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Abstract: This paper focuses on the correlation between the oxidative reactivity and electrical
properties of soot particles. Soot particles were produced from an n-heptane inverse diffusion
flame and were sampled at different heights above the burner (HAB) using a thermophoretic
and probe sampling techniques. The electrical properties were characterized by the electrical
conductivity and work function, which were evaluated by an atomic force microscopy. The
soot reactivity was assessed in terms of activation energy (E.) and characteristic oxidation
temperatures, including peak temperature (7p) and burnout temperature (7,), using
thermogravimetric analysis. As the soot particles gradually age, they have various electrical
conductivity distributions. The average electrical conductivity presents an increase by three
orders of magnitude when increasing the HAB from 10 to 60 mm. The work function of bulk
soot particles shows an increase with the soot maturation. The soot reactivity gradually reduces
during the soot maturation process because the values of E,, Tp, and Ty, show increases with the
increase in HAB. For the soot particles, the E, and T, have strongly positive correlations with
the work function and with the logarithm of the electrical conductivity. Thus, electrical

properties can serve as an indicator of soot reactivity.
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1. Introduction

Much attention has been paid to a better understanding of the electrical properties of soot
particles due to their applications in many technical fields [1-3]. The term “electrical properties”
used here represents the electrical conductivity and work function. As for the application of
carbon materials, electrical conductivity is a crucial intrinsic property of a material, reflecting
its ability to carry a current [3-5]. Marinho et al. [6] pointed out that the discovery of high
conductivity for carbon nanotubes and graphene has incredibly broadened the range of
potential applications of this class of materials. Chen et al. [ 7] proposed that the high electrical
conductivity of graphene is an important reason to become a competitive electrode material for
supercapacitor applications. The work function is a parameter determining how strongly the
electrons are bound in the solid and is one of the fundamental physical quantities determined
the electronic structure, which significantly affects the application of carbonaceous materials
as electronic devices [8-10]. Moreover, the work function is a very sensitive parameter that can
provide evidence for micro- and nano-structural and chemical variations [11].

The electrical properties are strongly dependent on the nanostructure of soot particles. In
our previous studies, the crystallite width was found to have a positive correlation with
electrical properties for soot samples, and the interlayer distance exhibited a close negative
relationship with the electrical properties [12]. Grob et al. [13] revealed that a loss of the
crystalline order led to an increasing amorphization in soot, which caused a decrease in
electrical conductivity. De Falco et al. [14] demonstrated that the flame-formed soot
nanoparticles exhibited various electrical properties, which was intimately dependent on their

nanostructure. In addition, it is widely accepted that the oxidative reactivity of soot particles is
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primarily governed by soot nanostructure [15-17]. Jaramillo et al. [18] probed the oxidation
kinetics and nanostructure of three model carbons and found that soot nanostructure was
closely related to oxidative reactivity. Yehliu et al. [19] studied the soot particles generated
from direct injection light-duty diesel engine, and the obtained results showed an excellent
relationship between soot nanostructure and reactivity. At present, there have been many
reports on soot nanostructure and oxidative reactivity, but studies on the correlation between
soot electrical properties and oxidative reactivity are limited in number.

A better understanding of this relationship is useful to develop a method that can quickly
and conveniently measure soot reactivity, which is of importance in a variety of engineering
applications, such as the control of diesel soot emissions. Nowadays, diesel particulate filters
(DPFs) are one of the most common technologies used for diesel soot emission control. During
diesel engine operation, however, the soot particles trapped on DPFs must be periodically
removed by the enhanced soot oxidation in case they clog the DPFs [20,21]. The removal of
the trapped soot particles is usually implemented by an in-cylinder post-injection or a fuel
injection directly into the exhaust, which can generate a large amount of total hydrocarbon
(THC) emissions. These THC emissions will be oxidized by the diesel oxidation catalyst
downstream, significantly raising the exhaust temperature and thus enhancing the reaction rate
of soot oxidation [22]. If the changes in electrical properties can be monitored by on-board
diagnostics and can reflect the real-time oxidative reactivity of soot particles in DPFs, there
will be the potential of optimizing the control strategy of DPFs to achieve soot removal with
less fuel consumption. For example, the soot with high reactivity is more readily oxidized, and

thus less fuel is required for the increase in the exhaust temperature. In this context, the purpose
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of the present work is to probe the correlation between electrical properties and oxidative
reactivity of soot particles.
2. Experimental
2.1. Burner and sampling system

