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a b s t r a c t

Biodiesel having higher unsaturation possesses lower oxidation stability, which needs treatment of
oxidation inhibitors or antioxidants. It is expected that antioxidants may affect the clean burning char-
acteristic of biodiesel. Calophyllum inophyllum Linn oil is one of the promising non-edible based feedstock
which consists of mostly unsaturated fatty acids. This paper presents an experimental investigation of the
antioxidant addition effect on engine performance and emission characteristics. Biodiesel (CIBD) was
produced by one step esterification using sulfuric acid (H2SO4) as catalyst and one step transesterification
using potassium hydroxide (KOH) as a catalyst. Two monophenolic, 2(3)-tert-Butyl-4-methoxyphenol
(BHA) and 2,6-di-tert-butyl-4-methylphenol (BHT) and one diphenolic, 2-tert-butylbenzene-1,4-diol
(TBHQ) were added at 2000 ppm concentration to 20% CIBD (CIB20). The addition of antioxidants
increased oxidation stability without causing any significant negative effect of physicochemical proper-
ties. TBHQ showed the greatest capability in increasing stability of CIB20. The tests were carried out using
a 55 kW 2.5 L four-cylinder diesel engine at constant load varying speed condition. The performance
results indicate that CIB20 showed 1.36% lower mean brake power (BP) and 4.90% higher mean brake
specific fuel consumption (BSFC) compared to diesel. The addition of antioxidants increased BP and
reduced BSFC slightly. Emission results show that CIB20 increased NOx but decreased CO and HC emis-
sion. Antioxidants reduced 1.6–3.6% NOx emission, but increased both CO and HC emission compared to
CIB20. However, the level was below the diesel emission level. Thus CIB20 blends with antioxidants can
be used in diesel engines without any modification.

� 2014 Elsevier Ltd. All rights reserved.
1. Introduction recycled cooking oils and other potential triacylglycerol-containing
Biodiesel, which refers to the FAAEs, are derived from lipid sub-
stances originated from vegetable oil, animal fats, waste greases,
feedstocks [1]. In order to produce biodiesel, vegetable oils of
edible source were treated as one of the potential feedstocks. How-
ever, due to high price of edible oil feedstocks obtained from
traditional crops and food security concern, other sources like
non-edible oils of plant origin, waste fats with FFA content, etc.
are now being used for biodiesel production [2,3]. Biodiesels are
mostly produced using homogeneous catalysts like NaOH, KOH,
etc. However, due to some drawbacks, heterogeneous catalysts
are used nowadays allowing continuous biodiesel production from
feedstocks [4,5]. Biodiesel produced from different sources differ in
properties due to their structural features like chain length,
branching, number, position and geometric configuration of the
double bonds. Biodiesels are mainly composed of medium-chain
to long-chain (C16–C18) fatty acid methyl esters, for which the main
structural difference is consequently, the number of double bonds,
i.e. the degree of unsaturation.

The major drawback of biodiesel fuel is its inferior oxidative and
storage stability [6,7]. It is well documented that, biodiesel
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degrades mainly due to its autoxidation in the presence of atmo-
spheric oxygen [8,9]. Biodiesels are more susceptible to degrada-
tion compared to fossil diesel because of fatty acid chain
unsaturation. This degradation is exasperated if two or more car-
bon double bonds (poly-unsaturation) are present in the fatty acid
chain. One practical solution to increase resistance of biodiesel
against autoxidation without significantly modifying the fuel prop-
erties is to treat them with antioxidants [10]. According to their
mode of action, antioxidants are classified as free radical termina-
tors, metal ion chelators capable of catalyzing lipid oxidation, or as
oxygen scavengers that react with oxygen in closed systems [11].
These are primary antioxidants, which react with high-energy lipid
radicals to convert them into thermodynamically more stable
products. Phenolic antioxidants, which are mostly used antioxi-
dants fall in the group of free radical terminators, as well as amine
type antioxidants. To denote the effectiveness of an antioxidant
there is often used the so called Stabilization factor F defined as
F = IPx/IPo, where IPx is the induction period in the presence of
the antioxidant and IPo is the induction period in its absence
[12]. The AOH group of antioxidants scavenges reactive radicals
such as peroxyl radicals (ROO�). The resulting phenoxyl radical
(RAO�) tends to be poorly reactive and limits oxidative reaction.

