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ABSTRACT: For most of the time, soot oxidation in gasoline
particulate filters (GPFs) occurs in oxygen-lean and high-temperature
environments due to the typically stoichiometric combustion mode of
gasoline direct injection (GDI). The oxygen-lean and high-temperature
atmospheres inevitably change the oxidation characteristics, altering the
physicochemical properties of GDI soot particles and consequently
affecting the control strategies of GPF regeneration. To gain deeper
insight into the GDI soot oxidation process, a detailed investigation into
the changes in the physicochemical properties of GDI soot under
different oxygen concentrations was performed. The morphology,
nanostructure, surface functional group, and hybridized carbon state of
the soot samples were analyzed using high-resolution transmission
electron microscopy (TEM), X-ray photoelectron spectroscopy (XPS),
and Fourier transform infrared spectroscopy (FT-IR). The macroscopic morphology results show that, with the conversion level
increased to 80%, both GS-20 and GS-1 soot particles become more compact. The fractal dimension (Df) of GS-20 and GS-1 soot
particles increased by 19.5 and 26.4%, respectively, while their primary particle sizes decreased by 27.4 and 25.5%. Simultaneously,
the radius of gyration (Rg) was reduced by 38.2 and 43.4%, respectively. A comparison between the two soot samples indicates that
the oxygen-lean atmosphere tends to yield soot with a smaller Rg, a larger primary particle size, and Df than the oxygen-rich
atmosphere, thereby making the subsequent oxidation of GS-1 soot more challenging. From the nanostructural perspective, both
soot samples undergo a gradual transformation into a more ordered structure, as evidenced by a similar decrease in fringe tortuosity
(Tf ) and an increase in fringe length (Lf ). However, at the same conversion level, GS-1 soot demonstrates a shorter Lf and higher Tf
compared to GS-20, which facilitates oxygen penetration into the primary particles and thus accelerates oxidation. Chemical analysis
further reveals that under oxygen-rich conditions, the preferential oxidation of sp3-hybridized carbon leads to a lower sp2/sp3 ratio in
GS-1 soot compared to GS-20 at the same level of carbon conversion. In contrast, under oxygen-lean conditions, the relatively
limited availability of oxygen leads to a surface concentration of C−OH groups on GS-1 soot that is up to 9.3% lower and C�O
groups up to 13.8% lower than those on GS-20 at 80% conversion.

1. INTRODUCTION
At present, gasoline particulate filters (GPFs) are widely used
in the after-treatment system of gasoline direct injection (GDI)
engines to satisfy increasingly stringent particle emission
regulations. With the help of GPFs, the soot emission from
GDI engines can be significantly reduced. However, through-
out the engine operation, the GPF must be regenerated by
removing accumulated soot particles via an oxidation
reaction.1−4 Otherwise, the accumulated soot particles can
result in an unacceptable back pressure that lowers fuel
economy and even damages the GPFs.5 Therefore, soot
oxidation is crucial for the practical application of GPFs.

There has been considerable interest in the investigation of
the physicochemical properties of soot particles during
oxidation because these properties not only govern soot

oxidative reactivity but also offer additional information
concerning the oxidation reaction.6−12 Numerous studies
have reported that the physicochemical properties of soot
particles significantly changed with oxidation. For example,
Song et al.13 explored the structure of the biodiesel soot and
the Fischer−Tropsch diesel soot during oxidation at 500 °C in
air. They found that the oxidation induced a structural
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transformation for both soot samples, shifting from an
amorphous structure toward a more ordered structure. In
addition, the biodiesel soot exhibited a hollow capsule
structure with long and straight outer graphene layers after
internal burning occurred. Setiabudi et al.14 investigated the
roles of NO2 and O2 in the soot oxidation reaction. During
oxidation, a large number of oxygenated functional groups
were created as intermediates on the surface of diesel soot
samples and were eventually converted to CO and/or CO2. To
date, such studies have focused almost entirely on diesel soot,
with only minimal work regarding GDI soot. Compared with
diesel soot, GDI soot tends to comprise smaller primary
particles having less-ordered nanostructure and higher metal
content.15,16 Thus, GDI soot is more reactive and more readily
oxidized than diesel soot,15 and thus probably has
physicochemical properties different from those of diesel
soot during oxidation.

