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______________________________________________________________ 
 
Abstract 
 

In this work, the role of volatile organic compounds (VOCs) in soot oxidation and fragmentation was 
investigated in a CH4 lean premixed flame. An aerosol generator was used to homogeneously disperse soot with 
and without VOCs (termed Soot-W and Soot-WO, respectively) into the flame. Because minimal soot was formed 
in this flame itself, information on the fragmentation of the Soot-W and Soot-WO during the oxidation process 
was readily captured to determine the role of VOCs in soot fragmentation. The results of the integrated number 
concentration of fine mode particles and the degree of particle aggregation show that the presence of VOCs 
suppresses soot aggregate fragmentation, which is primarily caused by the mitigated consumption of the neck sites 
between primary particles as a result of the decreased specific surface area. The actual oxygen diffusion route and 
effective pore width between the crystallite structures were determined using the image analysis technique. The 
effectiveness factor estimated based on the determined data indicates that the presence of VOCs decreases the 
possibility of internal burning by oxygen molecules diffusing into primary particles, reducing the extent of primary 
particle fragmentation, as evidenced by a relatively smaller peak value of ultrafine particles. The analysis of the 
nanostructure of neck sites vs. the bulk discovers significantly more disordered and thus reactive structure at neck 
sites, explaining the preferential aggregate fragmentation over primary particle fragmentation. The finding of the 
role of VOCs in oxidation-driven fragmentation is beneficial to the optimization of existing models for predicting 
the number concentration of fine and ultrafine particles. Furthermore, a better understanding of this role may aid 
in the control of the most harmful fine and ultrafine particle emissions.  
 
 
Keywords: Soot oxidation; Aggregate fragmentation; Primary particle fragmentation; Volatile organic compounds; 
Effectiveness factor 

______________________________________________________________ 
 
 
*Corresponding author.  
E-mail address: songchonglin@tju.edu.cn (C.-L. 
Song) 
1These authors contributed equally to this work. 
 

 

  

mailto:songchonglin@tju.edu.cn


2 

 

1. Introduction 

Soot fragmentation is a crucial event during the 
soot oxidation process because it generates a large 
number of fine and ultrafine particles [1-3]. These fine 
and ultrafine particles not only have detrimental 
effects on the environment and human health [4], but 
also affect the accuracy of existing models to predict 
the number concentration of oxidized soot particles 
[2,3,5]. Thus, increasing attention has been paid to 
oxidation-driven soot fragmentation. The oxidation-
driven fragmentation can take place through two 
mechanisms: (1) the neck sites that keep primary 
particles together are consumed at a high rate, which 
causes the fragmentation of soot aggregates [1,2,6,7]; 
(2) the oxygen penetrates into the primary particle, 
which results in internal burning and loss of the 
connectivity between the carbonaceous phases, 
leading to the fragmentation of primary particles [6-
8]. The oxidation-driven soot fragmentation was first 
experimentally observed by Neoh et al. [8,9] in a two-
stage burner, where a drop in particle mass and size 
was accompanied by a substantial increase in ultrafine 
particle number concentration. Sediako et al. [10] 
used environmental transmission electron microscopy 
to monitor the oxidation of soot aggregate in real-
time. They revealed that surface reactions consumed 
the necks holding primary particles, breaking up 
aggregates into smaller ones and thus increasing the 
number concentration of ultrafine particles. Recently, 
soot fragmentation was investigated by Echavarria et 
al. [5,6] and Ghiassi et al. [1,2] in a two-stage burner 
using a scanning mobility particle sizer. A significant 
increase in the number of soot particles with mobility 
diameters smaller than 10 nm was found after soot 
fragmentation. In addition, Zhang et al. [11] and 
Harris et al. [12] showed that the model prediction of 
soot particle mobility diameter during oxidation was 
distinct from the experimental data if the 
fragmentation event was not taken into consideration.  

