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A B S T R A C T   

Examining the features distinguishing organic carbon from soot is crucial for understanding the source, the effect 
on the environment and their respective role in aerosol chemistry and soot formation. Beside to the obvious PAH 
picking-out in the low-mass mode (C number < 40), the challenging identification of PAHs in the high-mass 
mode (C number > 40) of organic carbon, separated by carbon particulate matter extraction from young and 
mature soot thermophoretically sampled in premixed flames, was done by laser-desorption-time-of-flight mass 
spectrometry, exploiting the laser power increase. The perusal of organic carbon mass spectra through mathe
matical tools in comparison to aromatic and alkyl-substituted PAH-laden samples and the persistence of high- 
mass mode at high laser power led to exclude the contribution of dimers and alkyl-bridged PAHs attributing 
the second mode to both fully-benzenoid and cyclopenta-PAHs. 

Profound differences between mass spectra of organic carbon and soot were noticed as neither molecules nor 
radicals of PAHs could be drawn out from soot, even at high laser power, and only small radicals and carbon 
clusters like fullerenes were observed, especially for young soot. These inferences evidenced the importance of 
analysing separately organic carbon and soot especially if insights into soot particles nucleation are to be ob
tained. In the case of benzene flame, already at the inception, soot consists of strongly tangled aromatic motifs 
crosslinked each other, presumably deriving from reactive coagulation/clustering of relatively small aromatic 
hydrocarbons/radicals early formed. In methane and ethylene flames, coalesced liquid-like material composed of 
soot and PAHs is formed and transformed later on undergoing some carbonization and molecular growth, 
respectively.   

1. Introduction 

Carbon particulate matter (PM), emitted from combustion-based 
systems and present in polluting environmental aerosols, is largely 
composed of solid carbon particles, often named interchangeably as 
black carbon, soot, elemental carbon and refractory carbon, mixed 
(externally or internally) in variable proportions with many organic 
species, the latter ones grouped under categories of different name as 
organic carbon, soluble organic fraction, not-refractory organic carbon, 
condensed species. The different composition and properties of carbon 
PM (e.g. hydrogen/carbon (H/C) ratio, solubility/insolubility, light 
absorption) in dependence on the emitting source are very important 
since affecting both human health, as related to PM inhalability and 
cancerogenic effects [1], and the climate change, due to PM interactions 
with solar radiation and water vapour, cloud formation and 

precipitation [2,3]. 
Mass spectrometry (MS) is a diagnostic tool able to separate species 

in a wide molecular weight range, making this technique among the 
diagnostics more suitable to face an intricate problem as the charac
terization of carbon PM in the main components [4–12]. MS has been 
specifically developed for the detection of organic pollutants in a mo
lecular mass range enough wide to include polycyclic aromatic hydro
carbons (PAHs) and the first smaller soot particles [[13,14] and 
references therein]. Pioneering works of MS have been carried out to 
analyse soot and surrounding hydrocarbons by Homann and Wagner in 
the 1960s-1970s [4], as further reviewed in [5]. Later on, in the 1980s- 
1990s, MS has been used for shedding light on soot precursors and the 
chemical transformations occurring during the evolution from a liquid- 
like phase to mature soot [5–7]. It has been found that such trans
formations are associated to some specific changes of soot 
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characteristics like H/C, light absorption [8–11] and reactivity [12]. 
Importantly, in addition to PAHs, particular carbon molecules as ful
lerenes have been found in flames in form of ions by MS [15] and as 
neutral species by extraction and analysis of benzene flame soot [6]. 
Real-time aerosol MS analysis (RTAMS) has been applied for discrimi
nating PAH-containing particles from soot aggregates in flames of 
acetylene [16], whereas a multi-technique approach encompassing two- 
step laser MS (L2MS), secondary ion MS (SIMS), has been developed for 
characterizing the particulate and gas-phase compositions of combus
tion by-products [17,18]. Soft removal of molecules adsorbed on the 
particle surface has been utilized to reduce both their fragmentation and 
the in-depth damaging of the underlying carbon matrix [19,20]. A 
reflectron time-of-flight mass spectrometer has been applied on-line to a 
premixed flame for exploring soot particle composition as it develops in 
flames, through particles laser ablation and ionization [21]. The laser 
ablation approach has been used to provide a complete mass spectrum of 
carbon PM, including both semivolatile and refractory components, in 
different flame conditions [22]. Recently, soot particle aerosol mass 
spectrometry (SP-AMS) has been applied for distinguishing refractory 
carbon from the refractory and non-refractory organic carbon in the 
carbon particles produced by a miniCAST soot generator [23]. Inter
estingly, MS has been implemented also in astrophysical field, for 
proofing the interaction processes of interstellar dust with high-energy 
projectiles yielding large molecular compounds observed in space 
[24,25]. 

The importance of distinguishing soot from organic carbon is well 
recognized in aerosol chemistry as well as in soot formation research 
fields since the discrimination between organic carbon and soot is 
crucial for understanding their origin and the possible interconnections 
between soot and organic carbon formation and transformation [11,20]. 

The interference of PAHs on the determination of soot properties has 
been observed in early work where the H/C atomic ratio of carbon 
particles measured by MS under lower vacuum conditions, resulted to be 
considerably high (H/C > 0.5), i.e. next to the H/C ratio typical of 
organic species extracted by dichloromethane [26], due to the conden
sation and/or adsorption of PAHs of sufficiently low vapor pressure [4]. 
Actually, MS and gaschromatography coupled to MS (GC–MS) of flame 
gases have shown the occurrence of gas-phase PAHs [17,27], which can 
condense on soot especially in the sampling line (probe walls, filter) so 
biasing the determination of soot composition and properties. Likewise, 
also other spectroscopic and microscopic diagnostics based on scanning 
tunnelling microscopy (STM) [28] and light absorption [29] have shown 
to be mostly sensitive to PAHs as main components of organic carbon 
mixed with soot. 

The reciprocal interference is particularly relevant for what regards 
the study of soot particle nucleation. For instance, MS analysis carried 
out on the whole carbon PM [e.g. 7, 30, 31] can be deceptive since 
dominated by the PAH contribution, even more if carried out on the 
PAHs deposited/condensed on the grid upon heating of the whole car
bon PM [32]. In fact, already at particle inception the solid carbon 
component appears quite physically and chemically different in com
parison to PAHs. Differently from them, soot is insoluble and poor in 
hydrogen, absorbing in the visible, not fluorescing [4,9] and producing 
laser induced incandescence signals and peculiar XRD and Raman 
spectra. The unique commonality between PAHs and soot consists in the 
close resemblance of fringes identified by TEM in the soot nanostructure 
with polyaromatic ring structures [28]. Definitely, the analysis of whole 
carbon PM provides data that can be misleading because of the recip
rocal organic carbon and soot interference. Indeed, soot component 
interference occurring toward large masses, hinders the detailed inves
tigation of PAH component growth, whereas organic carbon can hinder 
the low-medium molecular mass range investigation of soot, over
whelmed by PAHs condensed on soot particles. 

