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Abstract

The diesel tailpipe emissions typically undergo substantial physical and chemical transformations while traveling
through the tailpipe, which tend to modify the original characteristics of the diesel exhaust. Most of the health-related
attention for diesel exhaust has focused on the carcinogenic potential of inhaled exhaust components, particularly the
highly respirable diesel particulate matter (DPM). In the current study, parametric investigations were made using a
modern automotive common rail direct injection (CRDI) sports utility vehicle (SUV) diesel engine operated at different
loads at constant engine speed (2400 rpm), employing diesel and 20% biodiesel blends (B20) produced from karanja oil.
A partial flow dilution tunnel was employed to measure the mass of the primary particulates from diesel and biodiesel
blend on a 47-mm quartz substrate. This was followed by chemical analysis of the particulates collected on the substrate
for benzene-soluble organic fraction (BSOF) (marker of toxicity). BSOF results showed decrease inits level with increasing
engine load for both diesel and biodiesel. In addition, real-time measurements for organic carbon/elemental carbon
(OC/EQ), and polycyclic aromatic hydrocarbons (PAHs) (marker of toxicity) were carried out on the diluted primary
exhaust coming out of the partial flow dilution tunnel. PAH concentrations were found to be the maximum at 20% rated
engine load for both the fuels. The collected particulates from diesel and biodiesel-blend exhaust were also analyzed for
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concentration of trace metals (marker of toxicity), which revealed some interesting results.
Keywords: Diesel Particulates, CRDI engine, Benzene soluble organic fraction, Elemental carbon, Organic carbon,

Polycyclic aromatic hydrocarbon.

Introduction

Diesel engines are extremely versatile with a very high
power-to-weight ratio. In addition to inherent high effi-
ciency leading to low emission levels of carbon dioxide
(CO,), diesel engines produce low carbon monoxide
(CO) and hydrocarbons (HC) exhaust levels. Despite
all these advantages, diesel engines have disadvan-
tages in terms of high NO_and particulate matter (PM)
emissions, which are directly associated with adverse
human health and environmental impacts. Vehicular
traffic makes a major contribution to both gaseous and
particulate emission, and of toxic species such as ben-
zene and polycyclic aromatic hydrocarbons (PAHs),
and metals. The complexity of physical and chemical
properties of diesel aerosols is constantly changing
with the implementation of advanced diesel emission

control technologies (Johnson et al. 1992; Gupta et al.
2010). The size distribution and chemical composi-
tion of PM can vary greatly depending on the engine
type, engine speed and load, fuel injection equipment
type, compositions of fuel, lubricating oil and emis-
sion control technology (CAL EPA 1998, Hare (1997)).
The properties of PM also changes with their residence
time in atmosphere, because they undergo transfor-
mation once released in the atmosphere or while in
the measurement apparatus such as dilution tunnel.
Such transformations include particle coagulation,
evaporation, and/or condensation of volatile organic
compounds. Diesel particulate matter (DPM) has a
very large surface area/volume ratio, which makes it
an excellent carrier for adsorbed inorganic and organic
species. Diesel exhaust particulates are a complex
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mixture of hundreds of constituents present in both
gaseous and aerosol phases. In the gaseous phase, the
major constituents of diesel exhaust are nitrogen, oxy-
gen, CO,, CO, water vapor, nitrogen compounds, sulfur
compounds, and low-molecular-weight hydrocarbons.
Among these, the most toxic are formaldehyde, acet-
aldehyde, acrolein, benzene, 1,3-butadiene, PAHs, and
nitro-PAHs. The solid phase emissions are primarily
nuclei mode (10-80nm) spherical carbon particles;
these are termed as solids (SOL), solid particulate, or
soot (Vuk et al. 1976; Frisch et al. 1979). Approximately
90% of the mass for diesel particulates exist as two dis-
tinct submicron modes: a nuclei mode (7.5-56 nm) and
an accumulation mode (56-1000nm) (Johnson et al.
1992). These nanoparticles have very large surface area
per unit mass, and may easily become coated with con-
taminants that include toxic metals (lead, cadmium,
arsenic, chromium, zinc), sulfur, and PAHs (Cass et al.
2000). About 90% of DPM are present in a size range
from 7.5 to 1000 nm (Gupta et al. 2010); these particles
are important in terms of potential health impact due
to their ability to be inhaled and get deposited in the
bronchial passages and alveoli of the lungs. The liquid
phase emissions are composed of the organic or hydro-
carbon compounds and sulfates. Some of hydrocar-
bons get absorbed/condensed onto the SOL, whereas
some may still remain in the gas phase. Sulfates and
trace metals are of prime concern among the inor-
ganic constituents of DPM. Typically, a four-stroke
heavy-duty engine emits metallic components such as
silicon, calcium, zinc, and phosphorus (Springer 1997;
Dwivedi et al. 2006; Agarwal et al. 2010). Calcium was
found to be a dominant metal in PM with levels ranging
from 0.01% to 0.29% (w/wpamwlate). Phosphorus, silica,
and zinc were next most metallic elements found and
sodium, iron, nickel, barium, chromium, and copper
were present either in small concentrations or were
below detection limits (Agarwal et al. 2010). Valavanidis
et al. (2000) indicated that the deposition of metals
(especially Fe) on the lower airway would generate
hydrogen radicals first and then trigger the production
of oxygen free radicals and finally causes both acute
and chronic lung injuries. Therefore, it is expected that
besides the organic content and particulate matter, the
investigation of metal contents in the engine exhaust
is important for assessing potential health effects asso-
ciated with diesel exhaust. Epidemiological studies
carried out by various researchers have been reviewed
and a strong link is established between occupational
exposure to diesel particulates and lung cancer (HEI
1995, Wichmann and Peters (2000)). Animal studies
generally support these finding and demonstrate that
exposure to diesel particulates and other nanoparticu-
late forms of carbon are carcinogenic (Heinrich et al.
1995) but these finding are complicated by the issue of
rat lung overload (Workshop ILSI 2000).