Volatile organic compounds (VOCs) absorbed on 
the surface of soot particles originate from unburned 
hydrocarbons [13]. In general, VOCs account for 
5−60% of the total mass of soot particles, depending 
on the fuel composition and combustion conditions 
[14]. The presence of VOCs on the surface of soot 
particles reduces specific surface area and covers 
porous structure [15]. A decrease in the specific 
surface area of soot particles means fewer sites 
available for oxygen adsorption, and thus slows down 
soot oxidation process [16]. Accompanied by the 
mitigated soot oxidation, the oxidation rates of neck 
regions between primary particles are lessened, which 
in turn weakens the aggregate fragmentation [3,7,10]. 
In addition, the covered porous structure suppresses 
oxygen molecules diffusion within the pores of 
particles, lowering the possibility of internal burning 
and primary particle fragmentation [1]. In summary, 
the VOCs probably affect soot fragmentation and 
significantly alter the emissions of fine and ultrafine 
particles. Thus, a better understanding of the role of 

VOCs in soot particle fragmentation can help control 
the most harmful fine and ultrafine particle emissions. 
To the best of our knowledge, the role of VOCs in soot 
aggregate fragmentation and primary particle 
fragmentation has not been studied before.  

In this context, the role of VOCs in the oxidation-
driven fragmentation of soot particles, including 
aggregate fragmentation and primary particle 
fragmentation, is explored. Soot particles with and 
without VOCs, respectively, termed Soot-W and 
Soot-WO, were homogeneously dispersed into a CH4 
lean premixed flame via an aerosol generator. 
Because minimal soot was formed in this flame itself, 
information on the fragmentation of the Soot-W and 
Soot-WO during the oxidation process was readily 
captured to determine the role of VOCs in soot 
fragmentation. 

 
2. Experimental 

 
The schematic diagram of the experimental setup 

is shown in Fig. S1 of the Supplementary Material. A 
water-cooled McKenna burner (Holthius and 
Associates) with a 12.7 mm inner diameter center tube 
and a 75 mm inner diameter bronze porous plug was 
employed in this study. The central tube delivered a 
CH4/O2/N2 gas mixture at a cold flow rate of 65 
cm/min, producing a CH4 lean premixed flame. An 
identical mixture was fed through the outer porous 
plug at a cold flow rate of 4 cm/min to generate a pilot 
flame that stabilized the center flame. The 
equivalence ratios of both the center and pilot flames 
were set at 0.9. The burner was placed on a motorized 
translation stage with a positional precision of ±0.005 
mm, which allowed for the adjustment of the 
sampling position along the flame’s axial direction. 
Soot particles were sampled from diesel engine 
exhaust. For a portion of soot particles, isothermal 
thermal treatment at 450 °C in a nitrogen environment 
was performed in a thermogravimetric analyzer 
(Mettler-Toledo TGA/DSC1) for 60 min to remove 
VOCs [17]. In the pristine diesel soot samples, VOCs 
account for around 11% of the total mass of soot 
particles. After thorough grinding in an agate mortar, 
an aerosol generator (Palas RGB-1000-GD) was used 
to feed Soot-W or Soot-WO into the flame, because 
the aerosol generator steadily generated solid aerosols 
at a very low feed rate [18]. Detail on the aerosol 
generator has been given in [18]. A rotating brush was 
utilized in the aerosol generator to disperse the soot 
sample into the CH4/O2/N2 stream. To achieve soot 
dispersion uniformity and consistency during the test, 
a fast rotation speed of the brush (1200 rpm) and a 
small feed rate (1 mm/h) were employed. To validate 
the feasibility of this method, the particle size 
distributions (PSDs) of the Soot-W and Soot-WO at 
the burner center were measured before the flame was 
ignited at HAB = 0 mm. As seen in Fig. S2 of the 
Supplementary Material, the PSDs for both Soot-W 
and Soot-WO are almost identical, indicating that the 
Soot-W and Soot-WO were homogeneously and 
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consistently dispersed into the CH4/O2/N2 stream. In 
addition, the particles formed by the CH4 combustion 
in the lean flame were examined, and it was found that 
the integrated number concentrations in the flame 
with soot addition were 3-5 orders of magnitude 
higher than those without soot addition. Hence, the 
number of particles generated in the flame can be 
considered negligible. 