It is well-known that the lean-burn mode of diesel engines
yields a high O2 concentration in the exhaust stream, meaning
that diesel soot oxidation occurs in an oxygen-rich environ-
ment. In contrast, GDI soot experiences an oxygen-rich
oxidation process only when the fuel cut during deceleration
is performed to achieve a complete regeneration of the
GPF.17,18 In the case that the engine is operated normally, GDI
soot oxidation in the GPF occurs under an oxygen-lean
atmosphere because GDI engines normally employ a
stoichiometric combustion mode.17,18 To gain deeper insight
into the GDI soot oxidation process, a detailed investigation
into the change in the physicochemical properties of GDI soot
during oxidation was performed in the present study. Due to
the low exhaust soot emission level of GDI engines, it is
expensive and time-consuming to harvest a sufficient quantity
of exhaust soot. Our previous work19 confirmed that a
commercial carbon black (Special Black 4, Orion Ltd.) has
very similar physicochemical characteristics to those of actual
GDI soot. Thus, we employed Special Black 4 to represent
GDI soot. More details on the similarities between Special
Black 4 and GDI soot are provided in ref 19. Oxidation
reaction was conducted under both oxygen-lean and oxygen-
rich conditions. The physicochemical properties of this GDI
soot surrogate, including morphology, nanostructure, surface
functional group, and ratio of sp2 to sp3 hybridized carbon
atoms, were characterized and discussed in detail herein.

2. EXPERIMENTAL SECTION
2.1. Oxidation Reactor. The oxidation process of the soot

samples was investigated using a thermogravimetric analyzer
(TGA/DSC1) provided by Mettler-Toledo Ltd. In a prior
study of Jang et al.,20 the average exhaust temperatures
obtained from a GDI vehicle were found to be 498.7 °C for the
FTP-75 drive cycle and 524.4 °C for the WLTC drive cycle.
Based on these experimental results, the oxidation tests in the
present work were conducted under isothermal conditions of
500 °C at atmospheric pressure. For GDI engines, the O2
concentration in the exhaust stream is generally in the range of
0.5−1.5% under normal operating conditions, while it can be
as high as 20% through the fuel cut in the deceleration to
achieve a complete regeneration of GPFs.21 Thus, two O2
concentrations were employed for Special Black 4 oxidation:
(1) 1% of the O2 concentration, representative of the normal
operating conditions, and (2) 20% of the O2 concentration,
representative of the full regeneration event. The balance gas
was ultrapurity N2, and the total flow rate of feed gas was set at

50 mL/min. For convenience, the Special Black 4 samples
oxidized at 1% and 20% O2 concentrations are denoted
thereafter as GS-1 soot and GS-20 soot, respectively.
2.2. Soot Characterization. 2.2.1. High-Resolution

Transmission Electron Microscopy (HRTEM). The soot
structure was assessed using a high-resolution transmission
electron microscope (FEI Talos F200X) of Thermo Fisher
Scientific Ltd. The instrument was operated in the TEM and
HRTEM modes to obtain 40,000 and 500,000× magnification
images, respectively. The TEM and HRTEM images were
subject to the determination of the soot morphology and
nanostructure parameters, respectively. The morphology
parameters included the primary particle size (dp), gyration
radius (Rg), and fractal dimension (Df). The nanostructural
parameters included the mean fringe length (Lf ) and mean
fringe tortuosity (Tf ), where the Lf was obtained by measuring
the physical length of each fringe based on a pixel size and the
Tf was the ratio between the Lf and the straight-line distance
between the two endpoints of the fringe. An image processing
software was used to extract the nanostructure parameters of
soot samples. The extraction program involves normalization
of the HRTEM image, selection of the interest region,
binarization, skeletonization, and quantitative calculation of
nanostructure parameters. Further details about the analysis
procedures are described in ref 22.