Several studies related to the stability of biodiesel blends with
diesel have been reported in the literature [13–15]. _Ileri and Koçar
[16] studied the effect of four antioxidant addition at various con-
centrations (500, 750 and 1000 ppm) to 20% canola biodiesel blend
on engine performance and emission characteristics of a turbo-
charged direct injection (TDI) diesel engine. They found EHN
diminishes NOx emission effectively due to the presence of nitro-
gen in the chemical structure of antioxidant with a mean reduction
of 4.63%. Increasing the concentration of EHN results in decreasing
NOx whereas the opposite effect was observed for BHT. However,
CO emission increased for all antioxidants. They also found an
increased reduction of the BSFC, with an increasing antioxidant
concentration with TBHQ having the maximum reduction. Varatra-
jan and Cheralathan [17] studied the effect of two aromatic amine
antioxidants (DPPD and NPPD) added soybean biodiesel on engine
criteria emissions in a single cylinder diesel engine. They found a
9.35% reduction of NO with a penalty of 9.09% increase in CO and
10.52% increase in HC for DPPD added 20% soybean biodiesel. In
another study, Varatharajan et al. [18] investigated effect of antiox-
idants on NOx emission of jatropha biodiesel fuel containing
0.025%-m of additives, p-phenylenediamine, ethylenediamine, L-
ascorbic acid, a-Tocopherol acetate, and BHT from a single cylinder
diesel engine. Test results show that p-phenylenediamine pro-
duced a mean reduction of 43.55% of NOx compared to neat biodie-
sel. However, antioxidants addition, increased HC and CO emission
compared to neat biodiesel as well as blends. Kivevele et al. [19]
reported antioxidant PY dosed biodiesel showed lower BSFC com-
pared to untreated biodiesel, while having few effect on CO, HC and
NOx emission. However, at full load condition, stabilized biodiesel
showed similar heat release as of diesel. Ryu [20] studied effect of
antioxidant addition to soybean biodiesel. TBHQ was the best sta-
bilizer among the five tested antioxidants. With varying content of
TBHQ and PG, Ryu performed engine combustion, performance and
emission analysis. With TBHQ, there was no significant change in
smoke, HC, and NOx compared to unstabilized one.

Calophyllum inophyllum Linn is a member of Clusiaceae or Gut-
tiferae (mangosteen) family. It is commonly known as Penaga Laut
in Malaysia. It is also known as Alexandrian laurel, kamani, honne,
polanga, tamanu, pinnai, etc. in other parts of the world. It is
medium-sized to large ornamental evergreen tree that averages
8–20 m in height with a broad spreading crown of irregular
branches [20]. It grows along coastal areas and adjacent lowland
forests, although it occasionally occurs inland at higher elevations.
The fruit is a round, green drupe reaching 2–4 cm in diameter and
having a single large seed. The kernels have very high oil content
(75%). The oil is non-edible in nature and obtained by cold expres-
sion which results in dark green oil with an aromatic odor and an
insipid taste. The seeds yield thick, dark green non-edible oil for
mainly medicinal use. The annual yield of a mature tree is about
100 kg of seeds, which produces approximately 18 kg of oil. It is
native to East Africa, South, Southeast and East Asia, Australia,
and the South Pacific. However, it has been widely planted
throughout the tropics now.

In 2009, Forest Research Institute, Malaysia (FRIM) first focused
on CI as an alternative fuel source [21]. Very limited information is
available about the research and production of biodiesel from it
[22,23]. As it possess high unsaturation (71%) in its fatty acid chain
it has very low oxidation stability and needs antioxidant treatment
[24]. Therefore, the effects of this on engine performance and emis-
sion needs proper investigation. It is expected that antioxidants
may affect the clean burning characteristics of biodiesel. The pres-
ent study is an endeavor to demonstrate the use of BHA, BHT and
TBHQ stabilized CIBD blends on engine performance and emission
characteristics of an indirect injection diesel engine.

2. Materials and method

2.1. Materials

In this study, crude CI oil purchased from local market was used
to produce biodiesel. The antioxidants used in the study were 2(3)-
tert-Butyl-4-methoxyphenol (BHA), 2,6-di-tert-butyl-4-methyl-
phenol (BHT) and 2-tert-butylbenzene-1,4-diol (TBHQ). These
antioxidants possess moderate inhibition effect on biodiesel. Meth-
anol, sulfuric acid, potassium hydroxide (KOH), anhydrous sodium
sulfate (Na2SO4) and qualitative filter papers were used for biodie-
sel production. BHT and BHA are most common mono-phenolic
antioxidants. BHA is found commercially as white waxy flakes
and that of BHT as white crystalline compound. TBHQ is a di-phe-
nolic antioxidant. It is commercially available as beige-colored
powder, which provides a good carry-through protection. Table 1
shows the properties of used chemicals.

