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A B S T R A C T

Despite benefits of biodiesel such as reduced soot emissions and enhanced combustion efficiency, it enhances
NOx emissions and may emit toxic trace metals that are present in biomass. This investigation focuses on the
transmission of trace metals from fuels (diesel, Karanja biodiesel, and diesel/biodiesel blend) to soots generated
from them. The study finds that the addition of 20% Karanja-biodiesel to diesel enhances the transmission of
toxic metals such as Zn, Sr, Cs, and Pb to soot by normalized factors, defined as the ratio of the transmission rate
from diesel to its soot (%) and the transmission rate from blended fuel to its soot (%), of 17, 7, 58 and 3,
respectively, as compared to diesel. Although Cu and Fe were dominant metals in diesel and its soot, their
transmission from fuel to soot was only 0.09%, suggesting a preferential selectivity of some metals such as Zn, Sr,
Cs, and Pb or the catalytic effects of some metals such as Fe and Cu on soot surface. The nanostructural in-
vestigation of soot using HRTEM, XRD, and Raman analyses confirm that the addition of Karanja biodiesel to
diesel induces structural disorders in soot such as higher fringe tortuosity, shorter fringe length, and smaller
primary particle diameter than diesel soot that enhance its reactivity and possibly the trapping efficiency of
metals. A combination of greater degree of metal transmission from Karanja biodiesel-blended diesel fuel to soot
and the increased nanostructural disorder and reactivity makes soot from such blend potentially more hazardous
than diesel soot.

1. Introduction

Harvesting sustainable sources of energy is a crucial factor for the
growth and development of countries especially that the demand for
energy is inevitably increasing with time and population growth.
According to the recent projections of the International Energy Agency,
the consumptions of biofuels will increase from about 2 million barrels
of oil equivalent per day in 2019 to 4.6 million barrels of oil equivalent
per day in 2040 [1,2]. As a result of the considerable growth in the
modern use of bioenergy and biofuels, the share of biofuels in global
energy supply is expected to increase by 60% and reach nearly 940
Mtoe in 2040 [1]. Unlike diesel, biodiesels have oxygen in their mo-
lecular structure with considerably lower sulfur and aromatic content,

higher cetane number, higher biodegradability, higher flash point, and
inherent lubricity [3].

One of the prominent examples of biofuels is the non-edible oil,
Karanja oil (pongamia pinnata), which is known to be one of the few
tree-borne seed oils that can be used to produce biodiesel. This biofuel
source can easily be cultivated at low cost on any type of soil, as they
require minimum amount of moisture and resources [4], and its bio-
diesel comes into compliance with ASTM D-6751 [5]. Small quantities
of biodiesel (5–20 vol%) blended with diesel are the most common
blends, as they do not require any engine modifications and are iden-
tified as B5 to B20 [6], with B20 being the most efficient biodiesel blend
ratio identified so far in the literature. The combustion of biodiesel in
compression ignition engines can reduce smoke, PM, carbon monoxide
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(CO), and unburned hydrocarbon (HC) emissions [7]. In spite of the
numerous benefits of the utilization of biodiesel, the combustion of
biodiesel is still associated with other critical problems such as the in-
creased emission of nitrogen oxides (NOx) [8]. PM emission raises a
serious concern for the human health not only due its effect on the
respiratory system, but also due to the presence of toxic substances and
trace metals embedded in it [9]. Since biofuels are extracted from
plants grown in certain rural areas, their chemical composition varies
and might contain some hazardous components. For example, organo-
metallic complexes are inherently present in plant derived oils. Despite
of distillation and other separation pre-processing steps, many of these
metallic complexes or ions get dissolved in biofuels [10]. Such metallic
constituents and ions may get transmitted into the environment either
directly as metal complexes/oxides or via PM. Heavy metals associated
with respirable particles have also been shown to increase lung or
cardiopulmonary problems [11]. Some of the critical metal elements
that are of primary concern for a variety of human health-related and
natural environment problems includes arsenic (As), cadmium (Cd),
chromium (Cr), copper (Cu), lead (Pb), mercury (Hg), nickel (Ni),
aluminum (Al), manganese (Mn), vanadium (V), and zinc (Zn) [12].
Their potential hazards are well documented and guidelines are pro-
vided by the World Health Organization. According to the Environ-
mental Protection Agency (EPA), the combustion of fossil fuels dom-
inantly results in the release of gaseous pollutants such as CO, CO2,
NOx, and unburnt hydrocarbons, which are known to alter the atmo-
spheric radical budget [13]. It has now been established that, apart
from the gaseous pollutants, diesel combustion also serves as the
principal anthropogenic source of trace metals such as Be, Co, Hg, Mo,
Ni, Se, Sn, and V [14]. Fossil fuel (especially diesel) combustion also
contributes to the concentrations of hazardous metals such as arsenic,
chromium, copper, manganese, and zinc in the atmosphere, though a
large percentage of arsenic, cadmium, copper, nickel, and zinc are
usually emitted from industrial metallurgical processes in the form of
PM of various sizes [15]. Furthermore, in a study on trace metals in PM
performed in the Detroit urban atmosphere, Utsunomiya et al. con-
cluded that the toxicity of the trace metals significantly increases, as
they become a part of fine PM and are more easily breathable by living
organisms [16]. Significant concentrations of heavy metals are reported
to be present in PM with size< 2.5 µm. Such particles when enter into
lungs, they are known to induce oxidative stress [17,18]. For a more
detailed guideline on the trace metal’s acceptable emissions levels, a list
of the most significant trace metals that are commonly released by the
diesel fuel and some information on them are provided in Table 1. The
main metal constituents were identified by characterizing soot using
Inductively Coupled Plasma-Atomic Emission Spectrometry (ICP-AES),
while their corresponding average concentrations in the atmosphere
and their time weighted threshold levels are the suggested values by the
EPA [15].

