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Comparison between Straight Vegetable Oil and Mineral
Diesel
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This study was primarily focused on analyzing particulate mat-
ter coming out of engine exhaust from diesel and straight veg-
etable oils (SVO) for the following parameters: (1) Benzene soluble
organic fraction (BSOF), (2) Metal traces, and (3) Particulate sur-
face morphology. Hence, the exhaust from a small compression
ignition (CI) engine emitted under varying engine load conditions
at constant engine speed was extensively analyzed for its chemical
constituents and PM morphology. Two fuels, namely mineral diesel
and straight vegetable oil, were tested with this engine and the en-
gine emissions were compared in order to assess their relative toxic
potential. One of the major findings of this study suggested that by
preheating, viscosity of vegetable oil can be lowered to the level of
mineral diesel, and vegetable oil gives better particulate emission
results than mineral diesel in terms of lower toxic metal emissions
as well as less soot formation.

INTRODUCTION
Particulates produced by compression ignition are always of

concern to engine manufacturers because they influence engine
performance and wear; however, nowadays because of their im-
pact on the human health, they have become a major concern to
the manufacturers. The main concerns about particulates are en-
vironmental impact, adverse health effects, decreased visibility,
and soiling of buildings. A strong relationship between expo-
sure to internal combustion engine related air pollutant emis-
sions and adverse human health impacts is now well established
(Kunzli et al. 2000; Krzyzanowski et al. 2005; Schlesinger et
al. 2006). More than 40 components of the engine exhaust have
been listed as toxic air contaminants (TACs) by the Californian
Air Resources Board (CARB 1998).

Using straight vegetable oils (SVO) in diesel engines is not a
new idea. Rudolf Diesel first used peanut oil as a fuel for demon-
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stration of his newly developed compression ignition (CI) en-
gine in year 1910. Later with the availability of cheap petroleum,
crude oil fractions were refined to serve as “diesel,” a fuel for
CI engines. Nowadays, due to limited resources of fossil fuels,
rising crude oil prices, and the increasing concerns for environ-
ment, there has been renewed focus on vegetable oils and animal
fats as an alternative to petroleum fuels.

Vegetable oil is easily available worldwide. It is a renewable
fuel with short carbon cycle period (1–2 years compared to
millions of year for petroleum fuels) and is environment friendly
(Peterson and Hustrulid 1998). These are the triggering factors
for research all over the world to consider vegetable oils and
their derivatives as alternative to petroleum diesel. However, a
major disadvantage of vegetable oil is its viscosity, which is
an order of magnitude higher than that of mineral diesel. The
fuel injection system of new technology engines is sensitive
to fuel viscosity changes. High viscosity of the vegetable oil
leads to poor fuel atomization, which in turn may lead to poor
combustion, ring sticking, injector cocking, injector deposits,
injector pump failure, and lubricating oil dilution by crank-case
polymerization (Agarwal and Das 2001; Agarwal et al. 2003).
Viscosity of the vegetable oils must be reduced in order to
improve its engine performance. Heating, blending with diesel,
and transesterification are some of the methods used to reduce
viscosity of vegetable oils.

Straight vegetable oil is an important fuel resource. It is also
an oxygenate fuel. In the case of straight vegetable oil, its vis-
cosity and low calorific values at same density as diesel makes
it a poor alternative fuel but a good and easily available fuel.
Injector coking due to higher fuel viscosity is the major prob-
lem with this alternative fuel. Oxygenates are burned neat or
more typically as oxygenate–diesel blends and their particulate
suppressing properties are well documented. Before choosing
any particular oxygenate as a renewable fuel for technical feasi-
bility, a wide range of criteria other than reliable clean burning
combustion must be checked. Examples of that criteria can be
ignitability, long-term stability, corrosiveness, polymerization
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compatibility, toxicity, lubricity (Geller and Goodrum 2004),
solubility in diesel (Zhao et al. 2005), viscosity, volatility (Vertin
et al. 1999), and degradability. There is also susceptibility to
injector nozzle coking (Labeckas and Slavinskas 2005), espe-
cially in the case of straight vegetable oils utilization. If bulk
fuel properties such as density and viscosity are altered, then
certain effects might be observed not in the combustion, but
in the geometry of fuel spray, the atomization of the fuel,
or even in the flow characteristics of fuel within the injector
nozzle.

