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Abstract  

Soot nanostructure was analyzed in fuel-rich premixed laminar C2H4/O2 flames at a 

constant C/O ratio of 0.8 and different maximum temperatures, namely 1620K and 

1690K, obtained using different cold gas velocity. Bulk properties of soot as H/C 

ratio and reactivity were investigated, along with morphological, nanostructural 

and chemical features (using TEM, HRTEM, EELS). 

It was found that dehydrogenation and aromatization of soot occurring along the 

flames, are favoured at higher flame temperatures. Nevertheless, soot from the two 

flames reach a final nanostructure rather similar, independently on the temperature 

conditions at least in the 1620-1690K range.    

 

Introduction 

The dependence of soot bulk properties and its structure at nanometric scale upon 

soot formation conditions is a way for inferring soot formation mechanism [1,2] as 

well as to foresee their possible effects on environment [3]. Indeed, the 

implications are significant, as variation of the soot nanostructure would impact its 

physical properties and chemical reactivity and therefore its toxicological impact, 

its feasibility as a new material precursor, the efficiency of its abatement, etc..  

In the present work, Transmission Electron Microscopy (TEM), High Resolution 

TEM (HRTEM) and electron energy loss spectroscopy (EELS) were applied to 

soot probed along two ethylene flames from the inception phase up to the burnout 

region in order to follow the transformations of soot nanostructures at different 

flame temperature. The coupling also with important bulk properties, as H/C ratio 

and reactivity, allowed deeply investigating all the processes involved in soot 

inception and growth and their relation with operative parameters of the flame. 

 

Experimental 

Samples: Soot specimens were sampled by means of a stainless-steel water-cooled 

probe (i.d.= 2mm) in rich premixed C2H4/O2 flames produced at atmospheric 

pressure on water-cooled sintered-bronze McKenna (Holthuis & Associates) burner 

(d = 60 mm) at a constant mixture composition (C/O=0.8) and different cold-gas 

flow velocities (3 and 4 cm/s) as shown in Table 1, where flame operative 
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conditions are reported. Temperatures were measured by a fast-response, silica-

coated, 25-µm Pt/Pt-13%Rh thermocouple with a bead size of 50 µm. A fast 

insertion procedure was used to prevent massive soot deposition on the 

thermocouple bead. Temperature data were corrected for radiation losses. 

Carbon particulate material collected on the probe walls, on the teflon filter, and in 

an ice-cooled trap placed in the sampling line were extracted by dichloromethane 

(DCM) to separate soot from the organic compounds, soluble in DCM. More 

details on the combustion system and sampling are given elsewhere [4].  

The H/C ratios and TGA of soot were measured by a Perkin-Elmer 2400 CHNSO 

elemental analyzer and a Perkin Elmer Pyris 1 thermogravimetric analyzer, 

respectively. 

For TEM, HRTEM and EELS analysis, the soot samples were dispersed in ethanol 

by ultrasonic agitation and dropped onto a carbon lacey grid.  

Methods:  

HR-TEM - A 200 kV field emission TEM (FEI®TALOS) was used to take high-

resolution bright field images. Images reported in this work were acquired at a 

nominal instrument magnification of 500,000×. All images were acquired using an 

objective aperture size of 70 µm and an exposure time between 0.5 and 1 s. 

Typically 10 aggregates or more from at least five locations were surveyed to 

establish the consistency of the observations and ensure accurate representations. 

Quantification of the HRTEM images by lattice fringe analysis provides several 

statistical metrics describing the nanostructure order. The parameters extracted 

from the skeleton images are denoted as fringe length, and fringe tortuosity. [5] 

EELS - Measurements were taken in TEM mode on FEI® Titan transmission 

electron microscopes [2] to evaluate carbon hybridization (sp
2
/sp

3
). For the 

quantitative analysis of EELS spectra an appropriate standard sample is required 

[6,7]. In this work a multifaceted polyhedral carbon (made from graphitization heat 

treatment of carbon black) was selected as the calibration standard because it is 

free of orientation effects due to its spherical geometry, thereby it can be assumed 

constituted of 100% sp
2
 (i.e. 1:3 π*:σ*).  