Several studies in the literature have investigated the trace metal
content in the PM and their concentrations in the atmosphere. For in-
stance, Lee and Hieu [19] studied the PM heavy metal composition and

the effect of the weather change on the PM concentrations at several
locations in Korea. Their research concluded that the higher the tem-
perature, the higher is the liberation of the metal components to the
gaseous phase. It was revealed in their study that almost all of the
metals constituents in PM had lower concentrations in the summer
season as compared to spring. Ahmed et al. [9] demonstrated a study in
Malaysia that focused on the analysis of trace metals in atmospheric PM
during biomass burning haze episode that occurred in Southeast Asia in
August 2015. The study utilized the inductively coupled plasma - mass
spectrometry (ICP-MS) technique to analyze the metal composition of
the PM. They reported that the concentrations of several metal con-
stituents were beyond the allowable limits set by the local authorities.
Corbin et al. [20] studied the toxic heavy metals that are being released
via PM through the combustion of fuel oil in marine engines. They
utilized the inductively coupled plasma - optical emission spectrometry
(ICP-OES) technique to analyze the PM, and identified that the released
metal components were mainly in the form of metal oxides. Moreover,
the most hazardous metal constituent identified in soot was Vanadium
due to its lower nucleation/condensation temperature. Dore et al. [21],
with the aid of an atmospheric transport model, found that one of the
major sources of trace metals in the atmosphere is through the emission
of biomass PM. It is interesting to note that although many studies in-
vestigated the trace metal content in the PM and the fuel/biofuels in-
dependently, there are no reports regarding the relative transmission of
metallic constituents from fuels, especially biodiesel blended fuels, to
PM or soot. Moreover, the transmission rate of a particular metal from a
fuel into soot could be influenced by the reactivity of PM or its na-
nostructural characteristics and active centers reacting with specific
group of metal ions during combustion. The addition of biodiesel to
diesel could further influence the soot reactivity and metal transmission
into soot, and such effects need to be investigated. In addition, the
metallic constituents in soot can induce its catalytic oxidation. While
greater oxidative reactivity of soot due to enhanced nanostructural
disorder is a positive factor for improved diesel particulate filter re-
generation, such highly disordered and reactive soot containing metal
ions/oxide constituents, if emitted directly to the environment, would
be extremely toxic and hazardous to living organisms [22]. Therefore, it
becomes extremely important to quantify the transmission percentage
and distribution of metal constituents in soot generated from the
combustion of biodiesel-diesel blends. The present investigation aims to
provide an insight into the effects of biodiesel addition to diesel on
metal transmission potential and nanostructural disorder in soot. A
detailed analysis of the transmission of trace metals to the PM is per-
formed using Karanja biodiesel-diesel blend and pure diesel fuels with
the help of high resolution ICP-MS technique. The influence on the soot
nanostructural disorder due to biodiesel blending has been investigated
through high-resolution transmission electron microscopy (HRTEM), X-
ray diffraction (XRD), and Raman spectroscopy analyses, and the results
are discussed in the subsequent sections.

Table 1
Threshold limit values (TLV) for trace metals of concern adapted from EPA [15].

Trace metal EPA TLV (8-hr TWA) in ppb Ambient Air concentration in ppb Hazardous Pollutants as per EPA Carcinogenic Human organs subject to Cancer

Cu 1 0.003 No No N/A
Fe – 0.0016 No Possible DNA damage
Zn – 0.015 No No N/A
Cr 1 0.003 Yes Yes Lungs
Pb 50 0.006 Yes No N/A
Mn 5000 0.020 Yes No N/A
V 50 0.003 No Yes DNA damage
Ni 1000 0.003–0.03 Yes Yes DNA damage
As 10 0.002 Yes Yes Lungs, Skin, Liver, Bladder
Co 0.10 0.0004 Yes No N/A
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2. Experimental methodology

2.1. Fuel preparation and physical properties

The commercial diesel fuel (Grade No. 2-D S15, ASTM D975 [23])
was obtained from a local fuel station in Abu Dhabi, UAE, and the
Karanja biodiesel was purchased from SVM Agro processor, India. The
Stabinger Viscometer (SVM™ 3000, Anton Paar) was used to measure
the kinematic viscosity and density of the fuel blends following the
procedure as per ASTM D7042 standard [24]. The physical properties of
diesel and the 20% Karanja biodiesel/80% diesel blend (referred to as
B20K) were precisely recorded, and the results are displayed in details
in Table 2.

