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Research on alternative fuels is increasing due to environmental concerns and diminishing fossil fuel
reserves. Biodiesel is one of the best renewable replacements for petroleum-based fuels. This paper
examines the potential of biodiesel obtained from Jatropha curcas and Moringa oleifera oils. The
physico-chemical properties of J. curcas and M. oleifera methyl esters were presented, and their 10%
by volume blends (JB10 and MB10) were compared with diesel fuel (B0). The performance of these
fuels and their emissions were assessed in a fully loaded multi-cylinder diesel engine at various
engine speeds. The properties of J. curcas and M. oleifera biodiesels and their blends agreed with
ASTM D6751 and EN 14214 standards. Engine performance test results indicated that the JB10 and
the MB10 fuels produced slightly lower brake powers and higher brake specific fuel consumption
values compared to diesel fuel over the entire range of speeds. Engine emission results indicated
that the JB10 and MB10 fuels reduced the average emissions of carbon monoxide by 14 and 11%,
respectively; and hydrocarbons by 16 and 12%, respectively. However, the JB10 and MB10 fuels
slightly increased nitrous oxides emissions by 7 and 9%, respectively, and carbon dioxide by 7 and
5%, respectively compared to B0. In conclusion, J. curcas and M. oleifera are potential feedstock for
biodiesel production, and the JB10 and MB10 blends can replace diesel fuel without modifying
engines to produce cleaner exhaust emissions.

� 2013 Elsevier Ltd. All rights reserved.
1. Introduction

Air pollution is a leading cause of respiratory health problems
worldwide. Vehicle emissions are largely responsible for the
deterioration of air quality (Zhang and Batterman, 2010). Recently,
exhaust emissions have increased substantially due to the rapid
growth of the transportation industry. Due to their high energy
content, desirable combustion properties and ready availability,
fuels derived from petroleum have been the major energy source
in the transportation and the machinery sectors (de Vries, 2008;
Mofijur et al., 2013a). However, emissions produced by the
combustion of petroleum-derived fuels have adverse effects on
the environment and human health. The fourth assessment
Report of United Nations Intergovernmental Panel on climate
change (IPCC) concluded that greenhouse gas emissions such as
.M. Rahman), a_atabani2@
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nitrogen oxides, methane and carbon dioxide are the main cause
of global warming. An increase in the average global temperature
by 2 �C will result in the deaths of hundreds of millions of people
(Shuit et al., 2009). The internal combustion engine emits carbon
monoxide (CO), hydrocarbons (HC), formaldehyde (HCHO), ni-
trogen oxides (NOx), particulate matter (PM) and organic gases
other than methane (non-methane organic gases, NMOG). These
emissions are harmful to the environment and human health
(Liaquat et al., 2010). The depletion of petroleum-derived fuels,
the threat of climate change and increasing prices for petroleum
products have influenced researchers to seek alternative energy
sources (Tsolakis et al., 2007; Koh et al., 2011; Mrad et al., 2012;
Tan et al., 2012). Therefore, for several decades, many researchers
have been developing new alternative energy sources that are
readily available, technically feasible, economically viable and
environmentally acceptable. Biofuel is a feasible, clean alternative
energy source that does not contain any harmful substances and
produces fewer harmful emissions than diesel fuel (Atabani et al.,
2012). Biodiesel is one of the best biofuels that can reduce global
dependency on fossil-based diesel fuels and emissions
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Nomenclature

ASTM American society for testing and materials
BP brake power
BSFC brake specific fuel consumption
CMOO crude Moringa oleifera oil
CO carbon monoxide
CO2 carbon dioxide
HC hydrocarbon
JCME Jatropha curcas methyl ester
MOME Moringa oleifera methyl ester
NO nitrous oxide
NOx oxides of nitrogen
PM particulate matter
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of environmental pollutants without modifying vehicles
(Silalertruksa et al., 2012). Biodiesel is non-explosive, biodegrad-
able, non-flammable, renewable, non-toxic and environmentally
friendly, and it has properties that are similar to those of diesel
fuel (How et al., 2012; Ng et al., 2012a). Biodiesel can be obtained
by applying transesterification processes to vegetable oils, animal
fats, used cooking oil and waste grease from restaurants
(Shahabuddin et al., 2012, 2013). The most common sources of
biodiesel are plant-based oils (palm, rapeseed, sunflower, coco-
nut, peanut, Jatropha curcas, neem, cotton, jojoba, rubber, Moringa
oleifera, Mahua and castor) and animal tallow (Jayed et al., 2011;
Mofijur et al., 2012a; Hussan et al., 2013).

Palm oil is the major crop used currently for biodiesel produc-
tion in Malaysia (Mofijur et al., 2012b; Ng et al., 2012b). Recently,
J. curcas attracted the attention of the Malaysian Government. In
Malaysia, the use of 5% biodiesel (B5) has been already approved by
the Malaysian government using palm oil biodiesel. Therefore,
increasing the percentage to 10% and using non-edible biodiesel
feedstocks (J. curcas andM. oleifera) will create much interest to the
biofuel policy makers in Malaysia. J. curcas refers to succulent
plants, small or large shrubs and trees, up to 5e7 m tall, belonging
to the Euphorbiaceae family, which comprises approximately 800
species that belong to some 321 genera. The seed of J. curcas, oval in
shape and black in color, contains approximately 66% oil by weight
(Silitonga et al., 2011). The oil produced from the seed of Jatropha is
golden yellow in color. M. oleifera, a member of the Moringaceae
family, grows mainly in tropical countries. It is a drought-tolerant
species. The seeds of M. oleifera are triangular in shape and
contain approximately 40% oil by weight (Atabani et al., 2013). The
oil produced from the seed kernel of M. oleifera is also golden yel-
low in color. Recent studies have indicated that M. oleifera is native
to Malaysia.

