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Variations in surface functional groups, carbon chemical state and

graphitization degree during thermal deactivation of diesel soot particles
YeLiu™, Sijin Wu®, Chenyang Fan"", Xin Wang”, Fangjie Liu", Haibo Chen®

A nstitute for Transport Studies, University of Leeds, Leeds LS2 9JT, UK

b Vehicle & Transportation Engineering Institute, Henan University of Science and Technology, Luoyang 471003, China

Abstract: The thermal deactivation of diesel soot particles exerts a significant influence on the control
strategy for the regeneration of diesel particulate filters (DPFs). This work focused on the changes in the
surface functional groups, carbon chemical state, and graphitization degree during thermal treatment in
an inert gas environment at intermediate temperatures of 600 °C, 800 °C, and 1000 °C and probes the
reason for thermal deactivation. The surface functional groups and carbon chemical state were
characterized using Fourier transform infrared spectroscopy (FT-IR) and X-ray photoelectron
spectroscopy (XPS). The graphitization degree was evaluated by means of Raman spectroscopy (RS).
The concentrations of aliphatic C—H, C—OH, C=0, and O—C=0 groups are reduced for diesel soot and
carbon black when increasing the thermal treatment temperature, while the sp?/sp> hybridized ratio and
graphitization degree enhance. These results provide comprehensive evidence of the decreased reactivity
of'soot samples. Among oxygenated functional groups, the percentage reduction during thermal treatment
is the largest for the O—C=0 groups owing to its worst thermodynamic stability.

Keywords: Diesel soot particles; Surface functional groups; Carbon chemical state; graphitization degree;

Thermal deactivation
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1. Introduction

Currently, diesel particulate filters (DPFs), as a common technology, are widely employed to reduce
soot particle emissions and improve air quality (Schejbal et al., 2009). In DPFs, soot particles are trapped
until these soot particles will be oxidized when DPF regeneration takes place. The high-temperature
exhaust gases varying from 250 to 850 °C during this process pass continuously through DPFs (Roth et
al., 1998; Matsumoto et al., 2008; Raj et al., 2014). These trapped soot particles undergo thermal treatment
for a long time in DPFs, which inevitably causes the thermal deactivation of diesel soot particles. Thermal
deactivation means a reduction in reactivity upon thermal treatment (Vander Wal et al., 2004; Sheng,
2007), making diesel soot particles more resistant to be removed when the DPFs regenerate. Thus, it is
necessary to probe the reason behind the thermal deactivation to further optimize the control strategy for
the DPF regeneration.

Many studies have been conducted concerning the thermal deactivation of carbonaceous materials
such as coal char, carbon black, and soot particles (Feng et al., 2002; Sheng, 2007; Raj et al., 2014;
Jaramillo et al., 2015). For instance, Feng et al., (2002) studied the impact of thermal treatment in the
850 °C-1150 °C range on the structure and reactivity of the coal char. The results indicated that the
thermal deactivation was strongly dependent on the crystallite-perfecting process during thermal
treatment. The same conclusions were reached by Sheng (2007), who reported that the increased
structural ordering of char crystalline during thermal treatment between 1200 °C and 1500 °C was
responsible for the thermal deactivation. Gaddam et al., (2016) studied the variation in the nanostructure
and reactivity of the model carbons when heated to a temperature up to 3000 °C under a He atmosphere.

The crystallite growth and increase in density during thermal treatment were observed, which caused the

2
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decreased reactivity. Jaramillo et al., (2015) explored the changes in nanostructure and reactivity of three
model carbons during oxidation at temperatures in the range of 575 °C —775 °C in air. The results
presented a good relationship between oxidative reactivity and carbon nanostructure. Zolin et al., (2002)
analysed the influence of thermal treatment in an oxygen environment on oxidative reactivity of coal char
and found that the elimination of hydrogen and oxygen in the carbonaceous matrix and loss of edge active
sites during thermal treatment would lead to a reduction in the oxidative reactivity. However, limited
information regarding the changes in the surface functional groups, carbon chemical state, and
graphitization degree of diesel soot particles during thermal deactivation is available in a nitrogen
environment at temperatures ranging from 600 °C to 1000 °C. Although the exhaust gases passing through
a DPF include several gas components, the nitrogen is approximately 70 % or even more in these gases
Resitoglu et al., (2014). Moreover, the thermal treatment performed under only nitrogen conditions would
eliminate the effect of other gas components on the experimental results.

