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Abstract: The present study investigated the effects of adding 20 vol.% biodiesel to petroleum diesel
(to produce a mixture termed B20) on the physical properties and reactivity of the resulting exhaust
soot particles. Tests were performed at different engine loads of a constant speed, and the soot
particles from the combustion of B20 and petroleum diesel fuel (DF) were collected from the engine
exhaust stream. Transmission electron microscopy and Raman spectroscopy were employed for
the analysis of soot morphology and nanostructure. The thermogravimetric analysis was used to
determine the oxidative reactivity of the soot. For both the DF and B20 soot, increased engine loads
result in soot aggregates with more compact morphology and primary soot particles with larger size
and more organized structure. Compared to the DF soot, the B20 aggregates have a slightly more
compact morphology and smaller primary particle size. No appreciable differences are observed in
nanostructure between the DF and B20 soot. The thermogravimetric analysis demonstrates that the
B20 soot is associated with lower peak temperature, burnout temperature and apparent activation
energy, suggesting that it is more reactive than the DF soot.
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1. Introduction

Biodiesel fuel (BF) is a renewable alternative to petroleum diesel fuel (DF) and offers many
important advantages, including a reasonably similar cetane number and flash point, low-toxicity
properties, biodegradability and the requirement of minimal modifications of engine systems [1,2].
In addition, the use of BF is expected to reduce our current dependence on fossil fuels while
lowering overall greenhouse gas emissions. For all these reasons, BF has been employed worldwide in
diesel-powered vehicles.

Soot particles are an undesirable combustion product of diesel engines, because they are detrimental
to the ambient environment and have a variety of adverse health effects [3–5]. The use of BF in diesel
engines has been shown to significantly reduce soot emissions [6–10]. Associated with the soot
reduction are the changes in the physical and chemical properties of the soot particles, because the
physicochemical properties of soot particles are determined by the type of fuel employed and conditions
under which the soot is generated [11,12]. The physical properties here include soot morphology
and nanostructure, while the chemical properties are based on surface functional groups and metals
incorporated into the soot structure. There is presently much interest in the physical and chemical
properties of soot particles because they govern the soot reactivity, which is an important factor
in the regeneration of diesel particulate filters (DPFs) [13,14]. The DPF is one of the most common
technologies used in diesel engines to satisfy stringent regulatory limits on particulate matter emissions.
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During engine operation, the DPF in a diesel vehicle must be periodically regenerated by soot oxidation
because trapped soot will otherwise clog the unit. Soot reactivity is defined as the ease of soot
oxidation. Soot with high reactivity is more readily oxidized, meaning that the temperature required
for regeneration of the DPF is lowered.

A considerable number of studies have been performed to explore the impact of the use of BF on
the physical properties of soot particles in the diesel engine exhaust stream. It has been reported that
the soot aggregates resulting from BF combustion possess more compact morphology and smaller
primary particles as compared to those from DF [15,16]. However, analyses of soot nanostructure have
produced seemingly contradictory results. As an example, Man et al. [11] and Yehliu et al. [17] found
that the exhaust soot from BF combustion exhibited shorter and more curved graphene layers than
that from DF. In contrast, Lapuerta et al. [13] and Song et al. [18] reported that the BF soot has a more
ordered and graphitic structure. Although many papers have shown the physical properties of BF soot
at present, it is difficult to draw a general conclusion on how the BF affects the soot structure based on
the obtained data. Therefore, there is still a need for more dedicated studies focusing on the structure
of BF soot.

In fact, the use of neat BF involves complications because of several issues, such as high viscosity,
high cloud point, low heating value and high cost, and the most practical approach to mitigating these
challenges is to blend BF with DF [6,19,20]. A proportion of 20 vol% BF (B20) is recommended by many
policy makers and government agencies for use in diesel engines, because this represents a good balance
of cost, emission, cold-weather performance, materials compatibility and thermal degradation [2,16,21].
However, to date, there have been few studies assessing the physical properties and reactivity of B20
soot, especially for the soot generated under different engine operating conditions. In the present
work, the physical properties and reactivity of both the B20 and DF soot generated at different engine
operating loads were studied, using transmission electron microscopy (TEM), Raman spectroscopy
(RS) and thermogravimetric (TG) analysis. In addition, the effects of soot’s physical properties on
reactivity were discussed in detail. The data obtained from this investigation should improve our
understanding of the characteristics of BF soot particles and assist in designing DPF for the removal of
BF exhaust particles.