With the aim of detailing the composition of organic carbon assessing 
its different features in respect to soot, in this work laser desorption time 
of flight mass spectrometry (LDI-TOFMS) has been applied to organic 

carbon and soot components of carbon PM thermophoretically depos
ited from premixed flames of methane, ethylene and benzene featured 
by different relative amounts of organic carbon and soot. Notably, prior 
work at low/medium laser power conditions has shown that PAHs 
constituting organic carbon could be easily detailed, whereas the inef
fectiveness of LDI-TOFMS to get significant signals from soot leads us to 
resort to the laser power increase (90% of maximum). The main part of 
the work is focused on the LDI-TOFMS analysis at low laser power of 
organic carbon extracted from carbon PM samples at the beginning and 
the end of soot formation region, to give details on its composition as 
soot formation progresses. The perusal of LDI-TOFMS spectra of organic 
carbon has been supported by the application of Fast Fourier Transform 
(FFT) method and the evaluation of the double bond equivalence (DBE) 
number. Additionally, the LDI-TOF mass spectra of organic carbon have 
been compared to those of PAH-laden samples (asphaltenes and pitches 
derived from coal and petroleum), analysed in the same instrumental 
conditions, to recognize signatures of specific PAH classes (unsub
stituted, aliphatic–substituted PAHs and dimers) present in the organic 
carbon. 

Exploratory work on LDI-TOFMS spectra of soot is reported in the 
last part of the paper to infer its different features in comparison with 
those of organic carbon also analysed at high laser power. The tendency 
of soot particles to fragment and to form carbon clusters in high laser 
power conditions, previously found off-line by Laser Microprobe-MS [7] 
and LDI-MS [7,33,34], and on-line by molecular-beam TOF-MS [35], 
RTAMS [16] and SP-MS [23], has been exploited for the analysis of the 
main differences in young and mature organic carbon and soot 
components. 

2. Experimental 

2.1. Organic carbon, soot and PAH-laden samples 

Carbon PM was thermophoretically sampled in premixed sooting 
flames of methane, ethylene and benzene produced at atmospheric 
pressure on a commercial McKenna burner at the same cold gas velocity 
of 4 cm/s and different equivalence ratio, Φ (Φ = 2.40 for methane 
flame, Φ = 3.03 for ethylene flame and Φ = 2.00 for benzene flame). 
Carbon PM were sampled at the opposite extremes of the soot formation 
flame region located between 6 and 14 mm height above the burner 
(HAB) in all flames, as briefly described in the Supplementary Material, 
where more details on the experimental conditions are reported. Spe
cifically, soot formation starts at low flame position, around 6–7 mm and 
ends at high flame position, around 14 mm HAB, where soot formation 
attains the maximum concentration (Supplementary Material). 

Thermophoretic sampling was carried out by fast insertion of a glass 
plate 75 × 25 × 1 mm) rotating by a gear motor with a frequency of 1.4 
Hz and setting the total deposition time for each sample at 25 s [36]. 
Each lap lasts 700 ms: the plate remains in flame just 60 ms, during the 
remaining time the plate and the deposited material are at room tem
perature, allowing for a cooling time of 640 ms after each insertion. 

It is noteworthy that the thermophoretic sampling was preferred to 
the probe sampling to avoid the interference of gas-phase PAHs, which 
in the latter case condense in the sampling line and completely dominate 
the mass spectrum of the organic carbon [36].This can be observed in 
Fig. S1 of supplemental material, where the LDI-TOFMS spectra of 
mature organic carbon (ethylene flame) sampled by probe and by 
thermophoretic deposition are contrasted. Carbon PM samples were 
scratched from the plate and extracted with dichloromethane (DCM) for 
separating organic species from solid carbon particles insoluble in DCM, 
referred to as soot. The organic species soluble in DCM are mostly 
constituted of organic compounds volatilizing at temperature ≤ 450 ◦C 
(70–80 wt%) [37,38], so they are hereafter named as organic carbon 
corresponding to what is also termed as non-refractory organic carbon in 
aerosol science and atmospheric chemistry [22,23,37,39]. 

Organic carbon, labelled as young and mature referring to the PM 
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sampled at the beginning and the end of the soot formation region, 
respectively, was analysed in comparison to mixtures of standard PAHs, 
asphaltenes and two pitch samples, altogether classified as PAH-laden 
samples. The two pitches are an aliphatic pitch, with high aliphatic 
carbon content, and an aromatic pitch, with high aromatic carbon 
content. The source specification of young and mature organic carbon 
and soot samples along with those of PAH-laden samples are gathered in 
Table 1. 

2.2. Laser desorption ionization-time of flight mass spectrometry (LDI- 
TOFMS) 

LDI-TOFMS spectra were recorded on positive reflectron mode on a 
SCIEX TOF/TOF™ 5800 System using a N2-laser at 40 and 90% of the 
maximum nominal power per unit area (~105 W/cm2, which corre
sponds to a fluence ~ 1 mJ/cm2). The target was prepared by depositing 
on a standard stainless steel plate the sample dissolved/dispersed in a 
suitable solvent (DCM, toluene, or N-methylpyrrolidinone (NMP)). Only 
carbon samples dispersed in NMP were heated, after deposition on the 
plate, at about 100 ◦C for few minutes for evaporating the solvent. It is 
worth to note that the use of matrices can be avoided as carbon samples 
are able to absorb the laser beam (λ = 337 nm) acting as a self-matrix 
matrix [40–42]. Each spectrum represents the sum of 12,000 laser 
pulses from randomly chosen spots per sample position. 

Fast Fourier Transform (FFT) analysis was applied to both organic 
carbon and soot to compute the discrete Fourier transform (DFT) of 
repetitive signals like those featuring mass spectra of flame-generated 
organics as PAHs and carbon clusters. A graphic software (Origin) was 
used for data analysis. More details on the method as applied to mass 
spectra are reported in Przybilla et al. [43]. 

The DBE number, also called degree of unsaturation, was calculated 
for organic carbon from the structure of the chemicals considering that 
each π bond or ring generates one DBE. If the compound contains the 
elements C, H, O, and N, the DBE for the general formula CxHyNzOn is 
calculated as follows [44]: 

DBE = x − y/2+ z/2+ 1.

In this work the DBE was determined for each mass peak considering 
the simplified formula for CxHy hydrocarbons: DBE = x-(y/2) + 1 by an 
home-made software [45]. Iso-abundance graphs were drawn in the 
Origin software by plotting the DBE number and the relative intensity 
against the carbon number (CN). 