The schematic diagram of the experimental setup is presented in Fig. 1. An inverse
diffusion flame was produced using a center-tube McKenna burner (Holthuis & Associates,
U.S.A.). There are three concentric parts in the burner, which are distributed as follows: (1) a
center tube with a diameter of 12.7 mm was used for supplying the mixture of oxygen and
nitrogen; (2) an annular porous plug with a diameter of 30 mm for providing the n-heptane as
fuel and Ar as a carrier gas; and (3) an outer porous plug with a diameter of 75 mm for supplying
nitrogen to shield the flame from atmosphere air. The whole burner system was mounted on a
lifting platform with a positional accuracy of +0.02 mm to accurately adjust the sampling height
above the burner (HAB). The n-heptane with high-performance liquid chromatography (HPLC)
grade as fuel and Ar as a carrier gas feed a W-102A Bronkhorst vapor system to form an
evaporation mixture, and at the same time, the temperature of the transmission tubes was
maintained at 473 K. In parallel, a coil heater was employed to heat all the other gases up to
423 K to prevent liquid fuel condensation in the burner. The flow rates of the n-heptane as fuel
and Ar as carrier gas were 70 g/h with an accuracy of £0.02% and 0.31 L/min with an accuracy
of £0.2%, respectively, which was set by Bronkhorst controllers. Three independent mass flow
controllers were used to set the oxygen flow rate (0.52 L/min), nitrogen flow rate (0.6 L/min),
and shielding nitrogen flow rate (55 L/min). The visible flame height was 60 mm under the

current operating condition, as shown in Fig. 2. Further details on the diffusion flame burner



105  system are reported in our previous study [12].
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107 Fig. 1. Schematic diagram of the experimental setup.
108
109
110 Fig. 2. An image of the experimental flame
111 A thermophoretic sampling technique based on the thermophoresis principle was

112 employed to quickly obtain the soot particles at varying HABs for the analysis of atomic force
113 microscopy (AFM). In the thermophoretic sampling technique, an advanced linear electric
114  cylinder (FESTO, Germany) was incorporated to allow for rapid and precise reciprocating

115  motion, with acceleration and speed of 120 m/s?> and 3 m/s, and the corresponding residence
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time of obtaining soot particles was 30 ms. The self-closing tweezer (N5, Switzerland) was
mounted on the piston rod to fix and detach the substrate conveniently. A commercial highly
oriented pyrolytic graphite (HOPG, ZYH grade, SUA) and a gold substrate were employed to
load the soot samples at various HABs. A probe sampling technique shown in Fig. S1 of
supplemental material was used to gain more soot samples for thermogravimetric analysis
(TGA). The sampling probe with a diameter of 3.175 mm and a wall thickness of 0.125 mm
was positioned horizontally over the burner. A sampling orifice with a diameter of 0.15 mm
was drilled in the middle of the probe using a laser, which faced downward toward the incoming
burning gas. This probe was connected to a vacuum system with an in-line Teflon filter to
collect the soot particles. According to the proposed method by Zhao et al. [23], the flow rate
of the dilution nitrogen and the dilution ratio was set at 29.6 L/min and 300, respectively, to
quench the chemical reactions of the flame gas sucked in the sampling line. To avoid clogging
the sampling orifice, each sampling time was set to one minute, and the sampling orifice was
cleaned after each sampling. The sampling procedure was repeated at least five times at each
sampling position to obtain sufficient soot for TGA test. To evaluate the impact of the sampling
methods on soot feature, the soot particles were analyzed using X-ray diffraction (XRD). It
was found that the soot particles obtained through the thermophoretic sampling method
exhibited quite similar XRD patterns to those obtained through the probe sampling method (see
Fig. S2 of supplemental material). This result demonstrated that the soot sampling methods had
a negligible effect on the soot structure.