Recently, many investigations have been published
(Ndayishimiye and Tazerout, 2011; Wander et al., 2011; Chauhan
et al., 2012) about the production of biodiesel from J. curcas and
its use as a fuel for diesel engines. In addition, several authors
(Rashid et al., 2008; Kafuku andMbarawa, 2010; Rashid et al., 2011)
have discussed the potential production of biodiesel from
M. oleifera, a non-edible oil source. However, a comparative eval-
uation of J. curcas and M. oleifera biodiesel blends in diesel engines
has not been published. Therefore, the main objective of this paper
is to study J. curcas and M. oleifera oils as potential feedstocks for
biodiesel production. The study presents the physical and the
chemical properties of J. curcas methyl ester (JCME) and M. oleifera
methyl ester (MOME) and their 10% (by volume) blends with diesel
fuel. The performance of these blends is assessed in a diesel engine
and compared with diesel fuel.
2. Materials and methods

2.1. Materials

Crude J. curcas oil was collected from the Forest Research
Institute, Malaysia (FRIM), and M. oleifera oil (CMOO) was supplied
from University Science Malaysia (USM), through personal
communication (USM, 2012). The diesel fuel (D2) was purchased
from PETRONAS. All other chemicals, reagents and accessories were
purchased from local markets.

2.2. Production of J. curcas and M. oleifera methyl esters

J. curcas and M. oleifera methyl esters were produced at the
energy lab of the University of Malaya using a 1 L batch reactor, a
reflux condenser, a magnetic stirrer, a thermometer and a sampling
outlet. Biodiesel was produced using an acidebase catalyst process.
Before starting the esterification process, the crude J. curcas and
M. oleifera oils were heated to 60 �C using a temperature-controlled
rotary evaporator (IKA) under vacuum to remove moisture. For the
esterification process, a 12:1 molar ratio of methanol to crude oil
and 1% (v/v) sulfuric acid (H2SO4) were added to the preheated oil
and stirred at 600 rpm and 60 �C for 3 h. Then, the esterified oil was
separated from the excess alcohol, sulfuric acid and impurities
using a separator funnel. The separated esterified oil was then
heated at 60 �C in the rotary evaporator for 1 h to remove the
methanol and the water. For the transesterification reaction, a 6:1
molar ratio of methanol to oil and 1% (m/m oil) of potassium hy-
droxide (KOH) were mixed with the preheated esterified oil and
stirred at constant speed of 600 rpm and at 60 �C temperature for
2 h. After the reaction was complete, the methyl ester was kept in a
separation funnel for 24 h. Then, the glycerol in the lower layer was
drained out, and the methyl ester was washed with warm distilled
water (3 times), dried in the rotary evaporator and filtered using
qualitative filter paper to collect the final product.

2.3. Analysis of properties

The physico-chemical properties of the J. curcas and M. oleifera
biodiesels were characterized according to the ASTM D6751 and EN
14214 standards. The cetane number (CN), the iodine value (IV) and
the saponification value (SV) were determined using the following
equations (Mofijur et al., 2013b):

CN ¼ 46:3þ ð5458=SVÞ � ð0:225$IVÞ (1)

SV ¼
X

ð560$AiÞ=MWi (2)

IV ¼
X

ð254$Ai$DÞ=MWi (3)

Where Ai was the percentage of each component, D was the
number of double bonds and MWi was the molecular mass of each
component.

2.4. Fatty acid composition

The fatty acid composition (FAC) of M. oleifera methyl ester was
analyzed using gas chromatography (GC) (Shimadzu, Japan)
equipped with a flame ionization detector. The results of FAC of
M. oleifera methyl ester are shown in Table 1.

2.5. Biodiesel blending

The test fuels (JCME andMOME)were blendedwith diesel using a
homogenizer operated at 2000 rpm. The homogenizer was clamped



Table 1
Fatty acid composition of Jatropha curcas and Moringa oleifera methylester.

Sl. No. Fatty acid Molecular weight Structure Systematic name Formula JCME (%) MOME (%)

01 Lauric 200 12:0 Dodecanoic C12H24O2 0.1 0
02 Myristic acid 228 14:0 Tetradecanoic C14H28O2 0.1 0.1
03 Palmitic 256 16:0 Hexadecanoic C16H32O2 14.6 7.9
04 Palmitoleic 254 16.1 Hexadec-9-enoic C16H30O2 0.6 1.7
05 Stearic 284 18:0 Octadecanoic C18H36O2 7.6 5.5
06 Oleic 282 18:1 cis-9-Octadecenoic C18H34O2 44.6 74.1
07 Linoleic 280 18:2 cis-9-cis-12 Octadecadienoic C18H32O2 31.9 4.1
08 Linolenic 278 18:3 cis-9-cis-12 C18H30O2 0.3 0.2
09 Arachidic 312 20:0 Eicosanoic C20H40O2 0.2 2.3
10 Eicosanoic 310 20:1 cis-11-Eicosenoic C20H38O2 e 1.3
11 Behenic 340 22:0 Docosanoic C22H44O2 e 2.8
12 Other 0 0
Saturated 22.6 18.6
Monounsaturated 45.2 77.1
Polyunsaturated 32.2 4.3
Total 100 100

Table 2
Summary of the values of measurement accuracy and the relative uncertainty of
BSFC determination.

Fuel
samples

Values of
measurement
accuracy (g/kWh)

Relative uncertainty
of BSFC determination (%)

B0 �5 1.30
JB10 �5 1.25
MB10 �5 1.23

Table 3
Details specification of the engine.