3. Results and discussion 

3.1. Overall assessment 

The paper reports LDI-TOFMS analysis of organic carbon and soot 
that have been selected on the basis of some outcomes relative to their 
response to the LDI-TOFMS observed in prior work. The preliminary 
work has regarded the LDI-TOFMS analysis of all samples (young and 
mature organic carbon and soot) deposited, respectively, just after soot 
inception and at the end of soot formation region of methane, ethylene 
and benzene premixed flames as described in the Supplementary Ma
terial and references therein. It is worth to underline that organic car
bon, definitely prevailing on soot at the beginning of the investigated 
methane and ethylene flames, persists throughout the soot formation 
region, particularly in the methane flame where the organic carbon/soot 
mass ratio is much higher (around 1, at the end of the flame) in respect 
to that of ethylene flame (around 0.6, at the end of the flame). By 
contrast, organic carbon in the benzene flame is early formed and 
completely consumed, because of the partial overlapping of oxidation 
and pyrolytic regions in the atmospheric pressure conditions, so that too 
few amounts of organic carbon, mainly constituted of phenols [6], 
hindered the LDI-TOFMS analysis for the organic carbon derived from 
the benzene flame. Because of this, only the LDI-TOFMS of organic 
carbon sampled in the ethylene and methane flames could be analysed. 
After an overall description of the mass spectral behaviour of methane 
and ethylene organic carbon samples (Figs. 1 and 2), the perusal of the 
LDI-TOFMS analysis has been mainly devoted to the ethylene organic 
carbon samples. 

Organic carbon samples have been analysed at low/medium laser 
power conditions of the LDI-TOFMS instrument (40% of the maximum 
nominal power), corresponding to the MS conditions generally used for 
routinely analysing organic samples like polymers and biological sam
ples [46]. These conditions limit fragmentation [33], as verified on PAH 
standard mixtures and PAH-laden samples. On the other hand, the low/ 
medium laser power conditions resulted almost completely ineffective 
for soot analysis, as typically found for soot aggregates requiring higher 
levels of irradiance [7]. Consequently, high laser power (90% of the 
maximum power) has been used for analysing the features of soot in 
comparison to those of organic carbon analysed in the same high laser 
power conditions. Fortunately, just the severity of laser conditions 

Table 1 
List of flame-generated organic carbon, soot and PAH-laden samples with source 
specification.  

Flame-generated organic carbon and soot samples Source 

Methane young organic carbon and soot Methane flame (HAB = 7 mm) 
Methane mature organic carbon and soot Methane flame 

(HAB = 14 mm) 
Ethylene young organic carbon and soot Ethylene flame (HAB = 6 mm) 
Ethylene mature organic carbon and soot Ethylene flame 

(HAB = 14 mm) 
Benzene young organic carbon and soot Benzene flame (HAB = 7 mm) 
Benzene mature organic carbon and soot Benzene flame 

(HAB = 14 mm)  

PAH-laden samples  
Mixture of 5 fully-benzenoid PAHs (pyrene, 

dibenzo(a,h) anthracene, benzo(b)crisene, benzo 
(g,h,i)perylene, coronene) and 4 cyclopenta- 
PAHs at the same concentration 

Sigma-Aldrich 

Asphaltenes (heptane-insoluble #6 commercial 
heavy oil) 

ASTM D3279 

Aromatic pitch Electrode binder pitch 
(Rutgers): 65996-93-2 

Aliphatic pitch Petroleum pitch (Rutgers): 
68187-58-6  

Fig. 1. Mass spectra of ethylene young (up) and mature (down) organic carbon 
at low laser power. 
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resulted to be further informative about organic carbon composition 
through the analysis of its behaviour under stressing high laser power 
conditions in comparison with that found for PAH-laden samples and 
soot. 

3.2. Organic carbon 

3.2.1. Organic carbon composition: Mass spectra at low laser power 
The mass spectra of young and mature organic carbon for the 

ethylene and methane flames are reported in Fig. 1 and Fig. 2, respec
tively, in a wide mass range to show an overview of mass spectral sim
ilarities and differences. Due to the selective effect of thermophoretic 
sampling toward large PAHs (C ≥ 22–24) [36], almost all volatile and 
semivolatile PAHs, m/z < 200–250, mostly present in gas phase [17,18], 
are lacking in young and mature organic carbon samples (Figs. 1 and 2). 
The predominant mass distribution in the m/z 200–500 range is 
observed in all mass spectra of young and mature organic carbon (Figs. 1 
and 2), exhibiting the maximum around m/z 350–374 and a sharp 
decrease up to m/z 500. Above m/z 500 a smooth rise-decay profile of 
the signal intensity can be observed, peaked around m/z 620 and ending 
at about m/z 1000. This second mode of molecular mass distribution, 
just outlined for young organic carbon, appears much more relevant for 
the mature organic carbon (lower part of Fig. 1), suggesting the slight 
occurrence of molecular growth as soot ages. 

Two sequences of different intensity due to even- (the major peak 
sequence) and odd-C-numbered PAHs (the minor peak sequence) [18] 
spaced by a mass difference of 24 units, are evident, especially in the 
first low mass mode of both young and mature organic carbon (see zoom 
of spectra in Supplementary Material, Fig. S2). This peculiar trend is 
traceable back to the 24/26 rule assessed for mass spectra of organic 
samples coming from high temperature processing [42,47], where the 
PAH formation is attributed to PAH growth by C2 and/or C2H2 units. 
This is a typical trend of PAH distribution previously observed up to 
300–400 mass units by gaschromatography-MS, liquid chromatography- 
MS and direct injection into MS of organic carbon derived from flame 
soot [7,48]. 

It is also worth to note that the parent peak (M+) is predominant in 
comparison to (M− 1)+ peak in the major peak sequence of the even- 
carbon numbered PAHs, while the minor peak sequence exhibits a 
similar intensity of (M− 1)+ and M+ mass peaks, attributed to the easy 

loss of hydrogen linked on methylene bridge typical of odd-C-numbered 
PAHs as cyclopenta-substituted PAHs [48]. 

The similarity of the mass spectra of young and mature organic 
carbon probed from aliphatic fuels (ethylene and methane) in spite of 
the different flame conditions (Figs. 1 and 2) is noteworthy. With regard 
to the flame position, a more evident bimodality in the mass spectrum 
can be noticed for mature organic carbon, confirming the enrichment in 
heavier species along the soot formation region, regardless of the hy
drocarbon fuel used. 

