Optical band gap analysis of soot and organic carbon in premixed ethylene flames: Comparison of in-situ and ex-situ absorption measurements
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Abstract
The similarity of in-situ and ex-situ absorption/extinction properties was found by comparing data sets obtained in premixed flat ethylene flames (C/O =  0.77); both ex-situ absorption measurements at CNR of Naples and in-situ laser extinction/absorption measurements at Lund University. The optical band gap analysis was performed as a method to separate/evaluate the contributions to the UV-Visible absorption from organic carbon and soot by selecting two spectral regions; above 685 nm where only soot is assumed to absorb radiation and below 685 nm, where both soot and organic carbons absorb. Optical band gap for soot was analyzed separately from organic carbon, obtaining their individual contribution to the spectral absorption from inception, throughout the growth region up to soot aggregation. While the optical band gap of soot strongly decreased along the flame from 1 to 0.1 eV, the band gap for organic carbons remained constant at ~1.7e1.8 eV. By using the relationship of the optical band gap with nanostructural parameters (layer length and aromatic rings number), the average molecular weight of organic carbon around 400 u resulted rather far away from the molecular weight of 1000 - 2000 mass units evaluated for incipient soot consistently with the view of PAH species sticking together for particle inception.
1. Introduction
Combustion under fuel-rich conditions leads to the formation and consequent emission of a wide class of carbon-based pollutants constituting the so-called carbon particulate matter mainly composed of organic carbon as small and large polycyclic aromatic hydrocarbons (PAH), and high molecular weight aromatics adsorbed on solid soot particles/aggregates. The combustion environment in which it forms determines the composition of carbon particulate matter. Fuel, temperature and residence time are among the main combustion parameters affecting the carbon particulate formation pathways and its diverse properties such as aggregate size/morphology, amount of adsorbed organic carbon, primary particle size and nanostructure. Due to the properties of carbon particulate matter, it will qualify to be among the more insidious contributors to the atmospheric aerosols for the effects on human health [1e3] and global warming, the latter one mainly related to its optical properties [4-6].
A great variety of in-situ diagnostic tools based on light extinction, laser-induced incandescence (LII), and elastic light scattering has been developed and implemented for non-intrusive and fast monitoring of soot emissions as well as to shed light on soot and precursor formation as recently reviewed [7-9]. In particular, light extinction/absorption techniques have generally been utilized for aerosol analysis and soot detection in flames [10], providing different optical parameters traceable to the carbon features. Specifically, the most relevant optical parameters considered in carbonaceous and soot aerosol related works are: the absorption efficiency or mass absorption coefficient [11-16], the wavelength dependence of the absorption also expressed by the absorption Angstrom exponent, a, also named dispersion coefficient [15,17-22], and the optical band gap [16,23-28]. The optical band gap concept proposed by Tauc [29] and further developed for amorphous carbon by Robertson and O’Reilly [30,31] has been transferred to the study of soot formation implementing in-situ [23,24,32] and ex-situ measurements [16,25-27]. Interestingly, a quantitative parameter significant of the crystalline character of the soot, in terms of length of aromatic layers, La (often called polyaromatic unit size), constituting the carbon nanostructure can be estimated from the optical band gap [30] provided some assumptions on the shape and form of PAH moieties constituting the carbon nanostructure [31].