2. Materials and Methods

2.1. Engine and Fuels

The experiments were conducted using a four-cylinder in-line diesel engine coupled with
an eddy-current dynamometer (AVL ALPHA350AF). A PUMA control system was used to adjust
the engine speed and torque. The specifications of the engine are summarized in Table 1. Two diesel
fuels were used: an ultralow sulfur diesel without any additives (designated as DF herein) and B20.
The B20 fuel was composed of 20% soybean oil methyl ester and 80% DF by volume. The main
properties of the DF and B20 are provided in Table 2.

During each test, the cooling water and oil temperatures were maintained within the ranges
of 353–358 K and 358–363 K, respectively, and the intake air temperature after turbocharging and
intercooling was maintained below 323 K. Tests were conducted under three steady-state operating
conditions: 20%, 60% and 100% load at 1600 rpm. To obtain a meaningful comparison, the brake mean
effective pressure (BMEP) and injection timing for both DF and B20 trials were kept constant for a given
operating mode. Because of the differences in the fuel density and heat value between DF and B20,
the injection duration was slightly adjusted to achieve the identical BMEP. The detailed operating
conditions are summarized in Table 3.
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Table 1. Engine specifications.

Properties

Bore × Stroke (mm ×mm) 102 × 118
Displacement volume (L) 0.964 (single cylinder)

Compression ratio 17:1
Intake system Turbocharged, intercooled, without exhaust gas recirculation (EGR)

Valves per cylinder 4
Rated power (kW)/speed (rpm) 100/2800

Maximum torque (Nm)/speed (rpm) 400/1500–1700
Injection system Bosch Common rail

Maximum injection press (MPa) 130
Injector hole diameter (µm) 153

Table 2. Properties of test fuels.

Properties DF B20

Sulfur content (µg/g) 42 31
Density (g/mL, 20 ◦C) 0.838 0.846

Low heating value (MJ/kg) 42.9 41.8
Kinematic viscosity (40 ◦C, mm2/s) 4.045 4.654

Flash point (◦C) 64 84
50% distillation/◦C 247.0 253.2
95% distillation/◦C 331.5 333.6

Aromatic content (wt%) 9.8 7.79
Cetane number 51.8 53

% C (wt) 87.2 84.94
% H (wt) 12.8 12.68
% O (wt) 0 2.38

Table 3. Engine operating modes.

Speed (rpm) Torque (Nm) Load (%) BMEP (MPa)

1600 80 20 0.261
1600 240 60 0.782
1600 400 100 1.301

2.2. Soot Sampling Method

The soot samples were harvested from the engine exhaust stream. For collecting soot samples
from the hot exhaust, the exhaust gas was diluted by air at a dilution ratio of 10:1 to attain a moderate
temperature. The samples for the analysis of soot morphology and nanostructure were deposited onto
TEM grids (200 mesh Ni). According to the results of extensive tests, a sampling time of 2–5 min is
appropriate for collecting enough soot particles onto the grid and preventing overloading. In addition,
Teflon-based filters (PallGelman, R2PL047) were employed to collect particle samples for the RS and
TG analyses. The soot particles were dislodged from the filters by ultrasonic wave treatment in
dichloromethane, followed by centrifugal separation. This treatment also removed volatile organic
compounds (VOCs) from the soot particles. The resulting soot samples without VOCs were dried
under nitrogen and then sealed in glass bottles for further analysis.

2.3. Transmission Electron Microscopy

A high-resolution transmission electron microscopy (HRTEM, Philips Tecnai F20) operating at
an accelerating voltage of 200 kV with a point resolution of 0.248 nm was used to characterize the
soot morphology and nanostructure. The magnification of the TEM instrument was optimized at
20,000×, which allowed the observation of the particles with clear boundaries. TEM images were
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digitized to permit calculations of the fractal dimension and the primary particle size using the method
proposed by Brasil et al. [22]. For the HRTEM inspection, a magnification of 500,000× was used
to observe the nano-scale internal structure of soot’s primary particles. Information regarding the
soot’s nanostructure, including the fringe length (the physical extent of the graphene layer plane),
separation distance (the distance between adjacent layer planes) and tortuosity (the ratio of the actual
fringe length to the straight-line distance between the endpoint of the carbon layer), were quantified
using an automated fringe image processing system. This calculation process was repeated 5 times
to determine the measurement uncertainty (standard error). Details regarding the digitizing and
analyzing procedures are available in [23].