The visible flame height was 22 mm, as shown in 
Fig. S3 of the Supplementary Material. The flame 
temperatures were measured axially using an R-type 
thermocouple (Pt/Pt13 Rh) with a 30 μm wire and a 
bead diameter of approximately 150 μm. The acquired 
temperatures were corrected for radiative heat loss 
based on the method proposed in [19], and the flame 
temperature profiles after the dispersion of the Soot-
W and Soot-WO are shown in Fig. S4 of the 
Supplementary Material. The difference in flame 
temperature for the Soot-W and Soot-WO at the same 
axial position was within the experimental error (± 50 
K). Thus, the effect of temperature can be regarded as 
negligible. A thermophoretic sampling system was 
used to obtain the soot particles for the HRTEM 
analysis. The thermophoretic sampling system 
included an advanced linear electric cylinder (FESTO, 
Germany) capable of rapid and precise reciprocating 
motion with an acceleration and speed of 120 m/s2 and 
3 m/s, respectively, and the relative residence time of 
sampling soot particles was 30 ms. A self-closing 
tweezer (N5, Switzerland) was mounted on the piston 
rod to conveniently fix and detach the C/Cu grid that 
was used to collect soot particles. 

The PSDs in the range of 5.6 to 560 nm and the 
particle number concentrations were measured using 
an SMPS (TSI 3090). The SMPS sampling system is 
similar to one developed by Zhao et al. [20]. The 
dilution ratio was set between 102 and 103 to quench 
the chemical reactions and limit soot particle 
coagulation and losses in the sampling tube [5,20]. 
Corrections for diffusion coagulation and tube losses 
were made using the approach given by Minutolo et 
al. [21]. HRTEM (JEOL EM-2010F) with a point 
resolution of 0.248 nm operating at 200 kV was used 
to acquire soot morphology and HRTEM images at 
magnifications of 40,000× and 400,000×, respectively. 
The HRTEM images were digitized, and lattice fringe 
analysis was carried out using an automated fringe 
image processing system (FIPS) to quantify 
nanostructure characteristics such as fringe length (La) 
and tortuosity (Tf). Details on the FIPS were reported 
in our previous study [22]. In addition, the image 
analysis procedure described by Toth et al. [23,24] 
was also used to obtain the crystallite tortuosity (τ) 
and effective pore width (rp) to assess the possibility 
of internal burning. An example result is shown in Fig. 
S5 of the Supplementary Material. Soot crystallites 
are visible in the yellow color, and the white lines 
represent medial axes of hypothetical paths of oxygen. 
Tortuosity, the ratio of the actual distance that the O2 
must travel to reach the amorphous core to the shortest 
distance from the particle perimeter to the core, was 

computed as a Monte-Carlo ensemble of random walk 
simulations [1,25]. The effective pore width was 
estimated by assuming that the penetrating oxygen 

continues its path through the slit-shaped spaces 
between two crystallites until it reaches the particle's 
core [1,23]. For each sample, approximately 15 
HRTEM images were randomly selected to obtain the 
average τ and rp. The specific surface area of the 
pristine Soot-W and Soot-WO was determined by the 
Brunauer-Emmett-Teller (BET) method on the 
micromeritics analyzer (Tristar II 3020) with nitrogen 
as the adsorption gas at 77K. Due to the limited 
amount of sample collected in the flame, no analysis 
of the surface area of soot samples from various 
HABs was performed. H2, O2, CO, and CO2 in flame 
were measured using an online gas chromatograph 
(GC, Agilent 7890A). More details on the online GC 
measurement method have been reported in the 
literature [26]. 

 
3. Results and discussion 
 
3.1 Soot aggregate fragmentation 

 

 

 
Fig. 1. Particle size distributions (PSDs) as functions of the 
height above the burner (HAB) for Soot-W (a) and Soot-WO 
(b). The error bars indicate the standard error.  

 
Figure 1 shows the PSDs of the Soot-W and Soot-

WO at various HABs. For both soots, the PSDs are 
unimodal at low HABs, and gradually shift from the 
unimodal to bimodal distribution as the HAB 
increases. The transformation of PSDs from the 
unimodal to bimodal distribution suggests that soot 
fragmentation occurs, and a large number of soot 
particles are generated. 