Composition of Particulate
Diesel exhaust is a complex mixture of organic and inor-

ganic compounds and gas, liquid, and solid phase materials.
Diesel particulate matter consists of an elemental carbon core
with several organic compounds (soluble and insoluble in or-
ganic solvents), sulfates, nitrogen oxides, heavy metals, trace
elements, and irritants (such as acrolein, ammonia, acids, fuel
vapors, unburned lubricating oils, moisture) absorbed to its sur-
face. They include classes of compounds such as aldehydes,
alkanes, and alkenes (both straight and branched chain), and aro-
matic compounds (single rings, substituted, and poly-nuclear).
Any of these species may also contain functional groups such
as carbonyl (C=O), hydroxyl (OH), and nitro (NO2). These or-
ganic compounds originate primarily from the unburned fuel
and the lubricating oil, although some may be formed during
the combustion process and/or reaction with catalysts. The in-
organic species include sulfur, oxygen, carbon, and nitrogen-
containing compounds such as sulfate (SO4), carbon monoxide
(CO), elemental carbon, and oxides of nitrogen (NOX). Some
of these compounds may also have their origin from the fuel,
especially those containing sulfur and carbon (Johnson et al.
1994). About 90% of diesel particulate encompass a size range
from 7.5 nm to 1.0 µm (Baumgard and Johnson 1992). The
carcinogenic effect related to diesel exhaust particles is now
considered to have at least two components, one related to the
inorganic “carbon core” or SOL (solid or insoluble) portion and
the other due to the adsorbed organics or BSOF (benzene soluble
organic fraction) portion. Several recent laboratory studies with
rats have indicated that the SOL portion is probably essential
for tumor formation for initiation (Mauderly et al. 1991, 1992;
Heinrich 1993; Nikula et al. 1993). The associated BSOF, par-
ticularly the poly-nuclear aromatic hydrocarbons (PAH) and the
nitro-PAH, could have a contribution to the overall carcinogenic
effect (Atkinson and Arey 1994). Therefore BSOF is generally
considered to be a marker of toxicity.

Metallic elements emitted from engine include silicon, cop-
per, calcium, zinc, lead, manganese, and chromium (Hare 1977).
Calcium, phosphorous, and zinc are normally present in engine
lubricating oil as organo-metallic additives. In one study, cal-
cium was found to be the dominant metallic element in diesel
particulate matter, with levels ranging from 0.01 to 0.29% (w/w).
Phosphorous, silica, and zinc were the next most abundant

species found and sodium, iron, nickel, barium, chromium, and
copper were barely present and were below detection limits of
the instrument (Springer 1997). Silicon, iron, zinc, calcium, and
phosphorous were observed and together constituted up to about
0.5% of total diesel particulate matter with emission rate of 1.02
mg/ km reported as engine transient test emissions of metals for
a medium duty truck (Norbeck et al. 1998).

Health Effects
Researchers have carried out tests using animals and models

to determine the mechanisms associated with pulmonary cancer
caused by diesel exhaust particles. In 1996, a study carried out
by Sjogren et al. used multivariate statistical methods to identify
factors that affect the biological potency of the exhaust, analyzed
physical and chemical characteristics of particulate matter emit-
ted and performed an Ames test to evaluate the mutagenicity
potential of the exhaust. A study conducted for inhalable total
suspended particulates (TSP) from the urban area, diesel and
gasoline exhaust particles, and urban street dusts suggested that
the deposition of metals (like Iron) on the lower airway would
probably generate hydroxyl radicals, which would trigger the
production of oxygen free radicals and finally cause both acute
and chronic lung injuries (Valavanidis et al. 2000). Metals orig-
inating from combustion sources like As, V, Cu, and Zn can
initiate epidermal growth factor (EGF) receptor signaling in a
human airway epithelial cell line suggesting inflammation and
they can probably also show synergistic effects in the presence
metals like Fe, Pb, and Mn originating from other environmental
sources like steel mills. Few recent findings have indicated that
these metals activate epidermal growth factor receptor (EGFR)
and lead to increases in the levels of guanosine triphosphate-
bound Ras in human lung cells (Wu et al. 2001).