2.4. Raman Spectroscopy

A Raman scattering spectrometer (Renishaw RM1000) was employed to calculate the graphitization
degree of the soot. Spectra were recorded over the range of 900–2000 cm−1 with a He-Ne ion laser
excitation source operating at 532 nm with power values of 5–6 mW and a spot diameter on the sample
of 1.2 µm. For each sample, spectra were obtained at approximately 6 positions with an acquisition
time of 10 s. Curve fitting of the Raman spectra was carried out using the peak fitting module in the
Origin 9.0 software package.

2.5. Thermogravimetric Analysis

The soot reactivity was estimated using a thermogravimetric analyzer (MettlerToledo TGA/DSC1)
with platinum crucibles. Non-isothermal TG trials were conducted in a gas mixture comprising 10%
oxygen and 90% N2 (equivalent to a typical engine exhaust atmosphere) at a flow rate of 50 mL/min.
The temperature was increased from 50 to 800 ◦C at a heating rate of 5 ◦C/min, and each test was
repeated 3 times to ensure reproducibility. The apparent activation energy of each soot sample was
calculated based on the TG data using the Mettler-Toledo STARe software (version 9.20) in conjunction
with the Friedman method [24].

3. Results and Discussion

3.1. Fractal Morphology

It is well known that diesel exhaust aggregates comprise large numbers of primary particles
having various morphological features, including chain, branch and cluster. Aggregates with different
shapes and sizes can be characterized by their fractal dimension (Df), which is widely used to describe
the geometric and aerodynamic properties of soot particles. Df is defined as

n = k f (
Rg

dp
)

D f

where n, kf, Rg and dp are the number of primary particles per aggregate, the prefactor, the radius of
gyration of aggregates and the size of primary particles, respectively. The Df represents the structural
compactness of the aggregate. Theoretically, a smaller Df suggests aggregates with more chain-like
particles, whereas a larger Df indicates aggregates containing more compact spherical particles.
In the present study, Df values were calculated based on two-dimensional TEM images. Detailed
descriptions of the measurement and calculation procedures have been previously reported in [22,25].
For each engine operating mode, approximately 50 aggregates were randomly selected for the Df
calculation to generate sufficient statistics to yield an unbiased result.

Figure 1 plots Df as a function of BMEP at the medium speed of 1600 rpm. The Df values are
seen to increase monotonically from 1.71 to 1.81 for the DF aggregates and from 1.74 to 1.86 for
the B20 aggregates in response to the increased BMEP. The obtained values of Df are in keeping
with results reported in the previous studies on diesel engine exhaust particles [26–28], which are
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in the range of 1.6–1.9. As the BMEP increases, the increased in-cylinder temperature and pressure
promote soot oxidation. Because the stretched chain-like branches are more readily oxidized than
the highly-concentrated core regions [25,29,30], the promotion of soot oxidation results in aggregates
with less branches and more compact structure. On the other hand, an increase in the BMEP suggests
a decrease in the air–fuel ratio. Such a combustion environment inevitably yields more soot particles,
which enhances the frequency of collisions among particles and so generates aggregates with more
compact morphology [27].
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Figure 1. Fractal dimension (Df) values of soot particles as a function of BMEP.

Figure 1 demonstrates that at the same engine load, the Df value for the DF aggregates is somewhat
smaller than that for the B20 aggregates. This result indicates that the DF produces more aggregates
with chain-like branches than the B20, as also evidenced by the TEM images of diesel particles in
Figure 2. Similar findings were reported by Savic et al. [16], who determined that the aggregates have
a slight tendency towards having a smaller size and more compact morphology when increasing the
biodiesel content in blended fuel. This phenomenon can be explained by focusing on the oxygen
content of biodiesel, which promotes soot oxidation and facilitates the generation of small particles
with shorter chains [15]. In addition, the exhaust particles from biodiesel fuel generally contain more
VOCs than those obtained from diesel fuel [31–33]. These VOCs condense on the particles and fill in
the voids of the aggregates, thereby making the aggregates more compact [26,34].
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Figure 2. Typical TEM images of particles sampled at BMEP = 0.782 MPa: (a) DF, (b) B20.

