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Abstract

Use of alcohols blended with biodiesel as alternative fuel in diesel engine is an attractive solution for depletion and demand of fossil
fuels in transportation and industrial applications. Calophyllum Inophyllum is a higher oil yielding species with high heating value and
notably non-edible oil. One of the most important criteria used for assessing the quality of biodiesel blended fuel is ‘storage oxidation
stability’. Deprived oxidation stability is the important technical obstacle associated with the biodiesel commercialization. This study
investigated the oxidation stability of biodiesel blends at 100 % (B100) and 20 % (B20) volume concentrations with diesel through in-
duction time determined by Rancimat instrument. Effects of pentanol addition with B20 biodiesel at 10 % (P10) and 15 % (P15) volume
concentrations are also analyzed. FTIR spectroscopy characterizes the oxidation variability of all test fuels. It can be concluded that the
biodiesel (B100) shows good oxidation stability (I.P = 8.47 h). Addition of pentanol (10 %) enhances the storage ability by 44.57 % than
B20, whereas further addition of pentanol (15 %) declines by 19.48 % when compared to P10. More concentration of pentanol weakens
the hydrophilic and hydrophobic clusters formed between pentanol/diesel/biodiesel compounds which have been characterized using
infra red spectroscopic analysis.
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Table 1. Oil yield and heating value of various feedstocks (Source:

1. Introduction Ref. [6]).

In the year 2014, worldwide fossil fuel exploitation grew by Oil yield Heating value
0.8 million barrels per day. Consumption growth recorded by Feedstock (kg/ha/year) (MJ/kg)
India is the highest, increased by 7.1 % and Japan recorded Calophyllum inophyllum 4680 3925
declination by -3 %. Whereas, US consumption escalated by Jatropha curcas 1900-2500 385
1.2 % than the previous year. This increasing consumption of Pongamia pinnata 2252350 340
fossil fuel leads to the search for alternative renewable energy
sources and enhances bio-fuel production in the developing Soybean 200-600 39623
and developed countries. In the year 2014, the worldwide Rubber 40-50 375
biodiesel production augmented by 7.4 %. Present biodiesel Sunflower 500-1500 39.575
production level of US, India, Indonesia, France, China and Neem - 33.7

Spain has been recorded as 5.6 %, 29.1 %, 40.4 %, 2.2 %,
3.3 % and 32.2 % higher than those of previous year 2013 [1].
Since non-edible oils can be environmentally friendly, effi-
cient, economical, by-products gainer and notably eliminates
competition for edible products. Calophyllum inophyllum
(C.]) belonging to Clusiaceae family has been proposed as a
biodiesel source [2]. Calophyllum inophyllum possess advan-
tages of better lubrication capability, higher oil yield and high
heating value than generally used biodiesels like jatropha,

pongamia, rubber seed and neem (Table 1).

C.I methyl ester was investigated at 10 %, 20 %, 30 %,
40 % and 50 % volume blended with diesel and observed that
10 % concentration biodiesel have higher BTE, better fuel
economy, lower CO and smoke emission [3]. C.I biodiesel
was prepared by two step pretreatment and transesterification
process. Blends of 10 % volume produce the superior engine
performance and reduced exhaust emissions, apart from NOx,

*Corresponding author. Tel.: +91 9487766456, Fax.: +91 422 2455230 compared to neat diesel [4]. C.I biodiesel blends shows
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Table 2. Properties of ethanol, butanol and pentanol (Source: Refs.
[42-44)).

Fuel properties Ethanol Butanol Pentanol
Density at 20 °C [kg/m’] 788 810 814
Viscosity at 40 °C [cSt] 1.13 222 2.88

Cetane number 8 17 20
Calorific value [MJ/kg] 26.83 33.09 34.65

Flashpoint [°C] 14 35 49

were higher than those of diesel at 20 % volume blend [5].
Atbani et al. reviewed many researches concerning diesel
engine overall performance, emission and combustion char-
acteristics powered with Calophyllum inophyllum, they con-
cluded that B10 and B20 blends could be used as substitute
for diesel fuel without any additives in biodiesel and also
with no modification in engine operating parameters. Mean-
while C.I biodiesel at 20 % volume concentration (B20) with
additives can be used in diesel engine without any modifica-
tion [6].