2.2. Biodiesel production

Crude CI oil had a high free fatty acid (FFA) content of 20%, i.e.
acid value of 40 mg KOH/g which could be a consequence of the
presence of polyunsaturated fatty acid in its composition. Canakci
and Van Garpen [25] mentioned that if the oil contains more than
1% FFA which corresponds to an acid value of 2 mg KOH/g; then it
cannot undergo alkaline-catalyzed transesterification reaction. If
the FFA level exceeds this amount, the formation of soap will inhi-
bit the separation of the ester from the glycerin and reduce the
ester conversion rate. However, Ramadhas et al. [26] showed that,
if acid value of oil is less than 4 then it can undergo transesterifi-
cation. As FFA was very high, biodiesel conversion using one-step
alkaline transestarification was not possible and needs pretreat-
ment. Among the available pretreatment methods, including steam
distillation, extraction by alcohol and esterification by acid cata-
lysts, the last one i.e. esterification of FFA with methanol in the
presence of acidic catalysts is the most commonly used method
because of its simplicity and utilization of acid catalysts to convert
FFAs’ into biodiesel [27]. Thus, for producing CI biodiesel acid cat-
alyzed pretreatment process was carried out at first.

2.2.1. Pre-treatment process (acid catalyzed esterification)
In this process, crude CI oil was placed with 12:1 M ratio of

methanol and 1.5% v/v (of oil) of H2SO4 in a jacketed reactor



Table 1
Properties of used chemicals.

Chemical Chemical structure CAS number Assay (%) Molecular
weight
(g/mol)

Melting
point
(�C)

Grade

BHA

2(3)-tert-Butyl-4-methoxyphenol

25013-16-5 P98.5% 180.24 58–60

BHT

2,6-di-tert-butyl-4-methylphenol

128-37-0 P99.0% 220.35 69–73

TBHQ

2-tert-butylbenzene-1,4-diol

1948-33-0 97% 166.22 127–129

Methanol CH3OH 67-56-1 P99.9% 32.04 �98 ACS
Sulphuric acid H2SO4 7664-93-9 P98% 98.08 AR
Potassium hydroxide KOH 1310-58-3 P85.0% 56.11 360 ACS
Sodium sulphate (anhydrous) Na2SO4 7757-82-6 P99.0% 142.04 884 ACS

ACS: American Chemical Society, AR: analytical reagent.
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[28]. This condition was selected after several trials using different
conditions to get maximum yield with minimum production time.
The temperature was maintained at 60 �C using circulating water
bath for 3 h and the mixture was stirred at 1100 rpm using a motor
stirrer. Afterwards, a separation time of 1 h was given to this
mixture to separate out esterified product and catalyst layer. After
separation, the lower layer is taken out to remove excess methanol
and water using a rotary evaporator. The yield of this step is about
95%.

2.2.2. Alkali catalyzed transesterification process
Product of pretreatment was heated to 60 �C and placed in the

same reactor for transesterification with 6:1 M ratio of methanol
and 1% w/w (of oil) KOH in the same setup [29]. The temperature
was maintained at 60 �C for 2 h and the mixture was stirred at
1100 rpm. Afterwards, a separation time of 12 h was given to this
mixture to separate out glycerin from methyl ester. The lower layer
containing impurities and glycerin was discarded.

2.2.3. Post treatment process
The methyl ester was washed with distilled water to remove

the entrained impurities and glycerin. In this process, 50% (v/v)
of distilled water at 60 �C was sprayed over the esters and shaken
gently. This process was repeated several times until the methyl
ester becomes neutral. The opaque lower layer containing water
and impurities was taken out. Then, methyl ester was distilled
under vacuum distillation at 65 �C for 30 min using ‘‘IKA RV10 Con-
trol’’ rotary evaporator to remove water and methanol. Finally,
methyl ester was dried using anhydrous Na2SO4 for 3 h and filtered
using qualitative filter papers. Table 2 provides the list of equip-
ment and their accuracies for crude oil and biodiesel characteriza-
tion. The characteristics of crude CI oil and CIBD are given in
Table 3. Saponification Number (SN), Iodine Value (IV) and Cetane
Number (CN) of the produced biodiesel was calculated using the
Eqs. (1)–(3) [30]:

SN ¼
X 560 � Ai

MWi

� �
ð1Þ
IV ¼
X 254 � D � Ai

MWi

� �
ð2Þ
CN ¼ 46:3þ 5458
SN

� �
ð0:225 � IVÞ

� �
ð3Þ

where Ai is the percentage of each component, D is the number of
double bonds and MWi is the mass. The molecular mass of each
component is given in Table 5.
2.3. Fatty acid composition

Biodiesel sample (1 lL) was injected into gas chromatograph
(Shidmadzu, GC-2010A series) equipped with a flame ionization
detector and a BPX70 capillary column of 30 m � 0.25 lm �
0.32 mm inner diameter. An initial temperature of 140 �C was held
for 2 min, which was then increased at 8 �C per minute to 165 �C,
3 �C per minute to 192 �C and finally 8 �C per minute to 220 �C.
The column was held at the final temperature for another five min-
utes. The oven, injector and the detector ports were set at 140, 240
and 260 �C, respectively. The carrier gas was helium with column
flow rate at 1.10 mL/min at a 50:1 split ratio. Identification of each
peak was done by comparing with external standard reference
mixture of fatty acid methyl esters. The concentrations of the
identified peaks were added as an absolute value. The percentage
of each methyl ester was calculated based on this value.