2.2.2. Fourier Transform Infrared Spectroscopy. The C−H
groups on the soot surface were determined using a Fourier
transform infrared spectrometer (FT-IR, Nicolet Nexus 470).
In the test, potassium bromide (KBr) pellet pressing was
employed as the primary sample preparation method. First,
soot particle samples and KBr powder were dried in a vacuum
oven for 24 h to minimize moisture-induced −OH absorption.
The dried KBr powder was then ground in an agate mortar for
15 min to reduce its particle size to below 2.5 μm, thereby
minimizing light scattering effects. The finely ground pure KBr
powder was pressed into transparent pellets approximately 0.5
mm thick, which served as the background reference. For the
soot samples under investigation, the dried soot particles were
mixed with KBr at a mass ratio of 1:50 and further ground for
15 min to ensure uniform dispersion. The resulting mixture
was then pressed into pellets for FT-IR measurements. Each
sample was measured three times to ensure the reliability and
reproducibility of the results. The instrument operated at a
scanning resolution of 1 cm −1, covering a spectral range of
1000−3200 cm −1. Each spectrum was processed using
background subtraction, baseline correction, and smoothing
with the OMNIC software package (Thermo Nicolet).

2.2.3. X-ray Photoelectron Spectroscopy. X-ray photo-
electron spectroscopy (XPS, PHI-1600 ESCA) with a Mg-Kα
source was employed in this study to investigate the
oxygenated functional groups and the hybridized carbon states
of soot samples. Before spectral data analysis, the measured
binding energies were calibrated using the C 1s peak of the
contaminant carbon (binding energy 284.6 eV) as a reference.

3. RESULTS AND DISCUSSION
3.1. Soot Oxidation Evaluation. The isothermal

oxidation of the soot samples was performed under the
conditions described in Section 2. Each trial was repeated three
times, and variations in the results were found to be less than
3%. The mass loss against oxidation time is plotted in Figure 1
for the GS-1 and GS-20 soot samples. Because the GS-20 soot
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is processed at a higher O2 concentration, it has a much shorter
oxidation time than the GS-1 soot. As an example, the time
spans from initiation of the oxidation to 50% mass loss are 86.7
min for the GS-20 soot and 1255.0 min for the GS-1 soot.
According to the proposal of Al-Qurashi and Boehman,6 the
specific oxidation rate (Rsp) is calculated as

=R dm
dt m

1
sp

residue (1)

where dm/dt is the derivative of soot mass concerning time
and mresidue is the mass of the unreacted soot. Figure 2 presents

the Rsp values for the GS-1 and GS-20 soot samples at various
conversion (i.e., mass loss) levels. At the same conversion level,
the Rsp values for the GS-20 soot are 5−15 times larger than
those for the GS-1 soot. Given that soot oxidation can affect its
physicochemical properties,6,8−10,15 such a significant differ-
ence in Rsp raises a question of whether there are also

differences in soot characteristics. The subsequent sections
shed light on the similarities and differences in the
physicochemical properties of the two soot samples during
oxidation.
3.2. Soot Morphology. Typical morphology images of the

pristine soot and the partially oxidized soot samples are
provided in Figure 3. These images demonstrate that both soot
samples consist of numerous near-spherical primary particles
that aggregate into clusters with irregular geometries. For the
soot samples, the dp, Rg, and Df values were obtained through
analysis of the TEM images. Df represents the degree of
compactness of soot aggregates; a high Df value is associated
with a more compact structure of the soot aggregates.23 Rg can
be used to quantify the size of soot aggregates; a large Rg value
indicates larger aggregates.24

The dp, Rg, and Df values were calculated according to refs
25 and 26. Rg can be obtained via the equation:

=
=

R
n

r1

i

n

ig
2

1

2

(2)

where ri represents the distance from the center of each
primary soot particle within an aggregate to the aggregate’s
centroid, while n represents the total number of primary soot
particles comprising the soot aggregate. The latter is defined as

=n A A( / )a p (3)

where Aa represents the projected area of the aggregate, while
Ap is the projected area of primary particle. An empirical
constant of α = 1.09 was applied in this equation.24 Df is
expressed as follows:

=n k R d(2 / )D
f g p

f
(4)

where kf is a prefactor. After taking the natural logarithm of eq
4, Df is determined from the slope of the linear regression plot
of the scatter plot generated from ln (n) versus ln (2Rg/dp).
Additional details regarding the calculation procedures of dp,
Rg, and Df are available in refs 25 and 26.

