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Introduction 
The study of soot structure at nanoscale level is important for understanding its 
formation mechanism, for the source identification of soot pollution and foreseeing 
soot reactivity in the atmosphere and in contact with biological tissues. 
High resolution electron transmission microscopy (HR-TEM) presents the unique 
features in exploring the internal nanostructure of soot particles by measuring 
structural parameters like the layer length and the spacing of the basic structural 
units (BSU) layers, etc. Moreover, it is possible to extract quantitative information 
on the degree of crystalline order by mathematical morphology analysis of images 
that produces refined statistics describing the shape, size and orientation on the 
defective graphene sheets and their spatial arrangement. The drawback of HRTEM 
analysis is the projected nature of the micrographs i.e. only two-dimensional 
information can be extracted. However, geometric properties measured in 
projections converge to their three-dimensional analogies, provided that a sufficient 
amount of samples is available, as firstly hypothesized by Saltykov [1] and after 
consolidated by the introduction of a discipline named stereology which studies 
how is possible to estimate geometrical parameters of three-dimensional objects 
from lower-dimensional samples such as plane sections and projections [2]. 
Soot has been generally considered to be constituted of high molecular weight 
polycyclic aromatic hydrocarbons (PAH) [3] possibly linked by aliphatic bridges, 
especially at early stages of soot mass and size growth [4]. Despite the prevalent 
disordered character, soot nanostructures show some degree of crystalline order, 
typically in the form of short-order stacked graphene layers or onion-like structure 
or partially graphitic order (longer range parallelity of layers) [5]. This degree of 
crystalline order in soot is affected by combustion conditions.  
Data gathered by HR-TEM on soot sampled in fuel-rich premixed laminar flames 
burning aliphatic (methane, ethylene, cyclohexane) and aromatic (benzene) fuels in 
the zone of soot inception and at the end of soot formation region, also with 
different cold gas flow velocity and C/O ratio, have shown a different soot 
nanostructure in dependence on fuel, soot maturation degree and temperature [6-8]. 
Both young and mature methane soot particles appeared as very disordered carbons 
and small changes in the BSU parameters, moving from young to mature soot and 
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indicating the order increase, were observed. Young ethylene soot appeared as a 
disordered carbon and the occurrence and the organization of the graphitic layers, 
with the development of some onion-like nanostructures, rose during soot 
formation. In cyclohexane and benzene soot, layer planes with a small radius of 
curvature forming the seeds of onion-like nanostructure were already visible in the 
young soot. An increase of the order and organization was observed also with the 
temperature increase [6-8].  
In any case, meaningful qualitative information obtained by visual observation of 
HR-TEM images are till now only partially reflected in the quantitative parameters 
given by image analysis. The development of improved image analysis procedures 
is, thus, mandatory. 
In recent work, Palotas [9] proposed a novel image processing framework for the 
analysis of soot HRTEM images in order to obtain structural information at native 
image resolution, increasing statistic robustness. Moreover, he introduced more 
efficient methods for extracting fringe orientation maps and symmetry parameters, 
as predicted by liquid crystal theory, which in perspective can lead to a completely 
automated image analysis using artificial intelligence. It will allow removing the 
subjectivity, but also the possibility for the operator in setting suitable image 
processing parameters. 
In the present paper data gathered on ethylene and benzene soot characterization by 
HR-TEM [6] are reviewed, putting in evidence the results obtained in terms of 
quantitative evaluation of soot organization parameters as the length of the 
graphitic layers (L), number N of stacked layers, their diameters La and heights Lc, 
the mean interlayer spacings d and the percentage of non-stacked layers (nsl). The 
drawbacks encountered in the application of this kind of analysis have been 
reported, in comparison with the results obtained by other techniques.  
On the basis of the data obtained by the traditional image analysis approach, an 
improved approach for image analysis is suggested. This approach involves a 
robust statistic of BSU parameters evaluation (as for example the effective spaces 
between fringes) but also the extraction of two key parameters as tortuosity and 
curvature radius which account for the deviations from the planar shape of the 
graphene layers [10]. These parameters could be more significant of specific 
internal structure features responsible for the peculiar optical properties of soot 
[11].   
 
