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Abstract An experimental investigation is conducted on a
single-cylinder DI diesel engine, to evaluate the performance,
combustion and emission characteristics of Jatropha biodie-
sel with the addition of antioxidants namely, Succinimide
(C4HsNO,), N,N-Dimethyl p-phenylenediamine dihy-
drochloride (CgH4Cl,N,) and N-Phenyl-p-phenylenedi-
amine (C¢HsNHCgH4NH,) at 500, 1000 and 2000 ppm. The
performance, combustion and emission characteristic tests are
conducted at a constant speed of 1500 rpm, injection pressure
of 215 bar, injection timing of 26° before top dead centre for
the nine test fuels and the experimental results are compared
with neat diesel and neat biodiesel as base fuels. The experi-
mental results show that the addition of antioxidant in bio-
diesel suppresses the NO emission by quenching the OH
radicals that are produced by the reaction of hydrocarbon
radicals with molecular nitrogen. The maximum percentage
reduction of NO emission by 5, 6 and 7% are observed for N-
Phenyl-p-phenylenediamine, N,N-Dimethyl p-phenylenedi-
amine dihydrochloride and Succinimide blended test fuels at
2000 ppm antioxidant addition with biodiesel.

Keywords N,N-Dimethyl p-phenylenediamine
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DPD2  Jatropha  biodiesel + 1000 ppm N-Phenyl-p-
phenylenediamine

DPD3  Jatropha  biodiesel 4+ 2000 ppm N-Phenyl-p-
phenylenediamine

NPPD1 Jatropha biodiesel + 500 ppm N,N-Dimethyl p-
phenylenediamine dihydrochloride

NPPD2 Jatropha biodiesel + 1000 ppm N,N-Dimethyl
p-phenylenediamine dihydrochloride

NPPD3 Jatropha biodiesel + 2000 ppm N,N-Dimethyl

p-phenylenediamine dihydrochloride
SU1 Jatropha biodiesel + 500 ppm Succinimide
SU2 Jatropha biodiesel + 1000 ppm Succinimide
SuU3 Jatropha biodiesel + 2000 ppm Succinimide

Introduction

Several experimental strategies have been followed to cut
down the engine exhaust emissions to meet the emission
standard norms. To achieve those emission norms, engine
design modification alone is not enough; fuel formulation
techniques that suppress the problem arising during com-
bustion of fuel should be found. Different types of fuel
formulations such as fuel blends [1], nanoparticles addition
in biodiesel [2], oxygenated additives in biodiesel [3] and
antioxidant additives in biodiesel [4-6] are commonly
used. Among those additives, antioxidant added to the fuels
at ppm (parts per million) levels extends the oxidation
stability of the fuel and quenches the free radicals, which
are responsible for the NO formation [7-9]. In addition, the
antioxidant as additive in biodiesel prevents auto-oxidation
when exposed to air, heat, light and metallic contaminants
[10]. Usually, antioxidants are used in fuel to improve the
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oxidative and storage stability of the fuel [1, 11, 12]. Apart
from the storage stability, a few experimental investiga-
tions were conducted with the addition of antioxidants in
the fuel to find the significant reduction of NO emission.
Generally, NO was formed by the increased CH radicals
present in biodiesel undergoing combustion at high com-
bustion temperatures [13]. An experimental investigation
on the effect of two new antioxidants namely, N,N'-
diphenyl-1,4-phenylenediamine and N-phenyl-1,4-
phenylenediamine at 1000 and 2000 ppm addition in both
B100 and B20 blends was carried out in a single cylinder
diesel engine and found significant reduction of nitric oxide
(NO) with increased smoke, carbon monoxide (CO) and
unburned hydrocarbon (HC) emissions [4]. The same team
[5] studied the effect of antioxidants such as L-ascorbic
acid, a-tocopherol acetate, butylated hydroxytoluene, p-
phenylenediamine and ethylenediamine at 0.025% indi-
vidual addition in Jatropha biodiesel and noticed reduction
in the brake specific fuel consumption for ethylenediamine
and p-phenylenediamine blended biodiesel as 0.133 and
0.136 kg/kWh, respectively, while for neat biodiesel it was
0.145 kg/kWh. They observed NO reduction efficiency in
the order of p-phenylenediamine > ethylenediamine > a-
tocopherol > butylated hydroxytoluene > ascorbic acid,
among the used test antioxidants and concluded that the
addition of antioxidant to the biodiesel reduces NO emis-
sion by quenching the free radicals (oxygen molecules,
nitric oxides, superoxide ions and hydroxyl radicals), chain
breaking reactions, reduction of reactive radical concen-
tration and scavenging of initiating radicals. Ryu [6] car-
ried out the performance and emission characteristic test to
examine the effects of the antioxidants namely, tert-
butylhydroquinone (TBHQ), butylated hydroxyanisole
(BHA), butylated hydroxytoluene (BHT), propyl gallate
(PrG), and the natural antioxidant, tocopherol in soybean
biodiesel and found beneficial result for its longer oxida-
tion stability, reduction in both brake specific fuel con-
sumption and the levels of pollutants at the engine exhaust.
The addition of antioxidants such as 1,2,3 tri-hydroxy
benzene (pyrogallol), 3,4,5-tri hydroxyl benzoic acid
(propyl gallate) and 2-tert butyl-4-methoxy phenol (buty-
lated hydroxyanisole) at 1000 ppm in croton megalocarpus
biodiesel, resulted in marginal improvement of brake
specific fuel consumption for the pyrogallol blended bio-
diesel [14]. Recent experimental investigation with N,N-
diphenyl-1,4-phenylenediamine (DPPD) as additive in Ja-
tropha biodiesel blends had shown a drastic percentage
reduction of NO emission by 16.5% with slight increase in
CO and HC emissions [15]. Ileri and Kocar [8] conducted
experiment using antioxidants; butylated hydroxyanisole,
butylated hydroxytoluene, tert-butylhydroquinone and
2-ethylhexyl nitrate at 0, 500, 750 and 1000 ppm individ-
ual addition with canola diesel blend (B20) and observed
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average NOx reduction emission with increased HC and
CO emission. Mean while, Fattah, et al [9] blended
2000 ppm of 2(3)-tert-butyl-4-methoxyphenol with 20% of
coconut methyl ester diesel blend (B20) and observed 7.8%
reduction of NOx emission and 1.7% reduction of brake
specific fuel consumption when compared with B20.

