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Abstract 
The correlation of structural characteristics of carbonaceous species with optical 
parameters is of relevant importance in many scientific fields as combustion, 
environment, astrophysics, petroleum and material science. 
UV-Vis spectroscopic analysis is an useful diagnostic tool for investigating the 
structure of carbonaceous species at a molecular level, by using specific optical 
parameters sensitive to the extension and planarity or curvature of aromatic 
moieties, stacking of aromatic planes and the disturbance of aliphatic 
functionalities that might be linked on the aromatic moieties.  
However, due to the complexity of carbonaceous species structure, the attribution 
of optical parameters to specific signatures of molecular structure needs a 
purposely-developed procedure for discriminating the contribution of species 
having different size and composition.  This is particularly necessary in the field of 
study of soot properties aiming to investigate the soot formation mechanism and 
the adverse effects of specific soot properties on the environment pollution and 
climate change. Indeed, it is well known that the size and structure of carbonaceous 
particles generated from combustion span in a wide range in dependence on the 
combustion parameters as temperature, C/O feed ratio and fuel characteristics.  
In this paper the deconvolution method set up in our recent work, has been 
implemented for the spectral analysis of soot collected by deposition on quartz 
substrates inserted in premixed flames. The analysis of soot spectral parameters as 
the UV-peak position and the band gap was coupled to the spectral analysis of 
probe-sampled soot separated in different size classes by solvent extraction and 
chromatography. 
The procedure of UV-Vis spectral analysis of flame-formed soot, was used to give 
insights in the study of the evolution of carbonaceous species from Polycyclic 
Aromatic Hydrocarbons (PAH) to soot nuclei, and finally to soot aggregates. 
 
Introduction 
The spectral properties of carbon materials are known to mainly depend on their 
internal structure. Particularly, the UV-Visible absorption has shown to be a very 
powerful diagnostic tool for investigating both on atomic level and on mesoscopic 
scale the structural characteristic of carbonaceous species. This approach is applied 
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in different fields of research in order to identify the composition of interstellar 
matter, to evaluate the particulate impact on human health and climate change, to 
determine properties of petroleum macromolecules, to control the production of 
amorphous carbon-based materials and to measure soot loading and heat transfer in 
combustion aerosols. Combining information obtained by the analysis of specific 
optical parameters, as the UV-Visible maximum position and the bang gap value, it 
is possible to get insights in the structure of the material. Indeed, the absorption 
peak located between 180 and 280nm is generally due to the π-π* transitions, i.e. 
sp2 hybridization. It has been shown that this peak shifts toward the visible as the 
sp2 character increases [1-3] i.e. as the dimensional growth of the graphene sp2 
layers occurs. However, there are other structural parameters as the number [4] and 
the curvature of stacked graphitic layers [5] that can affect the (π-π*) band 
position. The increase of these structural parameters, occurring during the 
graphitization process, causes the shift toward the UV region of the band position 
in opposition to the shift toward the visible caused by the increase of the graphene 
size. In regard to the dimensional growth of aromatic sp2 system, the energy band 
gap measured on the UV-Visible spectra of amorphous carbons, following the Tauc 
optical band gap model [6], has been used by to provide information on the size of 
the aromatic islands [7, 8]. Due to the complexity of combustion-formed carbon 
particulate matter characterized by a polydisperse size distribution in a wide size 
range, from nanometer up to hundreds of nanometers, the separation of particulate 
components having different size and composition is helpful for the interpretation 
and attribution of spectral features. In this way it is also possible to follow in detail 
the soot formation process and the structural evolution of each class of component, 
even of minor components that can be hidden by the absorbers mainly affecting the 
spectral features of particulate. The strong effect of fuel and combustion 
parameters on the absorptive properties of soot as the size of sp2-bonded clusters 
and their arrangement and the number of sp2 and sp3 sites contained in soot, has to 
be investigated in order to get insight into the structure of the key compounds 
involved in their formation process. To this purpose UV-Visible spectra of soot 
caught on quartz plates inserted along the axis of fuel-rich premixed flames, 
burning different fuels, have been measured in this work. UV-Visible spectra of 
MW-segregated fractions of the dry soot, as separated by size exclusion 
chromatography (SEC), have been also measured and used for evaluating the 
optical band gap of each MW-segregated fraction and to get the UV band position 
of the particulate components by means of a purposely-developed deconvolution 
procedure. 
 