The organic fraction comes from the unburnt fuel
and lubricating oils, and from partially oxidized/

pyrolyzed fuel and oils (Williams et al. 1987). Organic
fraction containing neutral and aromatic fraction of
diesel soot is mutagenic and carcinogenic in nature
(USEPA 1995). A composite indicator of toxic potential
of organic fraction compounds present in the PM is
benzene-soluble organic fraction (BSOF). The organic
fraction of diesel particulates contain compounds such
as aldehydes, alkanes and alkenes, aliphatic hydrocar-
bons, PAH and PAH derivatives (Johnson et al. 1994;
Cheung et al. 2010).

In contrast with diesel emissions, scientists are con-
stantly working on alternative fuels, to help address
energy cost, energy security, and global warming
concerns associated with liquid fossil fuels. Biofuel’s
contribution to greenhouse effect is almost negligible,
since CO, emitted during combustion is recycled in the
photosynthesis process in the plants (Narayah 1992;
Bona et al. 1999; Agarwal and Agarwal 2007). Amongst
alternative fuels, biodiesel has shown great potential,
especially to address the problem of CO, emissions
(global warming) and need for decentralized power,
especially in rural areas (Wedel 1999). Biodiesel has
advantages of being virtually free from sulfur and
aromatic compounds; therefore, the possibility of its
particulates being less toxic is contemplated; however,
it needs to be experimentally verified. A number of
studies of larger heavy-duty engines and vehicles have
concluded that biodiesel can provide emission reduc-
tion in terms of HC, CO, and PM, with some increase
observed for nitrogen oxides (NO, ) (Turrio-Baldassarri
et al. 2004). Biodiesel has higher cetane number than
mineral diesel because of its higher oxygen content. It
reduces theignition delay thus combustion starts earlier
and therefore emissions of HC, CO, and PM are reduced
due to higher premixed combustion. Biodiesel can be
used alone (B100) or can be blended with petroleum
diesel in any proportions (Amann et al. 1980; CARB
1998; Agarwal et al. 2006). Biodiesel (20%) blended
with mineral diesel (80%) is one of the most popular
biodiesel blends investigated and recommended world
over. Biodiesel for the present experimental study was
produced from karanja oil (Pongamia pinnata) using
transesterification process.

The objective of this paper is to comparative assess and
characterize of particulate emissions from a common rail
direct injection (CRDI) engine fuelled with mineral die-
sel and B20 (20% biodiesel blend) exhaust in terms of (i)
BSOF, (ii) PAHs, and (iii) trace elemental metals.

Experimental setup

For the comparative study of biodiesel and mineral
diesel, a CRDI sports utility vehicle (SUV) diesel engine
(Make: Tata, Pune, India; Model: Safari Dicor 3.0LL) was
employed. The engine was ~1 year old and had done
~15,000 km at the beginning of this set of experiments.
The engine used a high pressure fuel pump and a com-
mon rail system for supply of fuel to all the cylinders at
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very high injection pressures up to 1600 bars. The injec-
tors were controlled electronically using electronic
control unit (ECU). The fuel injection pressure was
controlled by the pre-programmed ECU. The fuel injec-
tion pressures were modulated by ECU with changing
engine load and speed. High fuel injection pressures
resulted in better atomization of the fuel sprays, which
led to more complete combustion, higher efficiency,
and lower emissions. The engine was coupled with
an eddy current dynamometer for loading the engine
at different speeds (Figure 1). The dynamometer was
controlled using a dynamometer controller as well as a
computer with software interface. The specifications of
the engine and dynamometer used in the experimental
setup are given in Table 1.