The earlier literatures depict that the addition of
antioxidants at ppm level in fuel, extends the storage sta-
bility of the fuel and also has a good effects on the engine
exhaust emission, in particular NO emission. So, to identify
the potential of new antioxidants in neat biodiesel, a sys-
tematic experimental investigation was conducted and
presented in the following next.

Materials and Methods
Preparation of Test Fuels

The antioxidants used for this study are (i) Succinimide
(C4HsNOy), (ii) N,N-Dimethyl p-phenylenediamine dihy-
drochloride  (CgH;4CLL,N,), and (iii) N-Phenyl-p-
phenylenediamine (CcHsNHC¢H4NH,). These antioxidants
are selected, based on the attempt of adding new additives
in neat biodiesel. Antioxidants of 500, 1000 and 2000 ppm
are individually weighed, finely powered, added to one litre
of neat biodiesel and blended using a high speed mixer of
1500 rpm. The prepared test fuels are investigated for
stability analysis and found stable for 48 h without any
phase separation. The specifications of the test antioxidants
are listed in Table 1 and the properties of test fuels are
listed in Table 2.

Test Engine Setup

The experiments are conducted in a single cylinder; four-
stroke, air-cooled direct injection diesel engine coupled
with an ac alternator for loading the engine. The schematic
diagram of the engine experimental setup is shown in
Fig. 1 and the engine specification is listed in Table 3. The
engine is operated at the constant speed of 1500 rpm,
injection pressure of 215 bar and injection timing of 26°
before top dead centre, producing the rated power of
4.4 kW. The data acquisition system comprising a Kistler
piezoelectric pressure sensor, which is flush mounted at
the engine cylinder head is used for measuring the in-
cylinder pressure and a crank angle indicator is used to
determine the crank angle. The combustion characteristics
are obtained for fifty consecutive cycles and the mean
value is found by averaging the collected data with the
help of the data-acquisition system. A calibrated k-type
chrome-alumel thermocouple is installed at the immediate
exhaust of the engine to measure the exhaust gas
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Table 1 Specification of test antioxidants

Antioxidants

Specifications Succinimide N,N-Dimethyl p-phenylenediamine N-Phenyl-p-phenylenediamine
dihydrochloride
CAS number 123-56-8 536-46-9 101-54-2
Chemical formula C4H5N02 (CH3)2NC6H4NH22HC1 CGHSNHC6H4NH2
Molecular weight 99.09 209.12 184.24
Chemical structure NHz NHz
HCI
H HCI
HaG” N CHg