Engine type 4 cylinder inline
Displacement L 2.5
Cylinder bore � stroke mm 92 � 96
Compression ratio 21:1
Maximum engine speed rpm 4200
Maximum power kW 55
Fuel system Distribution type jet pump

(indirect injection)
Lubrication System Pressure feed
Combustion chamber Swirl type
Cooling system Radiator cooling
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on avertical stand, and theheight of the homogenizerwas adjustable.
To mix the fuels, the plug was turned on and the appropriate ho-
mogenizer speed was selected.
2.6. Engine tests

The experimental investigationwas carried out using diesel fuel
(B0), the MB10 (90% diesel and 10% M. oleifera methyl ester) blend
and the JB10 (10% J. curcas methyl ester and 90% diesel) blend. The
test engine was a Mitsubishi Pajero (model 4D56T) multi-cylinder
diesel engine. The accuracy of the speed, fuel measurement,
brake power, and time was �10 rpm, �1% of the reading, �0.07 kW
and �0.1 s respectively. Relative uncertainty of BSFC was
Fig. 1. Engine tes
determined using the linearized approximation method of uncer-
tainty. Table 2 shows the summary of the values of measurement
accuracy and the relative uncertainty of BSFC determination.

Fig. 1 shows the engine test rig. The detailed specifications of the
engine are listed in Table 3. The engine was run with diesel fuel for
several minutes towarm it up before biodiesel was tested. Likewise,
the engine was operated with diesel fuel before it was shut down.
The same procedurewas used for each fuel test. To carry out engine
performance and emission tests, the engine was run fully loaded at
various speeds between 1000 and 4000 rpm. Engine test conditions
t bed set-up.



Table 4
Details of the exhaust gas analyzer.

Equipment Method Measurement Upper limit Accuracy Uncertainty

BOSCH gas analyser Non-dispersive infrared CO 10.00 vol % �0.001 vol % 0.002 vol %
Non-dispersive infrared CO2 18.00 vol % �0.001 vol % 0.150 vol %
Flame ionization detector HC 9999 ppm �1 ppm 2 ppm
Electro-chemical transmitter NO 5000 ppm �1 ppm 21 ppm

Table 5
Physico-chemical properties of Jatropha curcas and Moringa oleifera methylester and their blends.

Properties Units B0 MOME JCME JB10 MB10 ASTM D6751 EN 14214

Dynamic viscosity mPa s 2.69 4.34 4.09 2.84 2.94 e e

Kinematic viscosity at 40 �C mm2/s 3.23 5.05 4.73 3.42 3.54 1.9e6 3.5e5
Kinematic viscosity at 100 �C mm2/s 1.24 1.84 1.81 1.33 1.35 e e

Density kg/m3 827.2 869.6 865.7 831.0 830.6 e 860e900
Flash point �C 68.5 150.5 184.5 80.3 79.5 130 min 120 min
Cloud point �C 8 19 3 6 7 �3 to �12 e

Pour point �C 0 19 3 0 3 �15 to �16 e

Cold filter plugging point �C 5 18 10 6 6 þ5 e

Calorific value MJ/kg 45.30 40.05 39.82 44.72 44.74 e e

Iodine value g I2/100 g e 77.5 99 e e e 120 max
Saponification value e e 199 202 e e e e

Oxidation stability h e 26.2 3.02 e e 3 6
Cetane number e 48 56.3 51 e e 47 min 51 min
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Fig. 2. Variation of the brake power with respect to the engine speed.
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were monitored by an REO-DCA controller connected through a
desktop computer to the engine test bed (Fig. 1). A BOSCH exhaust
gas analyzer (model BEA-350) was used to measure the NO, HC, CO
and CO2 emissions. The details of this gas analyzer are shown in
Table 4. Every test was repeated three times, and the results were
averaged.

3. Results and discussion

3.1. Characterization of M. oleifera methylester and its blends

To characterize the pure J. curcas and M. oleifera methyl esters
(B100), properties such as the density, the flash point, the kinematic
viscosity, the viscosity index, the calorific value, the cold filter
plugging point, the cloud and the pour points and the oxidation
stability were examined and compared with the ASTM D6751
standards. Table 5 shows the detailed physico-chemical charac-
teristics of the J. curcas (JCME) and M. oleifera methyl esters
(MOME) and their 10% by volume blends (JB10 andMB10). All of the
studied physico-chemical properties of the J. curcas and M. oleifera
methyl esters met the ASTM D6751 and EN 14214 standards. Thus,
the J. curcas andM. oleiferamethyl esters can be used in unmodified
diesel engines.

3.2. Engine performance

In this study, engine performance was evaluated in terms of the
brake power (BP) and the brake specific fuel consumption (BSFC).
The details of this evaluation are discussed as follows:

3.2.1. Brake power (BP)
Fig. 2 shows the engine brake power (BP) output of J. curcas and

M. oleifera methyl ester blends at different engine speeds. For all
tested fuels, the brake power increased steadily with the engine
speed. Biodiesel blended fuels gave lower BP values than diesel fuel.
This observation is consistent with the literature (Sahoo et al.,
2009). At all test speeds, the average brake powers of the B0, JB10
and MB10 fuels were 28.72, 27.32 and 27.51 kW, respectively.
Compared to diesel fuel, the JB10 and MB10 fuels produced lower
brake powers (about 5% and 4%, respectively) due to their lower
calorific values and higher viscosities (Table 5), which influenced
combustion. The uneven combustion characteristics of biodiesel
fuel reduced the engine brake power (Muralidharan et al., 2011).
The JB10 fuel produced slightly lower BPs than MB10 fuel because
MB10 has a higher calorific value than JB10 fuel.