In the fields of aerosol science, atmospheric chemistry and combustion aerosol measurements a drawback of the in-situ method is the very complex attribution of in-situ signals to specific carbon particulate features as well as the difficulty in discriminating between the solid carbon (soot) and organic carbon, either in gas or in condensed/adsorbed phase [5,33,34]. Recently, ex-situ spectroscopic measurements have been applied to soot sampled on filters or deposited on plates and successively suspended in suitable solvents to measure the mass absorption coefficient and optical band gap along with other parameters like H/C, organic content and particle size [16,26-28,35,36]. The detailed characterization of batch-sampled soot through analytical and spectroscopic tools is important for inferring soot nanostructure and optical properties relationship, and hence helpful for interpreting in-situ signals. However, ex-situ soot measurements are performed in conditions far away from the real flame conditions where in-situ measurements are instead conducted. Moreover, some doubts arise concerning possible artifacts due to the intrusiveness of sampling methods (deposition and/or filtration), losses and coagulation in the sampling system. Within this framework, the present paper reports the crosscheck of ex-situ and in-situ spectroscopic data measured in very similar fuel-rich premixed ethylene/air flames produced from a McKenna burner. Provided the similarity of in-situ and ex-situ UV-Visible spectroscopic data, the principal aim of the work is to extract the optical band gap for organic carbon and soot separately, verifying the usefulness of the optical band gap approach for both evaluating the contribution of organic carbon and soot to the light absorption, and investigating the evolution of soot properties during soot formation. Two data sets are studied for this comparison.
The first data set are results from ex-situ absorbance measurements on carbon particulates sampled from a premixed ethylene/air flame (Φ =  2.3, cold gas velocity of 10 cm/s), studied at CNR of Naples. Some characteristics of the Naples flame have been object of previous studies for evaluation of in-situ optical properties [37e39] and particle size distributions [37,40]. The second data set are results from in-situ extinction measurements on a comparable flame ( 2.3 and cold gas velocity of 5.9 cm/s) from Lund University [20]. This flame has been widely studied by the combustion community using the extinction technique [13,22,41-43]. In this paper, after describing the experiments, we report the details of a method developed for evaluating the individual contributions of organic carbon and soot by separating the spectral analysis to two different spectral regions: above wavelengths 685 nm where the absorption is assumed due to soot only, and below 685 nm where absorption is considered to be due to both organic carbon and soot [12,20]. The method starts from evaluating and attributing the optical band gap in the visible region (above 685 nm) to soot, so avoiding the strong assumptions of a fixed wavelength dependence used in previous work for the apportionment of light absorption to organic carbon and black carbon in atmospheric aerosols [19,44,45and reference therein]. Eventually, optical band gaps evaluated on in-situ and ex-situ spectral measurements have been critically compared and used to infer insights on the routes through which carbon particulate matter (organic carbon and soot) nucleates, grows and aggregates.
2. Experiments
Ex-situ spectroscopic analysis was performed at Naples CNR laboratory on carbon particulatematter sampled in the atmosphericpressure fuel-rich (C/O = 0.77, cold gas velocity =  10 cm/s at 273 K, 1 atm) premixed ethylene/air flame, produced on a commercial water-cooled bronze McKenna burner (Holthuis & Associates, Sebastopol, CA) with a stabilization plate placed at 30 mm height above the burner (HAB). The carbon particulate matter was thermophoretically sampled by horizontal insertion of quartz plates (25 ×75 × 1 mm) at selected HAB of the flame. To achieve deposition of enough material for spectroscopic analysis, the insertion procedure was repeated four times with a cooling cycle at room  temperature of 10 s after each plate insertion lasting 600 ms. UV-Visible spectra of the particulate matter deposited on the quartz plate were measured with a HP8452 spectrophotometer allowing the spectroscopic analysis to be executed in the 190-820 nm wavelength region. By comparing the absorption profiles at 633 nm of carbon deposited on the quartz platewith on line laser (632.8 nm) extinction profiles measured along the axis of the Naples flame, it was verified that the quartz plate insertion did not cause a significant flame perturbation. Hence, as the absorption and extinction profile match, no height correction has to be made to the profiles resulting from the sampling. In-situ spectroscopic data used for comparison were obtained at Lund laboratories on an atmospheric-pressure fuel-rich premixed ethylene/air flame (C/O =  0.77, cold gas velocity, 5.9 cm/s at 273 K, 1 atm) on the same type of McKenna burner with a stabilization plate placed at 21 mm HAB. This flame has been used in several previous investigations by the Lund group [20,41,43]. The in-situ extinction measurements were performed at 4e17 mm HAB using 12 different diode-laserwavelengths in the range 405 nme1064 nm. The lasers were intensity-modulated on/off at 1000 Hz using a current controller enabling continuous subtraction of the flame background radiation. Extinctions down to 10×4 could be detected leading to a detectability below 1 ppb in the present flame. Further experimental details are given in a previous paper [20]. As discussed in this paper [20], the scattering contribution to the extinction was considered to be minor and consequently the extinction data can be approximated to be due to absorption only. To summarize this section, both the Lund and Naples experiments are using identical McKenna flat flame burners and operated with the same ethylene/air C/O ratio of 0.77.