More chemical detail on the evolution of the organic carbon in the 
soot formation region is given by the H-C plot reporting the hydrogen 
number versus the carbon number, where each point corresponds to one 
CxHy molecule [15,49,50]. The H-C plots of young and mature ethylene 
organic carbon displayed in Fig. 3 put well in evidence what is visualized 
in Figs. 1 and 2: i) the predominance of individual PAH molecules 
enclosed in a relatively small carbon number range (CN 20–40), ii) the 
enrichment in heavier PAH species along the soot formation region 
[7,49] and iii) the predominance of even-C-numbered (with even 
hydrogen number) (darker points) up to the trough noticed between low 
and high mass species at about m/z 500, corresponding in Fig. 3 to CN =
40. Above this boundary, it can be noticed that even- and odd-C- 
numbered species, with even and odd number of hydrogens, concur 
with a similar intensity to large mass PAHs (CN > 40), demonstrating 
that both PAH molecules and π-radicals contribute to large masses [51]. 

The appearance of a trough in the mass distribution around m/z 500 
and the relative enrichment in odd-C numbered PAHs as molecular mass 
rises [51,52] could be due to a structural modification. It has been 
suggested that the change in the spatial arrangement from planar two- 
dimensional (2D) (fully benzenoid) PAHs toward to curved and/or 
concave PAH-containing systems, based on cyclopenta-substituted PAHs 
[51], approximating to compact closed-shell 3D young soot particles 
[42] could be at the basis of this mass spectral feature. The rearrange
ment of a PAH with an externally-fused cyclopenta group toward a 
curved PAH having an internally-fused cyclopenta group is a process 
(Stone-Wales pyracyclene rearrangement [53]) observed under condi
tions pertinent to combustion [54,55]. Just the larger contribution at 
high masses of odd-C-numbered species typical of cyclopenta-PAHs 
could support this interpretation. 

It is interesting to note that bulk chemical and spectroscopic di
agnostics do not catch the heavier-PAH enrichment during soot forma
tion, i.e. the increase of the second mode. As matter of fact, only a little 
variable absorption coefficient and an almost constant H/C atomic ratio 
(around 0.5) of organic carbon have been found along the soot forma
tion region of premixed flames [30]. The bimodality of the LDI-TOF 
mass spectra, (Figs. 1 and 2) is instead consistent with that observed 
in the molecular mass distribution evaluated by both size exclusion 
chromatography [42] and on-line molecular beam MS measurements of 
organic carbon in premixed flames burning at low [51] and atmospheric 
pressure [52], demonstrating that species in the higher molecular mass 
range are not artifacts of LDI-TOFMS conditions. 

Importantly, the H-C plot shows that all the molecular formulas of 
species identified are enclosed in a band delimited by a black and red 
line connecting the molecular formulas of highly-condensed PAH sys
tems of six-membered rings (pericondensed) (black line) and linearly 
anellated (catacondensed) PAHs (red line), respectively. PAHs with the 
same number of C atoms, but different numbers of H atoms i.e. from the 
same mass spectrometric groups (in vertical on Fig. 3), present very 
different structures and mechanisms of formation [15]. The band 
widening towards larger species indicates the increase of more hydro
genated PAHs (H-rich PAHs) with the carbon number increase. Many 
possible H-rich PAH structures can be responsible as those coming from 
partial hydrogenation and alkyl substitution of PAH, dimerization and 
biaryl species formation. Eventually, pericondensed PAH molecules/ 
radicals, already prevalent in the low mass region, having more elon
gated carbon backbones featured by bays and coves, are possible H-rich 
candidates [51]. 

Fig. 2. Mass spectra of methane young (up) and mature (down) organic carbon 
at low laser power. 
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The role of PAH dimerization in soot formation is currently object of 
many studies [e.g. [56] and references therein] and in our study the 
attribution of the second mode to the clustering of PAHs by dimerization 
would seem supported by the fact that the molecular masses, m/z 
500–1000, featuring this mode, are approximately twice the molecular 
mass of more abundant lighter PAH (m/z 200–500). Furthermore, the 
crowding of mass spectra exhibiting peaks at every mass unit above m/z 
500 (Fig. 3), could be attributed to oligomeric species termed aromers 
by Homann, which has attributed a forest of peaks observed in mass 
spectra of flame ions by TOFMS to species “encompassing two 
agglomerated PAHs to the nearly closed as well as H-containing cages” 
[15,57]. 

The occurrence of PAH dimers and their role as soot precursors 
alternative to individual PAHs have been early suggested [58,59]. 
Physical dimerization between PAHs such as pyrene has been initially 
indicated to be involved in soot inception [60], however, it has been 
argued that the high temperature does not favour physical dimerization 
[61,62]. In alternative, reactive coagulation leading to large PAHs, 
suggested in early work [49], has been recently reconsidered by Eaves 
[63] and Kholghy [64,65] as involving covalent carbon–carbon bonds 
between PAHs with the formation of both homogeneous and heteroge
neous dimers [64]. This mechanism has been added to that involving the 
reversibility of dimerization process with the formation of PAH clusters 
linked by Van der Waals forces [65]. Interestingly enough, beside 
physically- and chemically-linked PAHs, another kind of PAH dimers 
connected by aliphatic bridges has been recently detected by tandem 
MS-MS [66]. To ascertain the nature of species constituting organic 
carbon with particular regard to those featuring the second mode of the 
molecular distribution, the effect of laser power increase has been here 
studied and below reported. 

3.2.2. Organic carbon composition: Mass spectra at high laser power 
The mass spectrum of ethylene mature organic carbon measured at 

high laser power is contrasted with that measured at low power in Fig. 4. 
Overall, it can be seen that the high laser power spectrum in the whole 
MS range becomes crowded of peaks next to the PAH parent peaks, and 
the even- and odd-C-numbered PAH sequences become more similar in 
intensity, especially above m/z 500. Moreover, the maximum of the first 
dominant distribution mode appears just slightly downshifted, whereas 
the position of the second mode is almost unchanged in comparison with 
the mass spectrum measured at low laser power (upper part of Fig. 4). 
Summing up, a relative stability of the organic carbon components is 
demonstrated by the fact that the high laser power, even causing some 
PAH dehydrogenation and radical formation, does not affect and mainly 
preserves the original distribution of PAHs, at least up to about m/z 500. 

Nevertheless, the striking effect of the high laser power is the 

appearance of a sequence of peaks spaced by m/z 24 appearing at m/z >
500 and becoming evident for m/z > 700. This sequence is due to carbon 
clusters, whose stable structures arise above 26 carbon atoms [24] as 
demonstrated by: i) the higher peaks at m/z 720 and 840 typical of C60 
and C70 fullerenes, ii) the mass peak difference of m/z 24 and iii) the 
typical isotopic fullerene distribution of the peaks [67], evidenced in the 
inset of the lower part of Fig. 4. The FFT and DBE analysis of mass 
spectra below reported has been carried out to infer more information 
on the features of the mass spectra of organic carbon and on the effect of 
high laser power. 

