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Abstract

This study investigated the use of a blend of waste vegetable oil and diesel fuel in a diesel tractor engine by comparing the
resulting particulate matter (PM) collected on a filter with the PM of diesel fuel. To this purpose, Fourier transform infrared
(FTIR) and elemental analyses were carried out and the PM collected on the filters was examined via scanning electron
microscopy (SEM). The study also investigated the overall morphology of soot particles from the blend of 75% waste cooking
0il (WCO) + 25% diesel (B75) in a diesel engine at three different loads (75%, 50% and 10%) compared with the morphology of
the soot particles from diesel fuel (BO). The FTIR spectra of the B75 fuel exhibited the characteristic regions of oxygen bonds.
Compared to the BO fuel, the increased oxidation from the excess oxygen in the B75 fuel reduced the size and number of soot
particles. It was also verified that the degree of unsaturation was related to the oxygen content of the B75 fuel. The FTIR spectra
of the B75 fuel showed a C = O tensile band methyl ester in 1734 cm ™' and C—O bands at 1214-1362 cm ™. Furthermore, similar
FTIR spectra were seen for the diesel fuel (B0) and the B75 fuel. The results showed a significant reduction in soot particle
emissions with the WCO-diesel blend. The results of this research have enabled a better evaluation of the effects of different fuel

usage on diesel engine combustion performance and emission characteristics.
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Introduction

Along with the increased use of fossil fuels throughout the
world, the negative effects of this energy have also escalated.
Many researchers have shown that the emissions of fossil
fuels as an energy source in particular have had negative im-
pacts on the environment and human health (Canakci and
Ozsezen 2005; Kaplan et al. 2006; Ulusoy et al. 2004).
Emissions from fossil fuels are a major source of air pollution
worldwide (Popovicheva et al. 2017). Elbir et al. (2010)
emphasised that in recent years, the number of vehicles and
the increased release of emissions into the environment influ-
enced by urban meteorological and topographical conditions
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have reached dimensions that threaten human health.
Predominant among these emissions are pollutants such as
CO, CO,, NO,, SO,, HC and CH,4 (Arslan 2011; Betha and
Balasubramanian 2011; Cherng-Yuan and Lin 2007; Lapuerta
et al. 2008a; Jung et al. 2006; Shah et al. 2014). Vehicle-based
pollutants are among the most important sources of air pollu-
tion and contain heavy metals which can lead to heart disease,
cancer, nervous system disorders and liver disease when taken
into the human body via respiration (Alkaya and Yildirim
2000; Tagdemir and Erbaglar 2007). In Europe, more than
70% of carbon aerosol emissions are vehicle-sourced, al-
though diesel fuel aerosol emissions are envisaged as hazard-
ous pollutants. In Turkey, about 40% of the air pollution ex-
perienced in urban centres originates from vehicles (Karabulut
and Saym 2015; Ulusoy 2016). Increasing concerns about
environmental impacts in urban areas have led to the develop-
ment of engine technologies that emit less particulate matter
(PM).

The goal of reducing vehicle-sourced pollutants may be
achieved by enhancing engine performance, which should
improve the emission rate. Biodiesel is the most common
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among the alternative fuels used in the improvement of emis-
sions. Fatty acid methyl esters (FAMEs) are obtained from
vegetable oils via transesterification. Thus, vegetable oils tend
to be widely used for biodiesel fuel blends since their soot
emission (SE) is less than that of diesel fuel (Agarwal 2007,
Giakoumis et al. 2012; Vojtisek-Lom et al. 2012; Tiwari et al.
2018). Moreover, biodiesel is a fuel that can be used without
significant modifications to diesel engines (Kumar et al. 2014;
Ulusoy et al. 2018).

Compared to diesel, biodiesel contains lower amounts of
sulphur and aromatics, which are thought to be critical for
nucleation of the polycyclic aromatic hydrocarbons (PAHs)
that lead to soot formation (Lapuerta et al. 2008a; Kumar
et al. 2014; Song et al. 2006; Vander Wal et al. 2010) . It is
thought that not only the chemical composition but also the
unsaturation and high oxygen content in biodiesel contribute
to the reduction of soot particles (Ulusoy et al. 2004; Kohse-
Hoéinghaus et al. 2010). The degree of unsaturation of biodie-
sel is an indication of the number of double bonds found in the
FAME:s chains. For pure FAMEs, the oxygen content slightly
increases the degree of unsaturation due to the saturation and
displacement of the double bonds of the two hydrogen atoms
(Benjumea et al. 2011).