The oxidation-driven fragmentation of soot 
particles can occur via two mechanisms: aggregate 
fragmentation and primary particle fragmentation 
[1,2,6]. Zhang et al. [27] examined the structural 
evolution of soot particles in a single-cylinder diesel 
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engine, and reported that a large number of soot 
particles with the mobility diameter (Dp)<30 nm were 
formed after aggregate fragmentation. In a C2H4 flame, 
Sirignano et al. [28] found that the aggregate 
fragmentation increased the number concentration of 
the particles with 10<Dp<30 nm. According to the 
findings of Zhang et al. and Sirignano et al., the 
number concentration of the particles with 10< Dp<30 
nm (termed fine mode particles) was used to probe the 
aggregate fragmentation. Figure 2 shows the 
integrated number concentration of fine mode 
particles and the overall soot burnout percentages for 
the Soot-W and the Soot-WO at various HABs. For 
both soots, the integrated number concentrations 
remain relatively constant at the low HABs. This 
behavior suggests that a certain extent of aggregate 
fragmentation has already taken place in the low 
regions of the flame, which compensates for the 
reduction of fine mode particles caused by soot 
oxidation. At the intermediate HABs, despite a 
significant increase in the overall soot burnout 
percentages, both soots exhibit remarkable increases 
in the integrated number concentrations of fine mode 
particles, indicating the occurrence of a high extent of 
aggregate fragmentation. For the Soot-W, the 
integrated number concentration peaks at 
approximately HAB=14 mm with a value of 3.38×108 
#/cm3; for the Soot-WO, the number concentration 
peak locates at approximately HAB=10 mm with a 
value of 4.17×108 #/cm3. The above results show that 
the Soot-W has the delayed appearance of the number 
concentration peak and the relatively small peak value, 
inferring that the presence of the VOCs on the 
particles suppresses the aggregate fragmentation. In 
the upper region of the flame, the soot oxidation and 
the gradual reduction of the extent of aggregate 
fragmentation result in the decreased number 
concentrations for both soots. 
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Fig. 2. Integrated number concentrations of the particles with 
10<Dp<30 nm and the overall soot burnout percentages at 
various HABs. The error bars indicate the standard error. 

 
Aggregate fragmentation is primarily caused by 

the breakup of neck regions where primary particles 
make contact with one another [6,8,10], and thus 
inevitably reduces the number of primary soot 
particles per soot aggregate, termed as the degree of 
particle aggregation (Np) [11,29]. Therefore, the Np 

can be used as an indicator of the extent of aggregate 
fragmentation. That is, a significant decrease in the Np 
means a high extent of aggregate fragmentation. In 
this study, the Np was explored to support the results 
presented above. The calculation of Np was based on 
the TEM images, and typical TEM images of the 
samples are shown in Fig. 3. For each HAB, more than 
50 soot aggregates were randomly selected for the Np 

calculation to ensure statistical significance, and the 
average values (Np) were used to outline the aggregate 
fragmentation. Fig. 4 shows the Np for the Soot-W 
and the Soot-WO at different HABs. For the Soot-W, 
the Np sharply reduces as the HAB increases from 8 
to 14 mm, indicating the occurrence of a high extent 
of aggregate fragmentation. These Np  results are 
consistent with what are in Fig. 2, where in the same 
HAB range, a significant increase in the number 
concentrations of the fine mode particles highlights a 
high extent of aggregate fragmentation for the Soot-
W. Likewise, in Figs. 2 and 4, a sharp decrease in the 
Np  and a substantial increase in the number 
concentrations of fine mode particles are observed in 
the HAB range of 4–10 mm for the Soot-WO. In 
addition, the effects of VOCs on the aggregate 
fragmentation can be detected from the Np results in 
Fig 4. As seen, the sharp decrease in Np for the Soot-
W starts at HAB=8 mm, while the Soot-WO initiates 
the significant decrease in Np at HAB=4 mm. Such a 
difference also confirms that the presence of VOCs 
depresses the aggregate fragmentation. 

 

 
Fig. 3. Typical morphology images of the Soot-W (a) and 
Soot-WO (b). 
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Fig. 4. Average values of particle aggregation degree (Np) as 
a function of height above the burner (HAB). The error bars 
indicate the standard error. 
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The results in Figs. 2 and 4 demonstrate the effects 
of VOCs on the aggregate fragmentation. Because the 
oxidation environments in the flame (see Figs. S4 and 
S6 of the Supplementary Material) are quite similar 
for the Soot-W and Soot-WO, it is speculated that the 
effects of VOCs on the aggregate fragmentation are 
primarily ascribed to the different properties between 
the Soot-W and Soot-WO. To clarify this issue, the 
nanostructure and specific surface area of the pristine 
Soot-W and Soot-WO were examined using HRTEM 
and BET. The fringe length, tortuosity and specific 
surface area of both soots are listed in Table 1. 
Considering the uncertainties, no structural 
differences between the Soot-W and Soot-WO can be 
identified from this table. However, the Soot-WO has 
a surface area of 99 m2/g, about 90% larger than that 
of the Soot-WO. The larger specific surface area 
means more sites available for oxygen adsorption, and 
as a consequence, promotes the soot oxidation process. 
Accompanied by the improved soot oxidation, of 
course, is the acceleration of the breakup of the neck 
region between primary particles, which in turn 
enhances the aggregate fragmentation [3,7,10]. 
 