Experimental 
Samples. Soot was isokinetically collected in premixed laminar flames of aliphatic 
(ethylene) and aromatic (benzene) fuels produced on a commercial McKenna 
burner at atmospheric pressure with cold-gas-flow velocity of 4 cm/s and C/O ratio 
1,00 and 0,77, respectively. More details on the experimental conditions and 
procedures are given elsewhere [6]. 
 
TEM analysis. HRTEM in lattice fringe mode was performed on the collected soot 
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samples using a JEOL 2011 electron microscope operating at 200 kV equipped 
with a LaB6 filament (resolution in the lattice fringe mode 0.144 nm). Soot 
samples were dispersed in methanol by ultrasonic agitation and dropped onto a 
carbon lacey grid (20 nm thick carbon coated Cu grids, Spi Supplies). 
The lattice fringe analysis of the HR-TEM (magnifications of 500,000x) was 
exploited to obtain a semi-quantitative evaluation of the soot graphitic layers 
organization [6, 7, 12]. The lattice fringe analysis was performed on 15–20 images 
representative of the best structured areas. The number of the analyzed fringes was 
more than 3000 for each soot sample. The fringe length, L, was individually 
measured by considering that a layer could be curved until to a distortion ratio 
arbitrarily fixed at 40%. L was evaluated by considering all the fringes larger than 
the size of one aromatic ring (L > 0.246 nm) and all the fringes larger than the size 
of two fused aromatic rings (L > 0.49 nm). Coherent domains, defined as stacks of 
N parallel planes were analyzed. The planes are considered stacked when the fringe 
disorientation is lower than 15% and the distance between fringes is lower than 0.6 
nm. The pairs which do not fulfill these conditions are counted as ‘non stacked’ 
layers (nsl). La and Lc, corresponding respectively to the diameter and to the 
height of the coherent domains formed by N stacked layers with an interlayer 
spacing of d, were measured. The calculated standard deviation in the distribution 
of individual paracrystalline layer spacings was 0.15 nm. Additional details are 
reported in [6, 7]. 
 
Results and Discussion 
Soot sampled in fuel-rich premixed laminar flames burning ethylene and benzene 
fuels in the zone of soot inception and at the end of soot formation region has been 
analyzed in terms of multiscale structure and nanostructure by HR-TEM.  
The HR-TEM images of young and mature soot particles from ethylene flame at 
two magnifications are reported in Fig. 1 a, c and in Fig.1 b, d, respectively.  
Young ethylene soot appears as a disordered carbon and the organization of the 
graphitic layers, responsible for the development of the onion-like nanostructures, 
rises during soot formation. In the primary particles of mature ethylene soot a 
concentric organization of the stacked graphitic layers in almost well structured 
areas is observed. However, the primary particles appear not perfectly spherical 
and still embedded in amorphous coalesced material. 
An increase of the structural order is noticed passing to the primary particles of 
mature benzene soot, as seen in Fig. 1 where the HR-TEM images of young (Fig. 1 
g, i) and mature soot particles (Fig. 1 h, l) from benzene flame at two different 
magnifications are reported. For benzene soot, layer planes with a small radius of 
curvature forming the seeds of onion-like nanostructure are already visible in the 
young soot, leading to concentric shell nanostructures in the mature soot [6].  
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Figure 1. HR-TEM images of ethylene young (a, c) and mature soot (b, d) and 
their skeletonization (e and f, respectively); HR-TEM images of benzene young (g, 

i) and mature soot (h, l) and their skeletonization (m and n, respectively);. 
 
A significant radial variation is evident in benzene soot with respect to the soot 
sampled from the ethylene flame. In the benzene flame, extended graphene layers 
with a small radius of curvature are present, with well-formed concentric shell 
nanostructures, with a diameter from 4 to 10 nm. Most onion-like particles form 
branched aggregates with a central quasi-amorphous 1-2 nm core (Fig.1h, l) [6].  
In spite of meaningful differences among soot nanostructure deducted by visual 
observations, a small variance in quantitative parameters featuring the BSU of 
different soot can be observed, as shown in Table 1. 
 