Surface functional groups bonded to non-six-membered carbonrings during the soot oxidation
process exert a crucial influence on soot structure and reactivity (Santamaria et al., 2006; Vander Wal et
al., 2007). The thermal decomposition of these functional groups would chemically and physically
weaken the barriers to lamella reorganization, favouring the rearrangement of carbon lamella and
changing the nanostructure (Vander Wal et al., 2007). Simultaneously, the preferential loss of surface
functional groups can enhance reactive sites, thereby increasing the soot reactivity (Agudelo et al., 2014;
Soriano et al., 2017; Xu et al., 2019). The sp* and sp® hybridized carbon atoms are primarily chemical
states in soot, and the relative amount and spatial relationships are closely associated with the soot

structure and reactivity (Vander Wal et al., 2016). In addition, the degree of graphitization is a vital
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indicator of soot structural order, which is strongly associated with the in-plane crystallite size, affecting
soot reactivity (Sheng, 2007; Liu et al., 2017; Zhou et al., 2022).

In this context, the purpose of the present work is to study the alterations in surface functional groups,
carbon chemical state and graphitization degree during thermal treatment of soot samples in an inert gas
atmosphere at temperatures ranging from 600 to 1000 °C and further explore the reason for thermal
deactivation. The carbon chemical state and surface functional groups were characterized by means of X-
ray photoelectron spectroscopy (XPS) and Fourier transform infrared spectroscopy (FT-IR). The
graphitization degree of soot particles was evaluated using Raman spectroscopy (RS).

2. Experimental setup
2.1. Soot samples

Diesel soot particles were sampled on Teflon filters (R2PL047, PALL, USA) from a four-cylinder,
four-stroke and turbo-charged compression ignition diesel engine. Table 1 lists the details of the engine
used. The engine operating load and speed were set at 55% of the full load and 1800 rpm. The soot
samples were scraped from the filters after sampling for further thermal treatment. Additionally, the
Printex-U, a commercial carbon black from Evonik-Degussa, was also examined to compare the
properties of the diesel soot and Printex-U because the Printex-U is frequently employed as a surrogate

for diesel soot (Vander Wal et al., 2007; Raj et al., 2013).
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Table 1. Detailed specifications of the diesel engine

Engine parameters

Number of cylinders, configuration Four, in-line
Borexstroke (mm) 102x108
Compression ratio 17:1

Engine displacement (L) 3.856

Rated power 100 kW@2800 rpm
Maximum torque (N-m) 420

Fuel injection type Common rail system

2.2. Thermal treatment

For each thermal treatment, 5 mg of the soot sample in platinum crucibles of TGA was performed
under a nitrogen atmosphere. The nitrogen environment chosen for thermal treatment is because the
nitrogen is approximately 70 % or even more in the exhaust gases passing through a DPF (Resitoglu et
al., 2014). Moreover, the thermal treatment performed under only a nitrogen environment would isolate
the effect of other gas components of exhaust gases on experimental results. Previous studies have
demonstrated that thermal treatment at 450 °C for 60 min under an inert gas condition could effectively
remove the absorbed unburned hydrocarbons and volatile matters and exert a limited influence on soot
properties (Yehliu et al., 2012; Yehliu et al., 2013). Thus, the temperature was heated to 450 °C at first
and kept this temperature for 60 min. The diesel soot and carbon black after the removal of these volatile
matters were termed DS-D and CB-D. Then the isothermally thermal treatment was carried out under
various temperatures for seven hours. The significant thermal deactivation occurs when the thermal
treatment temperature is above 500 °C in an inert gas condition (Raj et al., 2014; Gaddam et al., 2016).
Consequently, 600 °C, 800 °C, and 1000 °C were chosen as isothermal thermal treatment temperatures
to study the variations in soot properties during the thermal deactivation of soot particles. The diesel soot