An experimental setup was developed, which included
asetofdifferent measuringinstrumentslike semicontinu-
ous organic carbon/elemental carbon (OC/EC) analyzer
(Make: Sunset Laboratory, USA; Model: Semicontinuous
field v.4), which measures organic carbon, elemental
carbon, and total carbon (Bae et al. 2004); Online PAH
analyzer (Make: EcoChem Labs, USA; Model: PAS 2000)
(Ott and Siegmann 2006), which measures total particu-
late bound PAHs for primary as well as secondary aero-
sols, and emission analyzer (Make: AVL, India; Model:
Digas 4000). A partial flow dilution tunnel was used for
dilution of diesel exhaust emissions with ambient air
in order to complete the coagulation and condensation
processes occurring during the particulate formation.
When the diesel engine was operated, carbonaceous
soot particles and high boiling point hydrocarbons were
emitted from the tailpipe. These hydrocarbons condense
on soot (mostly EC) to form PM after being diluted with
preheated air inside the partial flow dilution tunnel
(Dwivedi et al. 2006). The schematic of the experimental
setup developed for carrying out the engine experiments
is given in Figure 2.

Engine exhaust flows through partial flow dilution
tunnel before entering different instrument inlet as
shown in Figure 2. Experimental setup was developed
using pipes, elbows, and valves (Swagelok fittings) made

Figure 1. Tata Dicor common rail direct injection (CRDI) engine
coupled with eddy current dynamometer.

© 2011 Informa Healthcare USA, Inc.
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of stainless steel (SS, grade 316), in order to ensure mini-
mum contamination during experiment due to the inert
nature of SS. Valves were installed at different places to
control and distribute required exhaust aerosol flows to
the instruments at different times of experiment. From
the main exhaust pipe of the engine, small fraction of
exhaust gas was passed on to a partial dilution tunnel.
The whole setup was tested for leaks. Flows in differ-
ent sections were measured using a mass flow meter.
Thereafter, preheated and pre-filtered atmospheric air
was mixed with this partial exhaust to attain a specific
dilution ratio as specified by EPA (maintained between
10 and 16 in this case). The sample gas was mixed with
ambient air inside the dilution tunnel, maintained at
higher temperatures. As the mixture moves in the dilu-
tion tunnel, mixing and agglomeration processes of par-
ticulate formation are completed to a reasonable extent
without abrupt condensation of vapor. This diluted gas
then passes through the filter assembly, where particu-
lates are filtered out on a preconditioned filter paper. A
four-way valve was installed through which, undiluted
exhaust was passed from one side, and on the other side
diluted exhaust comes out. From the third side ambient
air was passed. Finally, the exit line of four-way valve was
connected to exhaust gas emission analyzer (Make: AVL,
Austria; Model: 4000 Digas). This analyzer measures CO,,
CO, HC,NO, and O, in the engine exhaust. The CO, con-
centration was measured for undiluted exhaust, ambient
air, and diluted exhaust for the calculation and verifica-
tion of dilution ratio using the formulae given below:

[Undiluted exhaust CO,]
[Diluted exhaust CO, — Ambient air CO,]

Table 1. Engine and eddy current dynamometer specifications.
Engine specifications

Make/Model Tata, Pune, India/Safari Dicor
3.0L (BS-III/Euro-III)
Engine type Water cooled, CRDI,

Turbocharged, Intercooled

No. of cylinders 4, In-line
Bore/stroke 97/100 mm
Cubic capacity 2956 cc

Maximum engine output 84.5 kW @ 3000 rpm

Maximum torque 300 Nm at 1600-2000 rpm

Compression ratio 17.5

Firing order 1-3-4-2

Fuel injection system CRDI with 1600 bar max fuel
injection pressure

Timing and governing ECU control

Dynamometer specifications

Make/Model Dynomerk, Pune, India/EC-300
Capacity 220 kW at 2500-8000 rpm
Maximum speed 8000 rpm

Maximum torque 702 Nm

Direction of rotation Bidirectional

RPM accuracy +1rpm
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One line from partial flow dilution tunnel was passed
through the real-time online instruments (PAS 2000,
OC/EC Analyzer) for measuring the PAHs and elemental
carbon, organic carbon, and total carbon in the exhaust.
The volume of exhaust flow passing through these instru-
ments was controlled by separate two-way valves.