3.2.1. FFT and DBE analysis: PAH and fullerene signatures. The main 
features of the organic carbon spectra (Figs. 1 and 2) and the effect of 
laser power on molecular mass distribution (Fig. 4) are well highlighted 
by means of FFT analysis evidencing the periodic mass differences of 
mass spectra [43] (see experimental section). To take into account for 

Fig. 3. H-C plot of the molecular formulas [Hydrogen Number (y) vs. Carbon Number (x) in CxHy masses] in young (left) and mature (right) ethylene organic carbon. 
The peri-condensed and cata-condensed PAH limits are reported as black and red lines, respectively. Molecular structures of the most intense peaks along the lines 
assigned to PAHs are also reported. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.) 

Fig. 4. Mass spectra of ethylene mature organic carbon at low (up) and high 
laser power (down). 
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the change of the mass spectral distribution with increasing masses, the 
FFT analysis has been carried out in selected mass ranges. 

Figure 5 reports an example of the height-normalized FFT profiles 
evaluated on the spectra of mature ethylene organic carbon measured at 
low and high laser power. Beside a mass spacing of 1 (indicating the 
presence of peaks at every mass unit), the 12 and 24 mass differences, 
typical of PAH growth sequences, appear predominant up to m/z 500, 
and become comparable in intensities up to m/z 1000. The repetitive 12 
and 24 sequences observed at low laser power are still present at high 
laser power below m/z 500 and between m/z 500 and 1000, but the 
appearance above m/z 700 of the 24 mass difference, typical of carbon 
clusters, is remarkable. The FFT results can be better interpreted by 
comparing the FFT mass differences for organic carbon samples with 
those evaluated for other PAH-laden samples (PAH mixtures, asphal
tenes and aromatic and aliphatic pitches) reported in Table 2, selected 
on the basis of their different aliphatic/aromatic character [45]. 

It is noteworthy that the 12 and 24 mass differences featuring 
organic carbon spectra (Table 2) characterize a PAH-rich sample like the 
aromatic pitch, derived from coal carbonization [45] involving the same 
molecular growth mechanism responsible for the occurrence of this 
sequence in flame-formed PAHs [51]. On the other hand, the 14 mass 
difference, indicative of methyl group substituents or methylene bridges 
between PAH units, feature asphaltenes and the aliphatic pitch in both 
laser power conditions, but it is not observed in the FFT analysis of 
organic carbon samples (Table 2). 

These findings confirm the prevalent aromatic character of organic 
carbon as opposed to a negligible aliphaticity, either in terms of 
aliphatic substituents and/or aliphatic bridges between PAH moieties. 
Eventually, the tendency of high mass species to dehydrogenate is 
clearly evidenced by the stronger contribution of m/z = 1 mass differ
ence in the high mass range of FFT profiles at high laser power (Fig. 5). 

Further information on the aromaticity of organic carbon has been 
obtained from mass spectra by evaluation of the DBE, i.e. the unsatu
ration degree of hydrocarbons [44]. Fig. 6 reports the iso-abundance plot 
of the DBE number vs. CN evaluated on the mature organic carbon mass 
spectrum at low laser power, giving at a glance the extension of CN 
range and the unsaturation degree featuring organic carbon. The 

relative abundance of each species has been evaluated as ratio of mass 
peak intensity to the sum intensity of all mass peaks and reported as dots 
of colour progressively lighter as the abundance decreases. Briefly, in 
the iso-abundance plot species having the same unsaturation degree but 
different carbon CN are characterized by the same DBE number (hori
zontal line), whereas species with different aromaticity of the core 
(different unsaturation degree) but the same CN present different DBE 
(vertical line). The width of the DBE distribution of mature organic 
carbon reported in Fig. 6 shows a DBE range narrower with respect to 
that typically evaluated for practical hydrocarbon samples as fossil fuels 
[68], and aliphatic (petroleum) pitches [45]. The low DBE width in
dicates a smaller variety of PAHs, similarly to aromatic (coal-derived) 
pitch [45]. Also the peculiarities of the even/odd carbon number se
quences distribution above described (Fig. 4), are highlighted in the iso- 
abundance plot by: 1) higher intensity points (dark points) in the CN 
20–40 range, associated to the even-C-numbered PAH sequence of the 
well-known stabilomer grid in the range m/z 300–522 [69] (see zoom of 
Fig. 6, and by 2) lighter points due to the odd-C-numbered PAH 
sequence [42,49]. The intensity of the points for CN > 40 progressively 
decreases and becomes low and undistinguishable for CN > 50–60. 

Another DBE plot parameter related to structural factors is the slope 
of the line generated from the iso-abundance plot by connecting the 
maximum DBE numbers at given carbon numbers, named planar limit 
line (PLL) by Cho et al. [70]. At low laser power the PLL slope of 0.80, 
typical of PAHs [45], has been evaluated up to CN 100 (Fig. 6). 

In comparison with the DBE plot evaluated at low laser power 
(Fig. 6), the iso-abundance plot at high laser power, reported in Fig. 7, 
extends toward higher carbon number (CN ≫100), splitting in two CN 
ranges because of the abrupt change of PLL slope and DBE at high carbon 
number (CN > 60–70). Specifically, the PLL slope of 0.80 observed for 
the organic carbon at low laser power (Fig. 6), is kept on up to CN =
60–70 (m/z 700–800) at high laser power (Fig. 7). Whereas in the CN 
60–100 range, high intensity points due to all-carbon species appear, 
and the PLL slope assumes a value next to 1, typical of carbon clusters 
like fullerenes. For very high carbon number (CN > 100, m/z > 1200), 
only the sequence of high intensity points having regular differences of 
two carbon atoms is noticeable, confirming the prevalence of carbon 

Fig. 5. Mass differences evaluated by FFT of mass spectra of mature organic carbon in different mass ranges at low (up) and high laser power (down).  

B. Apicella et al.                                                                                                                                                                                                                                



Fuel 309 (2022) 122356

7

clusters (inset of Fig. 7) evidenced also by FFT analysis above reported. 
Definitely, the perusal of mass spectrometric data and FFT and DBE 

analysis of mass spectra at low and high laser power puts in evidence 
that in the LDI-TOFMS instrumental conditions used in this work, the 
laser power does not significantly affect the distribution of PAHs, still 
present in regular even and odd-C-number sequences with the pre
dominance of even-C-numbered PAHs up to about m/z 500. The onset of 
fullerenes above m/z 500 and their predominance above m/z 1000 
under high laser power conditions (lower part of Fig. 4 and Table 2) can 
be attributed to the enhancement of PAH vaporization and/or detach
ment causing a high concentration in the plume of PAHs reacting each 
other. Fullerene formation from PAHs likely follows the mechanism 
occurring in flames proposed by Homann [13,35] and Reilly [71], 
involving the reaction of two PAH molecules, or a molecule and a 
radical. As suggested by Homann [13,35], the peripheral hydrogen 
atoms of PAHs can be split off in a kind of concerted unimolecular zipper 

reaction, with the simultaneous shift of the pentagons into energetically 
favourable positions and closure of the necessary number of pentagons. 