and carbon black after thermal treatment at 600 °C, 800 °C, and 1000 °C are denoted as DS-600, DS-800,
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DS-1000, CB-600, CB-800, and CB-1000, respectively.

The mass loss of diesel soot and carbon black against the treatment time under various temperatures
is shown in Fig.1. There is a slight mass loss for both diesel soot and carbon black at 600 °C. The mass
loss for the diesel soot and carbon black all reaches about 9% at 800 °C, while the mass loss at 1000 °C
is observed to be up to 28.3 % for diesel soot and 25.6 % for carbon black. Such a mass loss of soot
samples is likely to be associated with thermal fragmentation and the decomposition of oxygenated
compounds (Chung and Violi, 2011; Wang, 2011; Raj et al, 2014). The occurrence of thermal
fragmentation causes the sublimation of small polycyclic aromatic hydrocarbons (PAHs) on the surface

of soot samples. On the other hand, the oxygenated compounds existing in soot samples would be

desorbed when heated above 500 °C (Song et al., 2006; Raj et al., 2014).

30

N
o

Mass loss (%)
&

Fig. 1. Mass loss of soot samples during thermal treatment at various temperatures (Liu et al., 2022).

2.3. FT-IR

FT-IR was used to identify and quantify the surface functional groups on the soot surface. FT-IR
spectrometer (Nicolet Nexus 470) was employed with a spectral range of 600-3200 cm™ and a resolution

of 1 cm™. The soot samples and analysis grade KBr (0.5 wt%) were mixed and ground, and mixed
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dispersions were compressed for 5 min at 10 Ton into a thin disk.
2.4. XPS

XPS was implemented to acquire information on the oxygenated functional group and the carbon
chemical state in the soot samples. A PerkinElmer PHI-1600 ESCA spectrometer was employed to record
XPS spectra using an Mg Ka X-ray source operated at ultra-high vacuum conditions. The Cls peak of
contaminant carbon (BE=284.6 eV) was served as an internal standard to calibrate the binding energies.
More than three spectra for each sample were obtained to make sure the reproducibility of the tested
results.
2.5.RS

Raman spectra were measured by means of Raman microscope system (Renishaw 1000) with and a
wavelength of 514.5 nm and an Ar ion excitation laser. Raman spectra in the 900-2000 cm™' range were
recorded with an exposure time of 60 s. About 1 mW laser beam power was employed to avoid modifying
or burning the soot samples. For each sample, more than three spectra were obtained to make sure the
reproducibility of the results.
3. Results and discussion
3.1. Surface functional groups

In the present study, FT-IR was used to identify and quantify the surface functional groups on the
soot surfaces. Fig. 2 shows the background-corrected, smoothed FT-IR spectra of diesel soot and carbon
black over thermal treatment at various temperatures in the region between 600 and 3200 cm™. All the
soot samples have almost similar positions of peaks but exhibit different signal intensities. Three well-