Materials and methods

Fuel preparation and characterization

Biodiesel for the present experimental study was pro-
duced from karanja oil (Pongamia. pinnata) using
transesterification process. The chemical reaction of
transesterification process is shown below.

Ry
=

8] o]

01¢o e 3[H3C—OH:|
0 3

Catalyst

|

Rf\l‘\‘o

Triglyceride Methanol (3)

During the transesterification process, the trig-
lyceride (vegetable oil) is reacted with alcohol in the
presence of a strong catalyst, usually a strong alkali
like KOH. High-grade methanol (6:1 molar ratio) is
mixed with the alkali catalyst NaOH (1% w/w_) and
added to the reactor containing heated vegetable oil.
The transesterification reaction is normally carried
out at 55-60°C at a stirring speed of 700-800 rpm for
1h (Agarwal (1998)). After completion of the reaction,
the reaction products are transferred to the separating
flask, where upper phase, that is, biodiesel is separated
from glycerol followed by subsequent washing (by dis-
tilled water) and drying process.

Four important tests were conducted according to
ASTM standards on mineral diesel, biodiesel (B100),
and biodiesel blend with diesel (B20) to analyze their
kinematic viscosity, flash point temperature, density,
and calorific value. Viscosity was measured by ASTM D
445 procedure. Setavis kinematic viscometer was used
for the purpose, which is a glass capillary viscometer.
The viscosity of biodiesel was found to be within the
ASTM limits 1.9-6.0 cSt at 40°C. The flash point of a
volatile liquid is the lowest temperature at which it can
vaporize to form an ignitable mixture in air. The flash
point is measured according to ASTM D 93. Flash point
was measured by flash point tester (Model: 33000-0;
Make: Sanhope-Seta, UK). 0.2mL sample of each fuel
was injected into the instrument after setting the tem-
perature and then it was left for 120sec. If the flash
could be achieved by exposing a ignition source to the
fuel vapors, the temperature was noted as flash point
temperature. Otherwise, the experiment was repeated

for higher point temperature with a fresh sample. A
bomb calorimeter (Model: 6200; Make: Parr, UK) was
used to measure the heat of combustion of biodiesel
and diesel samples. After calibration with benzoic acid,
0.5to 1 g sample of each fuel was ignited in the combus-
tion bomb. The reaction takes place at constant volume
in a stainless steel combustion bomb. The sample was
ignited in pressurised oxygen atmosphere. The bucket
and bomb together constitute the reaction chamber.
The bomb calorimeter measures the enthalpy of com-
bustion under constant volume conditions. This exo-
thermic reactions increase the temperature inside the
bomb, which then transfers the energy to the external
water jacket raising its temperature. It is this rise in the

OH HaC HsC HsC
M 5 e
OH 0 0 o]
S G G
HO 0 0 a
Glycerol Methy! Esters

water jacket temperature, which is monitored to obtain
the energy release by the combustion reactions in bomb
calorimeter. Specific gravity was measured by using
high precision digital density meter (Model: DA-130N;
Make: Kyoto Electronics, Japan). A small volume of lig-
uid sample was introduced into an oscillating sample
tube and the change in the oscillating frequency caused
by the change in the mass of the tube was used in con-
junction with calibration data to determine the density
of the sample (ASTM D 4052) at prescribed conditions.

Engine experiments and particulate sampling

To characterize the emissions from mineral diesel and
biodiesel (B20), the engine was operated at loads ranging
from 0%, 20%, 40%, 60%, 80%, and 100% of rated engine
load at constant speed of 2400 rpm. This engine speed typ-
ically represents high-speed highway driving conditions.
Particulate samples were collected isokinetically using a
partial flow dilution tunnel. The partial flow dilution tun-
nel was used to simulate the ambient environment for
collecting the exhaust particulates from engine (Dwivedi
et al. 2006). This tunnel draws a fraction of exhaust gases
out from the main exhaust line. Thereafter, pre-filtered
and preheated atmospheric air was mixed with this partial
exhaust gas to attain a dilution ratio between 10:1 and 16:1.
The sample gas was then mixed with filtered and condi-
tioned ambient air inside the dilution tunnel. The diluted
exhaust undergoes complete mixing and particulate for-
mation steps via condensation of gaseous material on tiny
nuclei particles (heterogeneous condensation) along with
adsorption, absorption, agglomeration, and coagulation
processes, which are completed to a reasonable extent
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within the designed residence time inside the dilution
tunnel. When the diesel engine is operated, carbonaceous
soot particles and high boiling point hydrocarbons are
emitted from the tailpipe. These hydrocarbons condense
on soot to form PM after being diluted with preheated air
inside the partial flow dilution tunnel. This mature soot
is then collected using the following sampling details for
various investigations and analyses.

