fuel. Three commercial diesel fuel

samples (D1, D2, and D3) were selected as base fuel. These
diesel samples were purchased from the retail outlets of
different oil companies in Northern India. The diesel was sold
by these outlets, received from respective refineries, and was
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not known to contain cold flow or lubricity additives. The
difference in their properties (Table 1) may be because of the
difference in origin of crude oil and its processing and quality
control.
2.2. Jatropha Curcas Biodiesel. Jatropha curcas biodiesel

was used as blending stock for collected diesel samples and was
prepared from the base catalyzed transesterification of Jatropha
curcas oil. The main physical properties of biodiesel are listed in
Table 1. The GC-MS analysis of fatty acid methyl ester
(FAME; biodiesel sample) was carried out on a QP2010 gas
chromatography mass spectrometer (GC-2010 coupled with
GC-MS QP-2010) equipped with an auto sampler (AOC-
5000) from Shimadzu (Japan) using a RTX-5 fused silica
capillary column, 30 m × 0.25 mm × 0.25 μm (Rastek).
Helium (99.9% purity) was used as the carrier gas with a

column flow rate of 1 mL/min and a precolumn pressure of
49.7 kPa. The column temperature regime was 40 °C for 3 min,
followed by a 5 °C/min ramp up to 230 °C, followed by 40 min
at 230 °C. The injection volume and temperature were 0.2 μL
and 240 °C, and the split ratio was 1/30. The mass
spectrometer was operated in electron compact mode with
electron energy of 70 eV. Both the ion source temperature and
the interface temperature were set at 200 °C. FAME peaks were
identified by comparison of their retention times with authentic
standards by GC-MS post run analysis and quantified by area
normalization. Analysis revealed that the prepared Jatropha
curcas biodiesel contains methyl esters of palmitic acid (16:0)
[17.52%], palmitoleic acid (16:1) [0.74%], stearic acid (18:0)
[8.62%], oleic acid (18:1) [41.78%], and linoleic acid (18:2)
[31.12%]. Linolenic methyl ester (18:3) was not observed at all
by GC-MS analysis. The GC-MS results obtained were also
supported by the existing literature where the composition of
biodiesel from Jatropha curcas has been reported.37,47 The
prepared biodiesel was used to constitute the diesel−biodiesel
blends with B10, B15, B20, and B25 (volume/volume) with
diesel fuel to study their physicochemical properties (oxidation
stability, viscosity, and density) during long-term storage.
2.3. Antioxidants Additives. Butylated hydroxy anisole

(BHA), butylated hydroxy toluene (BHT), pyrogallol (PL),
propyl-gallate (PG), tert-butylhydroxyquinone (TBHQ), and
diphenylamine (DPA) were used as antioxidant additives. All
additives were analytical grade and procured from Sigma
Aldrich, India, and used as received.
2.4. Storage Conditions. Biodiesel and its diesel blend

samples of volume 500 mL were stored in closed Borosil glass
bottles of 1 L capacity for 90 days and were kept indoors, at a

room temperature of 18 and 28 °C. A 500 mL space in the
bottle was occupied by air. Samples were taken out periodically
every 15 days to study the additive effects.

2.5. Oxidation Stability Measurements. The oxidation
stability (induction period, i.e., IP) of neat Jatropha biodiesel
and its diesel blends were investigated by Petrotest “PetroOXY-
(e)-VERSION: 10.08.2011” instrument made in Germany. The
IP of biodiesel and its diesel blends was estimated according to
the ASTM-D 7545-09 and prEN 16091 “Oxidation stability of
fuel”. IP was calculated for 5 mL fuel sample in hermetically
sealed test chamber. The chamber was automatically pressur-
ized with oxygen up to 700 kPa (∼7 bar/101.5 psi) and heated
to a temperature of 140 °C. This initiates a very fast oxidation
process. As the fuel oxidizes, it consumes the oxygen in the
sealed test chamber resulting in a 10% pressure drop that is
displayed. The length of the induction period is a measure of
how long the antioxidant will protect the biodiesel and its diesel
blends from oxidation. The obtained IP values were converted
to their corresponding Rancimate time by multiplying the
Petrotest time with a correction factor 20 (as recommended by
the test method and was automatically displayed). All
determinations were performed in duplicate and the mean
value is reported.

2.6. Density, Kinematic Viscosity, Flash Point, and
Sulfur Content Measurements. Density of biodiesel and
diesel blends were analyzed at 15 °C by Anton Paar density
meter DMA-35 Version 3, according to ASTM-D 4052 method
while as the kinematic viscosity of the biodiesel and its diesel
blends were analyzed at 40 °C temperature and 50% Torque by
Fungi-lab expert series viscometer, according to ASTM-D 445
method. Flash point of the diesel and Jatropha biodiesel
samples were analyzed by Penske Martene Flash point
apparatus with close cup, according to ASTM-D 93 method.
Total sulfur content of diesel fuel samples were estimated by
Lamp method for sulfur determination in petroleum products
according to ASTM D 1266-107 and IP 336. All the data
obtained were well supported by the reported/standard values.