Table 2
List of equipment used in the characterization of fuels.

Property Equipment Manufacturer Standard method ASTM D6751 limit Accuracy

Kinematic viscosity at 40 �C SVM 3000-automatic Anton Paar, UK D 7042 1.9–6.0 ±0.35%
Dynamic viscosity at 40 �C SVM 3000-automatic Anton Paar, UK D 7042 n.s. ±0.35%
Density at 40 �C SVM 3000-automatic Anton Paar, UK D 7042 n.s. ±0.1 kg/m3

Flash point Pensky-martens flash point – automatic NPM 440 Normalab, France D 93 130 min ±0.1 �C
Oxidation stability 873 Rancimat – automatic Metrohm, Switzerland D 675 3 h min ±0.01 h
Calorific value C2000 basic calorimeter – automatic IKA, UK D 240 n.s. ±0.1% of reading
Cloud point Cloud and pour point tester – automatic NTE 450 Normalab, France D 2500 Report ±0.1 �C
Pour point Cloud and pour point tester – automatic NTE 450 Normalab, France D 97 ±0.1 �C
CFPP Cold filter plugging point – automatic NTL 450 Normalab, France D 6371 n.s.

n.s. = not specified in ASTM test method.
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2.4. Engine test

The experimental investigation was carried out on a 2.5 L four
cylinder, four stroke, water cooled, and naturally aspirated, indirect
injection diesel engine. The engine had a compression ratio of 21:1,
and was capable of producing 55 kW power at a constant speed of
4000 rpm. The combustion chamber is swirl type and fuel is
injected with distribution type jet pump. The test engine was
directly coupled to Froude Hofman AG250 eddy current dynamom-
eter. The engine fuel system was modified by adding separate
tanks with two way valve, which allowed the rapid switching of
fuels. The schematic layout of the engine test bed is given in
Fig. 1. To carry out tests using biodiesel blends, engine was run
with diesel until steady operating condition is achieved. Then fuel
was changed to biodiesel blend. To ensure the removal of residual
diesel in the fuel line, the engine was run for five minutes and then
the data acquisition was started. After each test engine was again
run with diesel to drain out all the blends in the fuel line. This pro-
cedure was followed for all the blends. All the measurements were
triplicated and statistical analysis was carried out between data
with differing fuels.

The accuracies of engine speed, engine power and fuel flow
measurement are ±1 rpm, ±0.1 kW and ±0.089 l/h respectively. To
determine the effect of antioxidant; three antioxidants BHA, BHT
and TBHQ were selected. The selection of these antioxidants was
based on low cost and inhibition effect. 1000 ppm and 2000 ppm
of these antioxidants were added to pure biodiesel and found that
2000 ppm of antioxidants shows a moderate inhibition for storing
the biodiesel for the long term. Thus, the test fuels were fossil die-
sel, 20% CIBD in diesel (CIB20), 2000 ppm of each antioxidants to
CIB20 (CIB20 BHA, CIB20 BHT, and CIB20 TBHQ). Literature survey
has shown that PY produces the best antioxidant whenever used
[31]. It is prominent that, antioxidants are consumed at a constant
rate during the inhibition period and when all of the antioxidants
Table 3
Physicochemical properties of crude oil and produced biodiesel.

Property Unit Crude CI oil

Kinematic viscosity at 40 �C mm2/s 53.136
Dynamic viscosity at 40 �C mPa s 48.973
Density at 40 �C kg/m3 921.6
Viscosity index 159.2
Calorific value MJ/kg 38.511
Flash point �C 218.5
Oxidation stability at 110 �C h 2.43
Cloud point �C 8
Pour point �C 8
Cold filter plugging point �C 27
Acid value mg KOH/g 40
Saponification number
Iodine value
Cetane number

n.s. = not specified.
a @15 �C.
are used up, the inhibition period is over and the oxidation pro-
ceeds as rapidly as that in the absence of an antioxidant [32].
Hence, higher amount of antioxidants was used so that effect of
treated blends can be enumerated before long term storage. Test
fuels were blended using a homogenizer device at a speed of
3000 rpm for ten minutes.