Table 1 
Mean fringe length (La) and tortuosity (Tf), and surface area 
of the pristine Soot-W and Soot-WO. 
Description (units) Soot-W Soot-WO 
Mean fringe length (nm) 1.056 ± 0.047 1.059 ± 0.039 
Mean fringe tortuosity 1.362 ± 0.041 1.364 ± 0.043 
BET surface area (m2/g) 52 ± 3 99 ± 5 

3.2 Primary particle fragmentation 

Because the primary particle fragmentation of 
substantially enhances the concentration of ultrafine 
particles (Dp<10 nm) [1,3,30], the ultrafine particle 
concentration was used to evaluate the extent of 
primary particle fragmentation. Figure 5 shows the 
integrated number concentrations of the ultrafine 
particles as functions of HAB. Similar to the 
concentrations of fine mode particles in Fig. 2, for 
both the Soot-WO and Soot-W, the integrated number 
concentrations of ultrafine particles are also relatively 
constant at low region of flame, and then exhibit 
significant increases with further increasing the HAB. 
These results imply that upon soot oxidation, the 
primary particle fragmentation has occurred, and the 
high extent of primary particle fragmentation is 
present at the intermediate HABs. In addition, the 
peaks of the number concentrations appear at around 
HAB=12 mm with a value of 1.04×109 #/cm3 for the 
Soot-WO and at around HAB=14 mm with a value of 
6.72×108 #/cm3 for the Soot-W. The fact that the Soot-
W has a delayed appearance of the number 
concentration peak and a relatively small peak value 
confirms that the presence of VOCs on particles 
depresses the primary particle fragmentation as well. 
At the upper HABs, the soot oxidation and the gradual 
reduction of the extent of primary particle 
fragmentation are responsible for the decreased 

number concentrations of the ultrafine particles. 
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Fig. 5. Integrated number concentrations of ultrafine 
particles (Dp<10 nm) and overall soot burnout percentages at 
various heights above the burner (HABs). The error bars 
indicate the standard error. 
 

Different from the aggregate fragmentation, the 
primary particle fragmentation is mainly caused by 
oxygen molecules diffusing into the interiors of 
primary particles to result in internal burning, after 
which the primary particles break up into small pieces 
[3,6,7]. Thus, the premise for the occurrence of 
primary particle fragmentation is internal burning. 
Because the presence of VOCs decreases the specific 
surface area of soot particles, as indicated in Table 1, 
the pristine Soot-W has less porous structure [31,32]. 
The less porous structure makes it difficult for oxygen 
molecules to penetrate into the interiors of primary 
particles, and as a consequence, reduces the 
possibility of primary particle fragmentation. On the 
other hand, the differences in the initial oxidation 
reactivity due to the different specific surface areas 
cause both soots to undergo various oxidation 
histories [16], which in turn alters soot internal 
structure [33]. Because soot structure is closely 
associated with the oxygen diffusion pathways into 
the interiors of soot particles [1], the structural 
alteration inevitably affects the internal burning. In 
this study, the effectiveness factor (η) was introduced 
to examine the possibility of the internal burning. 
When the η is close to 1, it indicates that the O2 can 
penetrate thoroughly into the interiors of soot 
nanostructure, and result in the internal burning; when 
the η is close to 0, it means that there is only limited 
or no O2 penetration into the soot nanostructure, and 
no internal oxidation occurs. Based on the assumption 
of first-order reaction, the η for spherical particles in 
terms of the Thiele Modulus (MT) can be calculated 
determined according to Neoh [34]: 𝜂 = 3𝑀𝑇 ( 1𝑡𝑎𝑛ℎ 𝑀𝑇 − 1𝑀𝑇)                        (1) 