Various studies revealed that alcohol could be employed in
diesel engines as oxygenated fuel additives with diesel, which
has the tendency to reduce exhaust emission [7]. First genera-
tion biofuel used as blend or pure fuel in transportation was
ethanol. Butanol was suggested as alternative to ethanol as it
has drawbacks such as high volatility, high hygroscopicity and
lower energy density. Uncontrolled autoignition is avoided at
lower temperatures due to low reactivity of ethanol and bu-
tanol, which makes them suitable for spark ignition engines.
Meanwhile autoignition is necessary for diesel engines, for
this purpose longer carbon straight-chain alcohol like n-
pentanol is suitable as alternative fuel [8]. Pentanol has higher
cetane number and energy density comparing with ethanol
and butanol (Table 2).

Pentanol has been used in some diesel engine investiga-
tions. Pentanol blended with diesel at 25 % volume has been
proposed as the replacement for 100 % diesel [9]. When die-
sel-biodiesel-pentanol (40 % diesel-30 % biodiesel-30 %
pentanol) blended fuels are investigated, better fuel-air mix-
ture formation, soot reduction, proper ignition characteristics,
shorter combustion duration, higher HRR, higher BTE and
lower BSFC were recorded [10]. 20 vol % of sunflower oil
and 10 vol % of pentanol was blended with diesel and studied
for the engine performance and emission characteristics with
the addition of 2-ethylhexyl nitrate (EHN). The results ob-
tained are reduction in BSFC, NOx about 5.7 % and 2.9 %
respectively and increased BTE, HC, CO emissions of about
9.26 %, 23.41 % and 17.7 %, respectively [11]. Pentanol
blended with pure waste cooking oil methyl ester at 10 %,
20 % and 30 % by volume (BP10, BP20 and BP30, respec-
tively) resulted in increased BTE for BP10 and lower NOx
for BP10 and BP20 [12]. Pentanol blended waste cooking oil
biodiesel is proposed as an alternative fuel in diesel engines
without any engine modification and beneficial cold flow

improver [13].

Calophyllum inophyllum blended with pentanol at 15 vol%
and 20 vol% as two proportions blends (Diesel (65 %) + C.I
biodiesel (20 %) + Pentanol (15 %) and Diesel (60 %) + C.I
biodiesel (20 %) + Pentanol (20 %)) and investigated for en-
gine performance and emission characteristics. Pentanol dis-
played finer performance and emission. Pentanol treated C.I
biodiesel blends show 2.2-10.87 % reduced BSFC, 50-67.7 %
diminished HC and 18.4-33.8 % and declined CO emission
[14]. From the obtained superior results, Calophyllum ino-
phyllum/pentanol blends could be used in diesel engine as a
suitable substitute for diesel fuel. But the commercialization of
this fuel blend is mainly dependent on the ‘storage oxidation
stability’. The aim of this paper is to evaluate the oxidation
stability of C.I biodiesel and its blends with pentanol addition
by using Rancimat instrument and FTIR spectroscopy.

Rancimat instrument has been used in numerous studies for
determining the storage time period of various biodiesel
blends. Oxidation stability for rapeseed and used frying oil
were investigated at two stages as distilled phase and undis-
tilled phase. The oxidation stability was low for distilled
product; meanwhile the undistilled product shows poor oxi-
dation stability while exposed to light and air [15]. Oxidative
stability of soybean biodiesel was analyzed by varying stor-
age conditions and observed that addition of antioxidant
(TBHQ) increased oxidation stability index [16]. Soh et al.
investigated OS of biodiesel derived from used pal oil with
the addition of antioxidants like BHA, vitamin E, BHT,
TBHQ and PG. They observed the antioxidant effectiveness
in the decreasing order as PG > BHA > TBHQ > BHT >
vitamin E [17]. Dantas et al. investigated the oxidation stabil-
ity for soybean and castor biodiesel using Rancimat instru-
ment [18]. Biodiesel extracted from sunflower oil was found
to have increased oxidation stability when blended with
TBHQ by using Pressure differential scanning calorimetry
(P-DSC) and Rancimat [19]. Oxidation stability index was
recorded as 0.47 and 0.40 hours for ethylic poultry biodiesel
and methylic poultry biodiesel respectively at 110 °C [20].
Effects of antioxidants on oxidation stability of soybean bio-
diesel were studied using Rancimat instrument [21-23]. Andi-
roba, jatropha and babassu biodiesel displayed better resis-
tance to oxidation without any additive [24]. Investigation on
the effects of antioxidants like A-tocopherol and TBHQ on
oxidation stability of biodiesel obtained from peanut oil re-
sulted in higher induction period for TBHQ added biodiesel
blend [25]. Fourier transform infrared (FTIR) spectroscopy
has been obviously used for monitoring biodiesel production
and its purity. FTIR was used in the analysis of purity of soy-
bean and jatropha biodiesel which have been produced using
cesium impregnated sodium zirconate acting as a base cata-
lyst [26]. By using FTIR spectra 1437 and 1464 cm’, the
transesterification process i.e., the conversion of triglycerides
to fatty acid methyl ester was monitored for the quality of
conversion analysis [27]. FTIR spectra showing the infrared
peak intensities of esters was used to characterize the bio-
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Table 3. Determined properties of fuel blends.
Proper- N . . . . . . . . Oxidation stability @
ties/samples Viscosity @ 40 °C  |Density @ 15 °C| Calorific value | Flash point | Pour point | Cloud point [Cetane index| 110 °C
Units cSt kg/m3 Ml/kg °C °C °C CCI h
ASTM D
6751-02 1.9-6 <890 >4l <130 - - - EN14214>6h
Diesel 3.9 833 4335 63 -3 6.5 54 -
B100 4.78 873 38.33 140 43 132 55.8 8.47
B20 3.82 842 42.64 73 2.8 8.5 53.2 18.47
Pentanol 292 819 34 40 -4 3 233 -
P10 3.39 835 4223 72 -4 3 492 23.84
P15 341 838 41.49 75 -4 3 47.8 22.81