In one study, healthy human volunteers were exposed for
short duration to concentrated ambient particles (Ghio 2000).
The aerosols were extensively characterized and detail mea-
surements of several health parameters were carried out. A
subsequent principal component analysis linked specific water-
soluble components of the PM collected on filters to both the
neutrophil influx and elevation in blood fibrinogen. A sul-
fate/iron/selenium factor, which may be attributed to photo-
chemical air pollution, was associated with the neutrophil in-
crease in the lavage, while a copper/zinc/vanadium factor, which
was likely related to various combustion processes, was linked
to increase in blood fibrinogen (Ghio 2004).

This study is focused on analyzing particulate matter com-
ing out of engine exhaust from diesel and straight vegetable
oils for the following parameters: (1) Benzene soluble organic
fraction (BSOF), (2) metal traces, and (3) particulate surface
morphology. Therefore, the objectives of the present article is to
characterize the compression ignition (CI) engine exhaust un-
der varying engine load conditions at constant engine speed and
assess their relative toxic potential.
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TABLE 1
Experimental engine specifications

Kirloskar Oil
Manufacturer Engines Ltd, India

No. of cylinders One
Combustion system Direct injection
Bore/Stroke (mm) 102 / 116 mm
Engine displacement (cc) 948 cc
Compression ratio 17.5
Nozzle opening pressure 200–205 bars
Rated power 7.4 kW (10.0 hp) at 1500 rpm
Engine weight and fly

wheel weight
127 kg and 64 kg

Starting Hand start with cranking handle

EXPERIMENTAL SETUP
For the comparative study of straight vegetable oil and min-

eral diesel, a small single cylinder, direct injection, constant
speed engine (Make: Kirloskar Oil Engines Limited, Pune;
Model: DM10) (Figure 1) was used. This engine is typically
used in agriculture sector for irrigation purposes as-well-as in
small decentralized engine gensets. A schematic diagram of the
engine with alternator and heat exchanger devised for the pur-
pose of using straight vegetable oils is shown in Figure 1. The
heat exchanger uses the waste heat of the exhaust gases in or-
der to pre-heat the vegetable oils so that their viscosity comes
in a range closer to mineral diesel. A single phase AC alter-
nator was used for loading the engine to desired levels. The
electricity thus generated by the alternator was consumed in a
specially fabricated load bank. Engine specifications are given in
Table 1.

Experiments were performed at different loads at constant
speed since this engine always operates at constant speed due to
the restriction of producing the same amount of voltage across
the alternator terminals. To characterize emissions, the engine
was operated on some specific operating points.

TABLE 2
Filters selection for different investigations

Sampling
S. No. Investigation Type of filter duration

1 Trace metals AQ F/A (047)
Tissue-quartz

5–7 min

2 Benzene Soluble
Organic
Fraction

AQ F/A (047)
Tissue-quartz

30–35 min

3 Scanning Electron
Micrograph

GF/A (047) Glass
fiber

30 min

Particulate matter emitted from the engine tail pipe after
dilution through partial dilution tunnel was collected through
Tissue-Quartz filter (QF/A, 47 mm, Make: Whatman products),
specified in NIOSH method 5040 for Elemental Carbon (Diesel
Particulate) (Table 2). Filters were kept in desiccators for 12 h
before and after sample collection, which made sure the pre-
cise mass of particulate matter. Glass vessels were thoroughly
cleaned with 4% concentrated HNO3and MIlli-Q water.