To ensure statistically reliable results, around 100 aggregates
with distinct boundaries were selected from each soot sample
for the calculation of dp, Rg, and Df. Figure 4 shows the dp
distribution histograms with the probability density function of
both the GS-1 and GS-20 soot samples at various conversion
levels. Overall, both samples exhibit a unimodal and
approximately Gaussian distribution at each oxidation stage,
indicating relatively homogeneous particle formation and
oxidation behavior. At the initial stage (20% conversion), the
two samples show similar distributions, with mean particle
sizes centered around 27−30 nm. As the conversion increased,

Figure 1. Mass loss as a function of the oxidation time for the GS-1
and GS-20 soot samples.

Figure 2. Specific oxidation rates (Rsp) of the soot samples at different
conversion levels.

Figure 3. Typical TEM images of pristine soot and soot samples during oxidation.
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a gradual decrease in particle size distribution was observed in
both samples, reflecting the progressive consumption of
carbonaceous material. Notably, GS-20 exhibits a more
symmetric and narrower distribution than GS-1 at higher
conversion levels (60 and 80%), suggesting a more uniform
oxidation process. In contrast, GS-1 shows broader distribu-
tions with more pronounced left-skewness, implying greater
heterogeneity in the oxidation rates among particles. The
averaged dp values (dp) at various conversion levels are
summarized in Figure 5. The dp values gradually decrease from
28.28 to 20.52 nm (27.4% decrease) for the GS-20 soot and
from 28.28 to 21.07 nm (25.5% decrease) for the GS-1 soot as
oxidation progresses. It is accepted that the soot oxidation

follows two modes: internal burning and external burn-
ing.6,13,27 Previous studies6,13,28,29 have evidenced that internal
burning results in a certain number of soot particles with
hollow interiors. In this study, however, the hollow structure
cannot be observed in all of the HRTEM images, meaning that
the soot oxidation likely undergoes the external burning mode.
The process of external burning inevitably leads to a gradual
decrease in the primary particle size, as indicated in Figure 5.
In addition, the dp for the GS-1 soot is slightly larger than that
for the GS-20 soot at the same conversion level, which suggests
that at lower O2 concentrations, the external oxidation rate
decreases. The soot with larger dp generally has a smaller
specific surface area compared to a smaller one, offering fewer
active sites and thereby hindering subsequent oxidation.9,30

Figure 6 shows the Rg distributions of the soot samples at
different conversion levels. Both GS-1 and GS-20 show right-

skewed, unimodal Rg distributions at each oxidation stage, with
most aggregates falling below 150 nm. A clear trend of
decreasing average Rg is observed with increasing conversion
for both samples, indicating aggregate shrinkage due to
oxidation. For GS-1 soot particles, the shift in the Rg
distribution toward smaller values is more pronounced,
especially from 20 to 60% conversion. The averaged Rg values
(Rg) during oxidation are plotted in Figure 7. Similar to the dp

data in Figure 5, the Rg shows a decrease with conversion,
from 127.42 to 78.71 nm for the GS-20 soot and from 127.42
to 72.05 nm for the GS-1 soot. In general, soot oxidation is

Figure 4. Distributions of the primary particle size (dp) for the soot
samples during oxidation.

Figure 5. Averaged primary particle sizes (dp) at different conversion
levels.

Figure 6. Distributions of the gyration radius values (Rg) for the soot
samples during oxidation.
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accompanied by the fragmentation of soot aggregates,31,32 and
as a consequence, the aggregate size, in terms of Rg, is
decreased. It is also evident from Figure 7 that the GS-1 soot
has smaller Rg values than the GS-20 soot at each conversion
level. This difference in Rg is likely attributed to the much
longer time for the GS-1 soot oxidation, as indicated in Figure
1, leading to a greater degree of fragmentation of the soot
aggregates.