diesel obtained from frying and fish oils [28]. Moisture con-
tent in palm oil biodiesel was investigated and recorded the
best wavelength regions 3075-3700 cm™ and 1500-1700 cm’
for determining the moisture content in biodiesel blends [29].
FTIR results explained an oxidation-induced breakage of
biodiesel (methyl ester) linkages and were used to depict the
oxidation stability property of waste cooking oil biodiesel
[30].

2. Materials and methodology
2.1 Test fuels

Biodiesel yield of about 85 % is obtained by transesterifica-
tion process. In this process, 25 % (v/vol oil) methanol reacted
with raw C.I oil in the presence of 0.9 % (w/vol oil) catalyst
sodium hydroxide maintained at 66 °C for 2 hour and 350 rpm
stirring speed, resulted in the breakage of molecules of oil into
methyl esters and glycerol (by-product). Although this re-
search paper concerns the oxidation stability analysis, the core
aim is to discover the best substitute fuel that may reduce the
usage of diesel fuel. Hence fuel blends are tested on the basis
of reducing the diesel volume concentration. In previous stud-
ies, biodiesel at 20 % volume concentration (B20) with addi-
tives shows better results in all performance and combustion
uniqueness, so B20 blend is kept as constant blend in all mix-
tures. Meanwhile the volume concentration of Pentanol is
varied as 10 % volume (P10) and 15 % volume (P15). The
following fuel blends at various proportions were prepared
and investigated: (a) Pure biodiesel (B100), (b) 20 % biodiesel
+ 80 % diesel (B20), (c) 10 % pentanol + 20 % biodiesel +
70 % diesel (P10) and (d) 15 % pentanol + 20 % biodiesel +
65 % diesel (P15). While many researchers concluded that
pure biodiesel (B100) has not executed better result in engine
performance, it is essential to find its oxidation stability. Only
if pure biodiesel shows acceptable induction period of above 6
hours at 110 °C (EN14214), it could be concluded for raw oil
storage feasibility at room temperature. The fuel properties
were determined using laboratory equipments provided by
Centre of Excellence for Environmental Studies (COE-Es),
Table 3.

2.2 Rancimat instrument

Oxidation stability is measured based on the standard test
method EN14214 by using 873 Biodiesel Rancimat instru-
ment manufactured by Metrohm. The accuracy of measure-
ment of induction period with the cell constant of conductivity
sensor is at 1.1+ 0.1 cm™. The Rancimat test (Fig. 2) involves
passing of air at steady rate through a 5 gram sample held in a
test tube which is heated to a particular temperature (140 °C-
155 °C @ 5 °C interval). The air carrying secondary oxidation
products (water soluble carboxylic acids) flows into a measur-
ing vessel containing distilled water, which is continually
monitored for conductivity by electrodes. Accumulation of
carboxylic acids in water due to sample oxidation is indicated
by conductivity rise in cell, depicted by the graph plotted be-
tween time (hour) and conductivity (uS/cm). This rise in con-
ductivity gradually increases with a steady climb in the curve
with respect to time. The curve increases to a maximum value
and then it decreases. The point at which the curve starts to
drop is termed as “Induction period (IP)”, will be determined
by the second derivative conductivity curve (Fig. 1), which is
depicted by the automated Rancimat software. Induction pe-
riod refers to the time at which the sample starts to degrade
with respect to specified temperature.