R

Table 2 Properties of test fuels

Properties Neat diesel Neat biodiese]l DPD1 DPD2 DPD3 NPPDlI NPPD2 NPPD3 SUl1 SU2 SU3
Density @ 15°C, kg/m® 835 873 874 876 878 873 877 877 874 876 871
Kinematic viscosity @ 40°C, ¢St 2.20 4.10 4.10  4.15 4.20 4.10 4.20 4.25 410 420 4.25
Flash point, °C 48 85 88 90 91 87 89 91 89 91 92

Calorific value, MJ/kg 423 395 392 392 390 391 38.9 38.8 39.0 39.0 389

1 Diesel Tank

D 9 2 Biodiesel Tank
3 Mixer
4 Fuel Metering System
|'_ - _11_ 7 5 Diesel Engine

| 6 Crank Angle Indicator

18

! [cooT] MY ’ 7 Exhaust Gas Outlet

" 8 Electrical Loading Device
9 AVL Smokemeter

10 AVL Digas Analyzer

11 Data Acquisition System

Fig. 1 Schematic layout of experimental setup

temperature and the volumetric fuel flow rate is measured
by using a digital stop watch. The levels of pollutants from
the engine exhaust such as NO, CO and Unburned HC
emissions are measured by using calibrated AVL 444 Di-
Gas analyzer and the smoke opacity level is measured by
using calibrated AVL 437 smoke meter. The performance
parameters such as brake specific fuel consumption
(BSFC), brake thermal efficiency (BTE) of the engine,
exhaust gas temperature (EGT) and the emission param-
eters such as carbon monoxide (CO), unburned hydrocar-
bon (HC), nitric oxide (NO) and smoke opacity are plotted
against the brake mean effective pressure (BMEP). The
combustion characteristics such as heat release rate and
cylinder pressure for the test fuels are plotted against the

crank angle at the full load and the ignition delay for the
test fuels is plotted against the BMEP. All the tests are
carried out for three trails at steady state engine condition
and the instruments measuring range and accuracy of the
test bed is listed in Table 4.

Results and Discussions

Brake Thermal Efficiency (BTE) and Brake Specific
Fuel Consumption (BSFC)

The variation of BSFC and BTE for the test fuel under
BMEP is shown in Figs. 2 and 3, respectively. Due to
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Table 3 Specification of diesel engine

Make Kirloskar, India

Type Single cylinder, four stroke, air
cooled, direct injection engine

Bore x stroke 87.5 x 110 mm

Compression ratio 17.5:1

Swept volume 661 cm®

Combustion chamber Open hemispherical

Spray hole diameter 0.25 mm

Cone angle 110°

Rated output 4.4 kW at 1500 rpm

Injection timing 26° btde

Table 4 Measuring range and accuracy of the instruments

Quantity Measuring range Accuracy
AVL gas analyzer NO 0-5000 ppm +10% of ind. vol.
HC  0-20,000 ppm  £10 ppm vol.
CO 0-10 vol. % +0.03% vol.
AVL smoke meter 0-100% +0.1%
Thermocouple 0-1000°C +0.5°C
Speed measuring unit  0-5000 rpm £10 rpm
In-cylinder pressure 0-100 bar +0.5 bar
Crank angle indicator +0.5°

the high viscosity and lower calorific value of neat
biodiesel, higher BSFC of 0.318 kg/kWh and lower BTE
of 28.6% are observed, when compared with BSFC of
0.263 kg/kWh and BTE of 32.3% for neat diesel. For
500 ppm antioxidant addition in biodiesel, marginal
improvement in BTE values are observed for DPDI,
NPPD1 and SU1 test fuels as 30.2, 29.8 and 29.3%,
respectively and the respective values of BSFC observed
for the DPD1, NPPD1 and SU1 test fuels are 0.281,
0.284 and 0.289 kg/kWh. This reduction in BSFC values
for the DPD1, NPPD1 and SUI1 test fuels are due to the
friction reduction qualities of the amines [5]. But for the
1000 and 2000 ppm antioxidants addition in biodiesel,
higher BSFC and lower BTE are observed. Increase in
BSFC values of 0.325, 0.329, 0.329, 0.334, 0.331 and
0.338 kg/kWh are observed for DPD2, DPD3, NPPD2,
NPPD3, SU2 and SU3 test fuels, respectively, which
reflected in the reduction of BTE values for DPD2,
DPD3, NPPD2, NPPD3, SU2 and SU3 test fuels as 28%,
27.7, 277, 27.3, 27.5 and 27.1%, respectively. These
reductions in BTE values are due to the higher viscosity
of test fuels, resulting in poor atomization of the fuel
[16].