2.2. Soot particle generation

The smoke point apparatus (RAP172, installed in a fume hood, and
used according to the standard ASTM D1322-08 procedure [25]) was
selected for the soot generation and its collection, as the apparatus is
able to produce stable flames with known fuel flow rates that allows
soot particle collection at various flame heights above their smoke
point. The details on the experimental setup for the smoke point ana-
lysis are provided in [31,32], and a schematic diagram of the experi-
mental setup for flame soot collection is provided in [32,52]. Moreover,
to understand the selective effect of Karanja biodiesel on metal trans-
mission to soot particles, smoke point apparatus is preferred over diesel
engine because: i) smoke point setup allows tuning combustion condi-
tions to produce highly sooting flames, and ii) the engine-generated
soots have inherent, additional metal sources such as lubricating oil and
engine wear and tear impurities, while the flame-generated soot is free
of such artifacts. It is worth mentioning that, while atmospheric-pres-
sure flame setups can help in eradicating the above-mentioned engine
artifacts that can affect the results, it also eliminates the effect of
pressure that can affect the kinetics of soot reactions and the possible
catalytic oxidation by metal nanoparticles. Ideally, a high-pressure
flame would more closely represent engine conditions, though we lack
such a setup. It has been shown in [26] that the pressure affected soot
nanostructures mainly due to early inception of soot particles at high
pressures. However, the simplicity of the ASTM standard smoke point
apparatus provides an economical way to test the sooting propensity of
fuels and to study the effect of fuel additives on soot production. This
setup has been shown previously to predict very well the sooting trends
seen in engines with diesel or gasoline blended with biofuels [27–29].
Furthermore, in [30], it was concluded by comparing flame and engine
soot particles that they matched sufficiently well, and flame soot can be
used as a surrogate for engine particulate matter. For further validation
of the results presented in this paper using a flame setup, engine ex-
periments can be performed in the future.

With the aid of the ASTM smoke point apparatus, the smoke points
(SP) were measured for diesel and B20K blend fuels. Smoke point is
defined as the flame height at which the sooting wings start to be visible
at the tip of the diffusion flame. The threshold sooting index (TSI) was
also calculated for the fuels by applying the equation: TSI = a (MW/
SP) + b, where MW is the fuel molecular weight, SP is the smoke point

in mm, and the constants, a and b are apparatus dependent, found by
calibrating the apparatus with known chemical compounds. For our
apparatus, their values were a = 3.7623 and b = −3.7539 (found in a
previous study [24]). The observed values of smoke points and calcu-
lated TSI values are provided in Table 3 that clearly indicate the soot
reduction potential of Karanja biodiesel when added to diesel.

Soot particles were generated in the diffusion flames for diesel and
B20K blend at flame height above the smoke point. In order to collect
soot particles for the fuel blends at the fixed fuel flow rates, a re-
placeable borosilicate microfiber filter (TX40H120-WW imported from
United Filtration System, USA, with 70 mm diameter, 2 μm filter pore
size) was used. The particulate filter was positioned above the chimney
of the smoke point apparatus so that the soot particles are captured by
passing the fumes generated from the tip of the flames through the filter
with the aid of a vacuum pump. After every 30–40 min, the microfiber
filter was removed from the metallic cartridge and the deposited soot
particles on it in the form of a cake were carefully retrieved by scrap-
ping off gently using spatula. No chemical extraction is required, as the
amount of soot deposited on the filter surface is high enough for phy-
sical extraction. The collected soot samples are then dried in an oven at
a heating rate of 20 °C/min at 400 °C under N2 flow to remove any
volatiles or water components attached. Since, the pore size of the filter
is the limiting factor for soot collection, it is possible that some very
small particles may pass through the filter. Especially during the initial
stage of soot collection, when soot layer has not developed on the filter,
particles with aggregate diameter less than the filter pore size (2 μm)
can penetrate through the filter and be lost during the collection pro-
cess.

2.3. Measurement of fuel flow and soot collection rates

The soot production rate at a given fuel consumption rate is a good
indicator of the soot suppression potential of a blending component to
diesel. The fuel consumption rates for each fuel (diesel, biodiesel, and
diesel/biodiesel blend) were recorded at the flame heights of 10 mm,
20 mm, and 30 mm by measuring the weight loss of the fuel in the
reservoir with respect to time, as described in [33]. A fixed fuel con-
sumption rate of 0.0008 ml/s was observed at a flame height of 20 mm
for diesel and 30 mm for the biodiesel/diesel blend, as shown in
Table 1S (and Fig. 1S) in the supplementary document. This chosen fuel
consumption rate of 0.0008 ml/s is equivalent to 2.9 ml/h. Using the
diesel density of 0.829 g/ml and B20K density of 0.84 g/ml, the fuel
consumption rate in terms of mass would be almost 2.5 g/h.

At this fuel consumption rate, the soot collection rates were re-
corded as 0.6 mg of soot/h for pure diesel fuel and 0.55 mg of soot/h for
the B20K blend.

Since the fuel consumption rate was maintained at a constant value,
the soot production rate, SPR (mg of soot/g of fuel) can be calculated as
follows:

=SPR m
m

̇
̇
s

f (1)

Here, ṁs is the mass (mg) of soot generated per hour and ṁf is the
mass (g) of fuel burnt per hour. For diesel with ṁs of 0.6 mg/h and ṁf of
2.5 g/h and for B20K with ṁs of 0.55 mg/h and ṁf of 2.5 g/h, the
calculated SPR values are 0.24 and 0.22 (mg of soot/g of fuel) for diesel
and B20K, respectively The SPR values indicate that soot production is

Table 2
Physical Properties of the tested fuels.