where the square of MT is the ratio of the time required 
for oxygen diffusion (TD) to the time needed for 
oxygen reaction (TR), 𝑀𝑇2 = 𝑇𝐷/𝑇𝑅. TD is defined as 
TD =R2/De [1], where R is the radius of soot particle, 
and De is the effective intra-soot diffusion coefficient, 
expressed as [1,35,36]: 
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𝐷𝑒 = 43 𝜌𝑆𝐵𝐸𝑇 𝜏 ( 𝑅𝑔𝑇2𝜋𝑀)12𝑟𝑝2                       (2) 

where ρ is soot density; SBET is the surface area (m2/g); 
Rg is the universal gas constant; T is the temperature 
(K); M is oxygen molecular weight, and rp and τ are 
the effective pore width and crystallite tortuosity, 
respectively. 

The time scale for oxygen reaction (TR) on the soot 
surface or inside soot particles is a function of the rate 
constant (k) of the Nagle/Strickland-Constable 
reaction (NSC), TR = 1/k [1]. Some investigations and 
our previous study, however, have discovered that the 
experimental soot oxidation rates were higher than 

those calculated using the NSC equation [37,38]. 
Thus, a factor of four higher soot oxidation rate than 
the NSC rate was used to evaluate TR, as follows 
[1,38]: 

 𝑇𝑅 = 14𝑘 = 𝑊𝜌𝑆𝐵𝐸𝑇 48𝐶𝑂2                           (3) 

where W is the soot oxidation rate of NSC (g/cm2⸳s); 
CO2 is the oxygen concentration (mol/cm2), obtained 
by the GC measurement.  

 
  Table 2 
  Effectiveness factor (η) and key parameters for calculating effectiveness factor. 

HAB 
(mm) 

Soot-W Soot-WO 

O2 (mol %) dp (nm) 𝜏 rp (nm) ŋ O2 (mol %) dp (nm) 𝜏 rp (nm) ŋ 
4 2.53 20.76 ± 0.24 3.57 ± 0.02 1.07 ± 0.03 0.334 2.54 20.41 ± 0.17 3.52 ± 0.03 1.21 ± 0.04 0.381 
8 2.27 19.59 ± 0.23 2.87 ± 0.03 1.29 ± 0.04 0.470 2.25 19.07 ± 0.21 2.71 ± 0.05 1.40 ± 0.05 0.520 

12 2.15 18.99 ± 0.17 2.52 ± 0.05 1.36 ± 0.04 0.546 2.14 18.76 ± 0.20 2.17 ± 0.05 1.53 ± 0.05 0.628 
16 2.09 18.86 ± 0.24 2.37 ± 0.04 1.48 ± 0.03 0.615 2.07 18.39 ± 0.18 2.35 ± 0.03 1.36 ± 0.03 0.596 
20 2.06 18.39 ± 0.21 2.73 ± 0.05 1.37 ± 0.04 0.604      

 
Fig. 6. Typical HRTEM images of the Soot-WO at HAB = 
12 mm and Soot-W at HAB = 16 mm. 

 
Based on the above equations, the η of the Soot-W 

and Soot-WO at various HABs were calculated. The 
calculated results and key parameters for calculating 
the η are summarized in Table 2. As expected, the η 
values peak at HAB = 12 mm for the Soot-WO and at 
HAB = 16 mm for the Soot-W, where the high extent 
of the primary particle fragmentation occurs, as 
evidenced by the highest integrated number 
concentration of ultrafine mode particles in Fig. 5. 
Furthermore, the HRTEM analysis provides 
additional evidence for the occurrence of internal 
burning. At HAB = 12 mm for the Soot-WO or at 
HAB = 16 mm for the Soot-W, a large quantity of soot 
particles with hollow structures is readily observed 
under the visual field of HRTEM, as shown in Fig. 6. 
Previous studies [7,39-41] confirmed that such hollow 
capsule structure for soot particles was a result of 
internal burning. In addition, the delayed appearance 
of the peak η value for the Soot-W also infers that the 
presence of VOCs on the soot particles has an 
unfavorable effect on the primary particle 
fragmentation. From Table 2, it is noted that at the 
same HAB, the crystallite tortuosity (τ), pore width 
(rp), and primary particle size (dp) are different 
between the Soot-W and Soot-WO, reflecting the 
differences in soot structure. These results confirm the 

above conjecture that the presence of VOCs reduces 
the specific surface area of soot particles and then 
affects the soot structure during the oxidation process. 
As a consequence, both soots have different η values 
at the same HAB. 