3. RESULT AND DISCUSSION
3.1. Effect of Antioxidants on the Oxidation Stability

of Biodiesel Samples. The effects of additives on the
oxidation stability of the neat Jatropha biodiesel samples were
investigated for 90 days indoor storage conditions. The
antioxidants were screened by adding 300, 400, and 500 ppm
concentration of each antioxidant in 500 mL of neat Jatropha
biodiesel. The results are shown in Figure 1. A significant

Table 1. General Properties of Base Diesel and Biodiesel

std. limits

s.
no. property (unit) D1 D2 D3

Jatropha Curcas
biodiesel diesel

Jatropha
biodiesel test method

1 flash point (°C) 68.0 79.0 84.0 161.5 55 min 100 min ASTM D 93
2 moisture content (mg/kg) 0.004% 0.010% 0.011% 0.041% Max. 0.02% Max. 0.05% ASTM-D 2709
3 cloud point (°C) +3 0 0 +12 ASTM-D 2500
4 pour point (°C) 0 −3 −3 +3 ASTM-D 97
5 total sulfur (ppm) 310

(±2)
336
(±2)

340
(±2)

350 max ASTM D 1266 and IP 336

6 calorific value (kJ/kg) 43358 41929 42848 39071
7 density (g/cm3) at 15 °C 0.8309 0.8288 0.8373 0.8811 0.820−0.845 0.880−0.890 ASTM-D 4052
8 kinemetic viscosity (mm2/s) at

40 °C
3.07 2.88 2.82 4.71 2.00−4.50 1.90−6.00 ASTM-D 445

9 oxidation stability (IP, at 140
°C, h)

4.21 3 (min) ASTM-D 7545 and
prEN16091
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difference in the efficiencies of tested antioxidants was
observed. It is clear from Figure 1 that the induction period
of biodiesel with additives was improved significantly. A
screening study of antioxidant additive also reveled that the
500 ppm concentration of additive was the optimum
concentration at which maximum stability was obtained.
Therefore 500 ppm additive concentration was used for further
studies of oxidation stability of diesel/biodiesel blends.
Pyrogallol (PL) was found to be the most effective antioxidant

with maximum IP of 10.4 h whereas diphenylamine (DPA) was
found to be least effective during the course of study. On the
basis of screening data, the effectiveness of antioxidants used
was observed in order of PL > PG > TBHQ > BHA > BHT >
DPA. Study revealed that the phenolic antioxidants were found
more effective. As the active hydroxyl group provides a free
proton easily to inhibit the formation of free radicals or
interrupt the propagation of free radical and thus slow down
the rate of oxidation, also the phenolic additives offer more sites
for the formation of the complex between the free radical and

Figure 1. Oxidation stability of Jatropha biodiesel with additives.

Figure 2. Oxidation stability of diesel−biodiesel blends without
antioxidants.

Figure 3. Oxidation stability of biodiesel blends of D1, D2, and D3
with different antioxidants [B10].

Figure 4. Oxidation stability of biodiesel blends of D1, D2, and D3
with different antioxidants [B15].

Figure 5. Oxidation stability of biodiesel blends of D1, D2, and D3
with different antioxidants [B20].

Figure 6. Oxidation stability of biodiesel blends of D1, D2, and D3
with different antioxidants [B25].
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antioxidant radical for the stabilization of the ester chain.42,48,49

It can also be stated that the stability of prepared Jatropha
biodiesel is lower due to the presence of ∼84% of unsaturated
fatty acid.
3.2. Effects of Antioxidants on the Oxidation Stability

of Diesel−Biodiesel Blends. Oxidation stability of neat diesel
biodiesel blends (B10, B15, B20, and B25) was investigated
under storage conditions, and the results obtained are shown in
Figure 2.

Results from Figure 2 revealed that only B10 blends with all
diesel samples and B15 blends with D1 and D3 were stable for
an induction period of 20 h or more than this (at day 1) and
the rest failed to meet the minimum induction period. The
oxidation stability was further decreased for the next 15, 30, ...,
90 days of storage duration, due to the decomposition of
unsaturated fatty acids present in of biodiesel. Whereas Figures
3, 4, 5, and 6 shows the oxidation stability of B10, B15, B20,

Figure 7. Density of diesel/biodiesel blends without antioxidants.

Figure 8. Effect of antioxidant additives on density of blends of Jatropha biodiesel with D1, D2, and D3: (a) B10, (b) B15, (c) B20, and (d) B25.