The first step in the sampling procedure was condition-
ing and preparation of filter papers (Make: Whatman;
47 mm, Tissue-Quartz Filter). Filter papers were first des-
iccated for 12h in anhydrate silica gel desiccators and then
weighed using a microbalance (Make: Mettler, Toledo).
For collecting the particulate sample, pre-weighed, con-
ditioned filter paper was placed in filter holder assembly
of the partial flow dilution tunnel. The engine was oper-
ated for a predetermined period of time at desired load
and speed, and particulates were collected on the filter
substrate (Table 2). After completion of the engine experi-
ment, the filter substrate was carefully removed from the
filter assembly and kept in the desiccator for 12h and then
weighed again. These filter papers were then further ana-
lyzed for total mass of particulates collected, BSOE and
trace elemental metals as per the test plan. The samples

Slow speed data
acquisition system
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were collected only once on the filter papers but they were
analyzed three times. The experimental error was within
a standard deviation of 2%; therefore, average values are
reported in the article.

Real-time measurements

All the instruments were calibrated and tested individ-
ually with ambient air before carrying out the engine
experiments. The semicontinuous OC/EC analyzer
measures organic carbon, elemental carbon, and total
carbon. OC/EC instrument provides organic and ele-
mental carbon results, which are comparable with the
recognized NIOSH method 5040. Once the sample col-
lection is completed, the oven is purged with helium.
This is followed by a stepped-temperature ramp, which
increases the oven temperature to 850°C, thus ther-
mally desorbing OC and pyrolysis products enter into
a manganese dioxide (MnO,) oxidizing oven. As the
carbon fragments flow through the MnO, oven, they
are quantitatively converted to CO,. The CO, is swept
out of the oxidizing oven along with helium stream and
measured directly by a self-contained non-dispersive
infrared (NDIR) detector system. A second temperature
ramp is then initiated in an oxidizing gas stream and
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Figure 2. Schematic of the experimental setup.

Table 2. Sampling details.

Online sampling

Online sampling

Sampling duration duration for OC/EC  duration for PAHs Sampling duration for metals

Engine speed (rpm) Engine load (%) for mass/BSOF (min) (min) (min) (min)
2400 0 30 15
2400 20 30 5 5 15
2400 40 30 5 5 15
2400 60 30 5 5 15
2400 80 30 5 5 15
2400 100 30 5 5 15
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then elemental carbon is oxidized off the filter and into
the oxidizing oven and NDIR. The EC is then detected
in the same manner as the OC (Bae et al. 2004).

The Photoelectric Aerosol Sensor (PAS) is a standard
real-time monitor for particle-bound PAHs measure-
ment, which works on the principle of photoionization
of particle-bound PAHs. PAH analyzer measures total
particulate bound PAHs for primary exhaust particulates
in the present study. The PAS responds to photoemitting
substances on the surface of aerosol particles. Ultraviolet
irradiation of the sampled aerosol led to the emission
of photoelectrons from the surface that readily under-
goes photoemission. The remaining positively charged
aerosol particles were separated from the electrons and
collected on a filter connected to an electrometer. The
measured current was a function of the UV irradiation
wavelength and intensity, the total available surface
area, and the photoemission properties of the surface.

BSOF analysis procedure

ASTM test method D4600-87 (ASTM 2001) was used for
estimation of BSOF in diesel particulates. This gravi-
metric method was recommended by National Institute
of Occupational Safety and Health (NIOSH), USA to
represent the toxic organic compounds present in the
particulates collected on filter paper. Filter papers were
desiccated for 12 h before and after sampling and initial
and final weights were noted. Filter papers were cut into
several small pieces usinga metal scissor and then placed
into a reagent beaker. Thereafter, 20 mL of benzene was
added to it. These reagent bottles were kept in ultrasonic
bath for 20 min. Thereafter, sample was decanted and
vacuum-filtered through 0.45 pm Millipore filter paper.
The filtrate was collected in a 100-mL pre-weighed bea-
ker. The procedure was repeated with another 10 mL of
benzene in the same reagent beaker. These 100-mL bea-
kers 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 at room temperatures to estimate the total
mass of BSOF in the sample. In order to check the refer-
ence concentration, blank filters were used for benzene
extraction as per the same ASTM standard.