Moreover, the temperature levels and profiles in both flames are very similar as measured by fast thermocouple in previous works [40,46]. Main differences are the cold gas flow velocity, and the height of the stabilization plate.
3. Optical band gap method for obtaining soot and organic carbon spectral absorption
The optical band gap evaluation is based on the work by Tauc et al. [29], where it was shown that in amorphous semiconductors the band gap evaluated from the ultravioletevisible absorption/ extinction spectrum follows the relation: (A*E)^0.5 =  B* (E-Eg). In this formula, A is the absorption coefficient, E is the energy of the incident photon, B is a fitting parameter, and Eg is the optical band gap. The optical band gap Eg can be estimated by plotting (A*E)^0.5
as a function of energy E and extrapolating the linear slope in this plot to zero absorption. In our fitting procedure, based on the Tauc approach [29], we distinguish between the spectral contributions of organic carbon and soot in the measured spectrum of carbon particulate matter. Hence, the spectral information is separated in two parts, above 685 nm where only soot is assumed to absorb, and below 685 nm where there is the additional contribution from organic carbon [34]. The organic carbon (OC) contribution to the absorption below 685 nm is mainly related to PAH, strongly absorbing in the UV and known to be the main components of organic carbon.
In Fig. 1, the method to estimate the optical band gap separately for soot and OC components is schematized, and described in a series of steps as applied to the Lund flame at 9 mm HAB: 1. The data are plotted in a Tauc plot, i.e. (A*E)^0.5 vs the energy of the radiation, E, expressed in electron Volt. A straight line is fitted to the data in the wavelength region above 685 nm (corresponding to energy below 1.81 eV) where only soot is considered to absorb. The basis for choosing this soot absorption threshold is better explained in the results and discussion section.
Hence, it means fitting data in the region from 1.16 eV (1064 nm) to 1.81 eV for in-situ measurements, and 1.51 eV (820 nm) to 1.81 eV for ex-situ measurements. The optical band gap of soot, Eg(soot), is evaluated from the intersection of the fitted line with the energy axis. 2. From the straight line fitted in step 1, the absorbance spectrum related to soot is derived, also extrapolated to the spectral region below 685 nm.
3. The spectrum of organic carbon is derived as a difference between the total carbon particulate matter spectrum and the spectrum related to soot derived in step 2.
4. The data derived in step 3 are plotted in a Tauc plot. A straight line is fitted to the data in the wavelength region below 685 nm (corresponding to energy above 1.81 eV). The optical band gap of organic carbon, Eg(OC), is evaluated from the intersection of the fitted line with the energy axis.
It is worth to note that the method requires a wide spectral range and a rather dense number of experimental spectral points to evaluate the optical band gap of soot and a reliable difference spectrum in the Tauc domain.