2.3 FTIR spectroscopy

FTIR (Fourier transform infra-red spectroscopy) is a recep-
tive method for identifying organic and some inorganic mo-
lecular compounds present in the sample. Perkin Elmer spec-
trum 2 is the instrument used in the present FTIR study.
Chemical molecules absorb light in infra red region of elec-
tromagnetic spectrum, which corresponds to the bonds in the
molecules. FTIR matches the emission spectrum of IR source
of the sample with the background emission spectrum of the
recorded IR sources. The ratio of the sample emission spec-
trum to that of the background spectrum is directly propor-
tional to the sample’s absorption spectrum. Depending on the
absorption frequency range 600 to 4000 cm, the molecular
groups present in the sample will be depicted via spectrum
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Fig. 1. Induction period of C.I biodiesel (B100) at 110 °C.
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Fig. 2. Rancimat instrument.

data in the automated software.

In this study, the test fuels were analyzed at two stages: (i)
Before oxidation stage i.e., before Rancimat measurement (ii)
after oxidation stage i.e., after Rancimat measurement. Based
on the absorption spectrum frequency ranges of samples, the
oxidization characteristics of samples were evaluated by refer-
ring the presence and absence of specific molecular groups
due to oxidation reaction.

3. Results and discussion

3.1 Oxidation stability analysis

The variation of induction periods for pure C.I biodiesel,
biodiesel/diesel blends and the effects of pentanol addition
were studied by testing the samples at 140 °C, 145 °C, 150 °C
and 155 °C (Fig. 3). Then the automated Rancimat software
extrapolates the measured IP values and estimates the IP of

corresponding fuel blends at 30 °C in terms of hours and years.

It shows that B100 blend could be stored for 753.6 hour (or)
0.08 year at normal room temperature of 30 °C without any
change in its chemical property. Similarly the storage period
of other blends are also extrapolated for identical temperature
condition (Table 4).

In the FTIR images, graph plotted between wave number
(cm™) vs. transmittance percentage (%T) shows the regions of

Table 4. Rancimat measurement of fuel blends.

Extrapolated IP at 30 °C
Samples
() (Year)
B100 753.6 0.08
B20 4480 0.51
P10 8103 0.92
P15 6754 0.77
10
? T
b 1 T —+—B100
=1 D i' —m— 820
- 7
S:l s \\ —=— P15
c ~
S . 1 NN |
é 5 r———\K 1
E R
1 —
1]

Rancimat temperature (°C)

Fig. 3. Oxidation stability for all blends at various temperatures.

spectrum where specific molecular bonds containing in the
samples absorb. The wave number and transmittance percent-
age were marked for O-H (3000-3700 cm']), C-H (2700-3000
em?), C = O (1500-1800 c¢cm™) and C-O (600-1400 cm™)
bonds. Oxidation stability is mainly organized by O-H and C-
H bonds of samples. C-O and C=0 bonds spectrum in FTIR
represents the presence of ether or ester molecular groups in a
sample. If there is no change in C-O and C=0 bonds spectrum
after the Rancimat measurement, then the sample contains
ether molecular groups. So the significant change in C-O and
C=0 bonds spectrum in all fuel blend spectrum graphs (Figs.
4-7) characterizes the ester group (Biodiesel), as the CO mole-
cules gets converted into CO, due to oxidation reaction. Each
sample is plotted in FTIR spectrum at two conditions; (i) be-
fore oxidation (B.O line) - before Rancimat measurement
(Marked with stars) (ii) after oxidation (A.O line) - after Ran-
cimat measurement (Marked with triangles). Lower percent-
age of transmittance in the graph represents higher presence of
corresponding molecular bonds in the samples.