Trace metal analysis procedure

The particulate samples collected on the filter sub-
strate need to be analyzed for detection of elemental
trace metals using the inductively coupled plasma
optical emission spectrometry (ICP-OES) (Make:
Thermo Fischer Scientific; Model: iCAP DUO 6300 ICP
Spectrophotometer). Itis a type of emission spectroscopy
that uses inductively coupled plasma to produce excited
atom and ions that emit electromagnetic radiations at
characteristic wavelength of a particular element. The
intensity of this emission is indicative of the concentra-
tion of the element present in the sample. The details of
elemental analysis via ICP-OES can be found elsewhere
(Chakraborty and Gupta 2010).

USEPA, SW-846, 3015 method was used for extracting
trace metals from DPM. Sample extraction was carried
out using hot plate digestion method. This digestion
procedure is used for preparing samples, which are to be
analyzed by ICP-OES. One half of the sample laden filter
was cut into small pieces using plastic scissor and then
put into an inert bottle, in which 15mL concentrated
HNO, was added. The remaining half of the filter paper
was taken in similar way into another bottle. Temperature
of each sample was raised to 175°C in <5.5min and
maintained at 175°C for >4.5min. After digestion, the
acid from the two vessels was taken together and filtered
through 0.22 pum filter paper. The filtrate was measured
and diluted three times with Milli-Q water and then fur-
ther stored in inert bottles. Analytical blank filter paper
and 30mL of concentrated HNO, (Suprapure, Merck)
were taken as references (Chakraborty and Gupta 2010).
The 10% of blanks from the same lot of filter papers were
used to get a representative average blank concentration
for data correction. By this method, concentrations of
trace metals such as Ca, Cu, Cr, Fe, Na, Ni, Pb, Zn, Mn,
Mg were analyzed using ICP-OES.

Results and discussions

The measured physical properties of biodiesel and min-
eral diesel are shown in Table 3.

Figure 3 shows the particulate mass collected on the
filter paper from diesel and biodiesel (B20) exhaust
from CRDI engine at varying load conditions (on the
primary axis). Particulate mass was collected on the
filter substrate after sampling for 30min (Table 2).
Figure 3 shows that the particulate mass increases
with increase in engine load for both fuels, biodiesel
and mineral diesel. As the load increases, more fuel
undergoes combustion resulting in higher formation
of the primary diesel exhaust particulate formations.
In Figure 3, it can also be noticed that the mass emis-
sion of particulates collected in the partial flow dilution
tunnel is lower for biodiesel blend. This is because of
higher oxygen content in biodiesel, which is blended
with mineral diesel, leading to relatively lower particu-
late formation after the combustion and improvement
in emission characteristics.

The particulate-loaded filter papers (containing
diesel and biodiesel exhaust particulates collected at
different engine load conditions) were then analyzed
for BSOF content. The results are shown in Figure
3 on the secondary axis. It can be noted that at no
load condition, the BSOF of the particulate is highest
among all compared with other engine loads, both for

Table 3. Measured physical properties of diesel and biodiesel.

Fuel property Diesel B20 B100
Specific gravity 0.846 0.848 0.899
Kinematic viscosity (cSt) at 30°C 2.60 3.39 5.81
Calorific value (M]/kg) 42.21 38.28 36.32
Flash point (°C) 52 79 190
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diesel as well as biodiesel. This is possibly due to rela-
tively lower in-cylinder combustion temperature and
incomplete combustion occur at no load condition,
which favors higher OC formation primarily because
of partially burnt fuel and lubricating oil contributions
to the particulates. As the engine load increases, the
air-fuel ratio moves closer to stoichiometric leading to
more complete combustion because of higher in-cyl-
inder temperature and consequently results in lower
amount OC formation in the combustion chamber.
This can be clearly noted from Figure 3 that the BSOF
decreases steadily with increasing engine load. Soluble
organic fraction of the particulate matter mainly con-
sist of organic portion of fuel itself and pyrolytically
generated organic products formed during the pro-
cess of soot formation. As the load increases, SOF of
particulate matter decreases. At higher engine loads,
combustion efficiency is relatively better hence con-
tribution from unburned fuel decreases thus BSOF of
the PM also decreases. The main point to be noticed
here is that for B20 particulates, the value of BSOF is
higher than that of diesel particulates. This is primarily
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Figure 3. Particulate matter (PM) mass and benzene-soluble
organic fraction (BSOF) of primary diesel and biodiesel exhaust
particulates from common rail direct injection (CRDI) engine at
2400 rpm.
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Figure 4. Polycyclic aromatic hydrocarbons (PAHs) and organic
carbon/elemental carbon (OC/EC) ratio in primary diesel and
biodiesel exhaust particulates from common rail direct injection
(CRDI) engine at 2400 rpm.
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because of lower volatility of the constituents of biod-
iesel. The increased mass consist mostly of unburned
esters from the fuel itself (Sharp et al. 2000). This needs
to be further investigated experimentally and verified
by animal exposure studies, before going for large-
scale implementation of biodiesel program around the
world.