Physical properties Diesel Karanja biodiesel/diesel Blend
(B20K)

Density (kg/m3) 829 840
Dynamic viscosity (Kg/m.s) 0.00289 0.00295
Kinematic viscosity (mm2/s) @

20C
3.49 3.51

Cetane Number 59.7 62.1
Molecular weight, g/mol 197 336.14

Table 3
Smoke point and TSI values for the fuels.

Properties Diesel B20K Blend

Molecular weight, (g/mol) 197 336.14
Smoke Point (mm) 19 23
TSI 35.3 51.2
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reduced by the addition of Karanja biodiesel to diesel, even while
maintaining high sooting conditions in the flame. The collected samples
are then subjected to ICP-MS analysis in addition to several other na-
nostructural characterization test such as HRTEM, XRD, and Raman
spectroscopy.

2.4. ICP-MS analysis

All the samples (liquid fuels and solid soots) were digested in a high
purity nitric acid solution using an industrial grade microwave oven.
The digested samples were then further diluted in two stages before
being analyzed in the high-performance ICP-MS. The Perkin Elmer
SCIEX DRC ICP-MS model was used for this investigation. This instru-
ment was calibrated prior to the analysis using the certified standards,
and a suitable internal standard was used to compensate for the possible
drift in instrument measurements. The initial masses and dilutions were
factored into the software before arriving at the concentration of ele-
ments in the samples. The argon gas flow was set at a flowrate of
0.80 L/min. The fine nebulized solution was transported to a hot
plasma, where it was atomized and converted to ions, which were
afterwards carried to a mass spectrometer for detection. This ICP-MS
technique is highly sensitive, and can attain a limit of detection of 10-6

mg/kg (parts per trillion) for most elements [34]. All samples were
treated under identical conditions to ensure consistency. Prior to each
run, the instrument underwent appropriate calibration and correction
for background. Specific intensities generated from the metal con-
stituents of interest were measured, and valid considerations were
given to potential interferences and matrix effects. An aqueous certified
standard (Fluka 70007; 10.00 ppb per element) was available to test the
performance of the instrument on homogeneous aqueous solutions. The
instrument was programmed to aspirate three aliquots of sample in
quick succession and recorded the mean and deviation from the mean
(relative standard deviation, RSD). Overall, the relative standard de-
viations of less than 5% were achieved demonstrating that the perfor-
mance of the system for aqueous samples was acceptable [34].

The metal contents in the liquid fuels and diesel and biodiesel soots
were recorded in the units of ppb (ng of metal/g of soot for soot samples,
and ng of metal/g of fuel for liquid fuel samples). The mass of metal in
soot per unit mass of fuel burnt, MS F/ (ng of metal in soot/g of fuel
burnt) to produce that soot can be calculated as follows:

= ×M M SPRS F S S/ / (2)

Here, MS S/ is the mass of metal in soot per unit mass of soot (ng of
metal in soot/mg of soot) and SPR is the soot production rate (mg of
soot produced/g of fuel burnt).

This conversion was made to ensure that the metal content in the
liquid fuels and the solid soots can be expressed in the same units of ng
of metal/g of fuel so that the metal transmission rate can be calculated
and compared with the TLV values. Furthermore, the percentage
transmission of a metal from a fuel to soot produced from its combus-
tion can be calculated as:

= ×Metal transmission rate
M
M

(%) 100S F

F F

/

/ (3)

Here, MS F/ is the mass of a metal in soot per unit mass of fuel burnt,
and MF F/ is the mass of metal in fuel per unit mass of fuel burnt.

3. Results and discussion

3.1. ICP-MS results on metal content distribution

Fig. 1 provides the concentrations of the trace metals in diesel fuel
and its derived soot found through the ICP-MS analysis. The results
indicated the presence of 21 different types of trace metals. Out of
these, 17 metals were of concentrations greater than 1 ppb (presented
in Fig. 1), while the remaining 4 components (Ag, Bi, U, and Th) with

significantly low concentrations (< 1 ppb) were kept out of the scope of
analysis. Copper and iron represented the two dominant metals in the
diesel fuel samples with concentrations greater than 100 ppm, and were
followed by Zn, Cr, Sr, Pb, and Mn, whose concentrations were in the
range of 1–100 ppm. The rest of the metal components identified were
having less than 1 ppm concentrations. From the metal composition in
diesel soot particles, one can see that the 5 major trace metal, identified
in Fig. 1, were in the range of 0.1–0.4 ppm (defined as mass of metal per
unit mass of fuel burnt to produce soot particles) of the diesel com-
busted, with Sr having the maximum recorded concentration of
0.38 ppm.