Figure 8 displays the Df values of soot samples with different
oxidized conversions. In the conversion range of interest, the

Df increases from 1.74 to 2.22 for GS-1 soot and from 1.74 to
2.08 for GS-20 soot. In the case of soot particles, the
aggregates with more chain-like cluster characteristics tend to
possess smaller Df values,33−35 which are indicative of a lower
degree of structural compactness. Because the low degree of
structural compactness is typically associated with a large
specific surface area and higher density of active sites for
oxygen interaction, the aggregates having smaller Df values are
more vulnerable to complete oxidation. Hence, both soot
samples display an increase in the Df values with an increasing
conversion level. At the same conversion level, the GS-20 soot
has a smaller Df than the GS-1 soot, likely because the high O2
concentration favors the complete oxidation of the more
compact aggregates in the GS-20 soot. Due to the fact that the
compact aggregate structures are difficult to expose more active
sites, the GS-1 soot particles generated at an oxygen-lean
atmosphere have lower oxidative reactivity.35,36

3.3. Soot Nanostructure. To quantitatively characterize
the changes of soot nanostructure under different oxygen
atmospheres, the Lf and Tf were calculated using HRTEM
images. Figure 9 shows the values of Lf and Tf for the GS-1
and GS-20 soot samples during oxidation. By increasing the

conversion from 0% to 80%, the Lf values increase from 0.822
to 1.028 nm for the GS-20 soot and from 0.822 to 0.927 nm
for the GS-1 soot, while the Tf values marginally decrease from
1.281 to 1.232 for the GS-20 soot and from 1.281 to 1.249 for
the GS-1 soot. These nanostructural changes suggest that both
soot samples are transformed into more ordered structures
with oxidation. The structural ordering observed during soot
oxidation is generally attributed to crystallite growth and/or
the selective oxidation of the disordered components in soot
particles.6,8 In general, the growth of crystallite occurs at
temperatures exceeding 600 °C.8,37 Since the oxidation
temperature in this study was set at 500 °C, the structural
ordering shown in Figure 9 can be attributed to the preferential
oxidation of the disordered fraction. In addition, the GS-20
soot exhibits longer Lf but lower Tf compared to the GS-1 soot
at the same conversion level, inferring that the high O2
concentration enhances the preferential oxidation of the
disordered fraction (shorter fringe length and higher
tortuosity) in the soot particles.
3.4. Surface Functional Groups. 3.4.1. Aliphatic C−H

Groups. FT-IR spectroscopy was utilized to investigate the
change in the aliphatic C−H groups on the soot surface. As an
example, Figure 10 presents the FT-IR spectra of the GS-1
soot during oxidation. Drawing on the previous studies by

Figure 7. Averaged gyration radius values ( Rg) at different
conversion levels.

Figure 8. Fractal dimensions (Df) at different conversion levels.

Figure 9. Averaged fringe length (Lf ) and tortuosity (Tf ) values of
the soot samples at different conversion levels.

Figure 10. FT-IR spectra of the GS-1 soot during oxidation.

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://doi.org/10.1021/acsomega.5c04848
ACS Omega 2025, 10, 50986−50994

50990

https://pubs.acs.org/doi/10.1021/acsomega.5c04848?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.5c04848?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.5c04848?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.5c04848?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.5c04848?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.5c04848?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.5c04848?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.5c04848?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.5c04848?fig=fig9&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.5c04848?fig=fig9&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.5c04848?fig=fig9&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.5c04848?fig=fig9&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.5c04848?fig=fig10&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.5c04848?fig=fig10&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.5c04848?fig=fig10&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.5c04848?fig=fig10&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.5c04848?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


