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H I G H L I G H T S

∙ A novel strategy is developed to study 

surface & pores of soot at atomic detail.

∙ Incipient soot primary particles have 

highly irregular surfaces.

∙ These particles contain mostly microp-

ores (<2 nm) and have a porosity of 

0.22.

∙ Pore volume and surface area are well 

correlated with that of the particles.

∙ Average pore fractal dimension in these 

particles were found to be 2.15.
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A B S T R A C T

Understanding the surface and pore features of soot nanoparticles is important for predicting their behavior in 

combustion environments and atmospheric processes. Here, we present a novel computational framework com-

bining reactive molecular dynamics simulations with detailed atomistic analysis to characterize the morphology 

of over 2000 incipient soot particles formed from acetylene pyrolysis at 1350–1800 K. The surface and pore fea-

tures of these nanoparticles are explored directly using three-dimensional atomic surface mesh for the first time. 

The nanoparticles are found to have a highly irregular shape, with an average sphericity of 0.57 and a surface 

fractal dimension (𝐷 𝑆 

) of approximately 2.22, in excellent agreement with experimental data. The particles ex-

hibit significant internal porosity (Φ ≈ 0.22) dominated by micropores (≤2 nm). Micropores contribute to a very

high specific surface area of approximately 2652 m 

2 ∕g. Three distinct pore types – tunnels, pockets, and isolated 

cavities – are identified in the incipient soot primary particles. The internal pore network is found to have a 

fractal dimension (𝐷 𝑉 𝐶 

) of approximately 2.15. Strong positive correlations between pore volume and surface 

area (𝑅 

2 ≈ 0.70) are observed. The findings point to a complex and irregular external and internal structures of

incipient soot nanoparticles and a complex pore network within them.

1. Introduction

Soot or black carbon is a harmful byproduct of incomplete 

combustion of hydrocarbon fuels [1]. It also impacts the radiative energy

balance of the atmosphere and is a major forcing factor behind climate 

change [2,3]. It affects public health and welfare and is one of the 

leading causes of mortality worldwide [4].
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The properties of soot’s internal and external surfaces are important 

in defining how soot interacts with its surroundings. The interaction 

of soot with gases, pollutants, and water is influenced by its surface 

properties including chemical and physical properties, hydrophilicity, 

and charge. For instance, the type of the soot and the environment 

that surrounds it, both have an effect on the adsorption behavior of the 

soot [5–7].

The irregular nature of soot surface and shape is often measured and 

represented by a suitable definition of fractal dimension. Surface frac-

tal dimension (𝐷 𝑠 

) can be thought of as a measure of the roughness 

of a surface [8]. The volumetric fractal dimension (𝐷 𝑣 

), on the other 

hand, is a measure of compactness of a soot particle. Soot particles with 

high surface fractal dimension (𝐷 𝑠 

) have more surface area available 

for adsorption and chemical reactions, leading to a higher reactivity in 

the atmosphere [9]. The morphology of soot aggregates is often char-

acterized by a statistical mass-fractal relationship among the primary 

particles, which leads to an aggregate fractal dimension (𝐷 𝑓 

) [10]. The 

soot aggregates with lower aggregate fractal dimension (𝐷 𝑓 

) are prone 

to faster aggregation and coagulation [10]. Depending on the aggregate 

fractal dimension (𝐷 𝑓 

), soot can affect the radiative balance of the atmo-

sphere and cloud formation differently [11,12]. Higher aggregate fractal 

dimension (𝐷 𝑓 

) in soot aggregates increases the light scattering while 

lower aggregate fractal dimension (𝐷 𝑓 

) increases absorption [11].

The distribution of interior cavities or pores is also crucial for under-

standing soot particles’ interaction with the atmosphere. Cavities affect 

soot particle’s chemical reactivity, structural stability, and environmen-

tal impact. Porosity is a measure of empty space within a particle and is 

defined as the ratio of empty space within a particle to the total volume 

of the particle. The empty space within a soot particle aids in adsorb-

ing atmospheric gases like SO 2 

and NO 2 affecting the aging of soot 

particles which influences atmospheric chemistry and pollutant trans-

port [13,14]. The importance of soot’s porous nature and its role in 

atmospheric chemistry has been long recognized in the literature [e.g., 

2,3,15–17]. These earlier studies established black carbon as a signif-

icant, chemically active component of particulate matter, though the 

precise atomistic details of its internal structure and surface topology 

remained experimentally elusive. This internal structure is now under-

stood to be a key determinant of soot’s oxidative reactivity [18], while 

its porosity is critical for ice nucleation activity in the climate sys-

tem [19] and influences the lung deposition of inhaled particles [20]. 

Furthermore, these same porous characteristics are leveraged in techno-

logical applications, such as optimizing the performance of carbon black 

in electrochemical energy storage [21]. Early studies on soot poros-

ity have shown that soot particles with higher porosity and irregular 

sphericity lead to higher reactivity which can influence cloud formation 

and precipitation by acting as cloud condensation nuclei [6]. Moreover, 

when inhaled, soot particles with greater porosity are more likely to 

enter the lungs deeply and cause harm to the body [22].

Depending on the size, pores are classified into micropores (pores 

≤2 nm) and mesopores (pores between 2 and 50 nm) [23,24]. 

Micropores are smaller, but they provide very large surface area for 

gas adsorption and interaction with atmospheric pollutants and wa-

ter vapor [25,26]. Mesopores on the other hand, promote diffusion of 

larger molecules through particles and increase gas transport into the 

micropores resulting in an increase in overall reactivity [26–28].

Based on the accessibility to the external surface, pores or cavities 

can again be classified into three groups: (1) closed or isolated cavity 

that has no opening to the external surface; (2) open or pocket cavity 

that has one opening to the external surface; and (3) through or tunnel 

cavity which has two or more openings to the external surface [23,24]. 

Fig. 1 depicts a simplified diagram of a particle with different types of 

cavities.

The scale of soot particles can vary from a few nanometers [29] 

to a few hundreds of nanometers [30] depending on fuel, environ-

ment and combustion conditions [31,32]. Because of the small scale 

and dependency on the combustion conditions, it is difficult to employ

Fig. 1. (Color online) Schematic representation of different types of cavities 

inside an irregularly shaped particle.

experimental techniques to study different stages of soot formation and 

evolution of surface and internal properties [33,34]. However, due to 

the recent advances in computational techniques, reactive molecular 

dynamics (RMD) simulations are becoming increasingly popular tools 

for detailed atomic-level exploration of the internal structure of soot 

particles [35–37].