In various studies, when PMs could not be retained from
the exhaust, the PM characterisations of diesel engines were
investigated physically and chemically. These studies includ-
ed steps leading to PM formation such as pyrolysis, surface
growth, coagulation, aggregation and oxidation (Neeft et al.
1996; Kalligeros et al. 2003). Surface growth is a process that
first develops and then converts nanoparticles into precursor
molecules, while coagulation takes place in a single step as a
merging process in which small particles collide to form larger
spherical particles (Eastwood 2008; Karin et al. 2017).

The particle size distribution of diesel PM emissions has
been studied by many researchers. They have reported smaller
particles in biodiesel PM emissions than in diesel fuel. Owing
to the oxygen in the biodiesel content, better combustion effi-
ciency is achieved, although the fuel has a lower thermal val-
ue. For this reason, the released particles are smaller in size
(Karin et al. 2013). Particulate matter is very sensitive to sud-
den changes in engine operating conditions, and the particle
size can range from 20 to 200 nm (Kittelson 1998; Soylu
2014).

One product of diesel engine technology that significantly
reduces particulate emissions is the diesel particulate filter
(DPF). These DPFs play an important role in PM capture
and oxidation, processes which involve the most complex
behaviour of PM and chemical reaction events. At present,
diesel engines do not meet the Euro III Stage B requirements
for emissions that are currently in force. Therefore, it is nec-
essary to use DPFs in vehicles operating on biodiesel blends
as well as in those operating on diesel fuel in order to meet the
current emission limits (Barrios et al. 2014).

This study investigated the use of a biodiesel blend in a
diesel engine by comparing the emissions collected on a
filter to those of diesel fuel. In the study, a tractor com-
bustion engine was operated at three different loading
rates (75%, 50% and 10%) using diesel fuel (BO) and a
blend of 75% waste cooking oil (WCO) + 25% diesel
(B75). The exhaust emissions were collected on filters
during the operation. Fourier transform infrared (FTIR),
elemental analyses and scanning electron microscopy
(SEM) were used to analyse the characterisation of the
SE deposited on the filters, revealing the difference be-
tween the two fuels.

Material and methods

The study was carried out using frying vegetable oils originat-
ing from domestic, commercial and food industry sources
collected from the Marmara region (Turkey) by a waste oil
collection organisation. The oils were subjected to methyl
ester transesterification at a facility in the region. Testing of
the biodiesel was conducted in engine test laboratories where
the particles were collected in emission filters. These filters
were analysed in a laboratory environment and the results
were evaluated. This research was a continuation of that
carried out by Ulusoy (2016) in which the performance and
emissions of three different fuel mixtures were analysed. In
the present study, FTIR, SEM and elemental analysis were
used to analyse the unsaturation of the diesel (B0) and biodie-
sel (B75) fuels and for the characterisation of the SE.

Test engine and measuring system

The biodiesel obtained from WCO (B75) and the diesel fuel
(BO) were tested on a 4-cylinder, 4-stroke, 85 HP diesel-
powered direct injection, 3908 cm® engine with a compression
ratio of 18/1. For this research, low-sulphur (less than 100
ppm) diesel fuel (BO) sold in Turkey (known as EURO diesel)
was used as the reference along with the B75 fuel and the fuel
mixtures were prepared by volume. The engine performance
tests and exhaust emissions were carried out in accordance
with directive 97/68/EC, and the steady state test was conduct-
ed at various speed and load simulations in the context of the
ISO 8178-C1 8-mode test standard, which includes tractor
engines. A schematic layout of the experimental system is
given in Fig. 1.