Experimental 
Ethylene–oxygen and benzene–oxygen–72.6% nitrogen sooting laminar premixed 
flames having the same C/O ratio (C/O=0.8) and a cold gas velocity of 4 and 3 
cm/s, respectively, were stabilized on a water cooled sintered bronze burner (d=60 
mm). The different dilutions were used to obtain similar values of the maximum 
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flame temperature (~1700K) occurring at the residence time value of 9ms for the 
ethylene flame and of 27ms for the benzene flame. In these conditions soot 
inception has found to occur at heights above the burner corresponding to residence 
times of 18ms and 30ms for the ethylene and benzene flame, respectively. The 
carbonaceous species have been caught on quartz plates inserted into the flame at 
different residence times for the minimum time (400ms for the ethylene flame and 
600ms for the benzene flame) required to collect the amount of material sufficient 
for the characterization and to reduce the thermal degradation due to the exposition 
of the deposited sample to the flame [9]. 
The organic compounds condensed on the deposited carbonaceous species were 
stripped away from the solid deposited carbonaceous species (dry soot) by 
solubilization in dichloromethane (DCM).  
UV-Visible spectra of the carbonaceous species deposited on the quartz plate was 
measured on a HP8453A spectrophotometer in the 190-1100nm wavelength range 
before and after dichloromethane (DCM) treatment in order to obtain, respectively, 
the spectrum of total carbon particulate and of dry soot devoid of the DCM-soluble 
fraction.  
Dry soot was removed from the quartz plates by means of N-methyl-pyrrolidinone 
(NMP) treatment in ultrasonic bath and recovered for the following 
characterization including UV-Visible spectroscopy and Size Exclusion 
Chromatography (SEC) for the evaluation of the Molecular Weight (MW) 
distribution in a wide MW range (1E5-1E10u). 
A HP1050 High Pressure Liquid Chromatograph (HPLC) was used for the SEC 
analysis of dry soot using NMP as eluent and a 30cm*7.5mm o.d. Jordi Gel 
divinylbenzene Solid Bead “non-porous” column (injection volume of 10μl, flow 
rate 1ml/min, room temperature). The HPLC was equipped with a Diode Array 
Detector to measure on-line UV-Visible spectra of the MW-segregated fractions 
from 250nm up to 600nm. SEC calibration curve for MW evaluation has been 
based on polystyrene standards (PS) and on carbonaceous samples whose MW has 
been evaluated from the measured Dynamic Light Scattering particle diameter 
considering a density of 1.8 g/cm3 and spherical shape [10]. 
 
Results and discussion 
The typical MW distribution of a dry soot sample, measured by SEC analysis and 
UV detection at fixed 350nm wavelength, is reported in the lower part of fig. 1. 
The MW distribution of dry soot spans in a very wide MW range (1E5-1E11u) and 
has a bimodal character with a predominant broad peak (Peak P2) in the 1E9-
1E11u MW range and a minor peak (peak P1) corresponding to the 1E6 to 1E8u 
MW-segregated fraction. As far as broad and structured is the shape of both peaks, 
the on-line spectra measured in different points of each peak did not show 
significant differences in the spectral features indicating the same structural 
characteristics of the species throughout the MW range of each peak 
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Figure 1. Typical MW distribution, obtained by SEC, of the dry soot (lower part) 

and the band gap evaluated on the spectra of each peak (upper part). 
 
The Tauc representation of on-line UV-Visible spectra measured on the apex of 
each peak, reported in the upper part of fig. 1, allows the optical band gap, Eg, 
evaluation. The P1 peak exhibits a value of Eg=1, typical of large PAH (tens of 
condensed aromatic rings). A value of Eg=0.3, typical of largely condensed 
aromatic systems (hundreds of condensed rings), and much closer to that of 
graphite (Eg=0) is evaluated for the P2 peak.  
Information on the variation of aromatic system dimension along the soot 
formation region can be obtained from the analysis of the optical band gap at 
different HAB i.e. different residence times as reported in tab. 1. 
 
Table 1. Optical band gaps evaluated on the UV-Visible spectra of MW-segregated 

fractions of dry soot at different residence time in both flames. 

Spectrum P1 Spectrum P2 Spectrum P1 Spectrum P2
35 5 1 0.4 31 13 1.1 0.31
41 11 1 0.32 40 22 1.1 0.29
67 37 0.9 0.2 60 42 1 0.25

Benzene Ethylene

residence 
time, ms

Δtime from 
soot 

inception, ms

Optical Band Gap Optical Band Gapresidence 
time, ms

Δtime from 
soot 

inception, ms

 
The Eg values of peak P1 is constant (about 1) along both ethylene and benzene 
flames. On the other hand, the Eg of the peak P2, clearly decreases at higher 
residence times in both flames, and is lower for the benzene flame. From this 
observation it can be concluded that only the large MW/size components of dry 
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soot (P2 peak) undergo internal structure modifications leading to carbon-rich 
aromatic structures, that are more abundant in the benzene flame. The UV-Visible 
maximum position of carbons, usually positioned in the far-UV (200-250nm), is a 
parameter sensitive to the size, the number and the curvature of stacked aromatic 
layers constituting soot particles. 
Thus, other structural information could be obtained by means of the analysis of 
the UV-Visible maximum position of each SEC peak, but it could not be directly 
determined due to the UV interference up to 290nm of the NMP, used as solvent 
and eluent for the SEC analysis. 