Table 1.  Operating conditions of ethylene flames 

 LT-E HT-E 

C/O ratio 0.8 0.8 

Ethylene, vol % 44.44 44.44 

Oxygen, vol  % 55.56 55.56 

Cold gas velocity, cm/s 3 4 

Temperature, K 1620 1690 

 

Results 

The temperature profiles of the two ethylene flames at v=3 cm/sec and v=4 cm/sec, 

in the following indicated with the label LT-E and HT-E, respectively, are reported 

in Fig.1a. For LT-E the maximum flame temperature is 1620 K and is located at 



JOINT MEETING 

THE GERMAN AND ITALIAN SECTIONS 

OF THE COMBUSTION INSTITUTE  SORRENTO, ITALY –  2018 

2.5mm of height above burner (HAB), whereas the maximum flame temperature 

for HT-E is 1690K and is located at 1.8mm HAB. The temperature rises linearly up 

to the peak values, where ethylene and O2 are disappearing and both CO and CO2 

are produced with maximum rates. 

An earlier soot inception (lower HAB) and a lower soot concentration are observed 

for the HT-E flame, as shown in Fig.1b, where soot concentration profiles are 

reported for the two flames. This feature indicates the lower sooting tendency of 

ethylene in higher temperature conditions in agreement with the bell-shaped profile 

of soot yield as a function of temperature [8]. 
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Fig. 1 Temperature (a) and soot concentration profiles (b) measured along the axis 

of  LT-E  and HT-E flames. 

 

TG analysis of soot was performed by heating it from 30 to 900 °C in air flow (30 

ml* min
-1

) in order to obtain insights about soot oxidation reactivity that is related 

to its morphology and composition. 

The temperature of the maximum combustion rate of soot (i.e. the temperature to 

which the maximum weight loss occurs) along the flame axis is reported in Fig. 2.  
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Fig. 2 Temperatures of the maximum combustion rate and H/C atomic ratio of soot 

formed along LT-E  and HT-E flames. 
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The higher the maximum combustion temperature, the lower is the oxidation 

reactivity. Overall, soot exhibits an increase of the maximum combustion 

temperature, from 580 to 650°C, along the flame, indicating the decrease of soot 

oxidation reactivity during the soot formation/maturation process. After then, the 

oxidation reactivity of soot remains rather constant in the post-oxidation flame 

region. It is noteworthy that the oxidation reactivity of LT-E soot is higher with 

respect to the HT-E soot along the flame, but reaches similar values at the end of 

soot maturation region. 

The H/C atomic ratio, also reported in Fig. 2, slightly decreases as soot ages along 

the flame axis, tracing the progressive dehydrogenation/carbonization of soot . The 

H/C of the HT-E soot is lower along the flame with respect to the LT-E soot, 

indicating the occurrence of a higher degree of dehydrogenation. Thus, looking at 

the bulk properties, soot formed in higher temperature conditions appears to be 

initially less hydrogenated and less reactive with respect to the lower temperature 

flame, reaching similar properties at the final maturation stage. 

TEM, HRTEM and EELS techniques have been applied to soot sampled in LT-E 

and HT-E flames at three different HAB, representative of the different phases of 

soot evolution, namely the soot inception (nascent soot), the maximum soot 

formation rate (young soot) and the postflame (mature soot). In previous works 

[1,2], the nanostructure of the early sampled soot was found very similar to that of 

the young soot, therefore the sampling point of nascent has been slightly 

downshifted (0.5 mm) looking for the “true” nascent soot. Actually, it has been 

observed that at this sampling point soot particles are very rich in organic carbon as 

shown in Table 2, where the organic carbon/soot ratio is reported and required long 

sampling times for recovering measurable amounts of soot.  

 

Table 2- Mean structural parameters measured by HRTEM and sp
2
 content 

measured by EELS analysis of soot sampled along the two ethylene flames. 