defined aliphatic CH; asymmetric stretching, CH> asymmetric stretching and CHs symmetric stretching
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peaks are measured at 2960, 2920, and 2850 cm!, respectively, which are primarily from methylene
bridges maintaining the interconnection among PAHs or from methyl, methylene, and methine attached
to aromatic rings on PAHs (Ibarra et al., 1996; Santamaria et al., 2006; Liu et al., 2016). The aliphatic C—
H plane deformations of CH2/CHj groups are measured and located at 1380 and 1450 cm!, respectively
(Santamaria et al., 2006; Cain et al., 2010). Most of the peaks detected here are also observed for soot
particles formed in an inverse diffusion flame (Santamaria et al., 2006; Santamaria et al., 2010). However,
no signal of aromatic C—H stretching located at around 3030 cm™ is measured in this study. The aromatic
out-of-plane C—H bending vibrations of three-adjacent, two-adjacent and isolated hydrogens are observed
at 750, 830, and 880 cm!, respectively (Santamaria et al., 2006; Russo et al., 2014). The peak at 675 cm’
! is measured in this study, which is assigned to aromatic out-of-plane C—H bending vibration (Bladt et
al., 2012). In addition, the peaks at 1640 and 1520 cm™ are detected, corresponding to the stretching of
alkenyl C=C and aromatic C=C—C groups (Santamaria et al., 2006; Raj et al., 2014). Some oxygen-related
functional groups are also measured for the soot samples. The peak of C=O stretching of carboxylic
groups is observed at about 1700 cm™ (McKinnon et al., 1996; Kirchner et al., 2000). The oxygen-carbon
stretching groups of the ether, esters and hydroxyl appear at 1260, 1100, and 1050 cm™, respectively

(Cain et al., 2010).
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Fig. 2. FT-IR spectra of diesel soot and carbon black over thermal treatment at various temperatures.

3.1.1. Aliphatic and aromatic C—H groups

Given some factors, such as the content and thickness of the KBr pellet, have an impact on the signal
intensity in FT-IR spectra, the intensity ratio of the aliphatic C—H peak at 2920 cm™ to the aromatic C=C
peak at 1640 cm™ (Iai/lc=c) is used to quantify the relative concentration of aliphatic C—H groups in the
light of the suggestion by McKinnon et al., (1996) and Santamaria et al., (2007). Fig. 3 presents the
variation in the /aii/Ic=c ratios as functions of thermal treatment temperatures. The diesel soot and carbon
black exhibit the same evolution trend regarding changes in the /aii/lc-c ratios when increasing thermal
treatment temperature. The relative content of aliphatic C—H groups reduces gradually with an increase
in thermal treatment temperature, indicating that the higher thermal treatment temperature would
consume more aliphatic hydrogen. This behavior is primarily ascribed to the following factors: (1) the
increased carbonization reactions with increasing thermal treatment temperatures enhance
dehydrogenation rates (Wang et al., 2013; Liu et al., 2016); (2) the more cyclic or acyclic aliphatics
including aliphatic C—H groups would be desorbed from soot surfaces when heated at higher thermal

treatment temperature (Raj et al., 2014). In the study of the soot carbonization process by Vander Wal
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(1998), it was found that carbonization reduced the concentration of hydrogen functional groups. Dobbins
et al., (1995, 1996) stated that the carbonization reaction would reduce aliphatic C—H functional groups
on soot surfaces.

Aliphatic C—H groups are a crucial factor affecting soot oxidation reactivity (Wang et al., 2013). The
abstraction of H-atoms in aliphatic C—H groups requires lower energy, and the preferential loss of
aliphatic hydrogen enhances the number of active sites, increasing soot reactivity (Santamaria et al., 2006).
As a result, the concentration of aliphatic C—H functional groups reduces when increasing thermal
treatment temperature, which decreases the number of actives sites and lowers soot reactivity. Agudelo
et al., (2014) investigated the soot particles from diesel and crude vegetable oils. The results presented
that the reduction in aliphatic C—H groups led to the decreased reactivity. The same conclusion was
reached by Ruiz et al., (2015), who found that the soot reactivity reduced as the concentration of aliphatic
C-H groups decreased. Soriano et al., (2017) discovered that soot generated from paraftinic fuel had
higher reactivity than that from diesel fuel. They revealed that this higher reactivity was due to a higher

concentration of aliphatic functional groups.
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Fig. 3. Relative concentrations of aliphatic C—H functional groups as functions of thermal treatment temperature.
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3.1.2. Oxygenated functional groups