Santamariá et al.38 and McKinnon et al.,39 the relative
concentrations of the aliphatic C−H groups on the soot
surface can be represented by the ratio of the intensity of the
aliphatic C−H peak at 2920 cm −1 to the aromatic C�C peak
at 1620 cm −1 (I2925/I1620). It is well-known that soot particles
primarily consist of amorphous and graphitic carbon. Because
the more disordered structure of amorphous carbon involves a
higher density of dangling bonds capable of producing C−H
groups,40,41 amorphous carbon possesses more aliphatic C−H
groups than graphitic carbon. During the initial stage of soot
oxidation, amorphous carbon is preferentially oxidized,42−44

and so, the I2920/I1620 ratios for both the GS-1 and GS-20 soot
samples sharply decrease from 0.486 to 0.126 over the
conversion range of 0−20%, as shown in Figure 11. With a

further increase in the extent of conversion from 20 to 80%,
the I2925/I1620 ratios undergo a minimal decrease to
approximately 0.050 due to the elimination of the graphitic
carbon with fewer aliphatic C−H groups. Comparable findings
were reported by Alfe ̀ et al.,45 who observed that the H/C
atomic ratio (which reflects the number of C−H groups) of
the soot generated from premixed flames decreased in
response to the increase in the degree of structural ordering.
Furthermore, it is observed from Figure 11 that the GS-1 and
GS-20 soot samples have almost equivalent I2925/I1620 ratios
during oxidation, indicating little effect of the concentration of
O2 on the number of aliphatic C−H groups.

3.4.2. Oxygenated Functional Group. XPS analysis was
conducted to assess the oxygenated functional groups,
including C−OH and C�O groups, of the soot samples.
Following deconvolution of the C 1s spectra, the peak at 286.6
is assigned to C−OH, and the peak at 288.4 eV corresponds to
C�O groups (see Figure 12).46,47 The relative concentration
of each oxygenated functional group is determined from the
ratio of the corresponding peak relative to that of the C 1s
peak.

Figure 13 shows the variation of the C−OH and C�O
group concentrations during soot oxidation. There are high
concentrations of oxygenated functional groups on the pristine
soot. Because these oxygenated groups are highly reactive,48,49

they are preferentially involved in soot oxidation and
consumed in the early stage of the oxidation reaction. Thus,
both the GS-1 and GS-20 soot samples display an abrupt
decrease in the concentrations of these groups as the
conversion decreases from 0 to 20%. As the oxidation
proceeds, the contents of both the C−OH and C�O groups
marginally decrease after an initial increase. Previous studies
have indicated an increase in the specific surface area of soot

particles with oxidation. Ishiguro et al.50 found that the specific
surface area of a diesel exhaust soot was increased by a factor of
4.2 times after 50% of the soot had been oxidized in air.
Similarly, Gilot et al.51 reported that when 60% of carbon black
Regal 600 had been oxidized in air, the specific surface area
increased from 100 to 650 m2 g−1. Both C−OH and C�O
groups can be generated as intermediates when soot is oxidized
by O2.

52,53 A larger specific surface area provides additional
active sites for oxygen interaction, leading to the formation of
more C−OH and C�O groups on the soot surface. On the
other hand, the structural ordering evidenced in Section 3.3
would be expected to decrease the oxidative reactivity of soot
particles.8,9,29 The low oxidative reactivity increases the
resistance of soot particles to oxidation, resulting in the
formation of fewer C−OH and C�O groups. As a result of
the competition between the above two factors, the
concentrations of C−OH and C�O groups in Figure 13
initially increase and then slightly decrease over the conversion
range of 20−80%.

It is also obvious in Figure 13 that the GS-20 soot has higher
concentrations of C−OH and C�O groups than the GS-1
soot at any given conversion level. This difference in functional
group concentrations is attributed to the different O2
concentrations provided for soot oxidation, with a higher O2
concentration generating more such groups. Song et al.13

Figure 11. I2920/I1620 ratios of the soot samples at different conversion
levels.

Figure 12. Typical XPS C 1s spectra after deconvolution for GS-20
soot at 40% conversion.