Test Methods
Initially, filter papers were desiccated for 12 h in anhydrous

silica gel desiccators and then weighed. For collecting a sample,
one filter paper was placed in filter holder assembly of the partial
dilution tunnel used in the experimental setup. After running the
engine at desired load and speed and collecting the particulates
through partial flow dilution tunnel for a predetermined period
of time, the filter papers were removed carefully from the fil-
ter assembly and again kept in desiccators. These filter papers
were then analyzed for characterization of metals and BSOF in
particulates.

Estimation of Metals in Mineral Diesel, Straight Vegetable Oil,
and Lubricating Oil

The sample preparation of mineral diesel, straight vegetable
oil, and lubricating oil was carried out using fast responsive

FIG. 1. Schematic diagram of single cylinder agricultural engine setup with a heat exchanger.
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temperature controlled furnace. 0.5 g of any fuel or lubricating
oil was taken in an inert vessel to which 9 ml of concentrated
HNO3 was added. USEPA 3052 method was used for this di-
gestion. Temperature of each sample was raised to 180◦C in
5.5 min and then kept constant at 180◦C for another 9.5 min.
After digestion, the acid was measured and was diluted three
times with Milli-Q water and further stored in inert bottles. This
solution is then filtered by 0.22 µm filter. Concentrations of
Ca, Cd, Cr, Fe, Mg, Ni, Na, Pb, Zn, and Cu were determined
in all above samples using ICP-Optical Emission Spectrometer
(USEPA method 3052).

Heavy Metal Analysis in Particulates
In the present study, sample extraction was carried out using

the hot plate digestion method (USEPA SW-846, method 3015).
This digestion procedure is used for preparing samples, which
are to be analyzed by ICP-OES (Make: Thermo, USA; Model
6300 duo ICAP). One half of the sample laden filter was cut into
small pieces using plastic scissors and then put into a inert bottle,
in which 15 ml of concentrated HNO3 was added. The remaining
half of the filter paper was taken in a similar way into another
bottle. Temperature of each sample was raised to 175◦C in less
than 5.5 min and maintained at 175◦C for more than 4.5 min.
After digestion, the acid from the two vessels was combined and
filtered through a 0.22 micron Millipore filter paper. The filtrate
was measured and diluted 3 times with Milli-Q water and then
further stored in inert bottles. Reference was taken as analytical
blank filter paper and 30 ml of conc. HNO3 (Suprapure, Merck),
10% of blanks from the same lot of filter papers were used to get
a best representative average blank concentration. By the above
described method, concentrations of Ca, Cu, Cr, Mg, Fe, Na,
Ni, Pb, and Zn were analyzed by ICP-OES.

Inductively coupled plasma-optical emission spectrometry
(ICP-OES) is an analytical technique used for the detection of
trace metals. It is a type of emission spectroscopy that uses in-
ductively coupled plasma to produce excited atoms and ions that
emit electromagnetic radiation at wavelengths characteristic to
a particular element.The intensity of this emission is indicative
of the concentration of the element within the sample. Argon
gas is used to create the plasma. A peristaltic pump delivers an
aqueous or organic sample into a nebulizer, where it is atomized
and introduced directly inside the plasma flame. The sample
immediately collides with the electrons and other charged ions
in the plasma and is broken down into charged ions. The vari-
ous molecules break up into their respective atoms, which then
loose electrons and recombine repeatedly in the plasma, giv-
ing off the characteristic wavelengths of the elements involved,
which are compared with those emitted by pure standards to
derive elemental concentrations in the given sample.

Benzene Soluble Organic Fraction in Particulates
Before sampling, filters were desiccated for about 12 h. After

sample collection using partial flow dilution tunnel, particulate
laden filters were kept for desiccation for another 12 h and

their final weight was noted. Filters papers were cut into small
pieces using metal scissors and then placed into a reagent bottle,
thereafter 20 ml of benzene was added to it. This reagent bottle
was kept in ultrasonic bath for 20 min thereafter sample was
decanted and filtered through 0.45 micron Millipore filter paper.
The filtrate was collected in a 100 ml beaker. The procedure
was repeated with another 10 ml of benzene in the same reagent
beaker. These 100 ml beakers were covered with aluminum foil
having holes and were kept in oven at 40◦C for 12 to 18 h
until the sample dried. The initial and final weight of the beaker
was measured to estimate the total mass of benzene soluble
organic fraction in the sample (ASTM 2001). In order to check
the reference concentration, blank filters were used to benzene
extraction as per the same ASTM standard.