The engine was operated between 1000 rpm and 4500 rpm
with a step of 500 rpm at 100% load condition. Fuel flow was mea-
sured using KOBOLD ZOD positive-displacement type flow meter.
REO-dCA Data Acquisition System collects the data automatically.
The exhaust emissions were measured using AVL DiCom4000
exhaust gas analyzer. In this equipment, the CO and HC measuring
instrument used non-dispersive infrared detectors, and the NOx
analyzer used the electrochemical method. The accuracies of
CO, HC and NOx are ±0.01%vol., ±1 ppm vol. and ±1 ppm vol.
respectively.

2.5. Statistical and uncertainty analysis

Statistical analysis was carried out by applying two-sided Stu-
dent’s t-test for independent variables to test for significant differ-
ences between samples set means using Microsoft Excel 2013.
Differences between mean values at a level of p = 0.05 (95% confi-
dence level) were considered statistically significant. Uncertainties
in the experiments can arise from instrument selection, experi-
mental condition, equipment calibration, ambient environment,
observation, reading and test planning. Uncertainty analysis is
required to prove the accuracy of the experiments. Percentage
uncertainty of measured quantities like BP, CO, HC and NOx were
calculated using the percentage uncertainties of various instru-
ments used in the experiment. The relative uncertainty of BSFC
was determined using the linearized approximation method of
uncertainty using Eq. (4). As BSFC calculation consists of fuel con-
sumption, density of fuel and brake power, the uncertainties of
CI biodiesel ASTM D6751 EN 14214

5.6872 1.9–6.0 3.5–5.0
4.9937 n.s. n.s.
877.0 n.s. 860–900a

174.7 n.s. n.s.
39.389 n.s. n.s.
141.5 >130 >120
3.58 >3 >6
7 Report n.s.
7 n.s. n.s.
8 n.s. n.s.
0.34 <0.50 <0.50
191.6 n.s. n.s.
82.1 n.s. n.s.
56.3 P47 >51



Table 4
The uncertainties of the measured quantities.

Measured Qty. Uncertainty Relative uncertainty

BP ±0.1 kW ±0.85%
BSFC ±0.35 g/kW h ±0.10%
CO ±0.01 vol.% ±0.12%
HC ±1 ppm vol. ±0.08
NOx ±5 ppm vol. ±2.50%

Fig. 1. Schematic diagram of experimental setup.
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these parameters (i.e. ±0.089 l/h, ±0.1 kg/m3 and ±0.1 kW) were
taken into account. Table 4 shows the uncertainties of the mea-
sured performance parameters i.e. BP, BSFC and emission parame-
ters i.e. CO, HC, NOx emissions.

Dz
z
� 1

z

Xp

i¼1

@z
@xi

@xi ð4Þ
3. Results and discussions

3.1. Biodiesel composition and fuel properties

Table 5 shows the composition of produced CIBD. As shown
CIBD consists of seven main components; three saturated fatty acid
esters, two monounsaturated fatty acid esters and two polyunsat-
urated fatty acid esters. Among them, methyl oleate is the domi-
nating ester (41.3%), with methyl linoleate (26.6%) at second
position. Thus, it contains 31.6% saturated, 41.6% monounsaturated
and 26.8% polyunsaturated methyl esters. Table 6 shows some
important characteristics of tested fuel. The kinematic viscosity
of CIB20 is 3.4956 mm2/s which is 13.7% higher compared to diesel.
Table 5
Fatty acid composition of biodiesel (wt.%).

Fatty acid ester Structure Molecular mass

Methyl Myristate 14:0 242.40
Methyl Palmitate 16:0 270.45
Methyl Palmitoleate 16:1 268.43
Methyl Stearate 18:0 298.50
Methyl Oleate 18:1 296.49
Methyl Linoleate 18:2 294.47
Methyl Linolenate 18:3 292.46
Methyl Arachidate 20:0 326.56

n.d. = not detected.
Higher kinematic viscosity means it receives higher resistance dur-
ing the flow in fuel line, which results in a higher delay in start of
injection [33]. In addition, the higher kinematic viscosity also leads
to poor fuel atomization [34]. Flash point is reciprocally related to
fuel volatility. As CIBD contains methyl stearate, methyl oleate and
methyl linoleatemore (C18) (Table 5), its flash point is quite high
which meets the ASTM D6751 specification of 130 �C. CIB20 meets
the ASTM D7467 specification of blend fuels. CN is a measure of a
fuel’s autoignition quality characteristics. CIBD possess higher CN
compared to diesel, which meets the ASTM D6751 specification
of P47. As expected, oxidation stability of pure CIBD is quite low
(3.58 h) due to its high unsaturation percentage. This meets the
ASTM D6751 specification, but fails to meet EN 14214 standard
specification of oxidation stability. Blending of 20% CIBD with die-
sel increases it up to 13.55 h, what meets the ASTM D7467 speci-
fication limit of 6 h. Blending of biodiesel with diesel results in
reduction of pour point.
3.2. Effect of antioxidant addition on oxidation stability of biodiesel