3.2.2. Brake specific fuel consumption (BSFC)
Fig. 3 illustrates the variation of the BSFC values for all fuels at

different engine speeds. Biodiesel blended fuels gave higher BSFC
values than diesel fuel. This observation is consistent with the
literature (Chauhan et al., 2012; Shahabuddin et al., 2012; Wang
et al., 2013). Factors such as the volumetric fuel injection system,
the fuel density, the viscosity and the lower heating value affect the
BSFC of the diesel engine (Qi et al., 2010a). At all speeds, the average
BSFCs for the B0, JB10 and MB10 were 386, 399 and 406 g/kWh,
respectively. Per unit kW of power produced, more biodiesel blend
is consumed than diesel fuel because the calorific value of biodiesel
is lower than diesel. Compared to diesel fuel, the BSFCs were 3 and
5% higher for the JB10 and MB10, respectively. The blends’ BSFCs
were higher for the biodiesels because their densities and viscos-
ities are higher, and their energy densities are lower, than diesel
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(Mofijur et al., 2013b). Both the viscosity and the BSFC of the MB10
were higher than for JB10.
3.3. Emissions analysis

3.3.1. CO emissions
Due to the absence of molecular oxygen in the fuel, combustion

was incomplete and CO was emitted. In general, factors such as the
airefuel ratio, the engine speed, the injection timing and pressure
and the fuel type influence CO emissions (Gumus et al., 2012). The
variation of CO emissions with diesel and biodiesel blends is shown
in Fig. 4. Over the entire range of engine speeds, the JB10 and MB10
reduced the CO emissions by 14% and 11% relative to B0, respec-
tively. This result is consistent with the literature (Rajaraman et al.,
2009; Kim and Choi, 2010; Sahoo et al., 2009). This reduction of CO
emissions is attributed to the higher oxygen content and cetane
number of biodiesel fuel. Biodiesel contains 12% more oxygen that
diesel. The higher oxygen content of biodiesel allows more carbon
molecules to burn, and fuel combustion is complete. Thus, CO
emissions are lower when diesel engines burn biodiesel fuel.

3.3.2. HC emissions
Unburned HC is the result of the incomplete combustion of fuels

and flame quenching. The variation of HC emissions for diesel and
biodiesel blend fuels is shown in Fig. 5. For the JB10 and MB10, the
unburned HC emissions are lower than for diesel fuel. Over the
entire range of speeds, the average reductions in HC emission for
the JB10 and MB10 are 16 and 12% relative to B0, respectively. This
result is consistent with the literature (Rajaraman et al., 2009;
Sahoo et al., 2009). These reductions are attributed to the high
oxygen contents of these biodiesel fuels. Biodiesel contains more
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oxygen and less carbon and hydrogen than diesel fuel, which
guarantees more complete combustion (Lin et al., 2009; Qi et al.,
2010b).

3.3.3. NO emissions
The variation of the NO emissions for diesel and biodiesel blend

fuels is shown in Fig. 6. The NO values are higher for biodiesel
blends than diesel fuel. This result is consistent with studies pub-
lished by other researchers (El-Kasaby and Nemit-allah 2013). On
average, the JB10 and MB10 produce 7% and 9% higher NO emis-
sions, respectively, than diesel fuel over the entire range of speeds.
This result can be attributed to the leaner air/fuel ratio, as biodiesel
is an oxygenated fuel and contains 12% more molecular oxygen
than diesel, which raises chamber temperatures and improves
combustion (Devan and Mahalakshmi, 2009). Thus, NO emissions
are higher for biodiesel blends than for diesel fuel. Moreover, the
greater NO emissions might be due to the higher adiabatic flame
temperature. Biodiesel fuels that contain more unsaturated fatty
acids have higher adiabatic flame temperatures, which cause
higher NO emissions (El-Kasaby and Nemit-allah 2013).

3.3.4. CO2 emissions
The variation of CO2 emissions for all the fuel samples at various

speeds are shown in Fig. 7. When the engine speed increased, the
CO2 emissions also increased. The biodiesel fuel blends JB10 and
MB10 gave 7 and 5% average increase in CO2 emissions relative to
diesel fuel, respectively. This result is consistent with the literature
(Rajaraman et al., 2009). The production of carbon dioxide from the
combustion of fossil fuels causes many environmental problems
such as the accumulation of carbon dioxide in the atmosphere.
Although biofuel combustion produces carbon dioxide, absorption
by crops helps to maintain CO2 levels (Ramadhas et al., 2005).
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4. Conclusions

Biodiesel is one of the best alternative fuels with the potential to
reduce global dependency on fossil-based diesel fuel and envi-
ronmental pollution, and it can be used in unmodified compression
ignition engines. In this paper, biodiesel was produced from crude
J. curcas and M. oleifera oils, and 10% biodiesel blends by volume
were evaluated in a diesel engine. Based on this experimental
study, the following conclusions were drawn:

- The studied properties of the J. curcas and M. oleifera methyl
esters and their blends agreed with the ASTM D6751 and EN
14214 standards.

- Over the entire range of engine speeds, the JB10 and MB10
biodiesels gave average brake powers of 27.32 and 27.51 kW
that were 5 and 4% lower than B0 fuel, respectively. The
average brake specific fuel consumptions were 399 and 406 g/
kWh for the JB10 and MB10 respectively, which were slightly
higher (3 and 5%) than B0 fuel. These results were attributed to
the higher viscosity and density and the lower energy content
of these biodiesel blends.

- As diesel fuel substitutes, the JB10 and MB10 reduced the
average CO emissions by 14 and 11%, respectively; and HC
emissions by 16 and 12%, respectively. However, the JB10 and
MB 10 slightly increased NO emissions by 7 and 9%, respec-
tively, and CO2 emissions by 7 and 5% relative to diesel fuel.
These results were attributed to the higher oxygen contents
and cetane numbers of the biodiesel blended fuels.

In conclusion, the J. curcas and M. oleifera oils are potential
feedstocks for biodiesel production, and the JB10 and MB10 bio-
diesels can replace diesel fuel in unmodified engines to reduce
exhaust emissions into the environment.
Acknowledgments

The authors would like to acknowledge the University of Malaya
for financial support through the High Impact Research Grant
UM.C/HIR/MOHE/ENG/07.
References

Atabani, A.E., Silitonga, A.S., Ong, H.C., Mahlia, T.M.I., Masjuki, H.H., Badruddin, I.A.,
Fayaz, H., 2013. Non-edible vegetable oils: a critical evaluation of oil extraction,
fatty acid compositions, biodiesel production, characteristics, engine perfor-
mance and emissions production. Renew. Sust. Energ. Rev. 18, 211e245.