In this work, we investigate the surface and pore features of incipient 

soot primary particles using RMD simulations. This study is a contin-

uation of our earlier works, where we established a methodology to 

generate and classify incipient soot particles from RMD simulations of 

acetylene pyrolysis. In previous studies, we characterized the overall 

physical, chemical, and morphological evolution of soot primary parti-

cles during inception and identified two distinct particle classes: Type 1 

and Type 2 [37], where we showed that Type 2 particles possess a more 

developed internal structure [36,37]. While our prior work focused on 

bulk properties and internal density distributions, the present study in-

troduces a novel methodology and presents a detailed analysis of the 

surface topology and internal pore network of the Type 2 particles from 

an atomistic point of view. Specifically, the novelties of this work are:

(1) The first atomistic-level classification and quantification of distinct 

pore archetypes (tunnels, pockets, isolated) within incipient soot parti-

-

-

-

cles; (2) The calculation of surface and pore fractal dimensions directly 

from the 3-D atomic mesh, providing a more physically representative 

measure of roughness and complexity than just mass-based fractal di

mensions; (3) The establishment of quantitative correlations between 

pore volume, surface area, and particle volume, providing a pathway to 

incorporate these detailed features into larger-scale models. To the best 

of our knowledge, this level of detail in characterizing the external and 

internal surfaces of simulated incipient soot particles has not been pre

viously reported. Although there have been some experimental studies 

on porosity of soot or carbon black, this is, we believe, the first numeri

cal study that quantitatively analyzes the pore structure of carbonaceous 

materials accounting for its detailed atomistic structure.

2. Methodology

The overall workflow of the present study is depicted in Fig. 2. Blocks 

numbered from (1) to (3) in the top box are discussed in detail in our 

previous works [36,37]. The tasks carried out in the present study are 

shown in blocks numbered from (4) to (7) within the bottom box.

2.1. Simulation of incipient soot particles

The Reactive Molecular Dynamics (RMD) approach (block (1)) used 

in this work follows the methodology presented in [38], using the spe-

cific simulation settings previously reported in detail [36,37]. Hence, 

only a brief synopsis of the methodology is presented here. One thousand 

acetylene molecules are randomly added to a cubic domain measur-

ing 75 Å × 75 Å × 75 Å at four different temperatures: 1350, 1500, 

1650, and 1800 K. This temperature range was specifically chosen to 

align with conditions commonly observed in experimental flow reac-

tors [39] and laminar flames [40], and it corresponds to a critical regime 

in acetylene pyrolysis. As established in previous simulation studies, the
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Fig. 2. Overview of the workflow utilized in this work. Appropriate refer-

ences for each block, where needed, are noted in the figure and are repeated 

here: block (1): [36,37]; block (2): [49]; block (3): [36]; block (4): [50]; block 

(5): [51]; block (6): [52].

1200–1800 K range is characterized by a competition between molecu-

lar polymerization and free-radical pathways, which are crucial for the 

inception of soot particles [38,41]. Temperatures below this range pri-

marily yield simple polymerization products like C 4 

H 4 

and C 6 

H 6 

, while 

higher temperatures lead to extensive molecular cracking into H and 

C 2 

H radicals [42]. Therefore, the 1350–1800 K temperature range used

in this study focuses on the key temperature window for incipient soot 

formation. To ensure reproducibility, every configuration was simulated 

at least four times using various random initial seeds for the acetylene 

molecules. The resulting particle populations were aggregated for sta-

tistical analysis, confirming the stability of the observed morphological 

features against variations in initial conditions. The reader is referred 

to [36,37] for further details on the RMD simulations.

The simulations were carried out using the Large-scale 

Atomic/Molecular Massively Parallel Simulator (LAMMPS) soft-

ware [43], utilizing the ReaxFF potential [44,45] with a timestep of 

0.25 fs. The ReaxFF methodology has been successfully applied to 

simulate complex pyrolysis and gasification processes for a wide range 

of materials, from hydrocarbons to polymers [45,46], demonstrating 

its robustness in capturing high-temperature reaction chemistry. The 

velocity-Verlet algorithm [47] and the Nose-Hoover thermostat [48] 

were used in the simulations, which were run under the NVT ensemble 

(constant number of particles, volume, and temperature).

From each simulation, large molecular clusters were identified as in-

cipient soot particles (block (2)). The incipient particles obtained from 

these simulations were validated against experimental observations in 

our previous works [36,37]. These particles were then classified using 

t-SNE [53] and k-means clustering [54], resulting in two distinct types: 

Type 1 and Type 2 (block (3)) [37]. Type 1 particles resemble the very 

early stage of soot formation where the particles are still in the process 

of growth by mass accumulation and surface reactions. Type 2 particles 

are in an advanced stage with clearly defined surfaces and internal struc-

tures. In this work, we only looked at the Type 2 particles because the 

internal structures of Type 1 particles are not yet well-developed.

While the RMD approach provides atomistic insight, it is important to 

acknowledge its inherent limitations and the associated sources of uncer-

tainty. The ReaxFF force field, while extensively validated for hydrocar-

bon combustion, is an empirical potential that approximates quantum 

mechanical interactions through a bond-order formalism [44,55]. Its 

accuracy is dependent on the parameterization, which is obtained by 

analyzing a finite set of quantum chemistry data [56]. Therefore, its fi-

delity may be lower than ab intio methods, particularly for the complex 

chemistry of PAH formation and the stability of certain exotic inter-

mediates [57]. The reaction pathways observed should therefore be 

considered representative of the chemistry accessible within the force 

field’s framework.

While the time step of 0.25 fs was chosen carefully to ensure energy 

conservation and accurately resolve high-frequency atomic vibrations,

Fig. 3. (Color online) One example particle obtained from RMD simulations 

along with examples of surface renderings and identified cavities.

the RMD simulations are conducted on nanosecond timescales, which 

are orders of magnitude shorter than experimental residence times in 

flames or reactors. Despite these limitations, the strong agreement be-

tween our calculated morphological parameters and a wide range of 

experimental data reported later in this work (summarized later in 

Table 1) along with previously reported validations in [36] provides con-

fidence that the simulations capture the essential physical and chemical 

features of incipient soot particles.

2.2. Extraction of surface and pore information

From the RMD simulations, 2654 Type 2 incipient particles at four 

distinct temperatures were extracted. We used MoloVol [50] to extract 

the surface map of these particles’ exterior surfaces and interior cavities 

(block (4) of Fig. 2). A single probe method is used to capture the sur-

face area and surface map of the external surface while the two-probe 

method is used to capture both the external surface and internal cavities 

together. The small probe radius is set equal to the van der Waals radius 

of nitrogen (1.66 Å) [58]. This choice is physically relevant for assessing 

molecular accessibility, as the resulting probe diameter (3.32 Å) is com-

mensurate with the kinetic diameters of key atmospheric gas molecules 

such as O 2 

(3.46 Å) and SO 2 

(3.60 Å) [58]. This allows the probe to 

realistically map the surfaces and pores accessible to such species. The 

large probe radius is set to 5.0 Å. As discussed in the MoloVol docu-

mentation, this is a functional choice required by the two-probe method 

rather than a direct physical proxy. The large probe’s purpose is to de-

fine the external molecular envelope of the incipient particles (which 

have diameters <5 nm) without penetrating the pore network itself. By 

effectively “blocking” the entrances to open pores from the outside, the 

large probe allows the small probe to map the internal volume of pock-

ets and tunnels, enabling their classification [50]. The accuracy of the 

external surface area calculation by MoloVol was further verified with 

MSMS [59].

Surface maps generated using MoloVol contained details of external 

and internal surfaces and cavities. The surface map is then converted to 

a 3D surface mesh (STL format) using PyMOL [51] (block (5) of Fig. 2). 