XPS analyses in this study were carried out to gain information regarding the oxygenated functional
groups and carbon chemical state. Fig. 4 presents a representative high-resolution scan of the Cls peak.
The Cls region was deconvoluted to four peaks according to the method suggested in the literature
(Pumera and Iwai, 2009; Gaddam and Vander Wal, 2013): the peak at 286.6 eV assigned to hydroxyl (C—
OH) groups, the peak at 288.4 eV corresponding to carbonyl (C=0O) group, and the peak at 289.2 eV
referring to the carboxylic acid (O—C=0) group. The analysis of sp? and sp’ hybridized carbons will be
discussed in detail in the subsequent section. The concentrations of C-OH, O—C=0 and C=0 groups for
diesel soot and carbon black are plotted against thermal treatment temperatures in Fig. 5. The contents of
C-OH, O—C=0 and C=0 groups reduce when increasing the thermal treatment temperature, indicating
that the more oxygenated functional groups are desorbed at the higher temperature. According to previous
work (Song et al., 2007; Lapuerta et al., 2020), the oxygenated groups are important intermediate
compounds and exert a crucial influence on oxidation reaction, influencing soot reactivity. In the present
work, the oxygenated functional groups for soot samples decrease with the increase in thermal treatment
temperature, which in turn reduced soot reactivity. Song et al., (2006) probed the correlation between the
oxygenated functional groups and reactivity and found that the decreased relative concentration of
oxygenated functional groups would reduce soot reactivity. Soriano et al., (2017) came to the same
conclusion, and the results revealed that the biodiesel soot possessed higher concentrations of oxygenated
functional groups compared to diesel soot and had higher oxidative reactivity. However, a different
conclusion was obtained by Yehliu et al., (2012), who found that the content of oxygenated functional

groups was not associated with soot reactivity.
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Fig. 5. Contents of C—OH, O—C=0 and C=0 groups as functions of thermal treatment temperature.

The percentage reductions of C-OH, C=0 and O—C=0 groups for diesel soot and carbon black are
calculated with various thermal treatment temperatures. Compared to DS-D, the concentrations of C—OH,
C=0 and O—C=0 groups for DS-1000 reduce by 31%, 37%, and 44%. Similarly, the contents of C—OH,
C=0 and O—C=0 groups for CB-1000 decrease by 34%, 38% and 47% than those for CB-D. The
percentage reduction for diesel soot and carbon black follows the sequence: O-C=0 > C=0> C-OH
groups, which is likely to be correlated with the relative thermodynamic stability of these oxygenated
functional groups. In the study by Vander Wal et al., (2010), it was discovered that the relative
thermodynamic stability of C-OH, C=0 and O—C=0 groups decreases sequentially. As a result, the O—

C=0 groups have the worst thermodynamic stability, and thus the percentage reduction is the largest for
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3.2. Carbon chemical state

XPS was also used to gain chemical information regarding the sp* and sp® hybridized carbon atoms
(Tandon and Rosner, 1996; Vander Wal et al., 2014). The sp? and sp® hybridized carbon atoms are integral
to the overall soot nanostructure. As shown in Fig. 4, the deconvolution of the high-resolution spectrum
about the Cls region was performed to quantify the relative contents of sp? and sp® hybridized carbon
atoms. The peak near 284.3 eV is a representation of sp? hybridized carbons and © bonding in soot (Raj
et al., 2014; Guerrero Pefa et al., 2016). The peak near 285.2 eV is assigned to the sp* hybridized carbons
and o bonding in soot (Raj et al., 2014; Guerrero Pefia et al., 2016). The sp2 hybridized carbons refer to
the ordered carbon, and the sp® hybridized carbon atoms would affect the sp? hybridized network and
need bond terminations other than adjacent m bonded carbon atoms. These sp’ hybridized carbon atoms
would reduce the structural order and are consequently considered as the defect sites (Vander Wal et al.,
2011). Thus, a large sp*/sp® hybridization ratio corresponds to a more ordered structure (Alfe et al., 2009).