RESULTS AND DISCUSSION

Metals in Mineral Diesel, Straight Vegetable Oil, and
Lubricating Oil

The results of the metals analysis in mineral diesel, straight
vegetable oil, and lubricating oils are given in Table 3. The SVO
selected for the present investigation is Karanja oil, which is
essentially a surplus non-edible vegetable oil from tree-origin
and has been recommended by planning commission of India
as one of the potential biodiesel feedstock oils (Agarwal et al.
2009; Bajpai et al. 2009; Murugesan et al. 2009; Srivastava
et al. 2008).

Ten percent nos. analytical blank filters are used for deter-
mining metal concentrations in blank filters using the ICP-OES
spectrophotometer. All the data presented in this article has been
corrected for the average blank readings.

Metals in Engine Exhaust Particulates
Experimental study showed that concentrations of Fe, Mg,

Ca, and Na were much higher than those of Cu, Ni, Pb, and Zn.

TABLE 3
Concentration of various metals in diesel, straight vegetable

oil, and lubricating oil samples

Diesel Karanja oil Lubricating oil
Metals (µg/g) (µg/g) (µg/g)

Ca 902.3 271.4 2046.8
Co 2.3 7 2.6
Cr 58.7 19.8 76
Cu 9 2 4.3
Fe 402.3 326 827
Mg 1162.3 468.2 3618.1
Ni 31.8 ND 76
Pb 8 2 8
Zn 271 167.8 832.4
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Calcium (Ca)
Figure 2 shows Ca concentration in milligrams per gram

of exhaust particulate matter. As shown in the figure, K20 ex-
haust shows the maximum Ca concentration, followed by diesel
exhaust and lowest Ca concentration was seen in heated K100
exhaust. All these curves showed decreasing trend with increase
in load.

Heated K100 exhaust particulate showed very low Ca con-
centration ranging from 4 to 18 mg/g, whereas 20 percent blend
of Karanja oil (K20) exhaust particulate showed the maximum
Ca concentration ranging from 21 to 51 mg/gm. Lubricating oil
and diesel has Ca in relatively large quantities, hence presence
of Ca in diesel exhaust particulate is obvious. However K20
exhaust (K20E) shows maximum Ca concentration. K20 has
80% mineral diesel so all the metals presents in the diesel are
present in K20 exhaust. Due to addition of 20% unheated SVO,
viscosity of the blend rises. The viscosity of different fuels at
40◦C is as follows:

Viscosity of Diesel @ 40◦C = 2.61 cSt,
Viscosity of Karanja oil @ 40◦C = 37.0 cSt,
Viscosity of K20 @ 40◦C = 8.3 cSt

This higher viscosity of K20 leads to poor spray characteris-
tics, larger droplet size, and hence higher momentum of droplets.
Due to this, fuel droplets strike cylinder liner walls causing di-
lution of the lubricating oil film present on liner walls and thus
partial combustion/pyrolysis of the lubricating oil. Dilution of
oil film causes higher wear of liner walls in the cylinder and
the lubricating oil gets mixed with fuel, thus the burning of fuel
mixed with higher mounts of lubricating oil gives very high lev-
els of metal concentrations in exhaust particulate. Lubricating
oil contains very high level of Ca concentration as compared to
any fuel as seen from Table 3.

Copper (Cu)
Figure 2 presents Cu concentration in particulates drawn

from diesel, K20, and heated K100 exhaust at varying load
conditions. K20 exhaust particulate show the highest Cu con-
centration with diesel exhaust particulate having values very
close to it. One possible reason for higher concentration of cop-
per in K20 exhaust particulate can be higher viscosity of K20,
as explained earlier. Kinematic viscosity of K20 is relatively
higher (8.3 cSt @ 40◦C) in comparison to kinematic viscosity
of mineral diesel (2.61 cSt @ 40◦C). Higher viscosity of K20
leads to poor spray characteristics and larger droplet size which
leads to mixing of fuel with lubricating oil and finally burn-
ing of lubricating oil. Heated K100 exhaust particulates show
the lowest or close to zero Cu concentration while the exhaust
particulates from diesel and K20 are very close to each other.