This conversion is necessary to calculate the surface and volume fractal 

dimensions in the later steps. Two STL files are generated for each parti-

cle: one for the external surface and one for the cavities. An in-house tool 

called StereoFractAnalyzer [52], which calculates the fractal dimension 

of the surface and volume of the particles and cavities using the box-

counting method [60–63], is used to calculate the surface and volume 

fractal dimensions from the STL files (block (6) of Fig. 2).

Additional analysis is conducted to explore and characterize the 

pores or cavities inside each particle (block (7) of Fig. 2). Fig. 3 shows 

the rendering of one example particle, where the external surface and 

cavities are displayed together. The cavities are colored according to 

their classification: isolated cavities (green), pockets (brown), and tun-

nels (blue). To the best of the authors’ knowledge, this is the first study 

to provide such detailed information regarding incipient soot particle 

surfaces and cavities.
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In this work, the words pore, void, and cavity are used interchangeably 

to denote an empty space inside a particle.

3. Results and discussion

We start the results section with the bulk morphological proper-

ties of the particles, followed by a detailed analysis of the distribution 

of cavities and their properties. Finally, we explore the correlations 

between surface and volume features which can potentially be use-

ful in engineering-scale models. For the purpose of summarizing the 

results, we have used histograms with probability density in conjunc-

tion with box and whisker plots to show the distribution of the data. 

In box and whisker plots, the box represents the interquartile range 

(IQR) of the data, while the whiskers represent the range of the data. 

The line inside the box represents the median of the data. The combi-

nation of histograms, probability density plots, and box-whisker plots 

allows us to assess the variations in the distribution of each prop-

erty analyzed for greater insights. The statistics are reported in the 

form of mean ± standard error of mean (SEM) [64] for each quantity. 

Standard deviation (SD) is also reported in the summary table (Table 2) 

for completeness.

For all the results presented in this work, the authors didn’t observe 

any significant dependence on the temperature. Therefore, the results 

are presented for all the temperature cases combined. Additionally, to 

demonstrate the lack of temperature-dependent variation, distributions 

of sphericity and circularity are presented for each temperature sep-

arately. The temperature dependence is discussed in the text where 

necessary and reported in the Supplementary Material.

3.1. Bulk morphological properties of incipient particles

Usually the soot primary particles are assumed to be perfectly spheri-

cal in engineering scale models [65,66]. However, as observed in atomic 

force microscopy (AFM) [67] and high resolution transmission electron 

microscopy (HRTEM) [68,69], the incipient soot particles are not per-

fectly spherical. The shape of the particle directly influences its reactivity 

particularly in oxidation processes [70,71]. How closely the shape of a 

particle resembles a perfect sphere can be measured by sphericity (Ψ). 

Sphericity (Ψ) can also act as an indicator of the stage of maturity of soot 

particle [72]. In this work, Eq. (B.1) is used to calculate the sphericity 

of the particles.

The sphericity of the incipient particles is found to be 0.57 ± 0.0008. 

In contrast, the sphericity of a perfectly spherical non-porous particle is 

unity. The low value indicates a significantly high surface area available 

compared to the total volume. The average sphericity of 0.57 derived 

here by RMD is in reasonable agreement with the 0.63 ± 0.08 measured 

for larger young soot particles from premixed ethylene flames [73]. It 

must be noted here that presence of large number of micropores leads 

to a large surface area [14]. Additionally, since the surface area is cal-

culated on an atomic level using an atomic probe, even small roughness 

on the surface can add to the overall surface area. Hence, even if the 

particle “looks” spherical, its sphericity can be significantly lower than 

unity. The sphericity distribution of the particles is shown in Fig. 4 us-

ing a histogram and a box-plot. The probability density of sphericity is 

also presented in Fig. 4 using the black-dashed line. Fig. 4 provides both 

the distribution for each individual temperature (see Fig. 4a) as well as 

the distribution for all temperatures combined. As can be seen here, the 

sphericity remains almost constant at all temperatures (Fig. 4a).

The histogram and the corresponding probability density function for 

the all-temperature-combined data in Fig. 4(b) reveal a unimodal but 

relatively broad distribution centered around the mean value. The in-

terquartile range, represented by the box plot, spans from approximately 

0.54 to 0.60, indicating that 50 % of the particles fall within this narrow 

range of shapes. However, the whiskers extend from approximately 0.45 

to 0.68, highlighting a significant population of particles with highly 

irregular, non-spherical geometries. This structural heterogeneity is a

key feature of incipient soot and has direct implications for its behav-

ior: A population of particles with diverse shapes will exhibit a wider 

range of reactivities and surface interaction potentials compared to a 

monodisperse population often assumed in engineering-scale models. 

This variability underscores the importance of considering distributional 

properties, not just mean values, when modeling soot processes.

In practice, it is often difficult to measure the surface area of 3D 

microstructures. Therefore, a 2D equivalent quantity called circularity 

(𝜎) is also used in literature [74]. The definition of circularity (𝜎) is 

given in Eq. (B.2). In this study, because of asymmetry and irregularity 

in 3D shapes of particles, an average circularity (𝜎̄ ) of each incipient 

particle is calculated by taking the projection of the 3D particle onto 

10 evenly spaced planes in spherical coordinates as shown in Eq. (B.3). 

Fig. 5 reports the average circularity of the incipient particles at four 

different temperatures including the standard deviation as error bars for 

each particle. Violin plots for the average circularity (𝜎̄ ) of the particles 

at different temperatures are also presented in Fig. 5. The violin plots 

show that distribution is not affected by temperature (also see Fig. S.1 in 

the Supplementary Materials). From Fig. 5, the average circularity of 

the analyzed particle is found to be 0.66 ± 0.001 with an interquartile 

range between 0.63 and 0.68 and the maximum and minimum values 

of 0.48 and 0.76 which is commensurate with the variations seen in the 

sphericity data.

The porosity (Φ) of the particles is calculated as the ratio of the 

total pore volume (𝑉 𝑝 

) inside a particle to the bulk volume (𝑉 𝐵 

) of 

the particle (Eq. B.4). Fig. 6(a) depicts the distribution of porosity of 

the incipient particles using histogram with probability density and 

box plot. The distribution is relatively narrow, with an interquartile 

range from approximately 0.215 to 0.225. This suggests that while 

the particles vary significantly in their external shape, the overall void 

fraction is a more conserved property across the population. The ob-

served porosity for the incipient particles in this study is found to be 

0.22 ± 0.0002, which is in good agreement with the measured soot

Fig. 4. (Color online) Distribution of sphericity (Ψ) of incipient particles.
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Fig. 5. (Color online) Average circularity (𝜎̄ ) of incipient particles at four 

different temperatures.

Fig. 6. Distribution (a) porosity, Φ and (b) specific pore volume [cm 

3 ∕g] of 

incipient particles.

porosity of 0.26 [75]. Temperature was found to have a very small effect 

on porosity (Fig. S.2 in Supplementary Materials).