Atabani, A.E., Silitonga, A.S., Badruddin, I.A., Mahlia, T.M.I., Masjuki, H.H.,
Mekhilef, S., 2012. A comprehensive review on biodiesel as an alternative en-
ergy resource and its characteristics. Renew. Sust. Energ. Rev. 16, 2070e2093.
Chauhan, B.S., Kumar, N., Cho, H.M., 2012. A study on the performance and emission
of a diesel engine fueled with Jatropha biodiesel oil and its blends. Energy 37,
616e622.

de Vries, S.C., 2008. The bio-fuel debate and fossil energy use in palm oil produc-
tion: a critique of Reijnders and Huijbregts 2007. J. Clean. Prod. 16, 1926e1927.

Devan, P.K., Mahalakshmi, N.V., 2009. A study of the performance, emission and
combustion characteristics of a compression ignition engine using methyl ester
of paradise oileeucalyptus oil blends. Appl. Energ. 86, 675e680.

El-Kasaby, M., Nemit-allah, M.A., 2013. Experimental investigations of ignition delay
period and performance of a diesel engine operated with Jatropha oil biodiesel.
Alexandria Eng. J. 52, 141e149.

Gumus, M., Sayin, C., Canakci, M., 2012. The impact of fuel injection pressure on the
exhaust emissions of a direct injection diesel engine fueled with biodiesele
diesel fuel blends. Fuel 95, 486e494.

How, H.G., Teoh, Y.H., Masjuki, H.H., Kalam, M.A., 2012. Impact of coconut oil blends
on particulate-phase PAHs and regulated emissions from a light duty diesel
engine. Energy 48, 500e509.

Hussan, M.J., Hassan, M.H., Kalam, M.A., Memon, L.A., 2013. Tailoring key fuel
properties of dieselebiodieseleethanol blends for diesel engine. J. Clean. Prod.
51, 118e125.

Jayed, M.H., Masjuki, H.H., Kalam, M.A., Mahlia, T.M.I., Husnawan, M., Liaquat, A.M.,
2011. Prospects of dedicated biodiesel engine vehicles in Malaysia and
Indonesia. Renew. Sust. Energ. Rev. 15, 220e235.

Kafuku, G., Mbarawa, M., 2010. Alkaline catalyzed biodiesel production from Mor-
inga oleifera oil with optimized production parameters. Appl. Energ. 87, 2561e
2565.

Kim, H., Choi, B., 2010. The effect of biodiesel and bioethanol blended diesel fuel on
nanoparticles and exhaust emissions from CRDI diesel engine. Renew. Energ.
35, 157e163.

Koh, M.Y., Ghazi, M., Idaty, T., 2011. A review of biodiesel production from Jatropha
curcas L. oil. Renew. Sust. Energ. Rev. 15, 2240e2251.

Liaquat, A.M., Kalam, M.A., Masjuki, H.H., Jayed, M.H., 2010. Potential emissions
reduction in road transport sector using biofuel in developing countries. Atmos.
Environ. 44, 3869e3877.

Lin, B.-F., Huang, J.-H., Huang, D.-Y., 2009. Experimental study of the effects of
vegetable oil methyl ester on DI diesel engine performance characteristics and
pollutant emissions. Fuel 88, 1779e1785.

Mofijur, M., Atabani, A.E., Masjuki, H.H., Kalam, M.A., Masum, B.M., 2013a. A study
on the effects of promising edible and non-edible biodiesel feedstocks on en-
gine performance and emissions production: a comparative evaluation. Renew.
Sust. Energ. Rev. 23, 391e404.

Mofijur, M., Masjuki, H.H., Kalam, M.A., Atabani, A.E., 2013b. Evaluation of biodiesel
blending, engine performance and emissions characteristics of Jatropha curcas
methyl ester: Malaysian perspective. Energy 55, 879e887.

Mofijur, M., Masjuki, H.H., Kalam, M.A., Hazrat, M.A., Liaquat, A.M.,
Shahabuddin, M., Varman, M., 2012a. Prospects of biodiesel from Jatropha in
Malaysia. Renew. Sust. Energ. Rev. 16, 5007e5020.

Mofijur, M., Masjuki, H.H., Kalam, M.A., Shahabuddin, M., Hazrat, M.A.,
Liaquat, A.M., 2012b. Palm oil methyl ester and its emulsions effect on lubricant
performance and engine components wear. Energ. Procedia 14, 1748e1753.

Mrad, N., Varuvel, E.G., Tazerout, M., Aloui, F., 2012. Effects of biofuel from fish oil
industrial residue e diesel blends in diesel engine. Energy 44, 955e963.

Muralidharan, K., Vasudevan, D., Sheeba, K.N., 2011. Performance, emission and
combustion characteristics of biodiesel fuelled variable compression ratio en-
gine. Energy 36, 5385e5393.

Ndayishimiye, P., Tazerout, M., 2011. Use of palm oil-based biofuel in the internal
combustion engines: performance and emissions characteristics. Energy 36,
1790e1796.

Ng, J.-H., Ng, H.K., Gan, S., 2012a. Characterisation of engine-out responses from a
light-duty diesel engine fuelled with palm methyl ester (PME). Appl. Energ. 90,
58e67.

Ng, W.P.Q., Lam, H.L., Ng, F.Y., Kamal, M., Lim, J.H.E., 2012b. Waste-to-wealth: green
potential from palm biomass in Malaysia. J. Clean. Prod. 34, 57e65.

Qi, D.H., Chen, H., Geng, L.M., Bian, Y.Z., 2010a. Experimental studies on the com-
bustion characteristics and performance of a direct injection engine fueled with
biodiesel/diesel blends. Energ. Convers. Manag. 51, 2985e2992.

Qi, D.H., Chen, H., Geng, L.M., Bian, Y.Z., Ren, X.C., 2010b. Performance and com-
bustion characteristics of biodieseledieselemethanol blend fuelled engine.
Appl. Energ. 87, 1679e1686.