Magnesium (Mg)
Figure 2 presents Mg concentration in particulates drawn

from mineral diesel, K20, and heated K100 exhaust at vary-

ing load conditions. K20 exhaust particulates show the highest
Mg concentration at all engine loads except no load condition.
Heated K100 exhaust particulates show the lowest Mg concen-
tration among them. From Table 3, we can see diesel has 1.1623
mg/g, Karanja oil 0.4682 mg/g, and lubricating oil 3.6181 mg/g
magnesium.

Iron (Fe)
Figure 2 presents iron concentration in particulates drawn

from diesel, K20, and preheated K100 exhaust at varying engine
load conditions. K20 exhaust particulates show the highest iron
concentration, which very sharply goes down with increasing
engine load. For loads above 40%, DE and K20 exhaust both
shows the same concentration of Fe. Preheated K100 exhaust
particulate show the lowest Fe concentration among them. K100
exhaust has relatively high Fe concentration at no load and then
it decreases very sharply on increasing the engine load.

Sodium (Na)
Figure 2 presents sodium concentration in particulates drawn

from diesel, K20, and heated K100 exhaust at varying engine
load conditions. Diesel exhaust particulates show the highest
sodium concentration.

Nickel (Ni)
Figure 2 presents nickel concentration in particulates drawn

from diesel, K20, and preheated K100 exhaust at varying en-
gine load conditions. Only diesel exhaust particulate show the
presence of nickel. Since only lubricating oil and mineral diesel
have nickel as a constituent. So absence of nickel in preheated
K100 was expected. Though lubricating oil has Ni content but
inherent lubricating properties of vegetable oil prevent presence
of Ni in exhaust particulate.

Lead (Pb)
Figure 2 presents lead concentration in particulates drawn

from diesel, K20, and preheated K100 exhaust at varying load
conditions. Diesel exhaust particulates show the average high
lead concentration. From Table 3, it can be noticed that diesel
has 8 µg/g, Karanja oil has 2 µg/g, and lubricating oil has 8
µg/g lead. Heated K100 shows very low Pb concentration for
all load conditions.

Zinc (Zn)
Figure 2 presents zinc concentration in particulate drawn

from diesel, K20, and preheated K100 exhaust at varying en-
gine load conditions. Diesel exhaust particulate show the highest
zinc concentration. From Table 3, diesel has 271 µm/g, Karanja
oil 167.8 µg/g, and lubricating oil has 832.4 µg/g Zn as a con-
stituent. Though lubricating oil has very high concentration of
zinc, K20 showed consistently lesser zinc content than diesel
exhaust particulate. Heated K100 showed very low Zn concen-
tration for all load conditions.
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FIG. 2. Concentration of various metals in exhaust particulates with varying engine load conditions.

Ca, Mg, and Na are not harmful to humans at the engine
emission concentrations presented above. All the curves for the
metals of different fuels follow the same trend of having the
highest concentrations of metals at the lowest engine loads and
with a continuously decreasing trend, lowest values being for
either 60% or at 80% rated loads. For diesel, lowest metal con-
centrations are found at 60% rated loads as combustion quality
was observed to be relatively inferior for loads higher than 60%
rated load.