In the study, after testing the engine at a constant engine
speed of 2000 min ™' under three different loading conditions
(75%, 50% and 10%), the filters obtained were analysed. A
HORIBA MDLT-1300 partial-flow mini-dilution tunnel was
used for PM removal. Fluorocarbon filters were placed at the
connection point on the mini-tunnel system. In order to pre-
vent the filters from burning due to the high temperature of the
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Fig. 1 Schematic layout of the
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exhaust gas, a mixture of 30% exhaust gas and 70% ambient
air provided by the system was passed along with the exhaust
gas for 60 s through the filter placed in the tunnel. At the end
of the process, the filter was removed from the tunnel and
isolated from the surrounding air in a holding cabinet. The test
modes used, test speeds and the weight factors used in the
calculations are given in Table 1.

Test fuel

The biodiesel obtained from WCO used in this study had a
viscosity of 5.605 mm?*/s and a density of 884.8 kg/m’. In
addition, the main fatty acid composition of the biodiesel ob-
tained from waste oils according to literature values and mass
ratios is given in Table 2.

The types and ratios of FAMEs with C16-C18 carbon
atoms are considered to be the most important factors affect-
ing fuel emissions. The number of double bonds (i.e.
unsaturation grade) is assumed to play an important role in
the formation of SE (Benjumea et al. 2011; Salamanca et al.
2012b). As shown in Table 2, WCO appears to have a

Table 1 ISO 8178-C1 8-mode test cycles, modes, weight factors and
engine torque values

Mode no.  Speed (rpm) Load %  Weight Factor ~ Torque (Nm)
1 2500 100 0.15 246.8

2 75 0.15 192.1

3 50 0.15 128.2

4 10 0.10 28.8

5 1500 100 0.10 352.6

6 75 0.10 270.1

7 50 0.10 180.5

8 650 0 0.15 13.6
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monounsaturated oleic acid content (52.9%) that is relatively
lower than the unsaturated acid content (67.2%).

Analysis results for the B75 fuel and B100 (Pure WCO)
fuel used in the experiments revealed that the monounsaturat-
ed fatty acid content was 24.9% and 24.5% and polyunsatu-
rated fatty acids were 53% and 55.4%, respectively. The total
unsaturated fat ratios in Table 2 are higher than those (WCO)
values found in the literature due to the fact that the soybean or
sunflower frying oil content of the fuel used in the experi-
ments was higher. The high polyunsaturated fat content of
the test fuel also affected the amount of PM.

FTIR analyses of filters (soot particles)

The FTIR (JASCO Model FT/IR 6800-ATR) analyses were
performed on the samples with a maximum scan rate in the
range of 500 cm '—4000 cm . For the FTIR spectroscopy of
the SE from the combustion chamber collected on the filter
(Fig. 2), the samples were placed on the KBR disc on the ATR
module at 500-4000 cm ' and the spectra were recorded.

Scanning electron microscopy of SE filters

Data on the size and morphology of the SE were obtained
using the Quanta 650 FEG HV/LV/ESEM-STEM detector.
The soot (about 0.1 mg) was transferred to a separate
Eppendorf tube and thoroughly mixed with about 5 mL of
dichloromethane. One drop of distilled water was applied to
the PELCO® TEM grids (300 mesh) and the filter paper was
dried. Then the sample mixture was gently dripped onto the
grid and the filter paper was again lightly dried and placed on
the Quanta 650 FEG HV/LV/ESEM-STEM detector operated
at 20-30 kV voltage. Cross-sectional views of the filters used
in the study are shown in Fig. 2. When the images of the
particles on the filters are examined, it can be seen that the
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Table2  Major fatty acid composition of WCO in mass percent (Barrios et al. 2014; Knothe et al. 1997; Lapuerta et al. 2008b; Lai et al. 2011; Liang
et al. 2005; Leung and Guo 2006; Ogﬁt et al. 2012; Yaakob et al. 2014) and in tested B100 and B75 fuels

Fatty acids Chemical formula Chemical structure® WCO B100 B75
Lauric Ci,H40, C12:0 0.0 0.0 0.03
Myristic C14H50, C14:0 0.9 0.23 0.26
Palmitic C16H340, C16:0 20.4 14.3 13.9
Stearic CigH350, C18:0 4.8 3.67 3.60
Oleic Ci8H360, Cl18:1 52.9 24.1 24.5
Linoleic Ci5H340, Cl18:2 13.5 49.8 483
Linolenic C,gH3,0, C18:3 0.8 4.55 4.40
Total saturated 26.1 19.3 20.0
Total unsaturated 67.2 79.9 77.9
Cetane number (ASTM D 613) 49.3 51 -

Iodine value (2 g L/100 g oil) ~ 100 110 -

#C12:0 describes a fatty acid molecule with 12 carbon atoms and 0 double bonds

clearest image was obtained from the B75% 10-2000 sample,
whereas the darkest sample, and therefore the one with the
largest amount of soot, was B0% 75-2000.