2.2. AFM

2.2.1. PF-TUNA
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A Dimension Icon AFM (Bruker, USA) was used in this study, and the electrical
conductivity of primary soot particles was determined using the PeakForce tunneling module
of AFM (PF-TUNA). A Ti/Pt-coated tip (PF-TUNA probes) was selected with resonance
frequency 70 kHz and spring constant 2 N/m. The HOPG with high conductivity feature was
used as a substrate due to the limited influence on the electrical conductivity of soot particles
[24,25]. The measurements were carried out with a calibrated optical sensitivity, and the
accurate spring constant was evaluated using the thermal tune option. The I~V curves were
obtained from the point and shoot feature of AFM at the particles in the topographical image.
The typical I~V curve for the chosen primary soot particle is shown in Fig. 3. The calculation

of the electrical conductivity (o) is according to the following equation [14]:

4H

o=G 5
D

(1

where G is the electrical conductance that was obtained based on the slope of the I~V curves
[14]. H and D are the particle height and particle bottom diameter, respectively, which were
gained from the topographical images [26]. To gain statistical results, the number of selected
primary soot particles was more than 150 for each soot sample, and the measure procedure for
each primary soot particle was repeated at least three times to guarantee reproducibility. Here,
the primary soot particles include the individual soot particles and the spherules in a soot
aggregate. During measurement, the individual soot particles were chosen preferentially to

avoid the mutual interference among soot particles.
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Fig. 3. Representative AFM image and /-V curve for chosen soot particle (HAB = 30 mm).

2.2.2. KPFM

The Kelvin-probe module of AFM (KPFM) was used to measure the surface potential
between the probe tip of AFM and the soot sample, and the work function of the soot sample

was calculated using the following equation [27]:

djsample = gptip - Agp(tip—sample) (2)

where @Psample and A®Piip-sample are the work function of soot sample and the surface potential
between the probe tip of AFM and the soot sample, respectively. @yp 1s the work function of
the probe tip of AFM. A Co/Cr-coated tip was used for the measurement of soot samples, and
the work function of the tip is 4.75 + 0.03, which was provided by the AFM manufacturer. A
gold substrate was used to harvest the soot particles. To avoid the effect of the gold substrate
on measured results, the gold substrate was inserted into the diffusion flame many times to
make sure that it was fully covered by soot particles. In addition, a gold substrate was employed
to calibrate the reliability of this method. The work function of the gold substrate was calculated
to be 4.93 + 0.02 eV, in good agreement with the previous results of 4.8-5.2 eV [28,29]. All
the measurements were performed in a glovebox with lower humidity to clear up the possible

influence of water film on soot particles. More information on the KPFM measurement is
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available in [12,27].

2.3.TGA

A thermogravimetric analyzer (Mettler-Toledo TGA/DSC1) was used to evaluate the
characteristic oxidation temperatures of soot samples. For each experiment, 3—4 mg of soot
sample was placed in a platinum crucible, and was first heated to 500 °C and kept for 60 minutes
to drive off volatile compounds under ultrahigh-purity nitrogen with a flow rate of 60 ml/min.
After thermal treatment, the sample was cooled to 200 °C and then was heated in ultrahigh-
purity air at a flow rate of 60 ml/min from 200 °C to 800 °C at a heating rate of 5 °C/min. Each

analysis was repeated at least three times to ensure reproducibility.

2.4. HRTEM

The nanostructure images were obtained by means of high-resolution transmission
electron microscope (HRTEM) (JEOL EM-2010F) instrument with a point resolution of 0.248
nm operating at 200 kV. Soot samples were collected on a lacey C/Cu grid through a
thermophoretic sampling technique. All images were taken in a Gatan Digital Micrograph with

a slow-scan CCD camera (image size 2048 x 2048 pixels).

2.5. XPS

The oxygen functional groups and chemical composition were assessed by X-ray
photoelectron spectroscopy (XPS). XPS spectra were recorded on a PerkinElmer PHI-1600
ESCA spectrometer using an Mg Ka X-ray source. Atomic composition was calculated based
upon the spectra with Shirley background from survey scans. High-resolution Cls peak was

proceeded using commercial software CASA XPS to identify oxygenated functional groups

10



196 and carbon chemical state on soot surfaces. More detailed information on XPS has been

197  described in the literature [12,30].

198 3. Results and discussion
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Fig. 5. AFM topographical images for soot particles at various HABs.