Another way to look at porosity is to calculate the specific pore vol-

ume of the particles, which is a measure of available pore volume per 

unit mass of a particle. The specific pore volume obtained in this study 

is reported in Fig. 6(b). The average specific pore volume of the par-

ticles explored in this study is found to be 0.19 ± 0.0004 cm 

3 ∕g. The 

reported values of specific pore volume in the literature vary widely 

depending on the sampling procedure, levels of maturity, and nature 

of pores. For example, in mature soot particles, Rockne et al. [27] re-

ported a value of 0.004–0.08 cm 

3 ∕g for mesopores and 0.0009–0.013 

cm 

3 ∕g for micropores. Whereas, Tripathi et al. [14] reported that parti-

cles with higher number of micropores can achieve specific pore volumes 

as high as 0.7–2.3 cm 

3 ∕g. In our case, the particles are not fully ma-

ture and contain significant numbers of micropores, leading to a high 

value of porosity and specific pore volume. No significant temperature

Fig. 7. Distribution of specific surface area [m 

2 ∕g] of incipient particles.

dependence was observed in specific pore volume (see Fig. S.3 in 

Supplementary Materials).

With the increase in porosity, the particles offer more accessible 

surface area. Specific surface area (SSA) is a measure of surface area 

available per unit mass. The specific surface area distribution of the 

incipient soot particles obtained in the current study is presented in 

Fig. 7. Contribution of isolated cavities is ignored in this calculation 

since this area is not accessible from the outside of the incipient par-

ticle. The average specific surface area of the particles is found to be

2652.36 ± 7.39 m 

2 ∕g, with an overall range (without the outliers) of 

2000–3400 m 

2 ∕g. This value is significantly higher than the specific sur-

face area reported in contemporary literature. This is potentially due 

to several reasons. The values reported in the literature, are mostly 

for soot particles emitted from engines, which are mature, larger, and 

have undergone some interaction with the environment. For example, 

Rockne et al. [27] reported the specific surface area of soot particles 

for mature soot particles from different combustion sources to be in the

range of 1 to 85 m 

2 ∕g. Ouf et al. [76] showed that, the specific surface

area increases as the particle size decreases. Therefore, incipient parti-

cles explored in our study, which are very small and in the very early 

stage of formation, are expected to have higher specific surface area. 

Also, the presence of numerous micropores in the particles, which is 

the case in the particles in this work, can lead to higher surface area, 

which in turn leads to higher specific surface area [14]. Additionally, 

high values of SSA have been reported in high surface area carbon ma-

terials such as activated carbons derived from biomass (SSAs of up to

3386 m 

2 ∕g [77]), metal-organic-framework (MOF)-derived carbons (up

to 2872 m 

2 ∕g [78]), and hypercrosslinked polymer-derived carbons (up

to 4300 m 

2 ∕g [79]). These examples illustrate that materials with high

porosity can achieve exceptionally high SSAs, supporting the elevated

SSA observed in our incipient soot particles.

The theoretical specific surface area (𝑆𝑆𝐴 Theoretical 

) for the external 

surface of a spherical particle can be calculated using the volume-

equivalent diameter (𝑑 𝑉 

) of the particle and its bulk density (𝜌 𝑏 

) 

as shown in Eq. (B.5). The average theoretical specific surface area

(𝑆𝑆𝐴 Theoretical) of the particles is found to be 1493.77 m 

2 ∕g and is shown

in Fig. 7 as a red dashed vertical line. Eq. (B.5) describes the theoreti-

cal minimum external specific surface area of a perfectly smooth sphere 

with no surface cavities. Notably, the measured median specific surface 

areas for our incipient soot particles exceed this theoretical minimum 

by almost a factor of two. This highlights the significant contribution of 

porosity and complex surface morphology to the total accessible surface 

area. Additionally, Eq. (B.5) shows that SSA is inversely proportional 

to the volume-equivalent diameter (𝑑 𝑉 

), meaning that smaller particles 

inherently possess higher external surface area per unit mass. Since our 

incipient particles are in the very early stage of formation and small (di-

ameters <5 nm), their baseline external surface area (𝐴 𝐸𝑥𝑡 

) is already 

high. However, the fact that our measured SSAs surpass the theoreti-

cal value clearly illustrates that besides direct surface effects, porosity 

further elevates the overall accessible surface area. No specific trend is
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Fig. 8. (Color online) Contribution of different cavities to specific surface area 

[m 

2∕g] of incipient particles.

observed with temperature (Supplementary Materials, Fig. S.4) for the 

specific surface area.

To further elucidate the influence of internal porosity on the overall 

accessible surface area, we decompose the total SSA into contributions 

from distinct cavity types as well as the exterior surface area (ESA), 

which represents the surface area calculated without any cavity con-

tributions (note the difference between external and exterior surface 

area: exterior surface does not include any contributions from cavi-

ties, whereas external surface includes the exposed surface of tunnels 

and pockets). The SSA values presented in Fig. 7 include contribu-

tions from tunnel and pocket cavities. Fig. 8 separately illustrates the 

SSA for each cavity type (tunnel, pocket, isolated) alongside the ESA. 

The comparison between the ESA and the cavity contributions clearly 

demonstrates that the enhanced SSA observed in our incipient soot parti-

cles is largely due to the presence of pockets. The average specific surface 

areas are: 172.36 ± 1.34 m 

2 ∕g for isolated cavities, 212.12 ± 5.43 m 

2 ∕g 

for tunnel cavities, 1190.94 ± 5.71 m 

2 ∕g for pocket cavities, and 

1249.29 ± 2.84 m 

2 ∕g for the exterior surface. This decomposition not 

only emphasizes the significant role of tunnel and pocket cavities in in-

creasing the accessible surface area, but also provides insight into the 

interplay between particle size and internal morphology. No specific 

trend is observed with temperature (Supplementary Materials, Fig. S.5).

3.2. Bulk morphological properties of pores

As discussed above, depending on the access to the surface of incipi-

ent particles, the pores are classified into three groups: tunnels, pockets, 

and isolated cavities. These classifications provide insight into the way 

different cavities interact with the environment. Following Eq. (B.1), the 

sphericity of each cavity can also be calculated. To compare the statistics 

of all the particles together, we calculated the average pore sphericity 

(𝜓̄ ) of different classes of cavities for each particle using Eq. (B.6).

Fig. 9(a) shows a clear distinction among the average pore sphericity 

of different cavities. The average pore sphericity of tunnels, pockets, 

and isolated cavities is found to be 0.67 ± 0.002, 0.80 ± 0.0002, and 

0.88 ± 0.00003, respectively. This indicates that, the isolated cavities are 

more spherical than the pockets and tunnels, which are more elongated 

due to their openings to the external surface. The interquartile range and 

whiskers for pockets and isolated cavities are much smaller than those of 

tunnels indicating a much larger variation in the shape of tunnels than 

pockets and isolated cavities.

Since cavities do not have any mass, the surface area of different 

cavities is quantified using a volume-based specific surface area, which 

is defined as the amount of cavity surface area per unit volume of

the cavity. Thus, the unit for this volume-based surface area is Å 

−1. 