4. Results and discussion
Fig. 2 reports the ex-situ spectra measured in the UV-Visible range (190-820 nm) on the quartz plate inserted along the soot formation region of the premixed ethylene flame, from 7 to 16 mm
HAB. Some spikes and noise due to the deuterium lamp are noticed above 500 nm. The ex-situ spectra, normalized on the maximum located around 200 nm, put in evidence the shift of the absorption maximum toward higher wavelengths and the relative increase of visible absorption at higher HAB. As shown later on, the measure in the UV region is one of the advantages of the ex-situ spectroscopic measurements giving the opportunity to study the wavelength shift of the UV absorption peak, significant of sp2 hybridization, as a function of other optical and structural parameters. The in-situ extinction measurements, reported as inset in Fig. 2, were performed from 4 to 17mmHAB at twelvewavelengths in the visible interval 405e1064 nm for good spectral coverage [20]. Various properties of the selected premixed ethylene flame have
previously been studied in the work by Simonsson et al. [20], where height-resolved extinction coefficients were investigated. Clear similarities between the spectral trends of in-situ extinction measurements at Lund University and ex-situ measurements at CNR of Naples can be observed in the examples of original data at 9 mm HAB shown in Fig. 3. We also show how, by using the procedure schematized in Fig. 1, the measured total spectra have been separated in two parts related to either soot or organic carbon allowing the evaluation of their dispersion coefficient and optical band gap. The dispersion coefficient, α, describing the wavelength dependence of the extinction/absorption measured at different HAB in the flame is retrieved from fitting the data using the Kext ~ λ-α relationship, where Kext is the extinction coefficient and l is the wavelength. In Fig. 4, a is displayed for the two compared data sets showing very good agreement. It is worth to underline that in the studied flames the visible yellowradiation fromsoot starts at around 4 mm [20], where in-situ measurements are able to provide data. On
the contrary, ex-situ measurements lack sensitivity just in this early soot formation region because of the too low concentration of soot. High values of α, around 4-5, can be observed for the newly formed particles at low HAB. It levels off at HAB =  12 mm to reach α =  ~1, which is typically found for black carbon [34] and mature soot [9,18,23]. It is noteworthy that a values, between 4 and 5, at lowHAB are relatively high, nearest to the a values typically found for organic carbon, e.g. in propane flames [44], but anyhow lower than the α values (between 6 and 8) of the organic carbon spectrum separated by implementing the optical band gap method from in-situ and exsitu spectra (Figs. S1eS2 of supplemental material). This inference confirms the significant contribution of organic carbon to the wavelength dependence in the UV-Visible range [19,34]. Before describing the optical band gap results it is worth to underline that a non-negligible absorption by soot precursors at the absorption wavelengths of 532 and even at 632.8 nm has been found in a previous work on the Lund flame [22]. In the procedure here used (Fig.1) and exemplified in Fig. 3, it has been imposed that only soot is absorbing in the higher wavelength spectral region (above 685 nm), as also assumed in previous works where a negligible interference from PAH absorption has been found in this wavelength range [12,20]. In Fig. 5 Eg(OC) evaluated fixing the pure soot absorption threshold at 685 nm are reported for both in-situ and ex-situ measurements. The question about the sensitivity of the evaluated data to this specifically chosen wavelength threshold (685 nm) has been here investigated by re-evaluating and changing the limit between pure soot absorption and combined soot and organic carbon absorption from 685 to 635 nm. To this aim the Eg(OC) evaluated on ex-situ measurements fixing the soot threshold value at 635 nm are also reported in Fig. 5. The Eg evaluation from in-situ measurements could not be extended neither to 635 nm, since in-situ absorption points available up to this threshold were too few (just three, 405, 532 and 635 nm), nor to 780 nm as meaningless results would be obtained due to the null absorption of organic carbon in this region. Overall, Fig. 5 clearly shows the similarity of Eg for organic carbon evaluated on in-situ and ex-situ measurements fixing the threshold at 685 nm, while only a marginal change for the optical band gap evaluated from exsitu spectra for organic carbon can be noticed by changing the wavelength threshold from 685 to 635 nm. Consequently, by choosing the 685 nm limit in the remaining evaluation, we can consider negligible the organic carbon interference which could occur especially on in-situ spectral measurements due to the
possible shift toward the red of organic carbon absorption for effect of the high flame temperature [47]. Eventually, it is noteworthy that the optical band gap values of organic carbon are rather high (around 1.7 eV), consistently with the PAH molecules composition, and almost constant as a function of HAB, indicating that the organic carbon composition remains unvaried as soot ages. This observation is in line with previous results showing that the H/C molar ratio, mass absorption coefficient and composition of organic carbon separated from soot by solvent extraction do not vary much along the axis of different flames [48]. It has to be underlined that
low molecular weight PAH like naphthalene, acenaphthylene are not caught by thermophoretic deposition. However, the absorption of these volatile PAH does not affect the evaluation of ex-situ measurements as they have negligible absorption in the wavelength range (400-685 nm) analyzed.