3.2 Pure C.I biodiesel blend (B100)

The oxidation stability for biodiesel extracted from C.I oil
in its pure form without any mixture concentration of diesel
which is denoted as B100 is an important commercialization
parameter. As per EN14214 specifications, a pure biodiesel
should possess 6 hours of induction period at 110 °C. Calo-
phyllum inophyllum biodiesel (B100) shows 8.47 hours at
110 °C (Table 3), thus fulfilled the basic biodiesel characteri-
zation. Due to the presence of higher oxygen molecules, B100
shows lower IP when compared to diesel, but higher oxidation
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Table 5. Induction Period of various biodiesel at 110 °C.

Feedstock IP (h) Ref

Callophyllum inophyllum 8.47 -
Soybean 43 [31]
Soybean 7.8 [32]

oybean .

Soyb: 3.61 33
Rapeseed 4.6 [34]
Jatropha 323 [35]
Sunflower 5.1 [35]
Cottonseed 49 [36]
Cottonseed 6.57 [37]

Karanja 17

) 3.1 38
Terminalia belerica 3.76 [39]
Linseed 22 [40]
Euterpe oleracea 1.5 [40]
Tallow fat oil based 4 [41]

59.85%T (71.10%T| (35 430,

17485 tfposant 13718 7554

3.9

%aT

962 30) 3000 200 20 1500 1000 3l
om-A

Fig. 4. FTIR spectrum for pure C.I biodiesel (B100).

stability than other biodiesel observed in previous studies (Ta-
ble 5).

This inferior oxidation stability of biodiesel compared to
diesel could be characterized by using FTIR spectrum image
(Fig. 4). The presence of broad, strong O-H chain in the wave
number of 3353.4 cm™ (72.09 %T) in B.O line corresponds to
prevalence of more oxygen molecules and also linearity of
long chain molecules attributed to rapid induction period for
B100. Higher oxygen content will always attract other oxygen
molecules in the atmosphere, leading to chemical reaction
forming free radicals like superoxide, peroxide etc., which
will contribute to enhanced oxidation through free radical
chain reaction. At room temperature, microorganism prevail-
ing in the ambient consumes the organic molecules in the oil
and generates more free radicals that lead to lower storage
capability. The induction period of B100 recorded as 0.08 year
at room temperature (30 °C). The disappearance of transmis-
sion of strong O-H bond in wave number 33492 cm’
(98.36 %T) on A.O line represents the complete oxidation of
B100 after being tested in Rancimat instrument.

29248
40.60%T |3

1456 2
40.12%T]

377%T
MAT15%T1594.8 ({5098 i P N
W

.

%T

/751 a1
19.97%T)|

35 3500 3000 2500 2000 1500 1000 53
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Fig. 5. FTIR spectrum for B20 biodiesel/diesel blend.

3.3 C.I biodiesel/diesel blend (B20)

When biodiesel blended with diesel at 20 % volume con-
centration (B20), obviously the oxidation stability of the blend
escalated by 84.31 % compared to B100 with an induction
period of 0.51 year at 30 °C. Oxygen is more electronegative
than carbon, so if there is a presence of hydrogen group in the
oil it will be seized by oxygen molecules which contributes to
lower OS of B100. The reason behind the superior result of
B20 is addition of more aromatic closed chain compounds
(diesel), the ring structure of the blend resists oxidation for
longer time than linear chain of biodiesel. Lower oxygen con-
tent in B20 hinders the formation of free radical chain reaction,
hence the concentration of free radical is reduced and so the
fewer free radicals has less impact on oxidation reaction. It
can be viewed via strong, sharp C-H bond in wave number of
2924.8 cm’' (40.60 %T) and comparatively lower O-H bond
(82.91 %T) in B.O line than those of B100 (Fig. 5). Higher C-
H molecules consume oxygen for formation of Carbon diox-
ide, which leads to longer duration for degradation of sample.
The conversion of medium O-H bond (3336 cm™) from B.O
into weak O-H bond at 3330.5 cm™ in A.O line characterizes
the termination of oxidation reaction of B20 after being em-
ployed in Rancimat instrument.