Fig. 9(b) depicts the average volume-based specific surface area of dif-

ferent cavities. Unlike Fig. 8, where SSA is computed by aggregating the 

contributions of all cavities across all particles, here the volume-based 

SSA is first averaged over all cavities within each individual particle 

and then further averaged across all particles. This procedure preserves 

information regarding the typical size or footprint of each cavity type 

within incipient soot particles. As observed with pore sphericity, differ-

ent cavities show clear distinctions. The average specific surface area 

of tunnels, pockets, and isolated cavities is found to be 1.1 ± 0.005, 

1.72 ± 0.002, and 2.38 ± 0.03 Å 

−1 , respectively. Since isolated cavities 

are more spherical than the other two types, they also have the high-

est specific surface area compared to pockets and tunnels. Both average 

pore sphericity (𝜓̄ ) and specific surface area of the cavities are found to 

be independent of temperature (see Supplementary Materials Fig. S.6).

3.3. Fractal characteristics of incipient particles and cavities

The fractal dimension is an important metric for characterizing the 

complexity and self-similarity of a structure. In the context of soot par-

ticles, usually the fractal dimension is reported for the soot aggregates, 

which are formed by the agglomeration of primary particles. This fractal 

dimension, also known as aggregate fractal dimension (𝐷 𝑓 

) is calcu-

lated using a statistical mass-fractal relationship [11,80]. In this work, 

we are not investigating this definition of fractal dimension of an aggre-

gate, rather we are focusing on the fractal dimensions of an individual 

primary particle. While the fractal dimension of soot aggregates has 

been extensively studied, the fractal dimensions of primary particles 

are less commonly reported. Understanding the fractal nature of indi-

vidual primary particle morphology provides valuable insights into the 

early stages of soot formation, which can inform more accurate mod-

els of soot reactivity and growth. In this work, we analyzed surface and 

volume fractal dimensions (𝐷 𝑆 

and 𝐷 𝑉 

) of incipient primary particles.

The surface fractal dimension (𝐷 𝑆 

) of the incipient particle describes 

how the particle’s surface scales as its size increases. A smooth surface 

would have a surface fractal dimension value of 2. A higher surface 

fractal dimension indicates a rougher, more irregular surface, which in-

creases the available surface area for chemical interactions. The surface 

fractal dimension of the particles is found to be 2.22 ± 0.001, which is 

in excellent agreement with the 𝐷 𝑆 = 2.25 ± 0.09 measured for car-

bon black [81,82] and indicating a highly irregular and rough surface of 

the incipient particles. The distribution of the surface fractal dimension 

of the incipient particles is shown in Fig. 10(a). The narrow unimodal 

nature of this distribution suggests that a surface roughness correspond-

ing to 𝐷 𝑆 

≈ 2.22 is an almost-conserved and fundamental feature of 

these nascent particles, largely independent of their individual size or

Fig. 9. (Color online) (a) Average pore sphericity, 𝜓̄ and (b) average specific 

surface area of cavities [1/Å] in incipient particles.
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Fig. 10. Distribution of (a) surface fractal dimension (𝐷 𝑆 

), and (b) volume fractal

dimension (𝐷 𝑉 ) of incipient particles.

overall shape. The surface fractal dimension of the particles is found to 

be independent of temperature (Supplementary Materials, Fig. S.7).

The volume fractal dimension (𝐷 𝑉 

) can be thought of as the ability to 

self-similarly fill the space by a solid [83]. With a higher value of volume 

fractal dimension (𝐷 𝑉 

), the particle is more compact and less porous. 

The distribution of volume fractal dimension of the incipient particles 

is shown in Fig. 10(b). Similar to the surface fractal dimension, the 

narrowness of this distribution suggests that the particle’s compactness 

is a highly conserved structural feature, with most particles clustering 

tightly around the mean value of 𝐷 𝑉 

≈ 2.53. The volume fractal dimen-

sion of the particles is found to be 2.53 ± 0.0006 in the present study. 

This indicates that the incipient particles are highly porous and have a 

complex internal structure. The volume fractal dimension of the particles 

is found to be independent of temperature (Supplementary Materials, 

Fig. S.8). It should be noted here that previously Mukut et al. [36,37] 

reported an atomic fractal dimension of these incipient primary parti-

cles, which was calculated as a mass-based fractal dimension (i.e., ability 

of a particle to self-similarly contribute to particle mass) for primary 

particles.

Fig. 11. Distribution of (a) surface fractal dimension (𝐷 𝑆𝐶 

), and (b) volume 

fractal dimension (𝐷 𝑉 𝐶 

) of the cavities within incipient particles.

The fractal characteristics of the cavities provide insights into the 

complexity of the internal pore networks. These networks influence the 

ability of the particles to adsorb gases and engage in chemical reac-

tions. A lower surface fractal dimension for the cavities (𝐷 𝑆𝐶 

) suggests 

a smoother internal surface compared to the external particle surface, 

which may affect the overall reactivity and interaction with the environ-

ment. The surface fractal dimension (𝐷 𝑆𝐶 

) and volume fractal dimension 

(𝐷 𝑉 𝐶 

) of different cavities are calculated using the same method as for 

the particles. As shown in Fig. 11(a), the surface fractal dimension of 

the cavities is found to be 2.17 ± 0.006. In contrast to the particle sur-

face, the cavity surface is slightly more regular and less rough. This is 

also reflected in the higher average cavity sphericity (𝜓̄ ) value shown in 

Fig. 9(b).

The volume fractal dimension of cavities (𝐷 𝑉 𝐶 

) is commonly referred 

to as the pore fractal dimension. This is a measure of complexity of inter-

nal pore network inside soot particles which quantifies how the empty 

space within a primary particle is self-similarly distributed within the 

particle [84]. It has been reported in the literature that the pores of 

soot and carbon blacks form a fractal-like network with pore fractal
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dimension of between 2 and 2.5 as measured using small angle X-ray 

scattering (SAXS) [85], Ar, CO 2 

, and N 2 

adsorption studies [21,86], and 

numerical studies of soot oxidation [87]. The volume fractal dimension 

(𝐷 𝑉 𝐶 

) of the cavities in this work is found to be 2.15 ± 0.001, which is

in excellent agreement with the reported values. The distribution of vol-

ume fractal dimension of cavities (𝐷 𝑉 𝐶 

) observed in the present study is 

shown in Fig. 11(b). Both the surface and volume fractal dimensions of 

the cavities are found to be independent of temperature (Supplementary 

Materials, Figs. S.9 and S.10).

These fractal dimensions have direct implications for the real-world 

behavior of soot. The high surface fractal dimension (𝐷 𝑠 

≈ 2.22) indi-

cates a highly convoluted and rough external surface, which significantly 

increases the number of active sites and the total surface area avail-

able for heterogeneous reactions. This enhanced surface area promotes 

higher rates of oxidation by species like O 2 

and OH and increases the 

particle’s capacity for adsorbing atmospheric pollutants such as SO 2 

and 

NO 𝑥 

[5,6]. The complex internal network, characterized by the pore 

fractal dimension (𝐷 𝑉 𝐶 

≈ 2.15), provides additional pathways for gas

transport into the particle interior, further influencing its overall reac-

tivity [87]. Additionally, the pore fractal dimension and surface area 

derived here may enable models for soot oxidation to move beyond 

simple surface reactions and account for the realistic porosity of incip-

ient nanoparticles, thereby deriving more robust oxidation rates [71]. 