To investigate the merits of the optical band gap analysis on both in-situ and ex-situ absorption measures for studying soot characteristics, the optical band gap values for soot resulting from
the procedure described above are contrasted in Fig. 6 for both data sets (in-situ and ex-situ). First, we note that the optical band gaps of soot as well as of organic carbon measured in-situ and ex-situ are in good agreement at all flame heights and present similar values and trends shifting the soot absorption threshold from 635 to 685 and 780 nm. Secondly, in contrast with the constant and high value of the optical band gap of organic carbon (Fig. 5), the steep decrease of Eg(soot) as soot ages attaining to very low values, around 0.1 eV is remarkable. This inference is consistent with previous in-situ [23] and ex-situ measurements [26,27] devoted to study soot evolution and demonstrating that most of structural/compositional changes occurring during the formation of carbon particulate matter pertain to soot rather than to organic carbon component. It is worth to remark that in other works [24,49,50] the relationship between optical band gap and soot structure has been used for analyzing the size of PAH units constituting soot structure by selecting a sharp absorption region (from 470 to 486 nm [24], from 440 to 540 nm
[49,50]) considered representative of PAH absorption. In the present work, we have instead used the optical band gap approach to separate/evaluate the contributions of organic carbon and soot measuring the carbon particulate spectrum in a wide spectral range and exploiting the different absorption ranges of its two main fractions (soot and organic carbon).
As regards the relationship of the optical band gap with structural properties of carbons, it has been above mentioned (in the introduction section) that the decrease of the band gap measured
on the visible tail of UV-Visible spectra of carbon materials has been considered by Robertson and O’Reilly [30] a signature of the increase of polyaromatic unit size featuring amorphous carbons. The optical band gap for one-ring aromatics as benzene (Eg ~5.8 eV) corresponds to awavelength of about 200 nm. As adjacent rings are added, the band gap decreases and photons of lower energies (corresponding to longer wavelengths) can be absorbed. For carbon materials with increasing number of adjacent aromatic rings, the optical band gap decreases approaching zero as for graphite and a formula correlating the band gap with La, the size of the polyaromatic
units, has been proposed by Robertson and O’Reilly: La(nm) =  0.77/Eg(eV) [30]. It is thus worth to remark that in the present paper the optical band gap of soot has been used to calculate the polyaromatic unit size La, following the formula above reported [30] and the results are reported in the inset of Fig. 6 showing the axial profiles of La for both data sets. It is noticeable
that low in the flames, below 9 mm HAB, La values are very low, in the 1-2 nm range, consistently with Raman and HRTEM evaluations [51e54]. Thereafter, a steep La increase can be noticed as soot ages for increasing flame heights, in contradiction with the observations
of small and slightly varying La obtained by HR-TEM and Raman studies on soot [51e54]. The discrepancy of HRTEM- and Raman-derived layer lengths with the layer lengths evaluated from optical band gap confirms that the model developed by Robertson and Robertson and O’Reilly fails to describe quantitatively the internal structure of disordered sp2-rich materials as mature soot [16,54]. Moreover, the Robertson relationship has been demonstrated to not be valid for distorted clusters, since the band gap is also influenced by the distortion of rings or chains, and the size of the clusters is no more related to the band gap with this simple relation [55e58]. In agreement with the Eg(soot) trend is the absorption band presenting the maximum in the 180-280 nm range of ex-situ spectra (Fig. 2) due to ×* transitions typical of sp2 hybridization of carbon materials [59]. This band has been widely studied mainly in the astrophysics field for the identification of the carriers of UV extinction bump at 217.5 nm, attributed to carbon grains [60]. It has been observed that the UV peak position shifts toward the visible as the sp2 character increases, i.e. as the dimensional growth of the graphene sp2 layers occurs [59,61]. In particular, Mennella et al. [61] have performed UV-Visible spectroscopy on carbon samples produced by arc discharge and further annealed, showing that as the annealing temperature increases the UV peak position, associated to the center of ×*  transition, shifts toward the visible and the band gap decreases, as a consequence of aromatic growth. Likewise, the increase of the aromatic layer length associated to the decrease of optical band gap of soot (Fig. 6) is consistent with the shift toward the visible of the ×* band observed in Fig. 7 reporting the absorption peak as a function of Eg(soot).