Overall, the occurrence of carbon clusters like fullerenes at high laser 
power can be attributed to artifacts, as also proposed in the case of 
asphaltenes and other carbonaceous materials [72–75]. The artifact 
source of fullerenes is confirmed by the effect of high laser power on LDI- 
TOFMS spectra of a mixture of fully-benzenoid and cyclopenta-PAHs 
(Table 2) presenting above m/z 500 a carbon cluster series featured by 
a mass difference of 24 (Table 2). Likewise, carbon cluster series, 
extended at higher masses (above m/z 700), can be observed in the mass 
spectra of PAH-laden samples as asphaltenes and pitches (Table 2). But, 
the sequence of carbon clusters is particularly evident in the mass 
spectrum of the aromatic pitch at high laser power reported in Fig. 8, 

Table 2 
Mass differences evaluated by FFT analysis in different MS ranges of mass spectra of PAH-laden samples, young and mature soot at low and high laser power. In the last 
column, the indication of the carbon fullerene clusters occurrence at high laser power is reported (x). The numbers in bold indicate the higher intensity of the mass 
difference.  

PAH-laden samples Mass difference 
m/z < 300 

Mass difference 
m/z 300–500 

Mass difference 
m/z 500–1000 

Mass difference 
m/z 700–2000 

Carbon clusters and fullerene occurrence 

Organic carbon (young and mature) 
low laser power 
high laser power  

12-24 
12-24  

12-24 
12-24  

12-24 
12-24  

−

24  
- 
x 

PAH (benzenoid and cyclopenta) 
low laser power 
high laser power   –   –  

– 
24  

– 
24  

- 
x 

Aromatic pitch 
low laser power 
high laser power  

12–24 
12-24  

12–24 
12-24  

12–24 
12-24  

– 
24  

– 
x 

Aliphatic pitch 
low laser power 
high laser power  

14 
14  

14 
14  

14 
14  

– 
24  

– 
x 

Asphaltenes 
low laser power 
high laser power  

12–14 
12-14  

12–14 
12-14  

12–14 
12-14  

– 
24  

– 
x  

SOOT m/z 
(〈300) 

m/z 
300–380 

m/z 
380–700 

m/z 
700–2000 

Fullerene occurrence 

Young soot 
low laser power 
high laser power  

12–14 
12-14  

– 
–  

12–24 
12-24  

– 
24  

– 
x 

Mature soot 
low laser power 
high laser power  

– 
–  

– 
–  

12–24 (low) 
12–24  

−

24 (low)  
– 
x (low)  

Fig. 6. Iso-abundance plot of DBE number vs. CN of hydrocarbon classes for 
mature ethylene organic carbon at low laser power. A zoom in the range of CN 
20–40 is reported. 

Fig. 7. Iso-abundance plots of DBE number vs. carbon number of hydrocarbon 
classes for mature ethylene organic carbon at high laser power. The color scale 
is normalized on the intensity maximum in the 10–180 CN range. The inset 
reports the zoom for the high CN species (100–180), with a color scale 
normalized on the intensity maximum in the high CN range. 
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compared to the mass spectra of asphaltenes and aliphatic pitch. This 
comparison confirms the higher propensity of unsubstituted PAHs as 
those constituting the aromatic pitch [45], to form carbon clusters in 
respect to alkyl-substituted PAHs mainly featuring asphaltenes and 
aliphatic pitch [45]. 

3.2.2. The effect of laser power on the organic carbon mass distribution. 
Consistently with LDI-TOFMS results [31], the persistence upon high 
laser power of the second mass distribution mode (m/z 500–1000) 
(Fig. 4), along with the similarity of FFT features with those of the other 
PAH-laden samples (Table 2) hint to exclude the contribution of 
aliphatic moieties recently suggested by tandem MS [66] and laser 
induced fluorescence [56]. The persistence under high laser power of 
the second mode of mass distribution, featured by the 12 and 24 se
quences typical of PAHs (Table 2), strengthens the attribution of high 
mass species to large PAHs rather than to PAH dimers or alkylated PAHs. 
This inference is supported by the LDI-TOFMS analysis of aromatic and 
aliphatic pitch at low and high laser power contrasted in Fig. 9 and 
Fig. 10, respectively. 

As matter of fact, the organic carbon behaves similarly to the aro
matic pitch, undergoing just some fragmentation for effect of the laser 
power (Fig. 4), whereas in the aliphatic pitch constituted of alky- 
substituted PAH oligomers (mainly dimers) [76,77] the main mode, 
almost peaked around m/z 500, significantly decreases to benefit of 
lower mass species peaked around m/z 250 (Fig. 10). 

It has to be underlined that the negligible or no formation of PAH 

dimers inferred from the LDI-TOFMS data so far described, does not 
exclude the possibility of the formation of small dimers, not falling in the 
mass range investigated, as those coming from reactive dimerization of 
one-ring aromatics. Kholghy et al. [65] have computed that one-ring 
aromatic species like benzene, toluene, phenylacetylene, give the 
major contribution to dimer formation and soot loading. Indeed, this 
framework well justifies also the sudden soot formation in benzene 
flames occurring so quickly already in the oxidation region where one- 
ring aromatic radicals and species are abundantly present [30], that 
the PAH growth is prevented. 

3.3. Soot 

The analysis of LDI-TOF mass spectra of soot is quite challenging 
given the complexity and the general “inertness” of carbon solids as soot 
to ionization and fragmentation, and hence the difficulty to produce 
reliable mass spectral data. However, preliminary results on LDI-TOFMS 
analysis of soot here reported clearly show how much different soot is in 
comparison to organic carbon questioning all the interpretations of soot 
inception merely based on the analysis of whole carbon PM. The phe
nomenon most under study in soot formation process is just soot 
inception, i.e. the transition from molecular to the solid phase featuring 
the first soot particles. Consistently, what is meant for soot in this work is 
the insoluble (solid) component of carbon PM obtained by DCM 
extraction of organic carbon. Actually, soot particles are insoluble in all 
solvents, but, similarly to some carbon materials as carbon black and 
coal, they can be generally suspended in powerful solvents as NMP, 
allowing the determination of molecular weight distribution [78] and 

Fig. 8. Mass spectra at high laser power of: aromatic pitch (right), aliphatic pitch (center) and asphaltenes (left). Each spectrum is normalized on the maximum 
signal. The m/z 700–1000 region is zoomed in the inset of the left panel for evidencing the carbon cluster sequence. 