Although this study focuses only on primary particles, an accurate char-

acterization of fractal nature of primary particles is necessary for better 

characterization and understanding of the fractal nature of the soot ag-

gregate. The morphology of these aggregates, described by an aggregate 

fractal dimension (𝐷 𝑓 

), governs their optical and aerodynamic proper-

ties. More open and lacy aggregates (lower 𝐷 𝑓 

) are known to scatter 

more light than compact structures (higher 𝐷 𝑓 

), which in turn affects 

their radiative forcing in the atmosphere [3,11,12,80].

3.4. Summary of experimental validation

As has been discussed in earlier sections, morphological features of 

the simulated incipient particles were compared with experimental data 

where available. A summary of these comparisons is provided in Table 1, 

which shows a strong correspondence between our computationally 

derived values and experimentally measured properties for various 

carbonaceous materials. The close agreement across these distinct mor-

phological parameters provides confidence in the physical realism of the 

incipient soot structures generated by the RMD simulations.

3.5. Pore size distribution inside incipient particles

Understanding the distribution of pore sizes within soot particles 

can provide insights into their formation mechanisms and behavior in 

different combustion environments. The cavity size in this work is rep-

resented by the volume-equivalent pore diameter (𝑑 𝑝 

), which represents

the diameter of a sphere with an equivalent volume to the cavity. The 

distribution of individual cavity sizes (𝑑 𝑝 

) in the entire population is 

shown in Fig. 12. The distribution is log-normal, which indicates that 

although there are a few larger cavities, most cavities are small: which

Table 1 

Comparison of simulated morphological properties with experimental data.

Property RMD simulations

(this work)

Experimental

value

Reference(s)

Particle porosity (Φ) 0.22 ± 0.0002 0.26 Song et al. [75]

Particle sphericity 

(Ψ)

0.57 ± 0.0008 0.63 ± 0.08 Schenk et al. [73]

Particle surface 

fractal dimension 

(𝐷𝑠 )

2.22 ± 0.001 2.25 ± 0.09 Avnir et al. [82],

Kandas et al. [85]

Pore fractal

dimension (𝐷𝑉  𝐶 

)

2.15 ± 0.001 2.0–2.5 Ehrburger-Dolle

et al. [86], Kelesidis 

et al. [21]

Fig. 12. (Color online) Cavity size (𝑑 𝑝 

) distribution of all cavities across all the 

particles.

Fig. 13. (Color online) Distribution of average fraction of void volume occupied 

by cavities of different sizes within incipient particles.

is typical for porous structures. Additionally, it can be seen that all cav-

ities identified in this study are micropores (≤2 nm), with the majority 

measuring less than 1 nm. This is expected since all the incipient parti-

cles investigated here are in the very early stage of formation and have 

a diameter smaller than 5 nm. This essentially makes micropores the 

primary focus of this analysis. As has been discussed earlier, such large 

presence of micropores increases the surface area leading to high specific 

surface area, high porosity, and low sphericity values observed in the in-

cipient particles, which is typical of soot particles in the early stages of 

formation [14].

This distribution of cavity size (i.e., 𝑑 𝑝 

) can also be analyzed by cal-

culating the average values for cavity sizes (𝑑 𝑝 

) inside each particle. The 

tunnel cavities have the largest average size (8.92 ± 0.05 Å), followed 

by pockets (4.85 ± 0.006 Å) and isolated (3.08 ± 0.005 Å) cavities. The

size distribution of average cavity sizes (𝑑 𝑝 

) (shown in Supplementary 

Materials, Fig. S11) is a Gaussian distribution, as is expected, since 

averaging tends to smooth out variability.

To get a more complete understanding of the pore network of the 

particles, the average fraction of void volume occupied by cavities of dif-

ferent sizes within incipient particles is calculated and shown in Fig. 13. 

Fig. 13 shows that the pocket cavities occupy the largest fraction of 

void volume, followed by isolated cavities and tunnels. Although tun-

nels are larger on average (Supplementary Materials, Fig. S.12), their 

lower abundance in the incipient particles results in them occupying a 

smaller fraction of the overall void volume. In contrast, the higher abun-

dance of pocket cavities allows them to occupy a larger portion of the 

void space, despite their smaller size. The pockets and tunnels present 

in the bulk particles are critical for the oxidation of soot and carbon 

black at low temperatures (e.g., 550 

◦ C) [21]. At these conditions, O 2 

can diffuse through these pockets and tunnels and internally oxidize soot 

and carbon black nanoparticles, resulting in hollow spheres [21,87].
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Fig. 14. (Color online) Average pore size distribution (PSD) of different cavities 

within incipient soot primary particles.

In the porous material literature, the pore size distribution (PSD) is 

often reported in terms of cumulative void volume (per unit mass) as a

function of pore size [88,89]. Cumulative void volume (𝑉 𝐶 

(𝑑 𝑝 

)) refers to

the total volume of empty spaces accumulated within a particle up to 

specific cavity sizes (𝑑 𝑝 

) and is calculated using Eq. (B.7).

Each particle will produce a different pore size distribution. To 

present the data in a compact form, we have calculated the average PSD 

from all the particles by dividing the diameter range into discrete size 

bins and calculating the cumulative volume of cavities in each bin for all 

the particles. The average PSD of different cavities is shown in Fig. 14. 

The shaded region in Fig. 14 represents the standard error of the mean 

(SEM). The average PSD of isolated cavities is shifted towards smaller 

pore sizes, while that of pocket and tunnel cavities is shifted towards 

larger pore sizes. For the sake of completeness, the unaveraged PSD of 

the entire population of cavities is also provided in Fig. S.12.

3.6. Correlations for pore area and pore volume

Engineering scale soot models usually carry information about the 

volume of soot particles [66,90], which does not, on its own, include 

any information on the pores. If some correlations can be drawn be-

tween the volume and surface area of pores and the particle volume, 

some critical information on the pore network within a particle can 

be extracted, which can improve the modeling of chemical reactivi-

ties of soot particles. A good positive correlation (𝑅 

2 ≈ 0.70) between 

total pore volume (𝑉 𝑝 

) and total pore surface area (𝐴 𝑝 

) was found

(see Supplementary Materials, Fig. S.13). No significant temperature 

dependence was observed in this correlation.

Similarly, the particle’s material volume (𝑉 ) and total pore volume 

(𝑉 𝑝) (Supplementary Material, Fig. S.14), show a positive and generally 

linear correlation. However, the correlation exhibits a weaker correla-

tion coefficient (𝑅 

2 ≈ 0.60) than the correlation between pore volume 

(𝑉 𝑝) and pore surface area (𝐴 𝑝 

). This suggests that while particle size 

is a significant factor in determining pore volume (𝑉 𝑝 

), other factors 

may also play a role. A slight change in correlation is also observed 

with process temperature, as shown in the Supplementary Material 

(Fig. S.14).

Finally, individual pore volume (𝑉 𝑝𝑖 

) and pore surface area (𝐴 𝑝𝑖) 

show a strong positive and linear correlation, with high correlation co-

efficients (𝑅 

2 ≈ 0.98, depicted in Supplementary Materials, Fig. S.15), 

indicating that larger cavities have proportionally greater surface areas. 