The variation of cylinder pressure and heat release rate
under crank angle for the test fuels at the full load is
shown in Figs.4 and 5. Higher cylinder pressure
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Fig. 2 Variation of BSFC for the test fuels under BMEP

characteristic is attained for neat biodiesel due to the
presence of rich oxygen molecules, resulting in complete
combustion [17]. On the other hand, the incorporation of
antioxidants in the biodiesel resulted in reduction of both
cylinder pressure and heat release rate. At the full load,
the cylinder pressure observed for the neat biodiesel is
73.3 bar, whereas it is 69.5, 68.7, 68.3, 69.7, 68.1, 68.4,
69.6, 69.1 and 67.7 bar for SU1, SU2, SU3, NPPDI,
NPPD2, NPPD3, DPDI, DPD2 and DPD3 test fuels,
respectively. Due to the reduced cylinder temperature and
pressure, the chemical delay is increased for the antioxi-
dant test fuel resulting in lower heat release rate. At full
load, the heat release rate observed for neat biodiesel is
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Fig. 3 Variation of BTE for the test fuels under BMEP

20.9 J/deg CA whereas it is 20.1, 18.9, 18.6, 18.7, 18.3,
16.0, 19.5, 16.6 and 15.8 J/deg CA for SU1, SU2, SU3,
NPPD1, NPPD2, NPPD3, DPD1, DPD2 and DPD3 test
fuels respectively. The variation of ignition delay for the
test fuels under BMEP is shown in Fig. 6. The time
duration between the start of injection and the start of
detectable heat release is denoted by ignition delay. With
the addition of antioxidants to neat biodiesel, longer
ignition delay is observed, due to the extension of the
combustion process, lower cylinder pressure [18] and
increased viscosity of fuel, resulting in poor atomization
of fuel and slower mixing of air fuel mixture [19]. Higher

Neat Biodiesel

—— Neat Diesel ———
SU1 su2 SuU3

Cylinder pressure, bar

— NeatDiesel — — — NeatBiodiesel
NPPD1 NPPD2 - NPPD3

Cylinder pressure, bar

—— Neat Diesel — — — Neat Biodiesel
DPD1 - DPD3

Cylinder pressure, bar

300 320 340 360 380 400 420 440
Crank Angle (Degree)

Fig. 4 Variation of cylinder pressure for the test fuels under
crank angle

viscosity of test fuels results in larger fuel droplets at the
spray nozzle delivery, high spray jet penetration and angle
of spray, which affects the combustion process by poor
atomization of fuel (solid stream instead of spray of small
droplet), resulting in uneven fuel distribution and poor air
fuel mixing, affecting proper burning of fuel inside the
combustion chamber. At the full load, the ignition delay
observed for the neat biodiesel is 5.8 deg CA, whereas it
is 6.1, 7.2, 7.3, 6.2, 6.6, 6.8, 6.3, 7.5 and 7.8 deg CA for
SUI1, SU2, SU3, NPPD1, NPPD2, NPPD3, DPD1, DPD2
and DPD3 test fuels respectively. The presence of oxygen
molecule in biodiesel is quenched by the addition of
antioxidants to biodiesel [4, 5], which delayed the early
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Fig. 5 Variation of heat release rate for the test fuels under
crank angle

start of combustion resulting in longer ignition delay for
the antioxidants dispersed test fuels.

Exhaust Gas Temperature and NO

The variation of EGT for the test fuels under BMEP is
shown in Fig. 7. It is observed that the exhaust gas tem-
perature (EGT) for the neat biodiesel (339°C) is higher
when compared with that of neat diesel (325°C) because
of the rich oxygen content of biodiesel, causing sudden
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Fig. 6 Variation of ignition delay for the test fuels under BMEP

burning of fuel resulting in higher combustion tempera-
ture. The lowest exhaust gas temperature observed for
DPD1, DPD2, DPD3, NPPD1, NPPD2, NPPD3, SUI,
SU2 and SU3 test fuels are 333, 331, 325, 339, 327, 321,
332, 326 and 319°C respectively due to the suppression of
oxygen availability in biodiesel by the addition of
antioxidants [4]. The variation of NO for the test fuels
under BMEP is shown in Fig. 8. In general, the oxy-
genated nature of neat biodiesel promotes higher NO than
the diesel fuel, due to the reaction of hydrocarbon radicals
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Fig. 7 Variation of EGT for the test fuels under BMEP