Rajaraman, S., Yashwanth, G.K., Rajan, T., Kumaran, R.S., Raghu, P., 2009. Experimental
investigations of performance and emission characteristics ofMoringa oleifera oil
methyl ester and its diesel blends in a single cylinder direct injection diesel en-
gine. In: Proceedings of the ASME 2009 International Mechanical Engineering
Congress & Exposition, November 13e19, Lake Buena Vista, Florida, USA.

Ramadhas, Muraleedharan, C., Jayaraj, S., 2005. Performance and emission evalu-
ation of a diesel engine fueled with methyl esters of rubber seed oil. Renew.
Energ. 30, 1789e1800.

Rashid, U., Anwar, F., Ashraf, M., Saleem, M., Yusup, S., 2011. Application of response
surface methodology for optimizing transesterification of Moringa oleifera oil:
biodiesel production. Energ. Convers. Manag. 52, 3034e3042.

Rashid, U., Anwar, F., Moser, B.R., Knothe, G., 2008. Moringa oleifera oil: a possible
source of biodiesel. Bioresour. Technol. 99, 8175e8179.

Shahabuddin, M., Liaquat, A.M., Masjuki, H.H., Kalam, M.A., Mofijur, M., 2013.
Ignition delay, combustion and emission characteristics of diesel engine fueled
with biodiesel. Renew. Sust. Energ. Rev. 21, 623e632.