Figure 4 shows the time-averaged PAH concentra-
tions present in the diesel exhaust particulates from
CRDI engine at varying load conditions. This figure
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Figure 5. Trace metal content in primary engine exhaust
particulate from diesel and biodiesel-fueled common rail direct
injection (CRDI) engine at 2400 rpm.
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shows the time-averaged ratio of OC/EC for primary
diesel and biodiesel exhaust particulates for different
engine loads.

PAHs originate either from the fuel itself or result from
the pyrolysis of fuel/lubricating 0il/OC formed within the
combustion chamber. As it can be seen from Figure 4, the
PAHs concentration is low at no load conditions possi-
bly due to lower combustion temperatures that prevent
extensive pyrolysis and cyclization resulting in lower PAH
formation. The peak concentrations for PAHs are visible
at20% load indicating that at this load, high enough com-
bustion temperatures are attained, which favor formation
of highest amount of PAHs. As the engine load increases
further, the combustion takes place at even higher tem-
perature resulting in relatively lesser amounts of OC
being produced. Since OC are important precursors for
PAHs, this causes further reduction in overall production
of the PAHs in the engine exhaust. At higher engine loads,
the in-cylinder combustion temperature is relatively
higher. Athigher temperature, there is a strong possibility
of reburning of the PAHs formed; therefore, lower PAHs
emission from the engine tail pipe is observed at higher
engine loads. Another possibile reason for relatively
lower PAHs at higher engine loads could be the migra-
tion of particle-bound PAHs to the gas phase, and lesser
PAH condensation due to increasing overall combustion
temperatures and exhaust gas temperatures.

Figure 5 shows the trace metal content of the particu-
late collected on the filter paper from diesel and biod-
iesel (B20) exhaust from CRDI engine at varying load
conditions. Various metals were investigated; however,
many of the metals were below the detection limit of the
instrument and only the metal detected with reasonable
confidence in the data are reported here. The data was
subjected to blank correction and the metals are repre-
sented in the form of mg/g of particulate collected on the
filter paper. The main metals detected were Na, Ca, Cu,
Mn, Mg, and Pb, which are given in Figure 5.

Table 4 shows measured concentrations of Na, Ca, Cu,
Mn, Mg, and Pb in diesel, biodiesel blends (B20), and
lubricating oil. The metal content in the fuel samples and
lubricating oil are distinct from each other, for example,
calcium was found to be lower in B20 compared with
mineral diesel, whereas manganese was found to be
higher. There are factors like lubricity of the fuel, which
affects the wear of fuel injection system and other vital
engine components thus changing the presence of wear
metals in particulate.

Table 4. Concentration of various metals in diesel, biodiesel, and
lubricating oil samples.

Metals Diesel (ug/g) B20 (pug/g)  Lubricating oil (ug/g)
Na 39.3 21.62 66.98

Ca 33.1 28 59.4

Pb 9 17 12

Mg 5.8 7.4 18.9

Cu 9 7.3 3.4

Mn 1.2 2 1

It is visible from Figure 5A that Na concentration is very
high compared with any other metal. At 2400rpm, the
concentration of Na and Ca from diesel was observed to be
higher than B20 exhaust, which is possibly due to the pres-
ence of higher amount of sodium and calcium in diesel
compared to biodiesel as depicted from Table 4. Figure 5B
shows concentration of Pb and Mg in particulate from die-
sel and B20 exhaust. At 2400 rpm, both metals show higher
concentration for B20 exhaust. This is due to their higher
concentration in the fuel (Table 4). Figure 5C shows Cu
and Mn concentration in particulates from diesel and B20
exhaust at 2400rpm. It is visible from graph at 2400rpm
B20 exhaust shows higher concentration of Mn compared
to diesel at all loads but Cu concentration was higher for
mineral diesel exhaust at 0% load and as load increases, Cu
concentration from B20 exhaust increases. This can also
be explained with the help of Table 4. These results hold
significant importance as earlier results from toxicologi-
cal studies have revealed that copper, zinc, and vanadium
emitted from various combustion processes were linked
to increase in blood fibrinogen resulting in cardiovascular
health effects (Ghio et al. 2000; Ghio and Huang 2004).