This correlation is independent of cavity types, highlighting that cavity

size is a dominant factor in determining pore surface area, regardless 

of the type of cavity. The equations for the linear correlations (for all 

temperatures combined) are given in Correlation Set 1. An exponential 

and a quadratic fit were also explored, but no significant improvement of 

correlation coefficients was observed. These correlations provide valu-

able insights into how particle morphology and pore structure evolve, 

with implications for modeling the surface area and reactivity of soot 

particles in different environmental and combustion scenarios.

Correlation Set 1: Temperature-independent equations of curves fit-

ted to the pore volume, pore surface area, and particle volume (data 

shown in Supplementary Materials, Figs. S.13, S.14, and S.15). Here, 𝑉
is the particle’s material volume [Å3 

 ], 𝑉𝑝       

 

is the total pore volume within

an incipient 3 2 

  particle [Å ], 𝐴𝑝 is the total pore surface area [Å 

 

], 𝑉 is𝑝𝑖

the volume of an individual 3
 pore [Å  

 ], and 𝐴 

 

is the su𝑝𝑖  rface area of an

individual pore [Å2 

 ].

𝐴 𝑝 = 1.39𝑉 𝑝 − 335.53, 𝑅 

2 = 0.70, (1)

𝑉 𝑝 = 0.16𝑉 + 277.52, 𝑅 

2 = 0.57, (2)

𝐴 𝑝𝑖 = 0.89𝑉 𝑝𝑖 + 30.20, 𝑅 

2 = 0.98 (3)

3.7. Summary statistics

The summary statistics are presented in Table 2, which show the 

mean, standard error of the mean (SEM) and standard deviation (SD) of 

the surface and pore features of incipient particles. The table provides a 

comprehensive overview of the key properties of the particles, including 

sphericity, porosity, specific pore volume, specific surface area, average

Table 2 

Mean, Standard Error of the Mean (SEM), and Standard Deviation (SD) of the 

surface and pore features of incipient particles.

Property Unit Statistics

Mean ± SEM SD

Particle sphericity, Ψ – 0.57 ± 0.0009 0.046

Particle average circularity, 𝜎̄ – 0.655 ± 0.001 0.044

Porosity, Φ – 0.22 ± 0.0002 0.01

Specific pore volume cm 

3 ∕g 0.194 ± 0.0004 0.02

Specific surface area of particle m 

2 ∕g 2652.36 ± 7.388 380.62

Average pore sphericity for 

tunnels cavities, 𝜓̄ 𝑇 𝑢𝑛𝑛𝑒𝑙

– 0.665 ± 0.002 0.088

Average pore sphericity for 

pockets cavities, 𝜓̄ 𝑃 𝑜𝑐𝑘𝑒𝑡

– 0.795 ± 0.0002 0.014

Average pore sphericity for 

isolated cavities 𝜓̄ 𝐼𝑠𝑜𝑙𝑎𝑡𝑒𝑑

– 0.877 ± 0.0003 0.016

Average specific surface area of 

tunnel cavities (mass-based)

m 

2 ∕g 212.12 ± 5.43 279.63

Average specific surface area of 

pocket cavities (mass-based)

1190.94 ± 5.71 294.17

Average specific surface area of 

isolated cavities (mass-based)

172.36 ± 1.34 69.07

Average specific surface area of 

tunnel cavities (volume-based)

1
Å

1.096 ± 0.005 0.196

Average specific surface area of 

pocket cavities (volume-based)

1.723 ± 0.002 0.084

Average specific surface area of 

isolated cavities (volume-based)

2.374 ± 0.004 0.193

Surface fractal dimension of 

particle, 𝐷 𝑆

– 2.223 ± 0.0003 0.019

Volume fractal dimension of 

particle, 𝐷 𝑉

– 2.531 ± 0.001 0.03

Surface fractal dimension of 

cavity, 𝐷 𝑆𝐶

– 2.168 ± 0.001 0.033

Volume (Pore) fractal dimension 

of cavity, 𝐷 𝑉 𝐶

– 2.149 ± 0.001 0.056

Average volume equivalent 

diameter of tunnels cavities

Å 8.918 ± 0.055 2.359

Average volume equivalent 

diameter of pockets cavities

4.854 ± 0.006 0.329

Average volume equivalent 

diameter of isolated cavities

3.078 ± 0.005 0.262
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pore sphericity, average specific surface area of different cavities, sur-

face fractal dimension, volume fractal dimension, and average volume 

equivalent diameter of different cavities. These statistics can be used 

to develop more accurate models of soot formation and reactivity, with 

implications for environmental and combustion studies.

4. Conclusion

We present a novel and transferable computational framework to 

extract detailed information on the external surface and internal pores 

from the atomic structures of nanostructured carbon materials. The 

framework and tools developed and presented in this work can be 

adopted to analyze surface and pore features of any atomic structures as 

long as an atomistic description of the structure is available. In this work, 

such atomistic descriptions of soot primary particles were obtained using 

RMD simulations. By integrating RMD simulations with atomistic-scale 

surface and pore analysis, this work offers a novel approach for charac-

terizing a wide range of materials, from combustion-generated soot and 

carbon black to engineered materials like biochars and porous carbons 

used in catalysis, gas adsorption [77,78], energy generation [91] and 

storage [92]. The detailed quantification of fractal dimensions, poros-

ity, and specific surface area provides valuable descriptors for modeling 

gas-solid interactions, pollutant transport, and interfacial phenomena in 

complex carbonaceous systems.

In this study, over 2000 incipient soot particles formed during RMD 

simulations of acetylene pyrolysis were analyzed. The analysis revealed 

a highly porous (Φ ≈ 0.22) and irregular structure of soot primary par-

ticles, characterized by a surface fractal dimension of 𝐷 𝑆 

≈ 2.22 and a 

pore fractal dimension of 𝐷 𝑉 𝐶 

≈ 2.15. The internal pore network is dom-

inated by micropores (≤2 nm), with pocket-type cavities being the most 

significant contributors to the total void volume. The large presence of 

micropores potentially increases the available surface area, leading to a 

high value of specific surface area of approximately 2652.36 m 

2 ∕g and a 

low value of sphericity (around 0.57). In all analyses presented here, no 

significant impact of process temperature was found among the temper-

atures studied. This minimal temperature dependence observed suggests 

a stable early-stage structural configuration across different combustion 

conditions.

These findings have significant implications for understanding soot 

behavior. The high specific surface area driven by high microporosity, 

suggests that incipient soot may possess a much higher potential for gas 

adsorption and heterogeneous chemical reactions than is typically as-

sumed in models that treat primary particles as non-porous spheres. The 

prevalence of accessible pores (pockets and tunnels) provides pathways 

for oxidants like O 2 

to penetrate the particle interior, facilitating inter-

nal oxidation and influencing the particle’s ultimate fate in combustion 

and atmospheric environments [21].

The strong positive correlations observed between pore volume, pore 

surface area, and particle material volume offer a practical means to in-

corporate these detailed morphological features into engineering-scale 

soot models, which traditionally track only bulk properties such as 

mass or volume. Implementing these proposed correlations can improve 

predictive accuracy for soot reactivity and aging.