Figure 13. Concentrations of C−OH and C�O groups on the
surfaces of the GS-1 and GS-20 soot samples at various conversion
levels.
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suggested that surface-oxygenated functional groups on soot
particles can trigger oxidant attacks during oxidation. Thus, a
higher concentration of these groups generally has a higher
oxidative reactivity.
3.5. Carbon Chemical State. The carbon atoms in soot

particles typically have two chemical states: sp3 and sp2

hybridizations.40,46,54 In this work, XPS was used to obtain
information concerning the hybridization in the soot samples.
Following deconvolution of the high-resolution C 1s peak in
Figure 12, the peaks at approximately 284.4 and 285.3 eV were
determined to correspond to sp2- and sp3-hybridized carbon,
respectively.46,54 Thus, the hybridized carbon state of soot
samples is characterized using the ratio of sp2 peak area to sp3

peak area.
Figure 14 shows the sp2/sp3 ratios for the GS-1 and GS-20

soot samples during oxidation. The sp2/sp3 ratios increase

from 1.99 to 2.42 for the GS-1 soot and from 1.99 to 2.94 for
the GS-20 soot with conversions from 0% up to 80%,
indicative of an increase in the proportion of sp2 carbon in the
soot particles. The sp2 hybridization state reflects the graphitic
structure within the basal planes, while the sp3 hybridization
indicates the defect sites that interfere with the sp2 hybridized
network, reducing the material’s long-range structural
order.43,44 Thus, the increase in the sp2/sp3 ratios suggests a
transformation toward a more orderly graphitic structure, in
agreement with the assessment of the soot nanostructure in
Section 3.3. The increase in the sp2/sp3 ratio shown in Figure
14 is, of course, attributed to the preferential oxidation of the
disordered fraction, as discussed above.

Compared with the GS-1 soot, the GS-20 soot exhibits a
larger sp2/sp3 ratio at all conversion levels, as shown in Figure
14. Thus, the latter has a more ordered structure than the
former, in keeping with the nanostructural results provided in
Section 3.3. The larger sp2/sp3 ratio for the GS-20 soot can be
attributed to the higher O2 concentration, which promotes the
preferential oxidation of the disordered fraction that contains
more sp3 carbon.

4. CONCLUSIONS
To clarify the differences in physicochemical properties and
oxidative characteristics of GDI soot under oxygen-lean and
oxygen-rich atmospheres, thermogravimetric analysis,
HRTEM, XPS, and FT-IR were employed to investigate the
specific oxidation rates (Rsp), primary particle size (dp),
gyration radius (Rg), fractal dimension (Df), surface functional
group, hybridized carbon state, fringe length (Lf ), and

tortuosity (Tf ) of GS-1 and GS-20 soot particles. The main
conclusions can be summarized as follows:

First, at the same conversion level, the Rsp values for the GS-
1 soot are 15 times lower than those of the GS-20 soot. Both
GS-20 and GS-1 soot samples show an increase in the Df and a
decrease in the dp and Rg by increasing the conversion level. In
addition, both the soot samples undergo a gradual trans-
formation into more ordered structures, as evidenced by an
increase in the sp2/sp3 ratio, a decrease in Tf , and an increase in
the Lf . These variations in the morphology and nanostructure
increase the activation energy required for oxidation, making
soot oxidation more challenging. Second, the oxygenated and
aliphatic C−H groups on the surface of pristine soot are found
to be preferentially involved in the oxidation process and are
consumed in the early stages of the oxidation reaction. In
addition, a certain number of oxygenated groups are generated
on the surface of the soot during the oxidation process.
Attributed to the oxygen-lean atmosphere, the surface of the
GS-1 soot exhibits lower concentrations of C−OH and C�O
groups than that of GS-20, hindering subsequent oxidation.
Third, at the same conversion level, the GS-1 soot shows a
smaller Rg, larger dp, and larger Df than GS-20 in morphology
and shorter Lf and higher Tf in its nanostructure. During
passive regeneration of GPFs, the low oxygen concentration
leads to a slower soot oxidation rate and results in the
formation of more compact soot agglomerates, which increases
the difficulty of oxidation. To improve the efficiency of passive
regeneration, a catalyst coating was applied to promote
oxidation. In addition, the residual soot from passive
regeneration exhibits a relatively disordered nanostructure,
which provides certain advantages when active regeneration is
carried out with an increased oxygen concentration.
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