Results and discussion
FTIR spectra of B75 and BO

In order to investigate the unsaturation of the B75 and B0
fuels, the FTIR spectra of the filters obtained from the test
results at a constant engine speed of 2000 min~' were
analysed. The FTIR spectra of the B75 and BO fuel samples
are shown in Fig. 3a, b and c. In general, when FTIR spectral
analyses are examined, permeability rates vary depending on
engine load and fuels.

Fig. 2 Filter section views

It appeared that the chemical composition of the PM was
compatible with the fuel evaporation resulting from the engine
oil combustion, and consisted mostly of alkanes, PAHs and
carboxylic acids (Kumar et al. 2014; Agarwal et al. 2011;
Omidvarborna et al. 2015a). Similar main peaks can be ob-
served for both fuels at the wave lengths of 1214 cm |, 1362
cm ' and 1734 cm ', as shown in Fig. 3. Depending on the
loading rates, the peak points of the B75 fuel permeability rate
were high, while the permeability of the BO fuel was lower.

The spectra of C—O bonds (e.g. esters) normally appear
between 1000 and 1300 cm™' and represent the difference
between biodiesel and diesel fuels. There was no significant
peak for sulphur bonds in the range of single bonds in the
diesel fuel. The difficulty in determining the sulphur concen-
tration in the BO fuel with the spectrometer used in this study
was anticipated. It is also important to note that there was no
sulphur in the biodiesel fuel.

B0%75-2000

B75%75-2000

B0%50-2000 B0%10-2000

B75%50-2000 B75%10-2000
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Fig. 3 FTIR spectra analyses of a 1o
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At the 1200 cm ™' peaks, the ester has the antisymmet-
ric axial stretching vibrations of the CC(= O)-O bonds,
while peaks at about 1214 cm ' can be assigned to the
asymmetric axial stretching vibrations of the OCC bonds.
However, these models are insufficient to identify the
presence of crude oil in a deteriorated blend resulting
from the esterification reaction process or from incom-
plete conversion due to engine oil leaks (Silverstein
et al. 2014; Soares et al. 2008).

The double bond region is seen at 1700-1800 cm ' at
the methyl ester C=0 stretching bond, which is essentially
a monoalkyl ester. The biodiesel samples showed more
unsaturated bonds than diesel fuel at 1700-1800 cm™'

@ Springer
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(Fig. 3). These molecules in the double bond region are
generally considered to be oleic (C18:1), linoleic (C18:2)
and linolenic (C18:3) fatty acids (Salamanca et al. 12). A
methyl ester with a strong carbonyl (C—O) signal is ob-
served at 1734 cm ™' in the FTIR spectrum (Bouilly et al.
2012). This unsaturated carbonyl signal appeared in the
WCO spectra. It can also be associated with the carbox-
ylic C(O)O and carbonyl C=0O groups in carboxylic acids
and ketones/aldehydes, respectively (Popovicheva et al.
2015).

The major components of the biodiesel samples were
aliphatic long chain HCs. The presence of a chain is
shown as C-H in a shaded field in Fig. 3. The aliphatic
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Fig. 4 SEM analyses of soot
particles

—CH, and —CHj; group vibrations are seen at 3000-2800
cm !, while the weak absorptions at 3100-3080 are indic-
ative for the presence of unsaturated molecular fragments
as C=C in alkenes and aromatic compounds. The peak at
1362 cm ' was assumed to arise from the CH; deforma-
tions (Chien et al. 2009).