3.3. Comparison between the fragmentation of 
primary particle and aggregate 

In Figs. 2 and 5, it is interesting to note that for both 
soot samples, the aggregate fragmentation starts at a 
lower soot burnout percentage than the primary 
particle fragmentation. Considering that the aggregate 
fragmentation is caused by the breakup of necks 
connecting primary particles [6,7], the nanostructure 
of the neck sites versus the bulk was evaluated to 
ascertain the rationale for the preferential 
fragmentation of aggregates. In the present study, 
structural analysis of the pristine Soot-WO, as a 
representative, was performed using the HRTEM. 
More than 20 particle neck and bulk regions in the 
HRTEM images were chosen randomly to extract the 
nanostructural parameters using FIPS. The average 
values of the fringe length and tortuosity are shown in 
Fig. 7. The soot neck regions have shorter average 
fringe length and greater fringe tortuosity than the 
bulk, indicating that the neck regions have a less-
ordered nanostructure compared to the bulk. Thus, the 
neck regions with a less-ordered nanostructure are 
expected to have higher oxidation rates than the bulk 
[1,16,17], facilitating the occurrence of aggregate 
fragmentation. In the soot bulk, the outermost shells 
have more ordered structures than the intermediate 
layers and inner core [42]. Thus, the outermost shells 
of primary particles are more resistant to oxidation 
than the neck regions. Slow consumption of outermost 
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shells diminishes oxygen molecules diffusion into 
primary particles [43,44], and thus prolongs the time 
required for the penetration of oxygen into the 
interiors of primary particles and delays the 
occurrence of internal burning and primary particle 
fragmentation. Therefore, the aggregate 
fragmentation occurs in advance to the primary 
particle fragmentation. 
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Fig. 7. Fringe length (La) and tortuosity (Tf) for neck and bulk 
regions of pristine Soot-WO. The error bars indicate the 
standard error. 
 

A similar result was reported by Echavarria et al. 
[6], who investigated soot fragmentation in a two-
stage burner. They revealed that aggregate 
fragmentation occurred at a low soot burnout 
percentage through the breakup of the necks linking 
primary particles, whereas primary particles 
fragmented at a high soot burnout percentage through 
the loss of the connectivity between the carbonaceous 
phases due to internal burning. In a follow-up study, 
Toth et al. [7] examined the soot oxidation process 
using an in-situ spherical aberration-corrected 
environmental transmission electron microscopy. 
Their experimental results supported Echavarria’s 
assertion, and they ascribed the preferential 
occurrence of aggregate fragmentation to exposing 
more edge sites at the neck versus the bulk, resulting 
in intensified carbon consumption locally. Ghiassi et 
al. [1] evaluated the degree of orderliness regarding 
both nematic (flat) and polar (curvy) symmetry of soot 
neck and bulk regions. They concluded that the neck 
sites had a more disordered nanostructure relative to 
the bulk, thus facilitating the neck consumption.  

 
4. Conclusions 
 

In this study, soot particles with and without 
volatile organic compounds (VOCs), respectively, 
were homogeneously dispersed into a CH4 lean 
premixed flame to explore the role of VOCs in 
aggregate and primary particle fragmentation during 
oxidation. The oxidation process was thoroughly 
studied using SMPS and GC, and BET and HRTEM 
of the pristine and oxidized soot. The results 
consistently show that the presence of VOCs 
suppresses the occurrence of aggregate fragmentation 
and primary particle fragmentation. The aggregate 
fragmentation occurs in advance to the primary 

particle fragmentation, regardless of the presence of 
VOCs or not. The nanostructural analysis about neck 
sites vs. the bulk finds significantly more disordered 
and thus reactive structure at neck sites, explaining the 
preferential aggregate fragmentation over primary 
particle fragmentation. The results obtained in this 
study clearly demonstrate that the VOCs can 
significantly affect soot fragmentation, even if the 
mass fraction of VOCs is as low as 11%. Thus, 
existing models should take the VOCs on soot surface 
into consideration. Furthermore, a better 
understanding of the role of VOCs in soot particle 
fragmentation can help control the most harmful fine 
and ultrafine particle emissions. 
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