3.2. Primary Particle Size

More than 300 spherules with clear boundaries from different aggregates in the TEM images
were randomly selected to determine the primary particle size (dp), based on a procedure previously
reported in [25,27]. Figure 3 presents the dp distributions for both the DF and B20 soot particles.
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Based on multiple digitizations of the TEM images, the measurement uncertainty for the mean values of
dp was also obtained. The Gaussian fits are overlaid on the histograms as probability density functions
(PDFs). Because the description of the distribution using a cursorily-picked threshold will lead to
a subjective result, the dp distributions are characterized using the third quantile (75%), which is often
used to describe data distribution in statistics. For the DF soot particles, 75% of the primary particles
are smaller than 23.37 nm at the BMEP of 0.261 MPa, 26.91 nm at the BMEP of 0.782 MPa and 29.53 nm
at the BMEP of 1.301 MPa. In the case of the B20 soot particles, the corresponding values are 23.32,
26.89 and 28.73 nm, respectively. The mean primary particle diameters (dp) increase from 19.69 to
24.17 nm for the DF soot and from 19.51 to 23.75 nm for the B20 soot when increasing the BMEP
from 0.261 to 1.301 MPa. In a study by Neel et al. [27] concerning diesel exhaust soot particles, dp is
also found to increase along with the engine load. Neel concluded that the primary particle size was
highly correlated with the air–fuel ratio. Theoretically, the air–fuel ratio for a diesel engine shows
an approximately inverse proportionality to the engine load. Thus, with increase in the engine load,
the decreased air–fuel ratio would be expected to promote soot nucleation and growth, resulting in an
increase in the primary particle size.
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Previous investigations reported that using biodiesel fuel reduces the primary particles’ size [13,16],
and similar results were obtained in the present work. Because only 20 vol.% BF was used in the blend,
the B20 soot shows only slightly lower dp values at the same engine load, as indicated in Figure 3.
This reduction in the primary particle size can be attributed to three factors. Firstly, the presence of
oxygen in the biodiesel improves the local air–fuel ratio, thus promoting soot oxidation [7,35]. Secondly,
the lower concentration of carbon in the biodiesel slows the surface growth rate of soot particles [36].
Lastly, the high oxidative reactivity of biodiesel particles causes shrinkage of particles [8].
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3.3. Nanostructure

HRTEM was used to identify the internal structure of the soot particles and Figure 4 presents
typical HRTEM images of the exhaust soot particles generated from combustion of the DF and B20.
The primary particles are seen to comprise an inner amorphous core and an outer portion that can be
distinguished by numerous distinct graphene lamellae. In addition, the contour of B20 soot is generally
more nebulous and irregular than that of the DF soot. To clearly depict the characteristics of soot
nanostructure, approximately 100 primary soot particles from different aggregates in each soot sample
were randomly selected to perform a quantitative analysis of nanostructure parameters, including the
fringe length (La), separation distance (ds) and tortuosity (Tf).
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The distribution histograms of La, ds and Tf for both DF and B20 soot are provided in Figures 5–7.
The PDFs overlaid on the distribution histograms follow a lognormal distribution, and are nearly
monodispersed. For a given test mode, the La, ds and Tf values for both soots are within the ranges of
0.2–5.0 nm, 0.30–0.46 nm and 1.0–1.8 respectively. As a general observation, it is difficult to establish
any clear trends concerning the structural differences. Thus, the mean values of La (La), ds (ds) and
Tf (Tf) were used to characterize the soot nanostructure. It can be seen from Figures 5–7 that both
the DF and B20 soot show an increase in La but decreases in ds and Tf with an increase in BMEP,
indicating that the soot particles evolve toward a more ordered structure. Zhu et al. [25] assessed the
physical properties of light-duty diesel engine particles, and also found that the soot nanostructure
became more ordered when increasing the engine load. Combustion condition is an important factor
governing soot nanostructure [23,37]. At a given engine speed, the increased engine load means an
increase in combustion temperature. The elevated temperature promotes the decomposition of the fuel
into smaller molecular precursors, resulting in the formation of more ordered carbon layers in the soot
particles [37,38]. On the other hand, the high temperature provides sufficient thermal activation to
surmount the activation energy required for growth and reorientation of the carbon lamella, and as
a consequence, promotes the growth of crystallites [39,40].