K20 has generally shown the highest concentrations for many
of the metals among three fuels used, namely, heated K100, K20,

and mineral diesel. A most obvious reason for this is mixing of
fuel with lubricating oil, which leads to increased viscosity of
fuel blend, and higher engine component wear. K100, if heated
properly to 65–70◦C at injector, has viscosity very close to
mineral diesel. Heated K100 at no load condition gives relatively
higher level of concentration compared to higher load conditions
and the steepness of curve between no load and 20% rated load
condition is maximum. For no load condition, preheating of
vegetable oil to required temperature is not efficient because the
exhaust temperatures are also low and amount of exhaust is low
too. Hence, even if the temperature is kept stabilized for mineral
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FIG. 3. SOF percentage in terms of mass of TPM with varying load condi-
tions.

diesel at no load, after switching to K100, it starts decreasing,
and this can be one of the reasons for relatively higher metal
concentration at no load condition.

Metal concentration for heated K100 is the lowest because
vegetable oil contains very low metal concentrations. Viscos-
ity of heated SVO is equivalent to mineral diesel, hence no
operational problems related to fuel injection system were ob-
served and mixing of fuel with lubricating oil was also not an
issue. SVO is an oxygenated fuel, hence stability of combustion
at higher load is superior to mineral diesel and the amount of
smoke coming out of engine is less for heated K100. K20 is
also an oxygenated fuel and it contains more oxygen than min-
eral diesel but gives more smoke than mineral diesel due to its
increased fuel viscosity.

The absence of incombustible ash in SVO makes them a
nonparticipant responsible for metal emissions. Since SVO are
essentially composed of purely organic compounds, it leads to
no contribution toward ash fraction and also their sulfur levels
are low or negligible, which results in no contribution to the
sulfate fraction. These are some welcome facts which make
SVO a desired partial replacement for mineral diesel.

Benzene Soluble Organic Fraction (BSOF)
As it is shown in the Figure 3, heated K100 shows the highest

SOF percentage in terms of mass of particulate matter. Lowest
SOF percentage among heated K100, K20, and diesel is for the
mineral diesel exhaust particulate matter.

Curves for all three fuels follow the same trend and all the
curves have their maximum value at the start and it goes down
with an increase in engine load. BSOF percentage for K20 re-
mains close to mineral diesel for low load conditions but as
the load increases, i.e., amount of fuel injected increases, kine-
matic viscosity (Karanja 37.0 cSt and diesel 2.61 cSt@ 40◦C)
of 20% SVO comes into the picture, and amount of unburned
fuel increases, i.e., BSOF percentage increases.

Figure 3 shows that heated K100 gives higher percentage
of BSOF for low load conditions and it comes down as load
increases. For low load operating conditions exhaust is not very
hot, hence preheating of K100 in heat exchanger by heated
engine exhaust is not sufficient, this situation persists until 20%

load condition. For loads higher than 20%, preheating of K100
oil is sufficient but BSOF percentage for SVO remains still on
the higher side; one of the reasons for that can be low calorific
value of Karanja oil (i.e., Diesel 43.06 MJ/Kg, Karanja Oil
41.66 MJ/Kg). Low calorific value for Karanja implies larger
quantities of fuel to be injected for the same amount of power
to be produced. For 80% load condition, combustion stability
comes into the picture, which proves to be better in the case of
heated K100 hence less unburned hydrocarbons.

Past studies also suggest observation of variable effects on
the organic fraction: e.g., the particulate mass is lower but the
carbonaceous organic ratio remains unchanged, suggesting that
both the fractions are proportionally decreased (Yeh et al. 2001);
or there is no consistent trend (Litzinger et al. 2000). More com-
monly filter deposits are “wetter” and lighter in colors (Suppes
et al. 1999), both observation suggests greater organic fraction
(Sidhu et al. 2001), i.e., preferential reduction in soot (Lapuerta
et al. 2005) or perhaps of greater gas to particle conversion
among organic compounds than with diesel. Filter deposits may
also become lighter simply because the reduction in carbona-
ceous particulate allows lubricant derived organic particulate to
become more prominent by proportion or increase in organic
particulate out weighs the decrease in carbonaceous particulate
(Bechtold et al. 1991). Smoke readings responding to blackness
register only decrease in carbonaceous particulates (Grimaldi
et al. 2002). Contrary trends between hydrocarbon and organic
particulates (Romig et al. 1996) suggest subtle differences in gas
to particle conversion and in volatilities between oxygenates and
diesel fuel, e.g., with vegetable oils, the organic fraction has a
larger contingent of high molecular weight compounds than
with diesel (Trapel et al. 2005).