Figure 9. Kinematic viscosity of diesel/biodiesel blends without
antioxidants.
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and B25 diesel biodiesel blends after the addition of optimized
concentration of each antioxidant additives separately in 500
mL test solution of these blends.
Figure 3 shows the effect of antioxidant additives of oxidation

stability of B10 blends of D1, D2, and D3 diesel samples. It is
clear from the study that all the B10 blends of D3 diesel sample
were stable during the 90 days storage time with all additives.
However, B10 blends of D1 and D2 were stable up to 90 days
only with PL, PG, and TBHQ. The B15 blends of D1, D2, and
D3 using additive PL were found stable up to 90 days whereas
these blends could be stored up to maximum 60 days with PG
and TBHQ (Figure 4). The rest of the additives were not
shown their effectiveness on long-term storage of B15 blends.
When similar study was performed for B20 blends of D1, D2,
and D3 (Figure 5) using antioxidant additives, it was observed
that B20 blends of D1 could not give satisfactory results,
whereas B20 blends of D2 with additives PL and PG were
found stable up to 90 days. B20 blends of D3 with antioxidants
PL and PG were stable up to 60 days only. Finally, oxidation
stability of B25 blends of D1, D2, and D3 (Figure 6) were also
investigated, and it was observed that only B25 blend of D3
using additive PL was stable for 60 days. Among the
antioxidants investigated PL and PG shown a greater effect
on the stability of diesel biodiesel blends of D1, D2, and D3.

This was expected because both the additives have shown good
stabilizing potential with neat Jatropha biodiesel sample.
Although the use of TBHQ showed good performance in
neat Jatropha biodiesel, undesirable results were obtained with
the biodiesel blends which may be due to a pro-oxidant
interaction48 of TBHQ. On the other hand, BHA, BHT, and
DPA were found to be the least effective. Since the properties
of diesel fuel samples were not found to be the same (Table 1),
which may be the reason for the variation in oxidation stabilities
of similar blends. Further research is needed to know the effect
of diesel fuel properties on the oxidation stability of its biodiesel
blends.

3.3. Density Measurement of Diesel Biodiesel Blends.
A density measurement reflects stability and consistency of a
fuel sample. It is a property for developing adequate storage
methods for diesel−biodiesel blends.50,51 In diesel−biodiesel
blends the density of fuel increases with the increase of amount
of biodiesel in the mixture. The density of all the blends was
observed within the range mentioned by standard ASTM-D
445.
The initial density value for neat blends (B10, B15, B20, and

B25) of D1, D2, and D3 ranged from 0.834 to 0.846 g/cm3

with an average density value of 0.8399 g/cm3 while the final
density value for the same ranged from 0.835 to 0.848 g/cm3

Figure 10. Effect of antioxidant additives on kinematic viscosity of blends of Jatropha biodiesel with D1, D2, and D3: (a) B10, (b) B15, (c) B20, and
(d) B25.
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with an average of 0.841 g/cm3 (Figure 7). Similarly, densities
of all the blends were also investigated with antioxidant
additives, and the results are shown in Figure 8. The average
density of B10 blends (Figure 8a) with additives ranged from
0.834−0.842 g/cm3. Whereas, the average density of B15 and
B20 blends with additives ranged between 0.838 and 0.846 g/
cm3 (Figure 8b and c).
3.4. Kinematic Viscosity Measurement of Diesel−

Biodiesel Blends. The kinematic viscosity of all the blends
was also investigated with and without antioxidant additives,
and the results are summarized in Figures 9 and 10,
respectively. As during oxidation of biodiesel the viscosity
starts to increase due to the formation of oxidized products
which lead to the formation of sediments and gum.32

The initial kinematic viscosity of neat diesel biodiesel blends
ranged from 2.98 to 3.54 mm2/s with an average value of 3.20
mm2/s whereas the final values ranged from 3.19 to 3.61 mm2/
s with an average of 3.37 mm2/s (Figure 9). The initial and final
average kinematic viscosity of B10 blends with additives (Figure
10a) ranged from 3.03 to 3.29 mm2/s, whereas the same value
for B15 and B20 blends with additives (Figure 10b and c)
ranged between 3.02 and 3.62 mm2/s over the course of
storage. The viscosity of blends was within the range of
standard ASTM-D 445.

4. CONCLUSION

In present work the Jatropha biodiesel was blended with diesel
obtained from the retail outlets of three different oil companies
in northern India, and the effectiveness of six antioxidants on
the storage stability (oxidation stability, density, and viscosity)
of these blends were studied over a period of 90 days. B10, B15,
B20, and B25 diesel−biodiesel blends were tested in present
study. The experimental results revealed that PL, PG, and
TBHQ were most effective in neat biodiesel as well as its diesel
blends, whereas BHA, BHT, and DPA were found less effective.
It was also observed that with increasing the concentration of
biodiesel the oxidation stability decreases. The increase in
density and viscosity of diesel biodiesel blends revealed that
storage stability can be affected by the storage condition and
time. Study showed that the tested physicochemical properties
of blended fuel were not consistent. These variations may be
due the composition of biodiesel, nature of antioxidant
additives, and quality of diesel fuel. However, further study is
required to understand the role of the diesel fuel in the
oxidation stability of diesel biodiesel blends, especially when
there is a difference in the physical properties of the diesel fuel
used for the blend preparation.
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