Table 1. Structural parameters by HRTEM image analysis (nm) 
Flame maturation 

degree 
L 

(nm)a 
L 

(nm)b 
La 

(nm) 
d 

(nm) 
Lc 

(nm) 
N nsl % C 

(%) 
ethylene young 0.49 0.72 0.29 0.38 0.51 2.4 68.3 7.35 
ethylene mature 0.60 0.85 0.41 0.38 0.65 2.7 46.9 33.54 
benzene young 0.55 0.80 0.36 0.38 0.59 2.6 55.4 16.4 
benzene mature 0.59 0.87 0.47 0.38 0.70 2.9 41.2 33.5 
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La, Lc, d, N, % nsl evaluated for fringes >0.246 nm and θ = 15%. 
a Evaluated for fringes >0.246 nm and θ = 15%. 
b Evaluated for fringes >0.49 nm and θ = 40%. 
 
These paramters are obtained by means of the skeletonization of the images that is 
the first step for the quantitative analysis allowing to obtain binary images with 
one-pixel width lines that, after transformation into a vectorial image, can be used 
for extracting by a lab-made software [13] individual structural parameters of the 
fringes and statistical mean values. The parameters extractable with this approach 
(Table 1) mainly refer to the BSU and therefore to the “crystalline” portion of soot. 
The only direct information on the amorphous part is the percentage of non-stacked 
layers (nsl). Indeed, both the layer length and the spacing of the BSU layers appear 
to be quite similar, independently on the fuel. A decrease of nsl and a slight 
increase of N and of diameter and height of coherent domains (La and Lc) are 
observed going from young to mature soot, indicating an order increase.  
Another parameter that can be extracted from the images is the fractional coverage 
of the extracted pattern (C), calculated, after Palotas [14], as: 
   

C= Area of the fringes/Area of the view 
 
The fractional coverage for ethylene and benzene soot is also reported in Table1. 
It is possible to observe, for both blames, the increase of C consistently with the 
processes of soot growth and fringe densification. Young ethylene soot presents a 
lower coverage indicative of a lower structural organization at the first stage of 
soot formation, with respect to young benzene soot. This is also confirmed by the 
percentage of nsl. It is noteworthy that mature ethylene and benzene soot present 
rather the same C values, in agreement to the specific absorption values previously 
reported [6]. Additional investigations are necessary to clarify this interesting 
finding. It has to be stressed that C is very sensible to the area chosen and threshold 
intensity (the minimum intensity of a pixel to be considered as a part of a fringe in 
the processed image). Therefore, further study is necessary to assess definitely its 
role as structure order indicator. 
As a general feature, HR-TEM allows gathering qualitative information on 
nanostructures not obtainable with other techniques, however it appears evident 
that BSU parameters (in particular the interlayer spacing and the number of stacked 
layers) present only slight variations with fuel, aging and temperature, which is in 
contrast with the strong variations of other parameters related to structural features 
(H/C, reactivity, UV-Visible and infrared features, etc.) [8]. 
Other structure-related parameters as tortuosity and curvature radius which account 
for the deviations from the planar shape of the graphene layers are not easily 
extractable with the present analysis. Moreover, as just nsl and C are the 
parameters that present the strong sensitivity to change in fuel and maturation 
degree, it appears interesting to improve the HR-TEM analysis investigating 
parameters directly correlated with the non-crystalline portion of soot. 
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The new approach proposed for soot analysis [10] uses a “fringe segmentation” as 
first step with a skeletonization with a different algorithm followed by a “fringe 
labeling”. Very recently, this improved approach was successfully applied to the 
study of nanostructure of activated carbons [10].  
More in detail, the parameters obtained with the new approach are: 
- Length, tortuosity, curvature radius and orientation of the fringes; 
- Length of the parallel fringe fragments, number of layers and surface density of 
the stacks; 
- Surface area, perimeter and surface density of the continuous domains. 
- Effective spaces (excluding the graphene layer thickness which was assumed 
equal to 0.34 nm) between fringes and between parallel fragments composing the 
stacks and the continuous domains. 
This new skeletonization and image analysis approach is promising and it is 
proposed as alternative HR-TEM image analysis tool for giving more details on 
soot structure. 
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