4.1. Implications for soot formation
On the basis of the optical band gap analysis above reported some speculations can be done about the size of soot precursor obtained from the Robertson and O’ Reilly formula linking the
optical band gap with the number of aromatic rings, Nr. The formula Nr =  (5.8/Eg)^2 proposed for compact clusters of fused sixfold rings [30] can be reliably used for evaluating the size of aromatic domains featuring organic carbon whose high Eg value is typical of PAH. The effect of crosslinking via an aliphatic bond and curvature via pentagon integration on the band gap values of PAH (up to 45 number of rings) has been computed using density functional theory, finding their very low influence for large PAH [62]. Based on Nr evaluation, the organic carbon appears as mainly composed of aromatic molecules formed by 12e13 rings (left panel of Fig. 8). The right panel of Fig. 8 reports the radius of the representative organic carbon molecule given by the equation r(nm) =  0.09*(Nc)^0.5 [63]. The results nicely show that the average structure of PAH featuring the organic carbon is close to that of ovalene, a 10-ring PAH (C32H14, molecular mass =  398 u) indicated as reference PAH in Fig. 8. This inference, although of qualitative value, suggests a critical minimum size of PAH around a ten-ring pericondensed PAH, already foreseen among soot precursors in experimental and numerical modeling works of soot formation [24,50]. It has to be underlined that in this work we have considered the organic carbon part that contributes to the absorption from 400 to 685 nm, thus the most heavier part of the organic species accompanying and adsorbed on soot particles.
The same analysis of Nr can be implemented at soot inception (up to about 8 mm HAB) where the optical band gap is relatively high and appears more reliably related to the layer size (inset of Fig. 6), giving out a number of rings around 60. According to the formula Nc =  2 × Nr + 3.5 × (Nr)^0.5 + 0.5 [64], the number of carbon atoms is evaluated to be around 110 at soot inception, at 4 mm HAB. This number corresponds to a molecular weight of the basic polyaromatic unit constituting the first soot particles around 1500 u, very close to the 2000 u value considered as representative of the first soot particles of nanometric size early detected in the pioneering work of Howard et al. [65,66]. Summing up, properties and structural parameters derived from the optical bad gap method appear generally consistent with experimental and modeling work showing that organic carbon is featured by medium-large size PAH as ovalene considered important building block in soot formation [50]. Moreover, the molecular weight of one-two thousands of mass units derived from the optical band gap for the first soot particles
appears coherent with a nanometric size of incipient soot measured in previous work [65e67] and somehow consistent with the view of PAH species sticking together as proposed by Frenklach [68] for describing particle inception. From the applicative point of view, the optical band gap method can be implemented also to atmospheric aerosols for discriminating the contribution of organic carbon (often referred to as brown carbon in the aerosol field). In fact, organic carbon has shown to affect the aerosol spectral properties, especially in low temperature and/or biomass combustion where the contribution of organic carbon to the bulk carbon particulate matter is particularly high and of concern as regards the impact of carbonaceous aerosols on light absorption [19].