http://refhub.elsevier.com/S0959-6526(13)00574-X/sref1
http://refhub.elsevier.com/S0959-6526(13)00574-X/sref1
http://refhub.elsevier.com/S0959-6526(13)00574-X/sref1
http://refhub.elsevier.com/S0959-6526(13)00574-X/sref1
http://refhub.elsevier.com/S0959-6526(13)00574-X/sref1
http://refhub.elsevier.com/S0959-6526(13)00574-X/sref2
http://refhub.elsevier.com/S0959-6526(13)00574-X/sref2
http://refhub.elsevier.com/S0959-6526(13)00574-X/sref2
http://refhub.elsevier.com/S0959-6526(13)00574-X/sref2
http://refhub.elsevier.com/S0959-6526(13)00574-X/sref3
http://refhub.elsevier.com/S0959-6526(13)00574-X/sref3
http://refhub.elsevier.com/S0959-6526(13)00574-X/sref3
http://refhub.elsevier.com/S0959-6526(13)00574-X/sref3
http://refhub.elsevier.com/S0959-6526(13)00574-X/sref4
http://refhub.elsevier.com/S0959-6526(13)00574-X/sref4
http://refhub.elsevier.com/S0959-6526(13)00574-X/sref4
http://refhub.elsevier.com/S0959-6526(13)00574-X/sref5
http://refhub.elsevier.com/S0959-6526(13)00574-X/sref5
http://refhub.elsevier.com/S0959-6526(13)00574-X/sref5
http://refhub.elsevier.com/S0959-6526(13)00574-X/sref5
http://refhub.elsevier.com/S0959-6526(13)00574-X/sref5
http://refhub.elsevier.com/S0959-6526(13)00574-X/sref6
http://refhub.elsevier.com/S0959-6526(13)00574-X/sref6
http://refhub.elsevier.com/S0959-6526(13)00574-X/sref6
http://refhub.elsevier.com/S0959-6526(13)00574-X/sref6
http://refhub.elsevier.com/S0959-6526(13)00574-X/sref7
http://refhub.elsevier.com/S0959-6526(13)00574-X/sref7
http://refhub.elsevier.com/S0959-6526(13)00574-X/sref7
http://refhub.elsevier.com/S0959-6526(13)00574-X/sref7
http://refhub.elsevier.com/S0959-6526(13)00574-X/sref8
http://refhub.elsevier.com/S0959-6526(13)00574-X/sref8
http://refhub.elsevier.com/S0959-6526(13)00574-X/sref8
http://refhub.elsevier.com/S0959-6526(13)00574-X/sref8
http://refhub.elsevier.com/S0959-6526(13)00574-X/sref9
http://refhub.elsevier.com/S0959-6526(13)00574-X/sref9
http://refhub.elsevier.com/S0959-6526(13)00574-X/sref9
http://refhub.elsevier.com/S0959-6526(13)00574-X/sref9
http://refhub.elsevier.com/S0959-6526(13)00574-X/sref9
http://refhub.elsevier.com/S0959-6526(13)00574-X/sref9
http://refhub.elsevier.com/S0959-6526(13)00574-X/sref10
http://refhub.elsevier.com/S0959-6526(13)00574-X/sref10
http://refhub.elsevier.com/S0959-6526(13)00574-X/sref10
http://refhub.elsevier.com/S0959-6526(13)00574-X/sref10
http://refhub.elsevier.com/S0959-6526(13)00574-X/sref11
http://refhub.elsevier.com/S0959-6526(13)00574-X/sref11
http://refhub.elsevier.com/S0959-6526(13)00574-X/sref11
http://refhub.elsevier.com/S0959-6526(13)00574-X/sref12
http://refhub.elsevier.com/S0959-6526(13)00574-X/sref12
http://refhub.elsevier.com/S0959-6526(13)00574-X/sref12
http://refhub.elsevier.com/S0959-6526(13)00574-X/sref12
http://refhub.elsevier.com/S0959-6526(13)00574-X/sref13
http://refhub.elsevier.com/S0959-6526(13)00574-X/sref13
http://refhub.elsevier.com/S0959-6526(13)00574-X/sref13
http://refhub.elsevier.com/S0959-6526(13)00574-X/sref14
http://refhub.elsevier.com/S0959-6526(13)00574-X/sref14
http://refhub.elsevier.com/S0959-6526(13)00574-X/sref14
http://refhub.elsevier.com/S0959-6526(13)00574-X/sref14
http://refhub.elsevier.com/S0959-6526(13)00574-X/sref15
http://refhub.elsevier.com/S0959-6526(13)00574-X/sref15
http://refhub.elsevier.com/S0959-6526(13)00574-X/sref15
http://refhub.elsevier.com/S0959-6526(13)00574-X/sref15
http://refhub.elsevier.com/S0959-6526(13)00574-X/sref16
http://refhub.elsevier.com/S0959-6526(13)00574-X/sref16
http://refhub.elsevier.com/S0959-6526(13)00574-X/sref16
http://refhub.elsevier.com/S0959-6526(13)00574-X/sref16
http://refhub.elsevier.com/S0959-6526(13)00574-X/sref16
http://refhub.elsevier.com/S0959-6526(13)00574-X/sref17
http://refhub.elsevier.com/S0959-6526(13)00574-X/sref17
http://refhub.elsevier.com/S0959-6526(13)00574-X/sref17
http://refhub.elsevier.com/S0959-6526(13)00574-X/sref17
http://refhub.elsevier.com/S0959-6526(13)00574-X/sref18
http://refhub.elsevier.com/S0959-6526(13)00574-X/sref18
http://refhub.elsevier.com/S0959-6526(13)00574-X/sref18
http://refhub.elsevier.com/S0959-6526(13)00574-X/sref18
http://refhub.elsevier.com/S0959-6526(13)00574-X/sref19
http://refhub.elsevier.com/S0959-6526(13)00574-X/sref19
http://refhub.elsevier.com/S0959-6526(13)00574-X/sref19
http://refhub.elsevier.com/S0959-6526(13)00574-X/sref19
http://refhub.elsevier.com/S0959-6526(13)00574-X/sref20
http://refhub.elsevier.com/S0959-6526(13)00574-X/sref20
http://refhub.elsevier.com/S0959-6526(13)00574-X/sref20
http://refhub.elsevier.com/S0959-6526(13)00574-X/sref20
http://refhub.elsevier.com/S0959-6526(13)00574-X/sref21
http://refhub.elsevier.com/S0959-6526(13)00574-X/sref21
http://refhub.elsevier.com/S0959-6526(13)00574-X/sref21
http://refhub.elsevier.com/S0959-6526(13)00574-X/sref21
http://refhub.elsevier.com/S0959-6526(13)00574-X/sref22
http://refhub.elsevier.com/S0959-6526(13)00574-X/sref22
http://refhub.elsevier.com/S0959-6526(13)00574-X/sref22
http://refhub.elsevier.com/S0959-6526(13)00574-X/sref22
http://refhub.elsevier.com/S0959-6526(13)00574-X/sref23
http://refhub.elsevier.com/S0959-6526(13)00574-X/sref23
http://refhub.elsevier.com/S0959-6526(13)00574-X/sref23
http://refhub.elsevier.com/S0959-6526(13)00574-X/sref23
http://refhub.elsevier.com/S0959-6526(13)00574-X/sref24
http://refhub.elsevier.com/S0959-6526(13)00574-X/sref24
http://refhub.elsevier.com/S0959-6526(13)00574-X/sref24
http://refhub.elsevier.com/S0959-6526(13)00574-X/sref25
http://refhub.elsevier.com/S0959-6526(13)00574-X/sref25
http://refhub.elsevier.com/S0959-6526(13)00574-X/sref25
http://refhub.elsevier.com/S0959-6526(13)00574-X/sref25
http://refhub.elsevier.com/S0959-6526(13)00574-X/sref26
http://refhub.elsevier.com/S0959-6526(13)00574-X/sref26
http://refhub.elsevier.com/S0959-6526(13)00574-X/sref26
http://refhub.elsevier.com/S0959-6526(13)00574-X/sref26
http://refhub.elsevier.com/S0959-6526(13)00574-X/sref26
http://refhub.elsevier.com/S0959-6526(13)00574-X/sref26
http://refhub.elsevier.com/S0959-6526(13)00574-X/sref27
http://refhub.elsevier.com/S0959-6526(13)00574-X/sref27
http://refhub.elsevier.com/S0959-6526(13)00574-X/sref27
http://refhub.elsevier.com/S0959-6526(13)00574-X/sref27
http://refhub.elsevier.com/S0959-6526(13)00574-X/sref27
http://refhub.elsevier.com/S0959-6526(13)00574-X/sref27
http://refhub.elsevier.com/S0959-6526(13)00574-X/sref28
http://refhub.elsevier.com/S0959-6526(13)00574-X/sref28
http://refhub.elsevier.com/S0959-6526(13)00574-X/sref28
http://refhub.elsevier.com/S0959-6526(13)00574-X/sref28
http://refhub.elsevier.com/S0959-6526(13)00574-X/sref29
http://refhub.elsevier.com/S0959-6526(13)00574-X/sref29
http://refhub.elsevier.com/S0959-6526(13)00574-X/sref29
http://refhub.elsevier.com/S0959-6526(13)00574-X/sref29
http://refhub.elsevier.com/S0959-6526(13)00574-X/sref30
http://refhub.elsevier.com/S0959-6526(13)00574-X/sref30
http://refhub.elsevier.com/S0959-6526(13)00574-X/sref30
http://refhub.elsevier.com/S0959-6526(13)00574-X/sref31
http://refhub.elsevier.com/S0959-6526(13)00574-X/sref31
http://refhub.elsevier.com/S0959-6526(13)00574-X/sref31
http://refhub.elsevier.com/S0959-6526(13)00574-X/sref31


Md.M. Rahman et al. / Journal of Cleaner Production 65 (2014) 304e310310
Shahabuddin, M., Masjuki, H.H., Kalam, M.A., Mofijur, M., Hazrat, M.A.,
Liaquat, A.M., 2012. Effect of additive on performance of C.I. engine fuelled with
bio diesel. Energ. Procedia 14, 1624e1629.

Sahoo, P.K., Das, L.M., Babu, M.K.G., Arora, P., Singh, V.P., Kumar, N.R., Varyani, T.S.,
2009. Comparative evaluation of performance and emission characteristics of
jatropha, karanja and polanga based biodiesel as fuel in a tractor engine. Fuel
88, 1698e1707.