Upon the analysis of the transmission factors of trace metals in soot
particles, a significant reduction in the soot’s metal content as com-
pared with the diesel fuel was observed. As a matter of fact, the two
dominant metal components that were observed in the fuel phase (i.e.,
Fe and Cu) were both diminished by a factor of 99.91%, which means
that only 0.09% of these metal components were transmitted from the
fuel phase to the soot phase. The low transmission of Fe and Cu ob-
served in this study could be explained as follows. The oxides of the two
dominant metals in fuel, Fe and Cu are known to serve as very efficient
diesel soot oxidation catalysts [35,36]. Thus, the in-situ flame-de-
posited Cu-oxide and Fe-oxide nanoparticles on soot spherules would
catalyze and enhance soot oxidation rate to either completely eliminate
soot inside the flame or reduce it to very small particles. Given the small
sizes of such metal nanoparticles (a few nm) or the partially oxidized
soot particles containing such metal complexes, there exists a possibi-
lity that they may pass through the filter and be lost during soot col-
lection process to indicate low transmission percentages of Cu and Fe
from fuel to soot in the ICP-MS studies. While the filter pore size is 2 μm
and the deposition of soot layer with time on the filter would enhance
the particulate collection efficiency, the metal nanoparticles present in
the gas-phase would most likely be lost. It may be possible to enhance
the aggregation of metal nanoparticles by cooling the flame exhaust
line near filter assembly. However, the cooling of exhaust line can also
affect the flame (and soot production from it that is sensitive to tem-
perature), and such modifications were not tested. Corbin et al. [20]
reported the most abundant metal constituent of marine engine-emitted
soot particles to be Vanadium (V), but our results show that Cu and Fe
dominated the metal composition of diesel soot (even with their low
transmission percentage), although relatively lower concentrations of V
were also detected in soot. The differences in the observed results to
those of Corbin et al. could be a result of differences in the fuel grade
used (i.e. source metal composition in fuel) as well as the marine engine
operating conditions, but these details were not available to compare
the metal transmission efficiencies of the two studies. Another study on
metal content of laboratory-generated soot, conducted by Bladt et al.

Fig. 1. Metal content in diesel fuel and its soot.
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[37], found that the addition of Fe(CO)5 to diesel fuel enhances Fe
transmission to soot only after greater than 17% (m/m) of the metal
source is added to the fuel, while the pure diesel soot did not show any
presence of metal content. On the contrary, our results confirm that
even pure diesel fuel contains trace metals, which are transmitted to the
diesel soot. The differences in the two studies could be due to the source
of diesel fuel as well as the efficiency and detection limits of ICP-MS
instrument. Moreover, since the authors in [37] focused on intentional
addition of known quantities of Fe to diesel, they possibly did not
consider trace metal analysis of pure diesel and their transmission to
diesel soot. The other detectable trace metals showed transmission from
diesel fuel to soot in the range of 1–10%, while Ce revealed a high
transmission of around 65%. Nonetheless, if the overall metal compo-
sition is concerned, Cu and Fe remain the dominant metal constituents
of diesel soot.

In order to evaluate the influence of blending biodiesel (Karanja
biodiesel) to diesel on the metal transmission efficiency into soot, fur-
ther analyses were performed on metal composition of B20K fuel and
soot generated from it. Fig. 2 presents the composition of trace metals
in the blended fuel and its soot.

The liquid fuel blend, B20K had a very close metal composition to
that of pure diesel fuel and almost identical trends. Cu and Fe remained
the most dominant species detected with concentrations slightly higher
than 100 ppm, and the concentrations of the rest of the metals followed
similar order as the previous fuel. However, the trace metals in soot
exhibited different concentrations as compared to diesel soot.
Quantitatively, 0.3% of Cu and 0.11% of Fe (higher in concentration
than diesel soot) were transmitted from the fuel to the B20K soot.
Interestingly, some metals such as Zn, Cr, and Cs exhibited a more
significant transmission rate as compared to Cu and Fe, with about
80–90% of these metals being transferred from the blended fuel to soot.
For better comparison, the transmission percentages for different metals
from B20K fuel to its soot were normalized with those for diesel fuel to
its soot, and the calculated ratios are listed in Table 4. It is evident that
the addition of Karanja biodiesel to diesel increased the metal trans-
mission rate from fuel to soot of Zn, Sr, and Cs by a factor of approxi-
mately 17, 7, and 58, respectively, while Cu and Pd transmission in-
creased by a factor of 3. Ce transmission remained nearly same as that
in the case of pure diesel. These results were consistent over repeated
experiments within the experimental error limit. In order to confirm
that the increase in transmission of these metals from fuel to soot were
not due to the increased metal concentration from Karanja biodiesel
itself, the biodiesel was subjected to ICP-MS analysis using a similar
procedure as that of other liquid fuels. The results on metal content in

diesel and Karanja biodiesel are presented in Tables 2S and 3S, re-
spectively, in the supplementary material. As evident from these tables,
the Karanja biodiesel has lower metal content as compared to diesel,
and therefore, the enhanced transmission of metals from B20K fuel to
soot is a result of the changes induced in the combustion reactions and
soot nucleation and growth mechanisms by biodiesel addition to diesel.

It has been reported that the transmission of metals from fuel to soot
during combustion may occur in the form of crystalline or amorphous
metal oxides, reduced elemental form of metal, organometallic com-
plexes or metal sulphates depending on the fuel combustion conditions
[38]. Since the ICP-MS technique detects metals in their ionic forms, it
cannot provide any information about the chemical and structural
forms of the metals present in soot. In order to gain more insight on the
enhanced transmission of metals from fuel to soot upon biodiesel ad-
dition to diesel, the influence of biodiesel on soot nanostructural dis-
order was studied using HRTEM, XRD and Raman analyses, and their
results are presented in the subsequent sections.