Fig. 9. Mass spectra at low (black) and high laser power (red) of aromatic 
pitch. The spectra are normalized on the maximum signal. (For interpretation of 
the references to color in this figure legend, the reader is referred to the web 
version of this article.) 
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Fig. 10. Mass spectra at low (black) and high laser power (red) of aliphatic 
pitch. The spectra are normalized on the maximum signal. (For interpretation of 
the references to color in this figure legend, the reader is referred to the web 
version of this article.) 
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spectroscopic features as the mass absorption coefficient (MAC) [8] and 
optical band gap [9]. 

Some differences in the mass spectral behaviour were expected for 
soot sampled at inception and at the end of the soot formation process on 
the basis of different soot properties like H/C and MAC, observed as a 
function of soot aging and fuel [8,30]. Indeed, LDI-TOFMS analysis at 
low laser power resulted to be negligibly or no effective in producing 
reliable and significant mass spectrometric signals especially from 
mature soot. Young soot coming from hydrogen-rich fuels as methane 
and ethylene makes exception showing some tendency in fragmenting 
and producing radicals detectable by LDI-TOFMS at low laser power. 

As an example, Fig. 11 reports the mass spectrum of young ethylene 
soot measured at low laser power. The mass spectrum in Fig. 11 presents 
peaks at odd masses in the low molecular mass region (m/z 〈300), likely 
due to radical species. The FFT analysis carried out on soot mass spectra 
(Table 2) puts in evidence the occurrence of mass differences of 12 and 
14, with prevalence of 14. Interestingly enough, the 14 difference can be 
traceable to homologue series increasing by a CH2 group (structures 
with aliphatic moieties as those featuring C5-PAHs like fluorene, 
cyclopentaphenanthrene, and so on). Above m/z 500 the FFT mass dif
ferences become 12 and 24 with prevalence of 24 (Table 2), indicating 
the presence of carbon clusters not ascribable, however, to the typical 
fullerene cluster series. 

The LDI-TOFMS spectra of young ethylene and benzene soot at high 
laser power are reported in Fig. 12. Beside to increase the ion yield from 
ethylene young soot in the low mass region (<m/z 300), the high laser 
power was found to be effective in producing mass spectral signals in the 
case of benzene young soot. In this low mass range the same FFT mass 
differences of 12 and 14 found for young soot at low laser power have 
been evaluated (Table 2), whereas the production of carbon clusters in 
the high mass region (>m/z 500) with mass difference of 12 and 24 up to 
about m/z 600–700 is remarkable (with prevalent 24 mass difference, 
Table 2. Above m/z 600–700 only the mass difference of 24 can be 
noticed, but in this case the predominance of m/z 720 and 840, ascribed 
to C60 and C70 fullerenes, is evident. It is confirmed by the DBE vs CN 
graph reported in Fig. S3 in the Supplementary Material, where high 
intensity points due to all-carbon species appear in the CN > 60 range, 
and the PLL slope assumes a value next to 1, typical of carbon clusters 
like fullerenes. 

With regard to mature soot, a generally low signal intensity and 
slight signals, mainly due to carbon clusters above m/z 500, could be 

detected only at high laser power (Table 2). The LDI-TOFMS analysis 
ineffectiveness on mature soot, even under high laser power conditions, 
reflects a structural change from the amorphous-like network of young 
soot to a more inert turbostratic structure featuring mature soot. 

In previous works carbon clusters and fullerene ions have been 
detected in soot particle mass spectra [21,22,79–80] and their presence 
has been correlated with the refractory organic carbon more than to the 
refractory carbon [22,39]. Since soot samples here analysed are devoid 
of organic carbon (not-refractory organic carbon), fullerenes may come 
from ablation of aromatics not extractable with DCM (refractory organic 
carbon) somehow very strictly linked to soot network [9,21,23], or can 
originate from fullerene-like moieties of the carbon network [80]. The 
higher fullerene signal was detected in the case of young soot (Table 2) 
that presents shorter and more tortuous fringes in the nanostructure and 
higher heterogeneity and lower sp2 content, possibly due to cyclopenta- 
containing aromatic species on the border of soot particles, as demon
strated by EELS [81]. That the higher propensity of ethylene and 
methane young soot to form fullerenes could be related to the nano
structure is supported by TEM imaging of young soot. The TEM image 
reported in Fig. 13 shows that upon laser annealing [81], ethylene young 
soot forms hollow shell structures with internal voids, similar to big 
fullerene-like structures, as occurs in the case of fullerenic carbon 
[80,82]. As soot ages the low and/or negligible radical and fullerene 
formation can be related to the increase of the turbostratic character of 

Fig. 11. Mass spectrum at low laser power of young ethylene soot.  

Fig. 12. Mass spectra of young ethylene (up) and benzene (down) soot at high 
laser power. 

Fig. 13. TEM images of ethylene young soot before (left) and after laser 
interaction (right). 
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soot [81], quite stable and less prone to undergo significant fragmen
tation and breaking. In future work, the correlation between soot 
nanostructure and mass spectra behaviour will be inferred by imple
menting the LDI-TOFMS analytical approach on a large number of young 
and mature soot samples coming from different experimental conditions 
in comparison with subsets of refractory carbons with either fullerenic, 
turbostratic or graphitic networks. 

Eventually, with regard to the organic carbon and soot interrela
tionship and implications to soot formation, their quite different mass 
spectra demonstrate that organic carbon and soot do not have common 
chemical features directly relating each to other. 

First, the most significant difference between organic carbon and 
young soot is the complete absence of mass peaks due to PAH molecules/ 
radicals in the mass spectra of soot, even of young soot. It derives that 
the fringes identified by TEM in the soot nanostructure and attributed to 
polyaromatic ring moieties should be so crosslinked each other in a 
turbostratic way to hinder their “withdrawal” from carbon network even 
under high laser power. The compositional and structural motif differ
ences between organic carbon and soot demonstrate that the distinction 
between these two components of carbon PM is important especially for 
inferring the not yet untangled transition from molecular to solid phase 
featuring soot inception. In other words, since organic carbon generally 
dominates the whole PM mass spectrum, the direct analysis of whole 
carbon PM leads to misleading results as regards soot structure and 
inception mechanism. Actually, the results obtained by LDI-TOFMS 
analysis of organic carbon and soot from premixed flames producing 
particulate matter with high (methane and ethylene flames) and low 
(benzene flame)  organic carbon/soot ratio have some implications to 
soot formation mechanism. 