This band was higher for the B75 fuel, but lower for the BO
fuel. The consequence of the oxygen content in the B75 fuel
can be observed. Thus, it is logical that diesel fuel and mineral
lubricating oil produce compounds containing very little oxy-
gen. The BO fuel permeability peaks can be produced by the
oxidation process that occurs during the combustion of the
engine and, although lower, peaks like those of the B75 fuel
can be produced. This variability in the B75 fuel produced
higher peak values at 50% loading compared to 10% and
75% loading.

det | ——200nm——

ETD

Particulate matter and morphology

Figure 4 shows SEM images of the particles of BO and B75
fuels trapped in the filter at a constant engine speed of 2000
min ' at loads of 75%, 50% and 10%. Although the BO and
B75 fuel particles are similar in diameter, different distribu-
tions can be seen. Both fuel particles appear to be concentrated
in a range of about 25-75 nm.

When the nanostructures of the SE of the BO and B75 fuels
are compared (Fig. 4), more amorphous and irregular
graphene particles are observed in the B75 samples. In the
primary structure of the particles coming from the B75 fuel
PM, a great number of misaligned wrinkles or inclined crys-
tals and structural imperfections are quite apparent. In con-
trast, the BO fuel soot particles have a more pronounced struc-
ture on the outer surfaces of the graphene layers. It is known
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Fig. 5 BO fuel particulate size 45
distribution obtained via SEM at 40 —— B0%10_2000
different loads (10%, 50% and —8- B0%50 2000
75%) 351 —o— B0%75_2000
_a.g 30
= 25
Z
g 20
=t
g 15
10
5
0

95-10 015-20

that due to the oxygen content and aromatic structure of the
B75 fuel, the resulting SE is more vulnerable to oxidative
attack (Boehman et al. 2005). Consistent with the understand-
ing of the relationship between structure and oxidative activ-
ity, the B75 SE led to higher reactivity compared to the BO fuel
soot, partly due to differences in the soot nanostructure.
Because the percentage of WCO in the B75 fuel is high, it
was seen that the number of particles decreased due to the
increase of the oxygen ratio in the fuel blend (Barrios
et al. 2014). The reason for this behaviour can be explained
by the chemical structure of the fuels. The high levels of the
oxygen-containing component and the absence of aromatic
molecules in the composition reduced the particle nucleation
and increased the oxidation rate (Salamanca et al. 2012a).
When biodiesel fuel is used, extra oxygen molecules are
involved in various side reactions that can remove the soft-
eners and affect the growth types of the soot (Omidvarborna
etal. 2015a). Generally, after formation, soot particles initially
have a typical crust-core structure (Hurt et al. 2000). The soot
particles formed by the combustion of the B75 fuel blend with
a high WCO ratio became hollow as a result of rapid and
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capsule-type oxidation (Song et al. 2006). As described by
Song et al. (2006), a uniformly structured soot particle be-
comes an uneven structure during oxidation through internal
deformation. Depletion of the internal material results in a
more irregular arrangement of the outer shell structure. Thus,
biodiesel soot particles are subjected to structural changes as
shown in Fig. 4. At all three loading rates, the combustion of
the B75 fuel showed that there had probably been oxidation
deformation in the structure of the SE.

The results showed the importance of the SEM analyses of
the B75 fuel SE for internal structural changes during the
oxidation process. The change in diameter in the oxidised
SE particles was observed experimentally. The internal oxida-
tion rate was thought to be greater than the surface oxidation
rate (Hurt et al. 1993). The results confirmed that the particle
size of the SE was reduced during the oxidation process.

Figures 5 and 6 show the particulate size distribution ob-
tained via electron microscopy at different loads (75%, 50%
and 10%) for the BO and the B75 fuels, respectively. The
primary nanoparticle size distribution of the B0 and B75 fuels
was in the range of 15 ~ 80 nm, which is compatible with the

Fig. 6 B75 fuel particulate size 35 X
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i 30 0o
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25
3
E 20
pz4
o
£ 15
&
10
5
0

05-10 215-20
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Fig. 7 Elemental carbon analyses 3.0
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literature. This was observed to vary for both fuels depending
on the loading rate.

Elemental carbon analysis

Figure 7 shows the carbon elemental analyses results.
According to these findings, the greatest % values were ob-
tained at the 10% load for the B75 fuel and at the 75% load for
the BO fuel. The lowest value was obtained at the 50% load for
both fuels. The engine operating conditions and performance
were the best at this speed.