3.2. HRTEM analysis

Fig. 3 shows the HRTEM micrographs at 20 and 100 nm resolution
for diesel (subfigures A, A1) and B20K (subfigures B, B1) soots, re-
spectively. The soot agglomerates, as seen in Fig. 3, are composed of
primary particles that are interconnected as a result of temperature-
induced sintering effect and possibly van der Waals force of attraction.
Each primary particle is composed of core–shell like structure, wherein
the core is formed by the small sized PAH stacks having randomly or-
iented disordered structure as a result of internal oxidation of soot. On
the contrary, the shell is composed of long range graphitic fringes
having greater degree of structural order, arranged concentrically along
the periphery [39,40]. The analysis of approximately 100 primary
particles using ImageJ software reveals that diesel soot (subfigure A2)
has larger mean particle diameter (42.8 nm) as compared to B20K soot
(subfigure B2) that has a mean particle diameter of 22.4 nm. As soot
collection is carried out over several minutes to be able to have suffi-
cient amount for characterization, this also means that particles would
coagulate physically to form large aggregates. Therefore, it becomes
difficult to identify primary particles from 2D HRTEM images (as there
is no clear boundary between two primary particles) that limits the
number of particles selected for sizing. Note that, finding the fractal
dimension from such soot samples would lead to erroneous results, as
such large aggregates (Fig. 3A1, B1) may have formed on the filter (and
not actually present as such large aggregates in the flame). That’s why,
for fractal dimension studies, soot is deposited quickly for a few milli-
seconds only on a TEM grid and analyzed.

The addition of oxygenated biodiesel to diesel results in an

Fig. 2. Metal content in 20% Karanja biodiesel/80% diesel (B20K) fuel and its
soot.

Table 4
Normalized metal transmission % with respect to diesel.

Element Diesel Soot Karanja biodiesel-Diesel soot (B20K)

Cu 1.00 3.80
Fe 1.00 1.21
Zn 1.00 17.41
Cr 1.00 2.20
Sr 1.00 7.77
Pb 1.00 3.46
Mn 1.00 0.00
V 1.00 1.73
Ni 1.00 1.35
Ti 1.00 2.89
Cs 1.00 58.51
As 1.00 6.03
Co 1.00 0.00
Li 1.00 3.17
Ce 1.00 1.06
La 1.00 0.43
Sc 1.00 0.45
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enhanced fuel oxidation, as the fuel-bound oxygen provides homo-
geneous and improved oxygen: fuel ratio [42]. Thus, the size of primary
particles decreases as their formation and growth gets affected, though
the presence of a large number of small soot particles in the flame of
blended fuel may increase the soot surface area. Moreover, the en-
hanced oxygen:fuel ratio may also enhance the internal oxidation of
soot, resulting in a higher crystal structure disorder within soot [41].

For the quantitative information on the microstructural disorder in
soot, the HRTEM micrographs were analyzed using a Matlab code,
constructed based on the algorithm of Yehliu et al [42], to determine
fringe length and tortuosity index. In this method, the high-resolution
image of primary particle is first subjected to a negative transformation,
stated as Inegative = L-1-Ioriginal, with L being the discrete intensity levels
(approx. 256 per image), and Ioriginal is the image pixel value before
transformation. Multiple images are selected, and operations such as
Gaussian filtering, histogram equalization, and Tophat transformation
are performed, which eliminate errors due to non-homogeneous illu-
mination and improve the fringe contrast across the image. The skele-
tonization of the fringe structure is achieved using parallel thinning
algorithm [43], which allows eliminating small branches from the
parent fringe skeleton. With reference to these branch points, mean
fringe length and tortuosity were determined in all directions using the
Matlab code. For further details on the algorithm and equations used,
the reader is directed to reference [42]. The analyzed fringe micro-
structures for diesel and B20K soots are shown in Fig. 4, and the cal-
culated mean fringe length and tortuosity values are provided in
Table 5. It is evident from the table that the B20K soot has a sig-
nificantly greater fringe structure disorder, with shorter mean fringe
length of 2 nm and greater mean fringe tortuosity of 1.58 as compared
diesel soot, which has mean fringe length of 2.3 nm and tortuosity of
1.36. The shorter fringe lengths and greater tortuosity (caused by the
presence of entrapped 5-member rings in aromatic structures [44,45])
in B20K soot indicates an enhanced internal oxidation of soot (which
convert 6-membered ring to 5-membered ring) and/or reduced soot
growth. Such disorder in soot nanostructure is known to induce greater

reactivity of soot particles with oxidants such as O2 and radicals [24],
and may even react chemically with metal ions present in the flame to
form metal-oxo complexes with active centers on the soot surface or
metal oxide particles trapped in soot agglomerates. Such a possibility
could result in enhanced transmission of metal ions from fuel to soot
with higher reactivity and larger surface area. Miller et al. [46] studied
the effect of Fe(CO)5 doping of diesel fuel in a diesel engine. They
observed through TEM analysis that, at significantly higher Fe con-
centration (> 1000 PPM), when the Fe/C ratio exceeds 0.013, the Fe
vapors starts to condense and form tiny particles on the soot spherules,
while lower Fe/C ratio results in soot structure similar to pure diesel
soot. They did not evaluate its effect on the fringe and crystal structure
disorder of soot. Moreover, in their study, several factors such as the
selectivity of intentionally added Fe(CO)5 structure to condensation and
nucleation on soot, complexity of engine conditions such as high tem-
perature, pressure, added metal sources such as lubricating oil im-
purities, and the engine wear and tear could also result in the increased
metal concentration in soot, and hence, the effect of metal transmission
exclusively from fuel to soot is difficult to estimate.