The addition of antioxidants BHA, BHT and TBHQ to CIBD at
1000 ppm shows an induction period of 10.32 h, 7.11 h, and
11.35 h respectively. For 2000 ppm concentration these were
13.85 h, 11.53 h and 22.94 h respectively. Thus, it was observed
that for long term storage of biodiesel 2000 ppm of antioxidants
provided sufficiently high IP in all cases. The addition of these anti-
oxidants to CIB20 at 2000 ppm provides stabilization of F = 1.67,
F = 1.91 and F = 2.09 respectively. Lipid or ester radicals (LOO�) take
up the abstracted hydrogen from the antioxidants. Then they form
stable radical intermediates with moderate resonance delocaliza-
tion which hinders the oxidation of fuels (Reaction (5)) [36].
Formula CIBD

CH3(CH2)12COOCH3 n.d.
CH3(CH2)14CO2CH3 14.8
CH3(CH2)5CH@CH(CH2)7COOCH3 0.3
CH3(CH2)16CO2CH3 16
CH3(CH2)7CH@CH(CH2)7CO2CH3 41.3
CH3(CH2)3(CH2CH@CH)2(CH2)7CO2CH3 26.6
CH3(CH2CH@CH)3(CH2)7COOCH3 0.2
CH3(CH2)18COOCH3 0.8



ð5Þ

I.M. Rizwanul Fattah et al. / Energy Conversion and Management 83 (2014) 232–240 237
3.3. Engine performance analysis

3.3.1. Brake power
The brake power outputs at different speeds with different test

fuels at full load condition are shown in Fig. 2. It can be seen that
brake power increases steadily up to 4000 rpm then decreases. The
maximum brake power recorded at this speed for diesel, CIB20, CIB
20 BHA, CIB20 BHT and CIB20 TBHQ are 35.1 kW, 34.6 kW,
34.7 kW, 34.7 kW and 34.8 kW respectively. Thus, CIB20 produces
a 1.42% decrease in maximum power output. This change was sig-
nificant at a level of p = 0.02. Poor combustion efficiency is
observed for CIB20 despite of having an oxygen content in the
molecular structure due to its higher kinematic viscosity. Addition
of antioxidants BHA, BHT and TBHQ shows slightly higher power
output (0.42–0.83%) at all speeds. These changes were also found
to be significant (0.01 < p < 0.03). These higher power output could
be attributed to a number of causes. Higher density and kinematic
viscosity of the antioxidant added fuels results in injection of the
larger mass of fuel to the engine for the same fuel volume [37].
Again, the more the viscosity of the blend, the less the leak in
the fuel pump [38]. Higher mass flow compensates the lower heat
energy content of antioxidant added blends [39]. Further, _Ileri and
Koçar [16] reported higher CN of anitoxidant added blends com-
pared to that of CIB20. This together with higher mass flow might
have helped in achieving better power output compared to CIB20.
3.3.2. Brake specific fuel consumption and brake specific energy
consumption

Fig. 3(a) shows the variation of BSFC with engine speed for the
test fuels. The average brake specific fuel consumption of diesel,
CIB20, CIB 20 BHA, CIB20 BHT and CIB20 TBHQ are 423.6 g/kW h,
444.5 g/kW h, 442.3 g/kW h, 438.7 g/kW h, and 437.9 g/kW h
respectively. These changes were found to be significant at a level
of p < 0.01. It is seen that, BSFC of CIB20 is about 4.9% higher com-
pared to diesel fuel, primarily because of their lower heating values
[40,41]. Biodiesel usually possesses lower calorific value due to its
fuel borne oxygen. Higher fuel consumption could be attributed to
the volumetric effect of constant fuel injection rate together with
Table 6
Fuel characteristics of biodiesel blends and fossil diesel.