Fig. 6 shows the sp?/sp’ values for diesel soot and carbon black as functions of thermal treatment
temperature. Compared to diesel soot, carbon black has slightly larger sp*/sp® values at each thermal
treatment temperature. In addition, a monotonic increase trend in sp?/sp> hybridization ratios for diesel
soot and carbon black is observed with increasing thermal treatment temperature, demonstrating that soot
samples transform towards a more ordered structure as thermal treatment temperature increases. This
behavior is primarily due to the desorption of more amorphous species on soot surfaces when increasing

thermal treatment temperature. Raj et al., (2014) also reported that amorphous and disorder species were
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desorbed from soot surfaces, which included a large quantity of cyclic or acyclic aliphatics. In the study
by Fetzer (2000), it was found that some amorphous PAHs making up soot particles would be sublimated
at approximately 500 °C. Consequently, more amorphous PHAs will be sublimated when heated above
500 °C, which favours soot samples towards a better graphitic organization, corresponding to the
increased sp*/sp’ ratio. In addition, it was found through a theoretical calculation that the binding energy
of the PAHs on soot surfaces was closely related to the mass of PAHs in the stack, and small PAHs had
lower binding energy relative to the large ones (Herdman and Miller, 2008; Raj et al., 2011). As a result,
there is a high probability for amorphous and small PAHs that can escape from the PAHs stacks in soot
by overcoming van der Waals force of attraction, which develops a more ordered structure, in line with
the current XPS data. An increase in sp’/sp® hybridization ratio corresponds to an enhancement in
graphitic planar structures within soot samples, which reduces active sites for oxygen attack and thus
lowers soot reactivity (Alfe et al., 2009). A similar finding was reported by Gaddam et al., (2016), who
pointed out that the large sp?/sp* hybridization ratio for the model carbon presented low reactivity. Fan et
al., (2019) revealed that the diesel soot particles with the large sp*/sp® hybridization ratio presented more

resistance to oxidation.
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3.3. Graphitization degree

RS was employed to assess the graphitization degree of the soot samples. Fig. 7 shows the
representative baseline-corrected, smoothed spectra of DS-1000 and CB-1000. It can be observed that
these two spectra show two broad peaks at around 1350 cm™ (D peak) and 1600 cm™ (G peak). For
quantitative analysis, the spectrum of each soot sample is deconvoluted and fitted by three Lorentian
functions and one Gaussian function (Seong and Boehman, 2013), as shown in Fig. 8. The Lorentzian
functions refer to the D1 band assigned to the carbon atoms at the edge sites of the graphene layers (Seong
and Boehman, 2011), the D4 band arising from the C=C and C—C bands (Cuesta et al., 1994; Dippel et
al., 1999), and the G band as a result of the ideal graphitic lattice (Seong and Boehman, 2013; Ge et al.,
2019), while the Gaussian function corresponds to the D3 band arising from the amorphous carbon of the

soot (Cuesta et al., 1994; Parent et al., 2016).
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272 The peak intensity ratios of the D1 band or the full width at half maximum (FWHM) of the bands to

273 the G band were frequently employed to determine the graphitization degree of carbon materials (Yoshida
274 etal., 2006; Sheng, 2007; Zaida et al., 2007). However, only the peak intensity ratio or the FWHM of the
275  bands is likely unable to be a complete representation of the evolution of soot structural order. By contrast,
276  the peak area ratio (integrated intensity) is the function of the FWHM and the peak intensity, which
277  includes the effect of these two parameters. As a result, the peak area ratios of D1 to G (4pi/A4c) are used
278  to evaluate the graphitization degree of soot samples in the present study. A lower 4Api/A4g ratio indicates