5. Conclusions
Ex-situ and in-situ spectral measurements in fuel-rich premixed ethylene/air flames have been compared as a function ofheight above burner thereby probing all stages from incipient soot to aggregated soot. The light-absorption/extinction measurements considered for the comparison were performed at 12 discrete wavelengths in the 405-1064 nm spectral range for the in-situmeasurements and in the full spectral region from 190 to 820 nm for the ex-situmeasurements. The ex-situ and in-situ spectral features showed to be very similar in the common absorption region (405-820 nm) demonstrating the reliability of ex-situmeasurements in spite of their intrusiveness and the possibility of using ex-situ absorption for interpreting in-situ signals. On one side, the in-situ extinction allowed the investigation in the soot inception regionwhere ex-situ techniques are not enough sensitive and particularly perturbative. On the other side, the extension of ex-situ measurements up to the UV (200 nm) allowed to get additional parameters as the center of ×* transitions sensitive to the aromatic structure of soot.
Overall, the individual spectra and relative parameters, namely the optical band gap and dispersion coefficients of organic carbon and soot could be measured separately using a method just based on the optical band gap approach. This method appears more reliable for the apportionment of light absorption to organic carbon and black carbon in atmospheric aerosols in comparison to the method based on the dispersion coefficient as avoids the strong assumptions of a fixed wavelength dependence. Two spectral regions were used for the analysis, one above 685 nmwhere only soot is assumed to absorb and one below 685 nm where the absorption is due to both organic carbon and soot. Evaluated optical band gaps from in-situ extinction and ex-situ absorption measurements have been critically compared following the transformations of bulk carbon particulate matter (organic carbon and soot) in the soot formation region, along the studied flames. Specifically, the optical band gaps of organic carbon were found to be rather constant along the flame (~1.7-1.8 eV), whereas the optical band gap for soot steeply decreased from ~1 eV to ~ 0.1 eV during transformation from nascent to mature soot. By using the relationship of the optical band gap with the aromatic layer length and the number of aromatic rings, the organic carbon was inferred to be well represented in the whole soot formation region by a PAH of medium-large molecular weight (around 400u), rather far away from the molecular weight of 1000-2000 mass units evaluated for incipient soot. This observation is consistent with the view of PAH species sticking together early proposed by Frenklach for particle inception. 
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Fig. 1. Stepwise description of the deconvolution method for determining the optical band gap, and then the spectra, separately for organic carbon (OC) and soot. In the method description here, data from Lund at a flame height of 9 mm have been treated. Eg(soot) is estimated to 0.35 eV and Eg(OC) is evaluated to 1.7 eV. Black, grey and orange dots indicate for carbon particulate, soot and organic carbon, respectively.
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Fig. 2. Ex-situ UV-Visible spectra of carbon particulate deposited on quartz plate at different HAB. Inset: in-situ extinction spectra measured at different HAB (adapted from [20]).
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Fig. 3. Examples of separation of a total spectrum (black) into soot (grey) and organic carbon (orange) spectral components from in-situ extinction in the 405-1064 nm range (top panel) and ex-situ absorption in the 405-820 nm wavelength range (bottom panel) at 9 mm HAB. 
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Fig. 4. Dispersion coefficient as a function of HAB evaluated on in-situ extinction in the
685-1064 nm range [20] and on ex-situ absorption spectra in the 685-820 nm range.
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Fig. 5. Optical band gap evaluated for organic carbon (Eg(OC)) as a function of HAB considering the soot absorption threshold at 635 nm (green diamonds) and at 685 nm (green triangles) for ex-situ measurements and at 685 nm (blue triangles) for in-situ measurements. The evaluation has followed the procedure illustrated in Fig. 1.
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Fig. 6. Optical band gap evaluated for soot as a function of HAB considering soot the only absorber above 635 and 685 nm for ex-situ measurements and above 685 and 780 nm for in-situ measurements. Axial profiles of the polyaromatic unit size, La, as evaluated from the optical band gap of soot from in-situ and ex-situ measurements, considering soot as the only absorber above 685 nm, are reported in the inset.
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Fig. 7. UV peak position evaluated on the ex-situ absorption spectra of carbon particulate
(Fig. 2) as a function of the optical band gap of soot.
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Fig. 8. Number of rings, Nr, as evaluated from the optical band gap of organic carbon as a function of HAB (left part). Radius of the representative organic carbon molecule as a
function of HAB (right part).
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