Property Diesel CIB20 CIB20 BHA CIB20 BHT CIB20 TBHQ ASTM D7467a

Calorific value (MJ/kg) 44.468 43.354 43.227 43.111 43.164
Kinematic Viscosity at 40 �C (mm2/s) 3.0738 3.4956 3.5142 3.5034 3.5333 1.9–4.1
Dynamic viscosity at 40 �C (mPa s) 2.5501 2.8956 2.9128 2.8992 2.9288
Density at 40 �C (kg/m3) 829.6 839.1 839.4 839.2 839.5
Oxidation stability (h) 59.1 13.55 22.27 25.82 28.38 6 (min)
Flash point (�C) 69.5 76.5 77.5 77.5 77.5 52 (min)
Cloud point 8 8 8 8 8 Report
Pour point 7 4 4 4 4
Cetane number 47 40 (min)
Stabilization factor 1.67 1.91 2.09

a Data obtained from Ref. [35].
higher viscosity of biodiesel blends [42]. Although addition of anti-
oxidants to CIB20 reduces calorific value further, BSFC decreases
due to higher power output, which is a finding concordant with
the previous studies [43,19]. The addition of BHA, BHT and TBHQ
to CIB20 results in a mean 0.5%, 1.3% and 1.5% reduction of BSFC
respectively. Similar results were found by the authors in an earlier
study for palm biodiesel blends [44]. It is also seen that the BSFC
first decreases up to 1500 rpm then increases gradually. This
decrease can be attributed to lower friction losses at full load at
this speed, which is the maximum torque speed [45].

A comparison of brake specific energy consumption (BSEC)
rather than BSEC is considered as more logical parameter for eval-
uating the capability of the engine to be fuelled with fuels having
different calorific values as well as densities [46]. BSEC is the
energy input required to produce unit power. Fig. 3(b) shows the
BSEC of different test fuels for the tested speed range. The average
BSEC for diesel, CIB20, CIB20 BHA, CIB20 BHT and CIB20 TBHQ are
18.74 MJ/kW h, 19.27 MJ/kW h, 19.12 MJ/kW h, 18.91 MJ/kW h,
and 18.90 MJ/kW h respectively. These changes were significant
at a level of p < 0.01. BSEC for CIB20 was 2.83% higher compared
to that of diesel. Higher power output compared to CIB20 together
with lower calorific value helps the BHA, BHT and TBHQ added
blends producing lower BSEC compared to CIB20. The reduction
of BSEC was 0.78%, 1.87% and 1.92% respectively. A similar trend
of initial decrease of BSEC can be explained using earlier statement.

3.4. Engine emission analysis

3.4.1. NOx emission
Fig. 4 illustrates the NOx emission from the test diesel engine

for different test fuels. The thermal mechanism and prompt mech-
anism are the dominant mechanisms of NOx formation in biodiesel
combustion. NOx is the most deleterious pollutant that should be
controlled at the combustion stage. The average NOx emission over
the speed range of diesel, CIB20, CIB20 BHA, CIB20 BHT and CIB20
TBHQ were 204.8 ppm, 216.0 ppm, 208.3 ppm, 212.5 ppm and
211.9 ppm respectively. These changes were found to be signifi-
cant (0.02 < p < 0.04). It has been reported that NOx emission
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increases with increasing unsaturation and decreasing chain
length [47,48]. CIB20 produced a mean 5.5% increase in NOx emis-
sion compared to diesel. The higher bulk modulus of biodiesel
leads to the early opening of the nozzle and advanced injection
compared to fossil diesel [49]. As biodiesel is an oxygenated fuel
and possesses a shorter ignition delay due to higher CN, it is
expected that biodiesel blends will combust earlier with improved
combustion efficiency and hence form higher NOx compared to
diesel. Previous study from Mofijur et al. [50] showed 1.9–4.6%
higher NOx emission for palm and Moringa oleifera blends com-
pared to diesel.

The addition of 2000 ppm of BHA, BHT and TBHQ to CIB20
shows a positive effect with an average NOx decrease of 3.6%,
1.6% and 1.9% respectively compared to CIB20. Phenolic hydroxyl
groups present in the additives interfere the prompt NOx mecha-
nism to different extent depending on the nature of the feedstock.
The results resembled with the trend of previously published work.
Hess et al. [51] also found higher NOx reduction of BHA added
blends than BHT added blends for soybean biodiesel. However,
NOx emission level of all the blends were higher compared to that
of diesel. The average increase of NOx emission for CIB20 BHA,
CIB20 BHT and CIB20 TBHQ compared to diesel were 1.7%, 3.8%
and 3.5% respectively.
Fig. 3. Variation of brake specific fuel consumption (BSFC) and brake specific
energy consumption (BSEC) for the test fuels with engine speed.
3.4.2. CO emission
CO is formed during combustion, whenever charge is burned