Another factor governing soot nanostructure is the fuel property [11,12]. Man et al. [11] reported
that the exhaust soot particles from neat biodiesel were 10–16% shorter in La and 8–11% larger in
Tf than those produced from DF. However, our results indicate that the differences in La, ds and Tf

between the B20 and DF soot are only less than 2% at the same engine load, likely due to the relatively
low proportion of biodiesel in the fuel. Considering the measurement uncertainties, it is evident that
there is no significant impact on soot nanostructure when adding 20 vol.% biodiesel into the diesel.
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3.4. Soot Graphitization Degree

RS analysis was used to support the soot nanostructure results, because this technique can provide
information regarding the graphitization degree of soot particles. According to the method proposed
by Sadezky et al. [41], the Raman spectra of the soot were resolved into three Lorentzian bands at
approximately 1200 (D4), 1345 (D1), and 1580 cm−1 (G) together with one Gaussian-shaped band at
about 1520 cm−1 (D3). This process was repeated 5 times for each spectrum to ensure the reliability of
the curve fitting procedure, and the uncertainty of spectral parameters determined by curve fitting
was found to be less than 4%. The D1 band corresponds to the disordered structure at the edges of
graphene layers and crystalline defects, while the G peak reflects the graphitic lattice. Thus, the ratio of
the D1 peak area to that of the G peak (AD1/AG) is employed to characterize the graphitization degree
of the soot particles [25,42].

As the BMEP increases from 0.261 to 1.301 MPa, the AD1/AG values in Figure 8 decrease from 2.348
to 1.880 for the DF soot and from 2.355 to 1.898 for the B20 soot, indicating an increased graphitization
degree. These changes are in agreement with the information obtained from the analysis of HRTEM
images, and confirm that the soot nanostructure becomes more ordered with the increase in the engine
load. Close inspection of Figure 8 confirms that the differences in the AD1/AG values between B20 and
DF soot are less than 2.7% at the same engine load. These RS results therefore support the assertion
derived from the HRTEM analysis that there are no significant differences in nanostructure between
the DF and B20 soot.
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3.5. Soot Reactivity

Soot reactivity was characterized by TG analysis, and Figure 9 presents the typical smoothed
TG-differential thermogravimetry (DTG) profiles of the DF and B20 soot. From the TG and DTG curves,
the oxidation kinetic parameters were determined, including the peak temperature (Tp), burnout
temperature (Tb) and apparent activation energy (Ea). Here, Tp refers to the temperature at which
the maximum rate of mass loss occurs, such that a lower Tp suggests easier ignition. Tb represents
the temperature at which the oxidation of the soot is complete. The Ea was calculated through the
Arrhenius-type reaction model, which is described as below:

−
dm
dt

= Aexp(
−Ea
RT

)mnpO2
r

where the m, t and pO2 refer to the sample mass, time, and partial pressure of oxygen, respectively.
A is the pre-exponential factor, R is the universal gas constant and T is the temperature. The parameters
n and r are the reaction orders of sample and oxygen, respectively. The calculation procedures for the
kinetic parameters have been described in detail in [24,43].

Table 4 shows that the Tp, Tb and Ea values for both the DF and B20 soot increase along with
BMEP, suggesting a decrease in soot reactivity. Man et al. [11] investigated the effects of biodiesel on
the properties of particles from a direct-injection diesel engine. They found that soot generated at low
engine load shows higher reactivity than soot generated at high engine load when using neat diesel,
biodiesel and their blends, in agreement with our results.