Previous study observed the diamond, graphitic, fullerenic and amorphous particles in a
candle flame [31]. In our current flame, the soot particles exhibit graphitic and amorphous
structures, and most of the soot particles have the typical shell-core nanostructure, as shown in
Fig. 4. The AFM topographical images of soot particles at various HABs are shown in Fig. 5.
At each HAB, more than 150 primary soot particles in the AFM topographical images were
chosen for the measurement of electrical conductivity. The obtained distributions of electrical
conductivity are shown in Fig. 6. The bin widths in the histograms are variable due to the
significant difference in the distribution range at various HABs. It is evident that the electrical
conductivity of soot particles increases with increasing the HAB. For example, the values of
electrical conductivity distribute in the range of 0.03 - 0.37 S/cm at HAB= 10 mm, while they
are in the range of 4.24 - 945.36 S/cm at HAB = 60 mm. The high electrical conductivity
suggests that the charges can move easily inside the soot particles. To evaluate the effect of

soot particle size on the electrical conductivity, more than 150 primary soot particles at HAB

12



40 mm were measured in terms of size and electrical conductivity. The mean values of

224

electrical conductivity for the soot particles in the sizes of 14-16, 17-19, 20-22 nm are 177.63,
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253.18, and 208.65 S/cm, respectively. These results suggest no definite correlation between
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electrical conductivity and size.
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Fig. 6. Distributions of the electrical conductivity (o) for the soot particles generated at various HABs.

230

To characterize such an increase in electrical conductivity quantitatively, the values of

231

and the obtained data were shown in Fig.

2

electrical conductivity at each HAB were averaged

232

7. The averaged electrical conductivity rises sharply from 0.11 to 986.45 S/cm when increasing

233

10 mm is approximately three orders of magnitude lower

the HAB, and the value at HAB

234

60 mm. This phenomenon can be accounted for by the soot nanostructure.

than that at HAB

235

As the HAB increases, the soot particles age gradually. At the same time, the graphene layers

236

size (La), sp*/sp® ratio and m—7 stack increase and the interplanar spacing reduces (dooz), as

237

illustrated in Table 1. These results imply soot development towards to more ordered

238

nanostructure. The more ordered nanostructure is much easier for electrons jumping from one

239
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carbon cluster to adjacent clusters and forms more delocalized & electron systems [32], and
thereby the soot particles present high electrical conductivity. Grob et al. [13] measured the
electrical conductivity of different carbon blacks with an increase in temperature, and found
that the electrical conductivity increased sharply with the growth of crystalline carbon
nanoclusters. De Falco et al. [14] investigated the electrical conductivity of bulk soot particles
generated in a premixed ethylene flame, but the reported values of electrical conductivity are
lower than our results. Such a phenomenon is mainly due to the differences in the synthesis
conditions and parent fuels used in the studies, which result in the soot particles with different

nanostructure and thus affect the electrical conductivity.

10 20 30 40 50 60
HAB (mm)

Fig. 7. Mean electrical conductivity () as functions of HABs.

Table 1. Structural parameters obtained from XRD and XPS analyses [12]

HAB (mm)  don2 (A) L. (A) sp¥/sp’ratio w7 (%)
10 3.679 22.50 1.58 4.88
20 3.667 24.72 1.69 6.28
30 3.639 27.57 2.01 7.85
40 3.617 29.07 2.11 9.86
50 3.612 31.22 2.63 10.68
60 3.608 32.76 2.98 11.35

3.1.2. Work function

Figure 8 shows the work function of bulk soot particles as functions of the HAB. The

14
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work function increase from 3.46 to 3.88 eV over the HAB range from 10 to 60 mm, indicating
that, as soot samples gradually age, the electrons in the soot particles are more difficult to move
in the interior of soot particles. The increase in work function is also related to the changes of
soot structure. With the increase in HAB, the aged soot particles exhibit fewer defect sites
corresponding to a less number of localized electrons existed [33] and have a greater amount
of the n—m stack, as manifested in Table 1. As a result, the number of delocalized electrons is
increased, which improves the depth of the attractive potential in the soot particles [11,34] and
thus results in the soot particles with a larger work function. This assertion is supported by the
fact that the HOPG with more n—r overlap of the electron wavefunctions and a greater number
of delocalized electrons in graphite crystals has a greater value of work function (4.65 eV) [35].
Palermo et al. [27] investigated the work function for the layer architectures in the
nanographene, and pointed out that more delocalized electrons in the layered architecture

contribute to an increase in work function.
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Fig. 8. Work function as functions of HABs.

It is worthy to mention that some carbon materials contain a small number of contaminants
like metallic species, which can affect the electrical properties of the carbon materials. For

example, if metal elements are present in the fuel during combustion, the generated soot
15
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particles will contain these metal species. In addition, the devices used for combustion and
sample collection likely result in soot particles to contain some metal species. In the present
study, the n-heptane with HPLC grade was used to avoid containing other substances in the
soot samples. No metallic species were detected in soot samples in the XPS analysis, as shown
in Fig. 9. In addition, no ash content was found for soot particles after TGA oxidation. These

results indicate that there are no metallic species in soot samples.