3.4 C.1I biodiesel/diesel/pentanol blend (P10)

Pentanol addition of 10 % volume with 20 % biodiesel
blend resulted in higher induction period of almost 1 year at
room temperature, which is 44.57 % higher than that of B20.
As pentanol is a longer chain alcohol with 5-carbon straight
chain, the formation of strong hydrogen bonds as clusters
between diesel and pentanol resulted in greater oxidation sta-
bility. Cluster compounds are very complicated to oxidize
than linear compounds. Hydrophobic entities (C-H group)
formed by diesel-alcohol molecules are surrounded by hydro-
philic entities (O-H group) formed between alcohol-biodiesel,
this cluster contributed to delay the induction period of P10.
As the hydrophobic entities do not contain oxygen molecules,
the site for free radical attack is reduced. Hence more free
radicals are required for breaking the cluster, which may take
long duration. This stretched period for breaking cluster re-
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Fig. 6. FTIR spectrum for P10 blend (10 % vol pentanol).
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Fig. 7. FTIR spectrum for P15 blend (15 % vol pentanol).

sulted in longer induction period. It could be characterized
through FTIR spectrum image Fig. 6, by higher prevalence of
C-H molecular bonds in wave number 29233 cm” with
14.64 % transmittance percentage which is lower than that of
B20 (40.60 %T). As stated previously, lower transmittance
percentage corresponds to higher molecular bonds prevalence.
Hence P10 blend with 10 % volume of pentanol shows better
oxidation stability. Degradation of O-H molecules in the sam-
ple after oxidation reaction could be viewed in A.O line with
higher transmittance of 90.72 % in the range of 3350 cm™.

3.5 C.I biodiesel/diesel/pentanol blend (P15)

In previous section, the addition of pentanol (10 %) shows
increment in oxidation stability of fuel blend. Meanwhile in-
crease in pentanol addition concentration (15 % volume) re-
sulted in lower induction period of 0.77 year, which is
19.48 % lower than P10 and 33.77 % higher than B20. Further
addition of pentanol causes destabilization of formed hydro-
philic and hydrophobic clusters between alcohol-diesel-
biodiesel compounds by reversing the cluster orientation, ex-
posing hydrophilic group to oxygen. Hence this caused expo-
sure of more biodiesel molecules to oxygen, leading to rapid
oxidation reaction of P15 when compared to P10. At wave
number 2919.7 cm”, P15 possess 16.63 %T of C-H bonds
which is higher than P10 (14.64 %T) resulted in lower C-H
molecular chain than that of P10, Fig. 7. This character attrib-

uted to comparatively lower induction period. In A.O line, the
O-H bonds degradation in wave number 3366-3372 cm’
represents the oxidation reaction of P15 blend occurred in
Rancimat instrument.

4. Conclusion

The following conclusions are obtained from this research
on the effect of pentanol concentration on biodiesel derived
from Calophyllum inophyllum feedstock. All samples meet
EN14214 requirement on oxidation stability (> 6h @ 110 °C).
C.I biodiesel (B100) shows 8.47 hours at 110 °C. Biodiesel at
20 % volume blend with diesel was dosed with pentanol at
10 % and 15 % volume concentration. Induction period at
room temperature was extrapolated from Rancimat measure-
ments at 140 °C, 145 °C, 150 °C and 155 °C. FTIR spectros-
copy was used to study the oxidation characterization of four
blends (B100, B20, P10 and P15) before and after Rancimat
measurement. Based on the results it was found that bio-
diesel/diesel blend shows higher oxidation stability than pure
biodiesel due to the addition of aromatic closed chain com-
pounds of diesel. When pentanol was added upto 10 % vol-
ume with B20, the oxidation stability is superior, 44.57 %
higher stability than B20 blend due to higher C-H bond chains
in its composition which restricts the blend to get oxidized
rapidly. Meanwhile 15 % volume of pentanol addition leads to
degradation in oxidation stability by 19.48 % when compared
to 10 % pentanol addition, which is due to destabilization of
formed hydrophilic and hydrophobic clusters between alco-
hol/diesel/biodiesel compounds. Hence it could be concluded
that pentanol addition only upto 10 % volume to fuel blend
increases the oxidation stability, above which it declines the
storage stability. Further studies should be performed to en-
sure the optimum range for the addition of pentanol to calo-
phyllum inophyllum biodiesel for obtaining the superior in-
duction period.
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Nomenclature

Cl : Calophyllum inophyllum

BTE  :Brake thermal efficiency

BSFC : Brake specific fuel consumption

BSEC : Brake specific energy consumption

HRR : Heat release rate

PG : n-propyl gallate

BHA  : 3-tert-butyl-4- hydroxyanisole

TBHQ : A-tocopherol and 2-tert butyl hydroquinone
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BHT  :2,6-di-tert-butyl-4-methyl-phenol
oS : Oxidation stability

1P : Induction period

B.O  : Before oxidation

A.O  : After oxidation
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