The soot suppression seems not to arise simply through dis-
placing diesel fuel; and it might equally proceed through dis-
couraging soot formation or encouraging soot oxidation as both
routes, accomplishing the same aim. Another argument can be
the combustion process particularly if fuel rich regions are sim-
ply furnished with more oxygen (Rakopoulos and Antonopoulos
2006) and oxidizing rather than pyrolytic reactions are there. In
this understanding, the mixture is in effect leaned through the in-
ternal oxygen present (via the fuel), contrary to external oxygen
(via the air), which has no part in excess oxygen.

Particulate Surface Morphology
Scanning electron microscopy (SEM) provides analysis of

particulate size, and microscopic structure of the particulates
(Figure 4). Particulate samples were collected from the engine
using three fuels (mineral diesel, preheated K100, and K20) at
five different load operating conditions.

Particulate surface morphology changes with engine load and
fuel composition, e.g., granular with fine spherules are emitted
at high speeds and whereas granular but bigger size particles are
emitted at high load conditions. Layered and plate-like struc-
tures are emitted at low speed and low load conditions.
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FIG. 4. SEM micrographs of particulates at different engine loads for different fuels.

SEM images for all the particulates samples are taken at
1000× magnification. Filters were exposed for the same (ap-
proximately) duration through filter assembly connected in par-
tial dilution tunnel.

For no load and 20% load operating condition K20 shows
heavy carbon deposits on the filter paper, preheated K100 and
mineral diesel shows particulate loading in comparable lev-
els. Preheated K100 shows slightly bigger agglomerates than
mineral diesel, which suggests more soot formation in case pre-
heated K100. At 40% load operating condition again K20 shows
maximum soot deposition, where as preheated K100 still shows
slightly more deposition than mineral diesel but much less de-

position when compared to K20. At 60% load preheated K100
shows less deposition than even mineral diesel; K20 still shows
maximum soot deposition. At 80% load operating condition
K20 shows very heavy carbon deposits compared to preheated
K100 and mineral diesel. Preheated K100 and mineral diesel
shows comparable carbon deposits on the filter sample; gran-
ular size for mineral diesel seems slightly bigger compared to
preheated K100.

Mineral diesel and preheated K100 samples show compara-
ble particle agglomeration. Their granular structure and particle
sizes also look very comparable. For both fuels, as load in-
creases, amount of particles settled on filter surface increases.
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For preheated K100 at 40% load, the biggest sized particles can
be seen whereas this happens for mineral diesel at 60% load
after this as load increases particle size also decreases.

CONCLUSIONS
This study was carried out for characterizing the particulate

emissions from vegetable oil (Karanja) and its blends vis-à-vis
mineral diesel in order to compare their relative toxic potential in
terms of their toxic chemical constituents and PM morphology.
Experiments were performed to investigate the benzene soluble
organic content produced by vegetable oil and its blends with
respect to mineral diesel BSOF values. Findings suggest that
vegetable oils emit more BSOF in engine exhaust particulate
matter, irrespective of how it was being used. Study to char-
acterize their metal emissions showed that property of having
less metal content in vegetable oil can only be useful if some-
how its (straight or in blend form) viscosity can be decreased to
mineral diesel levels. Otherwise, higher viscosity of vegetable
oil leads to poor air–fuel mixture formation, mixing of lubri-
cating oil with fuel, hence high metal concentrations in engine
exhaust particulate. If by preheating, viscosity of vegetable oil
can be lowered to level of mineral diesel, vegetable oil gives
better particulate emission results than mineral diesel, e.g., low
metal emissions, less soot formation. Significant improvements
were observed at higher loads where preheated vegetable oil
emission results were much better than mineral diesel. Study
showed that if vegetable oil was used directly even in the small
percentage like K20, it worsen the emissions of mineral diesel
and degrades engine performance by poorer combustion inside
the combustion chamber and excess soot formation.
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