279  a more ordered structure in soot (Tuinstra and Koenig, 1970; Sheng, 2007). Fig. 9 shows the change in
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graphitization degree of soot samples against various thermal treatment temperatures. Compared to diesel
soot, the carbon black is observed to have a lower value of Api/4g ratio at the same thermal treatment
temperature. For the diesel soot and carbon black, the values of Ap1/4¢ reduce from 1.89 to 1.59 and from
1.85 to 1.56 with the temperature increasing from 600 to 1000 °C, respectively, indicating the
transformation towards more-ordered structure for both soot samples. Such a structural transformation is
mainly because the amorphous species on the soot surfaces are desorbed during thermal treatment (Sheng,
2007; Zaida et al., 2007; Raj et al., 2014). Compared to carbon atoms in the basal plane, the carbon atoms
at the edge sites of the graphene were reported to have 100-1000 times more reactive (Marsh and Kuo,
1989; Vander Wal and Tomasek, 2004; Vander Wal and Mueller, 2006). The thermally treated soot
samples possess more ordering of the soot crystallite structure, corresponding to the lower ratio of edge
to base carbon atoms. As a result, soot samples after thermal treatment present more resistance towards
oxidation. A similar finding was reported by Sheng (2007), who studied the structure and reactivity of
coal chars under different thermal treatment conditions and identified that the thermal deactivation of coal
char was dependent on the structural ordering of char crystallite. Feng et al., (2002) probed the change in
the structural ordering of coal char during thermal treatment and the effect on its reactivity. The results
revealed that the decrease in reactivity during thermal treatment was due to a crystallite-perfecting process.
Raj et al., (2014) believed that thermal treatment decreased the number of carbon atoms at the edge sites

for reaction, thus lowering soot reactivity.
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Fig. 9. Api/Ag ratios as functions of thermal treatment temperature.

Close observation of Figs. 3, 5, 6, and 9 present that considering the uncertainties of aliphatic C—H
groups, oxygenated functional groups, sp?/sp’ ratio, and Api/4g ratio, it appears to be no significant
difference in the average values among these properties of thermally treated samples. To determine the
statistical differences, the statistical analysis, one-way analysis of variance (ANOVA), was conducted.
For all results, the p values obtained from the statistical analysis are lower than 0.05, suggesting that such
differences are statistically significant. It worth mentioning that the Printex-U in the previous studies was
frequently employed as a surrogate for diesel soot (Vander Wal et al., 2007; Arnal et al., 2012). However,
our current results show that the aliphatic C—H groups, oxygenated functional groups, carbon chemical
state and graphitization degree for diesel soot are statistically different from those for the Printex-U,
which is likely due to a lower proportion in heteroatoms and a higher graphitic order for the Printex-U
(Jaramillo et al., 2015). Additionally, soot properties emitted from a diesel engine are affected
significantly by diesel engine type, engine speed and engine load (Lapuerta et al., 2020). As a result,
whether the Printex-U can be employed as the best surrogate for diesel soot to perform related research

remains to be further studied.
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4. Conclusions

Variations in surface functional groups, carbon chemical state and graphitization degree of diesel
soot and a commercial carbon black was studied during thermal deactivation. The mass loss of diesel soot
and carbon black increases with increasing the thermal treatment temperature, particularly at 1000 °C,
around 29 % mass loss can be observed for diesel soot. The concentrations of aliphatic C—H groups, C—
OH, C=0, and O—C=0 groups reduce for diesel soot and carbon black when increasing thermal treatment
temperature, whereas the sp?/sp’ hybridized ratio and graphitization degree enhance. These results can
provide further evidence for thermal deactivation during thermal treatment. Compared to diesel soot, the
commercial carbon black has lower concentrations of aliphatic C—H groups, C—OH, C=0 and O-C=0
groups and higher graphitization degree and sp?/sp® hybridized ratio at the same thermal treatment
temperature. Among oxygenated functional groups, the percentage reduction during thermal treatment is

largest for the O—C=0 groups due to its worst thermodynamic stability.
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