LT-E HT-E 
Soot 

sample 

sp
2 

(%) 

L 

(nm) 
τ  
(nm) 

Organic 

carbon/ 

soot (mass 

ratio) 

sp
2 

(%) 

L 

(nm) 
τ  
(nm) 

Organic 

carbon/ 

soot (mass 

ratio) 

Nascent 

(amorphous

-like) 

95.7 

(80.3) 

0.86 1.28 17.73 89.7 0.87 1.27 3.82 

Young 95.0 0.85 1.31 4.85 93.3 0.78 1.53 1.14 

Mature 95.7 0.84 1.25 0.63 96.0 0.83 1.40 0.34 

 
Fig. 3 reports the TEM images at the same resolution (100 nm) of nascent and 

mature ethylene soot of the two flames. The presence of large coalesced structures, 

with just few primary particles, features the LT-E nascent soot, as can be seen in 
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Fig. 3a. Some spherules can be also visualized, but it is not possible to evaluate the 

size of the few primary particles detected. The HT-E nascent soot presents much 

more spherule aggregates, even if some coalescent amorphous-like material is still 

noticeable, as visualized in Fig. 3c. In both the flames, these coalesced structures 

disappeared with increasing HAB and chain-like spherule aggregates become 

predominant in mature soot (Figs. 3b and 3d).  

From EELS, the percentage of sp
2
 bonds with respect to the total (sp

2
+sp

3
) 

chemical bonds in soot particles, i.e. their aromaticity degree, was calculated and 

reported in Table 2 for the two flames. From HRTEM, nanostructural parameters 

as the fringe length (L) and tortuosity (τ, obtained dividing the fringe length to the 

Euclidean distance between the two ends) have been evaluated and also reported in 

Table 2.  

a b

c d

a b

c d

 
FIG:3- TEM images of LT-E (pre-nascent (a), and mature (b)) and HT-E soot (pre-

nascent (c), and mature (d)). 

 

The observation of the nanostructural and chemical parameters indicate that most 

of the differences regards the nascent soot. Specifically, the nascent HT-E soot 

presents a lower amount of sp
2
 with respect to young and mature soot. Nascent LT-

E soot, present two components morphologically different: a fraction completely 

unstructured, amorphous-like, where the sp
2
 percentage is very low, around 80% 

(Table 2, value in brackets) and a more structured fraction with a higher %sp
2
, 

similar to the other more aged soot. These findings are in agreement with the 

observation on the TEM images above described and reported in Fig.3.  

In the case of nascent soot, the first particles are formed in an environment very 

rich of organic carbon, especially in the case of LT-E flame, as shown in Table 2. 

Nascent soot presents a nanostructure still very similar to amorphous tarry carbon, 

even if soot particles were deprived of the organic compounds (organic carbon) by 
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DCM extraction before the microscopic analysis. Therefore, also from 

morphological, nanostructural and chemical point of view, the soot produced in the 

low temperature flame, in addition to be formed later, undergoes a slightly slower 

path of transformation from amorphous-like material up to the well structured, 

mainly sp
2
 bonded mature soot. Nevertheless, HT-E and LT-E soot in the post-

flame region present very similar bulk properties and nanostructural features. 
 

Final remarks 

In the present work TEM and HRTEM analysis have been coupled to EELS 

analysis to give an overall vision of the soot multi-scale organization during the 

soot formation and growth in ethylene flames at different temperatures. Bulk 

proprieties as H/C ratio and reactivity were also investigated. 

It was found that freshly generated particles formed at soot inception (nascent soot) 

are more hydrogenated, reactive and less aromatic than aged soot and these 

features are enhanced at higher flame temperature.  

Soot formed in the high temperature flame, in addition to present an earlier 

inception with respect to the low temperature flame, undergoes enhanced 

dehydrogenation and aromatization processes, even if it reaches a final 

nanostructure in the post-flame region rather similar to those of soot formed in 

lower temperature conditions. 
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