Considering all the above factors, it can be concluded that the lower
metal/carbon ratio in the fuel used in this work, the absence of any
engine artifacts that can enhance metal content in soot (through the use
of laminar diffusion flame), and the in-situ catalytic oxidation of soot by
metal oxide particles leading to its subsequent loss, could be responsible
for the absence of obvious metal oxide nanoparticles in the TEM images
of soot, while their presence was evident through ICP-MS analysis.

3.3. X-ray diffraction analysis

The diesel and B20K soot samples were subjected to X-ray diffrac-
tion analysis, and the results are shown in Fig. 5. No characteristic
peaks of the metals/metal oxides (detected in ICP-MS experiments)
were observed in the XRD pattern, possibly due to their low con-
centrations that is below the detection limit of this technique. As re-
ported by Bladt et al. [37], even at high metal concentrations, the metal

Fig. 3. HRTEM images of (A, A1) Diesel soot and (B, B1) B20K soot along with their particle size distribution histograms (A2 and B2, respectively).
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oxides trapped in soot structure are highly amorphous in nature and
therefore do not exhibit characteristic peaks in XRD unlike crystalline
oxides. Nonetheless, the characteristics peaks of carbon soot at 2θ va-
lues of around 25° and 44° were observed. The first peak at 25° is as-
signed to the (002) plane, which provides the information about the
interlayer spacing and the thickness of the PAH stack. The peak at 44° is
due to the (100) plane, and contains information about the average size
of the PAHs in soot. The quantification of interlayer spacing (d002) was
performed using the Bragg’s law (equation E4), the nano-crystallite
height (Lc) was obtained using Scherer formula (Equation E5), while the
nano-crystallite width or average size of the PAH stack (La) was cal-
culated using Equation E6.

=d λ
sinθ2002

002 (4)

=L λ
B cosθ

0.9
c

002 002 (5)

=L λ
B cosθ

1.84
a

100 100 (6)

In the above equations, λ is the wavelength of X-ray (0.154 nm for
Cu Kα), θ002 and θ001 are the Braggs angles, and the full width at half
maximum (FWHM) for the two peaks are B002 and B100. The Braggs
angles and the FWHM were obtained via Gaussian fitting of the re-
spective peaks using Matlab software. It is evident from the values listed
in Table 5 that the interlayer separation between the graphitic planes
(d002) increases to 0.371 nm (B20K soot) from 0.362 nm (diesel soot),
while the crystallite width, La decreases to 2.95 nm (B20K soot) from
3.01(diesel soot). The number of graphitic layers (Lc/d002) in a given
PAH stack decreases to 2.89 in case of B20K soot as compared to 3.33 in
case of diesel soot. Such a reduction in PAH stack size is known to make

Fig. 4. Matlab processed microstructure analysis depicting fringe length and tortuosity index distribution of A) diesel soot and B) B20K soot.

Table 5
Soot nanostructural parameters obtained from HRTEM, XRD and Raman ana-
lysis.

Sample
Properties

Diesel soot B20K soot

HRTEM results
Mean fringe length 2.3 nm 2.0 nm
Mean fringe tortuosity 1.36 1.58
Primary particle diameter 42.7 nm 22.1 nm
XRD results
Interlayer spacing, d002 0.362 nm 0.371 nm
Nano-crystallite height, Lc 1.207 nm 1.071 nm
Nano-crystallite width, La 3.02 ± 0.5 nm 2.95 ± 0.5 nm
Lc/d002 (no. of layers, N) 3.33 2.89
Raman results
ID1/IG ratio 1.26 ± 0.05 1.51 ± 0.05
Lattice width, La 3.4 ± 0.5 nm 2.87 ± 0.5 nm

Fig. 5. Powder X-ray diffractogram of Diesel soot and B20K soot.
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the soot amorphous and increase the effective surface area of the soot
particles, and the increased interlayer spacing results in greater ex-
posure of reactive edge carbon atoms compared to the less reactive
basal carbon atoms [40]. These changes increase the reactivity of the
B20K soot particles, which could react/trap greater number of metal/
metal oxide particles during the combustion of B20K fuel blend com-
pared to diesel, resulting in increased metal transmission rate. The
degree of crystal disorder in soot plays an important role in the re-
activity of soot particles with oxidants, radicals, and even indirectly
with living cells when emitted to the environment and inhaled [47].
Therefore, the diesel and B20K soot samples were further subjected to
Raman analysis to estimate the ratio of disordered PAH layers to the
ordered graphitic layers, as presented in the next section.