(CH. CH,, C,, C and C,H) with nitrogen at higher tem-
perature [20]. The peroxyl and hydrogen peroxide radi-
cals, that are formed by absorbing heat during combustion
gets converted into hydroxyl radicals [21], which further
undergoes series of gas phase reaction with nitrogen at
higher temperature forming higher NO emission. Reduc-
tion in NO emission is observed for the test fuels, when
compared with neat biodiesel of 1390 ppm and neat diesel
of 1320 ppm. The observed values of NO emission for the
test fuels DPD1, DPD2, DPD3, NPPD1, NPPD2, NPPD3,
SU1, SU2 and SU3 are 1358, 1349, 1320, 1390, 1328,
1301, 1357, 1325 and 1290 ppm, respectively. At
2000 ppm antioxidant addition in biodiesel, maximum
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Fig. 8 Variation of NO for the test fuels under BMEP

percentage reduction of NO by 5, 6 and 7% are observed
for DPD3, NPPD3 and SU3 test fuels respectively when
compared with neat biodiesel. The addition of antioxi-
dants in biodiesel quenches the free radical formation and
inhibits the participation of gas phase reaction between
the free radicals and nitrogen [14], resulting in the
reduction of NO emission.

Unburned HC, CO and Smoke Emission
The variation of unburned HC for the test fuels under

BMEP is shown in Fig. 9. The observed Unburned HC
emission for neat biodiesel (18 ppm) is less than that of
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Fig. 9 Variation of unburned HC for the test fuels under BMEP

neat diesel (25 ppm), because of plenteous oxygen mole-
cule in biodiesel favouring better combustion. On the other
hand, addition of antioxidants to the neat biodiesel
increases the unburned HC values for the DPD2, DPD3,
NPPD2, NPPD3, SU1, SU2 and SU3 test fuels as 20, 22,
19, 23, 19, 22 and 24 ppm, respectively. The variation of
CO emission for the test fuels under BMEP is shown in
Fig. 10. The rich oxygen content of biodiesel enhances the
combustion process [16] and results in lower CO emission
(0.05% vol), when compared with neat diesel (0.09% vol).
Higher CO emission values are observed for DPD1, DPD2,
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Fig. 10 Variation of CO for the test fuels under BMEP

DPD3, NPPD1, NPPD2, NPPD3, SU1, SU2 and SU3 test
fuels as 0.06, 0.09, 0.10, 0.06, 0.08, 0.09, 0.07, 0.09 and
0.11% vol, respectively, due to the suppression of OH
radicals which inhibits the conversion of CO into CO, and
HC into H,O and CO, [4]. The variation of smoke opacity
for the test fuels under BMEP is shown in Fig. 11. It is
observed that the smoke opacity for neat biodiesel is 37.6%
and for neat diesel is 43.5%. Higher smoke opacity values
are observed for DPD1, DPD2, DPD3, NPPD1, NPPD2,
NPPD3, SU1, SU2 and SUS3 test fuels as 38.9, 40.4, 40.8,
37.7, 38.4, 39.2, 37.8, 38.6 and 39.4%, respectively, due to
the trade-off between smoke and NOx emission [6].
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Conclusions 9
The current study investigates the influence of using
antioxidants in neat biodiesel that affects the performance, 0
combustion and emission characteristics of the engine. '
Based on the observed experimental results for the test
fuels, the following conclusions are drawn:
11.
e Maximum percentage reduction of NO emission by 5,
6 and 7%, are observed for NPPD3, DPD3 and SU3
test fuels respectively, due to the free radical 12

termination process by the addition of antioxidants
in biodiesel.

Ignition delay increases for the antioxidants dispersed
test fuels due to quenching of free radicals by addition
of antioxidants. As a result of insufficient free radical
concentration, reduced heat release rate and cylinder
pressure characteristics are observed for antioxidants
dispersed test fuels.

The efficiency of the antioxidants on NO emission is
observed in the order of succinimide > N,N-Dimethyl
p-phenylenediamine  dihydrochloride > N-Phenyl-p-
phenylenediamine.

DPD1, NPD1 and SU1 test fuels shows marginal
improvement in the brake thermal efficiency when
compared with neat biodiesel.

Addition of antioxidants to the biodiesel increases CO,
Unburned HC and smoke opacity for the test fuels, due
to the scavenging effect of the OH radicals resulting in
inhibition of oxidation process.
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