-Cis

Intensity (a.u.)

1000 800 600 400 200 O
Binding Energy (eV)

Fig. 9. XPS survey spectra of soot sample.

3.2. Soot reactivity

3.2.1. Characteristic oxidation temperature

The characteristic oxidation temperatures, including the peak temperature (7p) and the
burnout temperature (71), were used to evaluate the soot reactivity. T, refers to the temperature
where the maximum rate of weight loss reaches, and a higher 7}, suggests harder ignition. Ty
refers to the temperature where the soot oxidation is complete. Thus, the larger values of T
and T} indicate lower oxidation reactivity. The T;, and T, were obtained from TGA-differential
thermogravimetry (DTG) curves [36,37], as shown in Fig. 10. The obtained values for all soot

samples are exhibited in Fig. 11. The values of 7, and Ty increase approximately by 28 °C and

16
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Fig. 11. Peak temperature (7},) and burnout temperature (7) as functions of HABs.

3.2.2. Activation energy

to be more resistant to oxidation [12,38].

37 °C when increasing HAB from 10 to 60 mm. These results indicate that the aged soot
particles are more resistant to be ignited and burnt out. The primary reason for this behavior is
that the soot particles undergo a gradual transformation into a more ordered structure when

increasing the HAB, which reduces the number of available active sites and thus results in soot
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Fig. 10. Typical TGA-DTG plots for the soot particles
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The activation energy (E,) was also used to assess the oxidative reactivity of soot particles
and to validate the results of characteristic oxidation temperature. The calculation of E, is based

on the Arrhenius equation:
——=k-m"=Ae 'm 3)

where m, t, k, T and A are the real-time sample mass that is undergoing reaction, the reaction
time, the reaction rate constant, the absolute temperature of the sample and the frequency factor,
respectively. The n is the reaction order, and Al-Qurashi [39] suggested that the mean value of
reaction order for diesel soot particles was 0.97 =+ 0.015 at various heating rates. In the study
of Jaramillo et al. [40], the calculated values of reaction order were 0.90 + 0.028 for the m-
xylene/dodecane soot particles and 0.92 + 0.09 for a commercial carbon black named carboxen.
Given the uncertainty in the values of reaction order, the assumption of reaction order equal to
1 (n = 1) was made in this study. In addition, the assumption of n = 1 was widely used in the
TGA for soot particles [15,36,41].

E. and A were calculated from the slope and intercept of the plot of ln(_i[_’?%) vs. /T
and are listed in Table 2. As seen, the activation energy increases when increasing the HAB,
while the pre-exponential factor shows an opposite trend, suggesting a decline of soot reactivity.
Similar results were reported in the previous literatures [40,42], where the soot generated from
different flames also showed a decrease in pre-exponential factor with the increased activation
energy. On the contrary, Song et al. [43] and Zhang et al. [36] studied the reactivity of the soot

generated from the diesel engines, and found that the high activation energy corresponded to

the large pre-exponential factor.
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Table 2. Mean activation energy (F,) and pre-exponential

factors (A4) for the soot samples

Soot samples

HAB (mm)
E, (kJ mol!) A
10 123.37 +£2.39 5.27 x 10°
20 131.75+2.98 2.96 x 108
30 140.74 +£2.40 2.03x 108
40 150.63 +£2.03 5.67 x 107
50 164.44 +1.94 9.27 x 10°
60 170.16 +£2.69 5.68 x 10°

3.3. Correlation between soot reactivity and electrical properties
3.3.1. Soot reactivity and electrical conductivity

To establish a possible correlation between soot reactivity and electrical conductivity, the
T, and E, values for the soot samples are plotted against the logarithm of electrical conductivity
(log o), as shown in Fig. 12. The linear degree is evaluated using the square of a linear
correlation coefficient, R?, which is calculated using the simple linear regression. It is evident
that the T}, and E, increase with the increase in log @, and the R? value is 0.93 for 7, and log &
and is 0.90 for £, and log ¢. These results demonstrate that there are close positive correlations
between the 7 and log o as well as between the E. and log o for the soot samples. In other
words, the soot reactivity has a significantly negative relationship with the log @. Grob et al.
[13] explored the relationship between the electrical conductivity and oxidation reactivity for
various carbonaceous particles using a temperature-programmed oxidation method. They
revealed that the electrical conductivity showed an exponential rise with the decrease in

oxidation reactivity.
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Fig. 12. Peak temperature (7},) and activation energy (E,) versus the logarithm of electrical

conductivity.