Figure 14 aims to schematize PAH and soot formation and growth 
built on the basis of the mass spectra of young and mature soot at low 
and high laser power, respectively. The upper route starts from a glob
ular coalesced material, typically found at inception in the fuel-rich 
aliphatic premixed flames as those here studied [81], and in form of 
PAH-containing particles inside diffusion flames [16,83,84]. Remem
bering that organic carbon is abundantly present along the aliphatic fuel 
flames, the spectra of the organic carbon have been also reported in 
Fig. 14, above the spectra of methane and ethylene soot, to put in evi
dence how different organic carbon is in comparison to both young and 
mature soot. As before underlined, organic carbon spectra show the 

predominance of PAHs, mainly composed of pericondensed six-rings up 
to C40 in the young organic carbon, which slightly grow as soot ages 
undergoing some enrichment in second mode from C40 to C60, the latter 
one likely composed of a mixture of six-ring and C5-PAHs. Young soot is 
relatively reactive and prone to form small hydrocarbon radicals and 
carbon clusters. Dehydrogenation/carbonization as soot ages is testified 
by the very low mass signals detected even at high laser power. 

On the opposite, the PAH and soot formation route from the benzene 
flame, shown in the lower part of Fig. 14, seems not to involve PAH 
growth implying the occurrence of reactive coagulation and clustering 
of small aromatic radicals [65,84] directly producing young aciniform 
soot particles [81,85] where aromatic motifs, crosslinked each other, are 
likely to eject radicals and form some fullerenes, especially under high 
laser power. 

The two paths are not mutually exclusive and can cross each other in 
dependence on the pool of species/radicals, in turn depending on the 
hydrocarbon fuel, temperature and C/O feed conditions [86]. Summa
rizing, PAH formation precedes and/or accompanies soot formation, 
somehow contributing to soot coagulation and aggregation. When a 
huge number of small aromatic radicals are early available in the 
oxidation region of the flame as often occurs in the case of aromatic 
flames, they can directly react forming soot particles whose physical and 
chemical features do not significantly change going from young to 
mature soot [87]. 

4. Conclusions 

The main focus of the work was on the mass spectral characterization 
by LDI-TOFMS of young and mature organic carbon, extracted from 
carbon PM thermophoretically deposited, respectively, at the beginning 
and at the end of the soot formation region of hydrocarbon fuels pre
mixed flames (methane, ethylene and benzene). The perusal of mass 
spectra of young and mature organic carbon at low and high laser power 
in comparison to those of PAH-laden samples and eventually to soot, put 
in evidence the organic carbon features and differences between organic 
carbon and soot, the latter one showing a significant inertness to LDI- 
TOFMS analysis. 

In particular with regard to organic carbon it was found that: 

Fig. 14. Schematic view of PAH and soot formation built up on the basis of mass spectra of young and mature organic carbon and soot.  
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• Organic carbon, abundantly present in methane and ethylene flames, 
exhibited a similar bimodality of mass spectra measured at low laser 
power, with a trough at m/z 500 delimiting a low mass region, where 
even-C-numbered PAHs prevail on odd-C-numbered PAHs, from a 
high-mass region extending up to about m/z 1000, enriched in odd- 
C-numbered PAHs like cyclopenta-substituted PAHs. The second 
high-mass mode was more evident for mature organic carbon, 
testifying the occurrence of some molecular growth as soot ages. 
Organic carbon formed in the benzene flame was not analysable by 
LDI-TOFMS due to the low available amounts along with the abun
dance of oxygen-containing species (phenols) and the low contri
bution of PAHs.  

• LDI-TOFMS analysis of organic carbon carried out with high laser 
power showed some PAH dehydrogenation and radical formation not 
significantly modifying the mass spectral shape, namely its bimo
dality. The persistence of the second mode under high laser power 
led to the attribution of high masses to stable large PAH and radicals, 
rather than to dimers, aliphatically-bridged or alkyl-substituted 
PAHs. This inference was confirmed by the perusal of LDI-TOFMS 
spectra of organic carbon in comparison with those measured for 
PAH-laden samples like aromatic and aliphatic pitches, and asphal
tenes. Also fullerene formation from organic carbon seemed corre
lated with the aromaticity, namely organic carbon and aromatic 
pitch showed higher fullerene formation under high laser power in 
comparison to asphaltenes and aliphatic pitch. 

With regard to soot, it has been shown that: 
LDI-TOFMS analysis of the soot component of carbon PM resulted to 

be effective only for ethylene and methane young soot, showing peaks at 
odd masses in the low molecular mass region (m/z < 300) likely due to 
radicals and carbon clusters mainly spaced by 24 above m/z 380–400. As 
matter of fact, the FFT analysis of young soot mass spectrum put in 
evidence the occurrence of mass difference of 12–14 among the m/z <
300 peaks, with prevalence of 14 mass difference possibly due to 
aliphatic CH2 groups like those featuring cyclopenta-containing aro
matic moieties. Above m/z 400 the mass difference becames 12–24 with 
large prevalence of 24 mass difference, typical of carbon cluster series. 

Few information on mature soot could be obtained only at high laser 
power. As in the case of organic carbon, the main effect of high laser 
power regarded the appearance of carbon clusters series spaced by m/z 
24 where C60, C70 fullerenes could be identified. 

Eventually, caution should be employed for interpreting LDI-TOF 
mass spectra, in particular when high laser power is employed 
because of the artifact formation. However, the work demonstrates that 
the different response to laser ionization as well as the formation of 
specific artifacts are proofs of the quite different composition of organic 
carbon and soot. Such differences are helpful for well discriminating 
organic carbon from soot and evidence the importance of discriminating 
between them, especially if insights into the formation of the soot are to 
be obtained. 

Further work will be devoted to analyze the correlation between soot 
nanostructure and mass spectra behaviour of young and mature soot 
samples in comparison with subsets of refractory carbons with either 
fullerenic, turbostratic or graphitic networks. 
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MG, Ghan S, Kärcher B, Koch D, Kinne S. Bounding the role of black carbon in the 
climate system: a scientific assessment. J Geophys Res Atmos 2013; 118(11): 5380- 
5552. 10.1002/jgrd.50171. 

[4] Homann KH, Wagner HG. Some new aspects of the mechanism of carbon formation 
in premixed flames. Proc Combust Inst 1967;11(1):371–9. https://doi.org/ 
10.1016/S0082-0784(67)80161-9. 

[5] Haynes BS, Wagner HG. Wagner, soot formation. Prog Energy Combust Sci 1981;7 
(4):229–73. https://doi.org/10.1016/0360-1285(81)90001-0. 

[6] Richter H, Howard JB. Formation of polycyclic aromatic hydrocarbons and their 
growth to soot—a review of chemical reaction pathways, Prog Energy Combust Sci 
26 (2000) 565–608. 10.1016/S0360-1285(00)00009-5. 

[7] Dobbins RA, Fletcher RA, Chang H-C. The evolution of soot precursor particles in a 
diffusion flame. Combust Flame 1998;115(3):285–98. https://doi.org/10.1016/ 
S0010-2180(98)00010-8. 
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