Future research should extend this framework to investigate the 

evolution of these pore and surface features during soot maturation 

and oxidation. By simulating the interaction of these detailed parti-

cle structures with oxidants like O 2 

and OH, it will be possible to 

directly link specific morphological features, such as the prevalence 

of pocket cavities, to overall particle reactivity. Additionally, appli-

cation of this-methodology to soot formed from different fuels (e.g., 

aromatics, biofuels) will shed light on how fuel chemistry dictates the 

nascent particle morphology. This research contributes to the growing 

body of research that aims to develop a source-structure-property rela-

tionship for carbonaceous nanoparticles which can be integrated into 

next-generation of detailed and predictive soot models.
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Appendix A. List of symbols and definitions

The symbols various quantities used in this article along with their 

definition is listed in Table A.1. 

Appendix B. Mathematical equations

Below is the collection of equations used throughout the manuscript, 

arranged in the order in which they are discussed in the main text.

Sphericity (Ψ, dimensionless) is calculated using

Ψ = 

𝜋 

1∕3 (6 × 𝑉 𝐵) 

2∕3

𝐴 𝐸𝑥𝑡
(B.1)

3where 𝑉  

 

 

is the bulk volume of the particle (Å ), and𝐵   𝐴𝐸 𝑥𝑡 

is the external 

surface area (Å 

2 ). 

Circularity (𝜎, dimensionless) and average circularity (𝜎̄ , dimension

less) are calculated as 

-

𝜎 = 

𝑃 𝑐
𝑃 

(B.2) 

𝜎̄ = 

1
𝑁 

𝑁
∑ 

𝑖=1

(

𝑃 𝑐
𝑃

) 

𝑖 

, 𝑁 = 10 (B.3)

where 𝑃 𝑐 is the perimeter of a circle of the same projected area, and 

𝑃 is the actual perimeter of the projected area. Average circularity is 

calculated over 10 projections.

Porosity (Φ, dimensionless) is calculated using

Φ = 

𝑉 𝑝

𝑉 𝐵 

(B.4) 

where 𝑉 is𝑝  the total pore volume (Å3 

 ), and 𝑉 𝐵 

is the bulk volume of the 

particle (Å3 

 ).
2Theoretical specific surface area (SSA Theoretical 

, m  

 ∕g) is evaluated 

using

𝑆𝑆𝐴 Theoretical =
Surface area

Bulk Volume × Bulk Density

=
𝜋𝑑 𝑉 

2

1
6𝜋𝑑 𝑉

3 × 𝜌 𝑏

= 6
𝑑 𝑉 × 𝜌 𝑏

(B.5)
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Table A.1 

List of symbols and their definitions used in the main text.

Symbol Definition Scope Equation

No.

Ψ Sphericity of an incipient particle Particle B.1

𝜓 Sphericity of a single pore (cavity) Cavity B.6

Φ Porosity of an incipient particle Particle B.4

𝜎 Circularity of an incipient particle Particle B.2

𝐷𝑆 Surface fractal dimension of an incipient 

particle 

Particle

𝐷 𝑉 Volume fractal dimension of an incipient 

particle 

Particle

𝐷 𝑓 Aggregate fractal dimension of a soot 

aggregate

N/A

𝐴 𝑝 

Total pore surface area (Å2 

 ) within a particle Particle 1 

𝑉 𝑝 

Total pore volume (Å3 

 ) in a particle Particle 1, B.4

𝐴 𝐸𝑥𝑡 

External surface area (Å2 

 ) of a particle Particle B.1

𝐴 𝑝𝑖 Surface area of the 𝑖 

𝑡ℎ pore (Å2 

 ) Cavity 3

𝑉 𝑝𝑖 Volume of the 𝑖 

𝑡ℎ pore (Å3 

 ) Cavity 3

𝑉 Material volume of an incipient particle (Å3 

 ) Particle 2

𝑉 𝐵 Bulk volume of the particle (Å3 

 ) including

void volume (i.e., 𝑉 + 𝑉𝑝  

)

Particle B.1, B.4

𝜌 𝑏 Bulk density (g/cm3 

 ) of an incipient particle

(calculated using bulk volume and mass of a 

particle)

Particle B.5

𝑑 𝑉 Volume-equivalent diameter (Å) of an 

incipient particle (based on bulk volume)

Particle B.5

𝑆𝑆𝐴𝑇 ℎ𝑒𝑜𝑟𝑒𝑡𝑖𝑐𝑎𝑙 2Theoretical specific surface area (m ∕g) of an

incipient particle

Particle B.5

𝐷 𝑆𝐶 Surface fractal dimension of a cavity Cavity

𝐷𝑉 𝐶 Volume fractal dimension of a cavity Cavity

𝜓̄ 𝑇 𝑢𝑛𝑛𝑒𝑙 Average pore sphericity for tunnel cavities in

an ensemble of incipient particles 

Ensemble B.6

𝜓̄ 𝑃𝑜𝑐𝑘𝑒𝑡 Average pore sphericity for pocket cavities in

an ensemble of incipient particles

Ensemble B.6

𝜓̄ 𝐼𝑠𝑜𝑙𝑎𝑡𝑒𝑑 Average pore sphericity for isolated cavities 

in an ensemble of incipient particles

Ensemble B.6

𝑑𝑝 Volume-equivalent diameter of a cavity (Å) Cavity B.7

𝑉𝐶 (𝑑𝑝 ) Cumulative void volume per unit mass

(cm3 

 ∕g) within an incipient particle up to

cavity size 𝑑𝑝 

Particle B.7

𝑑 𝑝 Average volume-equivalent diameter of 

cavities within an incipient particle

Particle

where 𝑑𝑉 is the volume-equivalent diameter (Å), and 𝜌 is𝑏  the bulk

density (g∕cm 

3 ).

Average pore sphericity (𝜓̄ , dimensionless) for different types of 

pores is calculated using

𝜓̄ = 

1
𝑁 𝑝𝑎𝑟𝑡𝑖𝑐𝑙𝑒𝑠

𝑁 𝑝𝑎𝑟𝑡𝑖𝑐𝑙𝑒𝑠
∑ 

𝑖

1
𝑛 𝑖

𝑛 𝑖
∑ 

𝑗
𝜓 𝑗 (B.6)

where 𝑁 is the total number of particles,𝑝𝑎𝑟𝑡𝑖𝑐𝑙𝑒𝑠  𝑛 is𝑖  the number of 

cavities in particle  

 𝑖, and 𝜓 is𝑗  the sphericity of the 𝑗 

𝑡ℎ cavity in particle 𝑖. 

3Cumulative void volume per unit mass (𝑉𝐶 (𝑑𝑝 ), cm  

 ∕g) is calculated

using

𝑉 𝐶 (𝑑 𝑝) =
𝑁 𝑝𝑎𝑟𝑡𝑖𝑐𝑙𝑒𝑠
∑ 

𝑖

1
𝑀 𝑖

𝑛 𝑖
∑ 

𝑗
𝑣 𝑐,𝑗 

H(𝑑 𝑝,𝑗 − 𝑑 𝑝 

) (B.7)

where 𝑀 is mass of particle 𝑖, H is the𝑖  Heaviside step function, and 𝑑 𝑝
represents the pore size.

Appendix C. Supplementary data

Supplementary data for this article can be found online at doi:10. 

1016/j.fuel.2025.136692.

Data availability

Data may be made available on request after an embargo period.
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