It is believed that soot reactivity depends essentially on its physico-chemical properties, including
morphology, nanostructure, and chemical composition. For instance, aggregates with small Df and
primary particle size will have relatively large specific surface areas, which provide more active sites
for oxygen attack and thereby the soot reactivity is enhanced [34,44]. With regard to nanostructure,
a shorter fringe suggests a greater proportion of carbon atoms at the edge-sites of graphene layers.
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Compared to the carbon atoms in the basal plane, the edge carbon atoms more readily form bonds
with chemisorbed oxygen and are more accessible to oxidizers [45]. Higher tortuosity means that more
odd-membered rings are within the carbon planes and/or more sp3 carbon atoms present in the sp2

carbon framework. Odd-membered rings or sp3 hybridized carbon atoms are more susceptible to
oxidative attack than hexagonal rings containing only sp2 hybridized carbon, reflecting less electron
resonance stabilization [46]. In this study, the increased engine load increases Df, dp and La while
decreasing Tf and ds for both the DF and B20 soot, which in turn contribute to reduction in soot reactivity.Energies 2020, 13, x FOR PEER REVIEW 11 of 15 
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Table 4. Peak temperature (Tp), burnout temperature (Tb) and apparent activation energy (Ea) for
soot samples.

BMEP
DF B20

Tp (◦C) Tb (◦C) Ea (kJ/mol) Tp (◦C) Tb (◦C) Ea (kJ/mol)

0.261 MPa 505.8 532.6 144.2 483.7 498.8 134.3
0.782 MPa 510.5 546.7 154.5 500.2 526.8 142.9
1.301 MPa 566.5 607.3 163.9 519.8 550.2 154.6

The standard errors are within 2.0 ◦C for Tp and Tb, and 1.2 kJ/mol for Ea.

At the same engine loads, as seen from Table 4, the B20 soot has higher reactivity than the DF soot.
This behavior seems to be inconsistent with the morphology and nanostructure results, which establish
that both DF and B20 soot have almost identical values in terms of Df, dp, La, Tf and ds at the same
engine load. In fact, soot reactivity depends not only on physical properties but also on chemical
properties. Song et al. [18,47] examined the oxidation behavior of BF soot, and found that BF soot
possessed more surface oxygen groups than DF soot. They concluded that there is a positive correlation
between the concentration of surface oxygen groups and reactivity. Li et al. [33] investigated the effect
of the diesel/biodiesel blend ratio on soot oxidative reactivity, and argued that the addition of biodiesel
increases the quantity of aliphatic C–H groups on the soot surface. These aliphatic C–H groups are
an important factor governing soot oxidative reactivity [34,48]. In addition, the metallic species in soot
can act as catalysts and strongly affect soot reactivity [49,50]. Because of the use of KOH and NaOH
as catalysts in the transesterification process during biodiesel production, the Na and K contents in
BF soot are much higher than those in DF soot [3,51]. The relatively high contents of K and Na can
accelerate soot oxidation, and as a consequence, improve soot reactivity. Because of our focus on the
physical properties of soot particles, no information concerning chemical properties is provided in this
paper. Even so, considering the almost identical physical properties of the DF and B20 soot, it is likely
that the different reactivity between the DF and B20 soot can be primarily ascribed to variations in the
chemical properties of the soot.
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4. Conclusions

The physical properties and oxidative reactivity of soot particles generated from the combustion
of B20 and DF were studied at different engine loads. With increases in the engine load, both the B20
and DF soot particles tend to become more compact in morphology and larger in primary particle
size. Nanostructural analysis of both soots shows an increase in the fringe length and decreases in the
separation distance and tortuosity, suggesting a transformation toward a more disordered structure.
At the same engine load, the B20 soot is marginally larger in the compactness of aggregate and
slightly smaller in the primary particle size than the DF soot. Furthermore, no significant differences
in nanostructure were identified between the B20 and DF soot, because the values of fringe length,
separation distance and tortuosity are almost the same for both soots. This assertion is evidenced
by the results of Raman spectroscopy analysis, where the graphitization degree of both soots is
nearly identical.

Thermogravimetric analysis demonstrates that the peak temperature, burnout temperature and
apparent activation energy for both the B20 and DF soot increase along with the engine load, indicating
a decrease in the oxidative reactivity. At the same engine load, the B20 soot exhibits greater oxidative
reactivity than the DF soot because it has relatively lower values for peak temperature, burnout
temperature and apparent activation energy. Considering that there are no significant differences in
the physical properties between the B20 and DF soot, it is possible that the chemical properties of the
B20 soot are responsible for its higher reactivity.
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