Overall, it can be seen from Figure 5 that all the metals
present in the particulates of B20 and diesel follow the
same trend as their fuel. They have highest concentra-
tion of metals at lower engine loads with a continuously
decreasing trend with increase in engine load. It is also
reported by Sharma et al. (2005) that overall particulate
formationincreasesin the form of elemental carbon with
increase in engine load. At higher engine loads, higher
amount of fuel is being injected and burnt in the engine
that results in high particulate matter emission. For this
reason, the particulate emission from the diesel engine
is higher but the corresponding metal content is lower
for higher engine loads. The previous study by Ullman
(2004) showed that at higher engine loads, particulate
emission is more in terms of elemental carbon, thereby
reducing metal content (mg/g) in the particulates. It
is also visible from graph that the trace metal content
of particulates from biodiesel (B20)-fueled engine is
relatively higher compared with mineral diesel fuelled
engine. This indicates possibly relatively higher metal
toxic potential for the particulates from biodiesel-fueled
engine compared with mineral diesel-fueled engine.

Summary

Parametric investigations were carried out using an auto-
motive CRDI diesel engine operated at different loads at
constant engine speed (2400rpm), employing diesel and
20% biodiesel blends (B20) produced from karanja oil for
PM mass, BSOE EC/OC, total PM-bound PAHs, and trace
metals. Biodiesel blend (B20) showed superior engine
performance in reducing particulate mass emission at all
operating condition compared with mineral diesel. This
may be due to lower sulfur and aromatic content of biodie-
sel. For B20, the BSOF content of particulates was found to
be higher than that of mineral diesel. This may be primarily
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because of relatively lower volatility of constituents of
biodiesel, indicating possibly higher toxicity of biodiesel
emissions. This agrees with earlier studies that have shown
higher levels of formaldehyde (major BSOF component)
levels in emissions from engine running on biodiesel blend
(Biinger et al. 2000; Turrio-Baldassarri et al. 2004). The OC/
EC graph showed that with increase in engine load, the
ratio of OC to EC decreases. This is likely to happen because
at higher temperatures, the amount of OC (organic species
produced as a result of fuel pyrolysis) produced is lower or
it gets another chance to get completely oxidized to CO,
and water. This also suggests that with increasing engine
load, the toxic potential of particulates actually decreases.
It is observed from the results presented in this study that
the PAHs concentration is low at no load conditions and it
attains a maximum concentration at 20% rated load and
then comes down with further increase in engine load. The
possiblereasonforthiscanbelowerin-cylinder combustion
temperatures at no load, which prevent extensive pyrolysis
and cyclization resulting in lower PAH formation. At 20%
load, high enough combustion temperatures are attained,
which favors formation of highest amount of PAHs. As the
engine load increases further, the combustion takes place
at even higher temperatures resulting in relatively lesser
amounts of OC being produced. Since OC are important
precursors for PAHs, this causes further reduction in overall
production of PAHs in the engine exhaust. At higher in-cyl-
inder combustion temperature, there is a strong possibility
of reburning of the PAHs formed; therefore, lower PAHs
emission from the engine tail pipe is observed at higher
engine loads. Another possibility for relatively lower PAHs
at higher engine loads could be the migration of particle-
bound PAHs to the gas phase, and lesser PAH condensa-
tion due to increasing overall combustion temperatures
and exhaust gas temperatures. These results are in agree-
ment with earlier studies that showed most PAH emissions
decreased as the average load and speed of the driving cycle
increased (Karavalakis et al. 2010). They also found lower
nitro-PAHs and higher oxy-PAH emissions with biodiesel
blends. The PM collected from diesel and biodiesel exhaust
were analyzed for elemental composition focusing on trace
metals. The metal content in the particulates was found to
be proportional to their concentration in the fuel itself. The
concentrations of the metals analyzed showed a decreas-
ing trend with increasing engine load. This indicate possi-
bly higher metal toxicity potential for the particulates from
biodiesel-fueled engine compared to mineral diesel-fueled
engine. The results can be generalized for this generation of
DI/CRDI engine with high fuel injection pressures.

In summary, in spite of having lower mass emission
of particulates, the BSOF and trace metal content of par-
ticulates from biodiesel engine are relatively higher than
that of mineral diesel, indicating possibly higher toxicity
potential of biodiesel particulates. These needs to be fur-
ther investigated and verified by animal exposure studies,
before going for large-scale implementation of biodiesel
program around the world.

© 2011 Informa Healthcare USA, Inc.
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