with an insufficient air supply with low flame temperature. The
variation of CO emission as a function of engine speeds with diesel,
B20 and antioxidant stabilized B20 are depicted in Fig. 5. The aver-
age CO emission reduction for CIB20, CIB20 BHA, CIB20 BHT and
CIB20 TBHQ are 39.14%, 33.38%, 29.94% and 24.43% respectively.
These changes were also found to be significant (p < 0.01). Lower
CO emissions compared to diesel is due to the combined effect of
its high oxygen content and higher CN [52]. Higher CN exhibits
shorter ignition delay and permits for better combustion. Then
the oxygen content of biodiesel comes into play, which enhances
the combustion process. High oxygen content ensures higher in-
cylinder combustion temperature, promoting more complete com-
bustion, thereby greater conversion of CO to CO2 than for diesel
fuel [19]. The shorter ignition delay period due to longer chain
length of CIB20 might improve combustion, reducing the CO emis-
sion [53]. These results are in agreement with previously reported
trends [54,55]. Higher CO emission for stabilized biodiesel blends
could be attributed to the hindrance created by the antioxidants
to convert CO to CO2 [44,49]. During combustion, peroxyl and
hydrogen peroxide (H2O2) radicals are formed successively, which
Fig. 2. Variation of brake power for the test fuels with engine speed.
are further converted into hydroxyl radicals (OH) by absorbing
heat from the combustion chamber. Antioxidants lowered down
the concentration of peroxyl and hydrogen peroxide radicals,
which affected the CO conversion process greatly.

3.4.3. HC emission
Hydrocarbon emission is affected by engine operating

conditions, fuel properties and fuel spray characteristics [56].
Fig. 4. Variation of NOx emission for the test fuel at different speeds.



Fig. 5. Variation of CO emission for the test fuel at different speeds.

Fig. 6. Variation of HC emission for the test fuel at different speeds.
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Fig. 6 illustrates the HC emission of different test fuels at various
speeds. It is found that CIB20 produces a mean 26.5% lower HC
emission compared to diesel. This changes was found to be signif-
icant (p < 0.01). This could be attributed to better conversion of HC
due to higher CN together with its oxygen content. Earlier combus-
tion timing due to higher CN with advantageous conditions (post
flame oxidation, higher flame speed, etc.) during air–fuel interac-
tions, particularly in the fuel-rich regions, due to fuel borne oxygen
enhanced the oxidation of unburned HC, thus reducing HC signifi-
cantly [44,57]. Addition of BHA, BHT and TBHQ increases the
unburnt HC emission from engine. Mean HC emission increase
for CIB20 BHA, CIB20 BHT and CIB20 TBHQ are 9.9%, 14.4% and
21.6% compared to CIB20 respectively. These changes were also
found to be significant at a level of p < 0.01. This might also be
attributed to the reduction of oxidative free radical formation [18].
4. Conclusions

Calophyllum inophyllum is one of the promising source of biodie-
sel. Since biodiesel and its blends are susceptible to oxidation, they
need antioxidant treatment. In this study biodiesel was formulated
using two step esterification–transesterification method. The
experimental results, presented in this study, revealed that the
application of antioxidants in biodiesel blends with diesel may lead
in some positive effect on engine performance. Based on experi-
mental observation the following conclusion can be made:

� Blending of 20% CIBD with diesel meet the ASTM specification
for blends.
� Addition of antioxidant, increases kinematic viscosity, density,

flash point as well as oxidation stability but reduces the calorific
value. Thus, these blends are safe to store and have higher oxi-
dative stability.
� TBHQ produces the best stabilization to pure CIBD as well as

CIB20.
� CIB20 produces a 1.36% reduction in overall power output

because of poor combustion efficiency for its higher kinematic
viscosity. The addition of antioxidants increases power output
due to the combined effect of higher density and CN.
� BSFC for CIB20 is 4.9% higher compared to diesel and addition of

antioxidants BHA, BHT and TBHQ shows a mean 0.5%, 1.3% and
1.5% reduction of BSFC compared to CIB20 respectively.
� BSEC for CIB20 is 2.83% higher compared to diesel and addition

of antioxidants BHA, BHT and TBHQ shows a mean 0.78%, 1.87%
and 1.92% reduction of BSEC compared to CIB20 respectively.
� CIB20 produced a mean 5.5% increase in NOx emission com-

pared to diesel. The addition of BHA, BHT and TBHQ shows
3.6%, 1.6% and 1.9% average reduction of NOx compared to
CIB20 respectively.
� CIB20 produces a mean 39.14% and 26.5% lower CO and HC

emission respectively, due to higher CN and fuel borne oxygen.
� The addition of BHA, BHT and TBHQ increases CO and HC emis-

sion from the engine due to the reduction of oxidative free
radicals.

The effect on PM and analysis of combustion parameters
remains a future scope of this work.
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