The soot particles formed in this flame are composed of C, H and O atoms, and O and H
mainly exist on soot surfaces in the form of functional groups [44,45]. To shed light on the
effects of functional groups on soot reactivity and electrical conductivity, XPS analysis was
used to determine the concentrations of functional groups, including hydroxyl (C-OH) and
carbonyl (C=0) group. The concentrations of C-OH and C=O groups against £, and log o are
plotted in Fig. 13. It is seen that the C-OH and C=O contents present marginal correlations with
either the E, or log @ since all the R? values are less than 0.36. In addition, the extent of
correlations between soot nanostructure (La and doo2) and the E, as well as log ¢ was evaluated,
as shown in Fig. 14. Compared with the oxygen functional groups, the L. and doo2 are more
important factors affecting its reactivity and electrical conductivity because all the R? values
are above 0.90. In the study of Yehliu et al. [19,46], the soot nanostructure and reactivity
showed an excellent correlation, while no relation was found between the surface oxygen
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content and the soot reactivity. Seong [47] found that the considerable changes of the oxygen
functional groups caused no change in soot reactivity. Lapuerta et al. [48] made a
comprehensive summation about the effect of oxygenated compounds on soot reactivity
published in the literatures and revealed that there is still controversy concerning the role of
oxygenated compounds in reactivity. Vander Wal et al. [49] concluded that the soot reactivity
was highly dependent upon its nanostructure.

An increase in the L. and a reduction of the doo2 will increase electrical conductivity
[12,50]. On the other hand, the larger L. and smaller doo> mean relatively fewer edge site carbon
atoms and more carbon atoms in the basal planes. The carbon atoms in the basal planes are
100-1000 times less reactive than those at the edge sites [51], and thus more resistant to oxygen
attack. The decrease in the doo2 strengthens the binding energy of the graphene layers, and
thereby these layers are more stable and more resistant to oxidation [17]. Thus, the soot
particles with large L. and small doo2 have lower oxidative reactivity and higher electrical

conductivity.
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370 3.3.2. Soot reactivity and work function
371 The Tp and E. for the soot samples against the work function are shown in Fig. 15. As seen,

372 there are clearly positive correlations between the 7, and work function as well as between E.

373 and work function, and very high linearity (R?>=0.99) was obtained between T}, or E, and work
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function. Such results indicate that the soot reactivity has a strong negative correlation with the
work function. An increase in work function corresponds to a rise in @ bonding and a reduction
in ¢ bonding in soot structure, or in other words, there are a large number of aromatic
hydrocarbons (sp? hybridized carbon) and a low quantity of acyclic or cyclic aliphatics (sp>
hybridized carbon) inside soot particles, as manifested in Table 1. The sp? hybridized carbon
atoms have stronger electron resonance stabilization [17,19,38] and are more resistant to
oxidation than the sp> hybridized carbon atoms. Consequently, the soot particles with larger

work function have lower reactivity.
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Fig. 15. Peak temperature (7;) and activation energy (E,) versus the work function.

In addition, it is worthy to mention that the R? value for soot reactivity and work function
is slightly larger than that for soot reactivity and log ¢. This phenomenon is likely due to the
fact that the reactivity and work function all reflect the bulk properties of soot particles, while
the electrical conductivity reveals the individual particle feature without considering the

interaction of soot particles.
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4. Conclusion

The relationship between the oxidative reactivity and electrical properties of soot particles
was studied in this study. With soot maturation, the electrical conductivity exhibits different
distributions and the mean electrical conductivity increases sharply. The work function
increases when soot particles gradually age. The increased work function indicates an increase
in the binding of electrons in the soot particles, and thus it becomes difficult for the electrons
to move in the interior of soot particles. The reactivity of soot particles reduces with the gradual
maturity of soot particles. The soot reactivity exhibits a clearly negative relationship with the
work function and with the logarithm of the electrical conductivity. However, the work function
is more suitable to become an indicator of soot reactivity than the logarithm of electrical

conductivity since it has relatively higher linearity with the reactivity.
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