3.4. Raman analysis

Two characteristic Raman bands, one at 1350 cm−1 (called as the D
band) and the second one at 1590 cm−1 (known as the G band) were
observed in the Raman spectrum, as shown in Fig. 6. The D band re-
presents the most disordered graphitic core and is also associated with
the aliphatic content of soot particles. On the other hand, the G band
represents the well-ordered graphitic structure mostly along the per-
iphery of the shell structure of soot [48,49]. Each Raman spectra con-
sisted of 200 data points that were used for fitting. Three different re-
gions per soot sample were analysed for consistency, and the error bars
reported in the results were calculated accordingly. Raman spectra
were analysed using the 5-curve deconvolution model. Voigt function
were used to fit the raw data, as suggested in [50]. The fitted peaks
were coded as D1 = 1345 cm−1, D2 = 1560 cm−1, D3 = 1445 cm−1,
D4 = 1220 cm−1, and G = 1590 cm−1. The D2 peak is associated with
lattice vibrations, while D3 represents the highly amorphous carbon in
soot samples. Unlike Bladt et al. [37], who observed a split in the D4
band into two single peaks that increased with Fe content in soot, the
Raman spectra of both diesel and B20K soots in this work exhibited
similar broad shoulders of the D4 band without any split. The retain-
ment of the D4 band in the present study could be due to low metal
concentration in soot (in ppb level), while in [37], the large quantities
of Fe were added to the fuel to see its effect. Such excessive external
addition of Fe in fuel could induce artifacts in the metal transmission
analysis, as these metals could act as nuclei for soot inception, con-
densation, growth and its internal oxidation that can further alter soot
nanostructure. Moreover, at high Fe addition up to 60% (m/m), addi-
tional peaks around 600–800 cm−1 were observed by Baldt et al. due to
the presence of Fe2O3, which were completely missing in soots analysed
in the present study.

Nonetheless, soot nanostructure was studied by comparing first
ordered graphitic G band intensity and the D band intensity. The ratio
of the intensities of D1 to G band (ID1/IG) represents the magnitude of
discontinuity and disorder in graphene layers present in soot [50,40],
which is equated to the lattice width (La) through Knight and White
equation (Equation E7) [51]. A proportionality constant of 4.4 for the
excitation wavelength of 515 nm, as suggested in [44,45], is used. The
obtained ID1/IG and La values are listed in Table 5.

⎜ ⎟= ⎛
⎝

⎞
⎠

−

L I
I

4.4a
D

G

1
1

(7)

The ID1/IG value for diesel soot was 1.26, while in the case of B20K
soot, it was 1.51. The higher value in B20K soot indicates a greater
disordered graphitic structure in it. The lower value of La in case B20K
soot (2.87 nm) compared to diesel soot (3.4 nm) are in good agreement
with the XRD results, and further confirms that the addition of Karanja
biodiesel to diesel enhances the internal oxidation of soot particles re-
sulting in a greater disordered fringe structure, and smaller PAH and
particle size, which makes the B20K soot more reactive and thus could
possibly explain the enhanced transmission rate of metal/metal oxides
from blended fuel to the soot.

The addition of Karanja biodiesel, which is composed of long chain
methyl ester of fatty acids, to diesel could impart changes in the surface
functional groups of the small sized PAH nuclei to enhance their crystal
disorder (as observed above, possibly by adding aliphatic chains) and
reactivity towards metal ions such as Zn, Sr, Cs, and Pb, which could
explain the enhancement in the transmission factor of these metals.
Further analysis using X-ray photoelectron spectroscopy could possibly
provide greater insight in this aspect. However, due to the lack of in-
strumental facility, such an investigation could not be conducted at this
stage. More importantly, the duel combination of greater metal/metal
oxide transmission from Karanja blended diesel fuel to soot and the
increased microstructural disorder and smaller particle size of B20K
soot makes the biodiesel-diesel soot highly hazardous, if emitted di-
rectly to the environment.

4. Conclusion

A detailed investigation on the concentrations of trace metals in
fuels (diesel and 20% Karanja biodiesel/80% diesel blend) and their
soots and on the nanostructural characterization of soot particles was
presented. It was observed that transition metals were the major metal
constituents of diesel fuel, which got transmitted to soot during com-
bustion. Although the concentrations of Cu and Fe were highest among

Fig. 6. Raman spectra of A) Diesel soot and B) B20K soot. Peak intensities are marked.
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all metals in diesel fuel and its soot, their transmission from fuel to soot
was only about 0.09%, possibly because their oxides are excellent soot
oxidation catalysts that may have enhances soot oxidation and returned
to the gas phase. Interestingly, the addition of Karanja biodiesel to
diesel enhanced the transmission of environmentally toxic metals such
as Zn, Sr, Cs, and Pb to soot. The normalized transmission factor, de-
fined as the ratio of the transmission rate from diesel to its soot (%) and
the transmission rate from blended fuel to its soot (%), for Zn, Sr, Cs and
Pb increased by the factors of 17, 7, 58, and 3, respectively. To un-
derstand the trends of metal transmission, the HRTEM, XRD, and
Raman spectra of soot samples were analyzed to quantify soot nanos-
tructural parameters. The addition of Karanja biodiesel to diesel re-
duced primary particle diameter and fringe length and increased
structural disorder with enhanced fringe tortuosity in soot that can
increase its reactivity towards oxidants, radicals, and metal ions. Such
an increased reactivity could enhance the transmission of metals/metal
oxides from gas-phase to soot during the combustion of the blended
fuel. The combination of greater degree of metal/metal oxide trans-
mission from Karanja-biodisel blended diesel fuel to soot and the in-
creased microstructural disorder and reactivity makes soots from bio-
diesel-diesel blend highly hazardous for living beings. Therefore,
improved extraction and distillation strategies to reduce the toxic metal
content in fossil as well as renewable fuels would be essential to reduce
the impact of their combustion on human health and the environment.
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