Considering the loading state of the engine and the fuel
taken into the cylinder, the carbon content of the B75 fuel
was found to be high at idle and the 50% loading rate. The
combustion chamber was designed for diesel fuel and the
physical and chemical properties of the fuel burned in the
injector affected the combustion characteristics. In particular,
depending on the viscosity, the fuel injection pressure affects
the atomized particle size of the fuel.

The oxygen content in the biodiesel positively affected the
combustion characteristics. However, this effect could not be
realized at the expected level due to the high viscosity at low
speeds. However, at high speed, the high injection pressure of
the pump ensures better atomization of the fuel. This would
result in less carbon emission in full combustion zones.

Conclusions

In this study, during the combustion of the B75 and BO fuels,
the SE particles were collected on a filter and analysed using
different techniques. The results of the study data showed that
with the biodiesel fuel loading, the amount of SE was signif-
icantly lower than with diesel fuel. This reduction was more
pronounced at engine loads of 50% and 75%. It is believed
that the reduced SE of the biodiesel fuel was mainly due to the
oxygen content and the degree of unsaturation resulting from

the 75% WCO content. It may also have been due to the lack of
aromatic and sulphur compounds in the biodiesel fuel
(Omidvarborna et al. 2015a; Silverstein et al. 2014; Soares
et al. 2008; Chien et al. 2009; Boehman et al. 2005;
Salamanca et al. 2012a; Hurt et al. 2000; Hurt et al. 1993;
Xue et al. 2011). Although biodiesel obtained from WCO is
of a lower quality than that of various vegetable oil methyl
esters, findings of this study show that it produced less PM than
diesel fuel according to the loading rates (Ulusoy et al. 2004).

It was observed that the PM produced by the B75 fuel used
in the study was less concentrated than in the BO fuel. As a
result, this is supported by an increase in the degree of
unsaturation of the methyl esters present in the biodiesel.
The B75 PM emissions, a significant reduction in HC, the
high oxygen content and low sulphur content and the absence
of aromatic species make it a cleaner fuel than BO. However,
the chemical composition of the methyl ester present also
affects the B75 PM emissions.

The study results are summarised as follows:

» It was concluded that smoke opacity, which is a feature
related to PM emission, differed between biodiesel tests
according to the degree of unsaturation, and this affected
the amount of particulate matter collected in the filters. In
addition, properties such as density, in-cylinder tempera-
ture and cetane number affected the degree of unsaturation
of the biodiesel. The high content of linoleic acid and
linolenic acid in the fuel had a positive effect on the PM
content.

* The FTIR spectra of the B75 fuel blend biodiesel obtained
from WCO and diesel fuel showed characteristic regions
of carbon oxygen double and single bonds. No significant
peak of permeability was observed for the BO fuel due to
low sulphur concentration, while the B75 fuel showed no
sulphur peak points in the spectrum. The presence of long
carbon chains was confirmed by the vibration of the C—H
bonds.

@ Springer



508

Environ Sci Pollut Res (2020) 27:500-509

* The B75 fuel was shown to produce less SE compared to
the BO. It was observed that SE particles decreased at 50%
and 75% loading rates under ideal operating conditions of
the engine.

» The size distribution of the BO fuel SE particles did not
follow the same trend as the B75 fuel SE. The SEM anal-
yses of SE particles from the B75 fuel showed structural
changes in the emissions caused during the oxidation pro-
cess. It was observed that these structural changes reduced
the size and number of SE particles (Lapuerta et al. 2012,
Omidvarborna et al. 2015b).

* Laboratory results confirmed that the degree of
unsaturation was related to the oxygen content of the bio-
diesel fuel. The B75 unsaturated biodiesel fuel obtained
from WCO formed smaller soot particles, as shown in the
SEM images.

* As aresult of the tests, the FTIR spectra of the B75 fuel
showed a C=0 stretching band for methyl ester in 1734
ecm ' and C—O bands at 1214 cm™ ' and 1362 cm™ .
Furthermore, the diesel fuel FTIR spectra were found to
be similar to those of the B75 fuel.

This research made it possible to better evaluate how bio-
diesel fuel usage in diesel engines is effective on combustion
performance and emission characteristics. The similarities in
the known chemical properties of both B75 and B0 fuels dem-
onstrate that this biodiesel is a good alternative fuel in terms of
combustion chemistry.
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