Silalertruksa, T., Bonnet, S., Gheewala, S.H., 2012. Life cycle costing and externalities
of palm oil biodiesel in Thailand. J. Clean. Prod. 28, 225e232.

Silitonga, A.S., Atabani, A.E., Mahlia, T.M.I., Masjuki, H.H., Badruddin, Irfan Anjum,
Mekhilef, S., 2011. A review on prospect of Jatropha curcas for biodiesel in
Indonesia. Renew. Sust. Energ. Rev. 15, 3733e3756.

Shuit, S.H., Tan, K.T., Lee, K.T., Kamaruddin, A.H., 2009. Oil palm biomass
as a sustainable energy source: a Malaysian case study. Energy 34, 1225e
1235.
Tan, P.-q., Hu, Z.-y., Lou, D.-m., Li, Z.-j., 2012. Exhaust emissions from a light-duty
diesel engine with Jatropha biodiesel fuel. Energy 39, 356e362.

Tsolakis, A., Megaritis, A., Wyszynski, M.L., Theinnoi, K., 2007. Engine performance
and emissions of a diesel engine operating on diesel-RME (rapeseed methyl
ester) blends with EGR (exhaust gas recirculation). Energy 32, 2072e2080.

University Science Malaysia (USM), 2012. Personal communication.
Wander, P.R., Altafini, C.R., Colombo, A.L., Perera, S.C., 2011. Durability studies of

mono-cylinder compression ignition engines operating with diesel, soy and
castor oil methyl esters. Energy 36, 3917e3923.

Wang, X., Ge, Y., Yu, L., Feng, X., 2013. Comparison of combustion characteristics and
brake thermal efficiency of a heavy-duty diesel engine fueled with diesel and
biodiesel at high altitude. Fuel 107, 852e858.

Zhang, Z., Batterman, S., 2010. Near-road air pollutant concentrations of CO and PM
2.5: a comparison of MOBILE 6.2/CALINE4 and generalized additive models.
Atmos. Environ. 44, 1740e1748.

http://refhub.elsevier.com/S0959-6526(13)00574-X/sref32
http://refhub.elsevier.com/S0959-6526(13)00574-X/sref32
http://refhub.elsevier.com/S0959-6526(13)00574-X/sref32
http://refhub.elsevier.com/S0959-6526(13)00574-X/sref32
http://refhub.elsevier.com/S0959-6526(13)00574-X/sref33
http://refhub.elsevier.com/S0959-6526(13)00574-X/sref33
http://refhub.elsevier.com/S0959-6526(13)00574-X/sref33
http://refhub.elsevier.com/S0959-6526(13)00574-X/sref33
http://refhub.elsevier.com/S0959-6526(13)00574-X/sref33
http://refhub.elsevier.com/S0959-6526(13)00574-X/sref34
http://refhub.elsevier.com/S0959-6526(13)00574-X/sref34
http://refhub.elsevier.com/S0959-6526(13)00574-X/sref34
http://refhub.elsevier.com/S0959-6526(13)00574-X/sref35
http://refhub.elsevier.com/S0959-6526(13)00574-X/sref35
http://refhub.elsevier.com/S0959-6526(13)00574-X/sref35
http://refhub.elsevier.com/S0959-6526(13)00574-X/sref35
http://refhub.elsevier.com/S0959-6526(13)00574-X/sref36
http://refhub.elsevier.com/S0959-6526(13)00574-X/sref36
http://refhub.elsevier.com/S0959-6526(13)00574-X/sref36
http://refhub.elsevier.com/S0959-6526(13)00574-X/sref37
http://refhub.elsevier.com/S0959-6526(13)00574-X/sref37
http://refhub.elsevier.com/S0959-6526(13)00574-X/sref37
http://refhub.elsevier.com/S0959-6526(13)00574-X/sref38
http://refhub.elsevier.com/S0959-6526(13)00574-X/sref38
http://refhub.elsevier.com/S0959-6526(13)00574-X/sref38
http://refhub.elsevier.com/S0959-6526(13)00574-X/sref38
http://refhub.elsevier.com/S0959-6526(13)00574-X/sref39
http://refhub.elsevier.com/S0959-6526(13)00574-X/sref39
http://refhub.elsevier.com/S0959-6526(13)00574-X/sref39
http://refhub.elsevier.com/S0959-6526(13)00574-X/sref39
http://refhub.elsevier.com/S0959-6526(13)00574-X/sref40
http://refhub.elsevier.com/S0959-6526(13)00574-X/sref40
http://refhub.elsevier.com/S0959-6526(13)00574-X/sref40
http://refhub.elsevier.com/S0959-6526(13)00574-X/sref40
http://refhub.elsevier.com/S0959-6526(13)00574-X/sref41
http://refhub.elsevier.com/S0959-6526(13)00574-X/sref41
http://refhub.elsevier.com/S0959-6526(13)00574-X/sref41
http://refhub.elsevier.com/S0959-6526(13)00574-X/sref41

	Performance and emission analysis of Jatropha curcas and Moringa oleifera methyl ester fuel blends in a multi-cylinder dies ...
	1 Introduction
	2 Materials and methods
	2.1 Materials
	2.2 Production of J. curcas and M. oleifera methyl esters
	2.3 Analysis of properties
	2.4 Fatty acid composition
	2.5 Biodiesel blending
	2.6 Engine tests

	3 Results and discussion
	3.1 Characterization of M. oleifera methylester and its blends
	3.2 Engine performance
	3.2.1 Brake power (BP)
	3.2.2 Brake specific fuel consumption (BSFC)

	3.3 Emissions analysis
	3.3.1 CO emissions
	3.3.2 HC emissions
	3.3.3 NO emissions
	3.3.4 CO2 emissions


	4 Conclusions
	Acknowledgments
	References