 
 

Figure 2. The UV-Visible spectra of dry soot measured for the 31ms residence 
time sample in the ethylene flame, in comparison with the typical output of the 

reconstruction procedure. Vertical dashed line represents the wavelength (290nm) 
joining the reconstructed spectra and the measured spectra of the MW-segregated 

fractions. 
 
To get this information, a deconvolution procedure has been developed on the basis 
of the dry soot spectra, measured on the quartz plate in the whole 190-600nm 
range, for evaluating first of all the contribution of each peak, i.e. each MW-
segregated fraction, to the UV in the 290-600nm range. The contribution of each 
MW-segregated fraction to the dry soot spectrum has been evaluated minimizing 
the root-mean-square deviation between the UV-Visible spectra of dry soot and the 
linear combination of the UV-Visible spectra of the MW-segregated fractions. 
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After then the spectra have been reconstructed in the 190-290nm range using 
Gaussian functions to be joined with the measured spectra of the MW-segregated 
fractions in the 290-600nm range. The Gaussian functions have been chosen since 
in the energy-absorbance domain they take into account for statistical phenomena 
such as the electronic properties of carbon materials. On this basis the 
reconstructed spectra have been obtained by minimizing the root-mean-square 
deviation between the measured spectra and the sum of Gaussian functions for each 
MW-segregated fraction imposing at 290nm the equality of the absorbance values 
and of the first derivatives of the Gaussian functions and of the corresponding 
MW-segregated fraction measured spectra as junction conditions.  
Fig. 2 reports an example of the output of this procedure that are the spectra of the 
MW-segregated fractions in the whole UV-Visible range and the reconstructed 
spectrum of dry soot in comparison with the UV-Visible spectrum of dry soot 
measured at 31ms residence time in the ethylene flame. The maximum absorbance 
position and the percentage of absorbance at 350nm for each MW-segregated 
fraction obtained by this procedure are reported in tab.2 for both flames. 
 
Table 2. Maximum absorbance wavelength and %absorbance at 350nm evaluated 
from the reconstructed UV-Visible spectra of MW-segregated fractions of dry soot 

at different residence times in benzene and ethylene flames. 

Abs%@350nm 0.70 99.3 15.4 84.6
λ(Amax), nm 226 229 223 223

Abs%@350nm 1.20 98.8 6 94
λ(Amax), nm 226 230 223 227

Abs%@350nm 0.30 99.7 3.5 96.5
λ(Amax), nm 226 243 223 235

35 31

41 40

residence 
time, ms

Spectrum 
P1

Spectrum 
P2

67 60

Spectrum 
P1

Spectrum 
P2

Benzene Ethylene

37

Δtime from 
soot 

inception, ms

13

22

42

Δtime from 
soot 

inception, ms

5

11

residence 
time, ms

 
 
It can be observed that the peak P2 almost completely takes into account for the 
absorption of dry soot particularly for the benzene soot for which the contribution 
of the peak P1 is less then 1% even in the first stages of soot formation.  
The P1 presents an UV-Visible maximum position located at similar wavelengths 
for the benzene and ethylene soot (226nm for the benzene flame and 223nm for the 
ethylene flame) and this is consistent with the similarity of the optical band gap 
(about 1) and its constancy along the flame (Tab. 1). 
On the other hand the UV maximum position of P2 peak clearly moves toward the 
visible along the flame, confirming the occurrence of graphitization process all-
depending on these large MW species, also suggested by the corresponding band 
gap decrease (tab. 1). Furthermore, it is noticeable that lower final values of band 
gap and more visible-shifted UV-Visible maximum position of the P2 peak are 
observed for benzene soot giving evidence of the larger aromaticity degree of 
benzene soot in respect to ethylene soot. 
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Overall, these findings testify that in the ethylene flame the 1E6 to 1E8u MW- 
fraction (P1 peak) corresponding to 20nm size soot particles coagulate and/or 
aggregate acting as a precursor pool of the 1E9 to 1E11u aromatic species (P2 
peak) corresponding to 100nm size particles/aggregates. On the other hand, in the 
benzene flame this transition could be not observed. A prompt formation of well-
formed large particles/ aggregates in the benzene flame is noticed, suggesting the 
occurrence of the fuel aromaticity effect on the soot formation mechanism [11, 12].  
 
Conclusions 
The UV-visible spectra of soot sampled from ethylene and benzene premixed 
flames, burning in fuel rich conditions at similar temperatures, has been carried 
out. The analysis of the optical features of the MW segregated fraction of the dry 
soot, obtained by means a purposely-developed procedure, allow to obtain 
structural information on these fractions, associating each band gap value to a 
specific UV maximum position, very sensitive to the sp2 and sp3 sites of the carbon 
network and to the size and stacking of the aromatic units. UV-Visible properties 
of the carbon particulate showed that the graphitization process is earlier and much 
faster in the benzene flame whereas in aliphatic flames the final ordered structure is 
produced later on the flame and with a lower aromatic degree. The results confirm 
the fundamental role of fuel nature, specifically fuel aromaticity, on the particle 
inception and mass growth processes during the early stages of soot formation.  
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