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Abstract 

Soot particles undergo considerable changes in composition, morphology, as well as in internal 

structure during formation from the incipient particles to more mature aggregates, and still there is a 

lack of understanding of these mechanisms. In this study, soot produced by a mini-CAST soot 

generator was probed using Raman spectroscopy with focus on soot with large variation in size and 

fraction of organic compounds. The volatility of organic compounds and changes in internal bonding 

structures of the soot was surveyed by heating the samples from room temperature up to 1000 oC in 

a flow of inert N2 gas. The soot rich in organics showed more complex Raman spectra and stronger 

photoluminescence background. In particular, Raman signatures interpreted as the C-H “out-of-plane” 

mode, ethers C-O-C, and carbonyl C=O groups were observed. During the heating treatment, these 

signatures disappeared, which was related to vaporization of the organics. Moreover, an enhancement 

of Raman band intensity of mature soot during heating treatment was observed for the first time. Our 

study thus brings new information on structural and compositional changes for soot during heating 

treatment in an inert atmosphere.  

Keywords 

Raman spectroscopy, soot, organic compounds, thermal treatment 

1. Introduction 

Soot formation in combustion is a complex process involving gas phase chemical kinetics, 

heterogeneous reactions on the particle surface and particle dynamics [1–3]. Hence size, morphology, 

internal structure, and optical properties of soot depend on various parameters in the combustion 

process such as the fuel, type of combustion process as well as the reaction time and temperature 

history [4–9]. Soot particles appear as clusters or aggregates containing few to hundreds of primary 

particles [10–12].  In the recent decade, many studies have revealed soot particle sizes from 1 to 3 nm 

in diameter for nascent soot particles [2,13,14] and 10 to 50 nm for primary particles in mature soot 

[10,15–18]. Mature soot particles are more turbostratic and have a higher level of structural order 

compared to smaller nascent particles [7,10,19–27]. The nascent soot and the mature soot have 
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significantly different properties, appearances and internal nanostructures. The surface of nascent soot 

is demonstrated to be more reactive than that of mature graphitized soot [28,29]. Using high-

resolution transmission electron microscopy (HRTEM), the primary particles of mature soot exhibit 

an inner core surrounded by an outer shell consisting of concentric graphene sheets (also called 

polyaromatic units) parallel to the particle surface [30,31]. While the outer shell is composed of 

polyaromatic units more or less stacked, the inner core appears as reminiscent soot nuclei which may 

be amorphous [16,17,31]. The structures of immature soot are much more disordered with shorter 

and potentially highly curved fringes without a core-shell type of structure. On the particle surfaces, 

organic matters including polycyclic aromatic hydrocarbons (PAH) are adsorbed [32,33]. These 

volatile and semi-volatile compounds may significantly influence the optical, chemical and physical 

properties of the soot. 

As the chemical and physical soot properties have big impacts on climatological and health aspects, 

it is important to characterize the composition and structure of various types of soot. Previous studies 

have shown that a mini-CAST soot generator can produce soot within a range of sizes and optical 

properties, and this device has been widely used for soot characterization and as a calibration source 

[34–39]. Through changes of the operating conditions of the mini-CAST, various types of soot can 

be produced from brownish small soot particles with high organic content to larger black soot 

particles with low organic content. The choice of operating conditions thus influence on soot optical 

as well as chemical properties [34,36,37]. In particular, it was shown that some operating points 

produced soot with substantial fractions of organic compounds (OC) and polyaromatic hydrocarbons 

(PAHs) [21,34,35]. In our investigations on a miniCAST soot generator [21,34], we use the term 

“soot” for the carbonaceous aerosols produced by this device. The soot thus is any black, blackish or 

brown particles containing more or less graphite-like structural particles and organic materials which 

could be either internally or externally mixed [40]. 

In previous studies, we focused on investigations of composition, morphology and nanostructure of 

soot, and their relations to the absorption coefficient using online soot particle aerosol mass 
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spectrometry (SP-AMS), thermal-optical analysis, HRTEM, and multi-wavelength extinction 

[21,34]. In these works, we showed that we could produce soot with characteristic properties similar 

to immature soot (OP7 soot) and mature soot (OP1 soot). These types of soot have also been studied 

in this work. Beside our published works, other fruitful results on properties on mini-CAST soot are, 

for example, on the effective particle density [35,41,42], the chemical structure, size and morphology 

on soot optical properties [38,42] and evaporation/transformation/oxidation of organic components 

[37]. Yet, there is missing information on the internal bonding structures of soot and chemical 

properties of OC as well as their possible connection with graphenic structures. These features will 

be emphasized in this work via Raman spectroscopy. The heat treatment at stepwise higher 

temperatures (up to around 1000 oC) leads to structural changes for the soot, and as the measurements 

are performed in an inert N2 atmosphere, oxidation processes are avoided. The heating process also 

leads to an interesting thermal effect on the Raman band intensities. 

2. Analysis of Raman spectra of soot 

Raman spectroscopy has high potential for analysis of soot nanostructures and is sensitive to chemical 

bonds and vibrational frequencies of molecules and polyaromatic units. The spectral region 1000-

1800 cm-1 provides information on carbon organization such as bonding structures and size of the 

aromatic domains, as later shown in Fig. 3. The most prominent features are the so-called D and G 

bands, which lie at around 1350 and 1590 cm-1, respectively. The G peak was originally assigned to 

an ideal graphitic lattice vibration mode with E2g symmetry in the crystalline structure of graphite 

[43]. In non-crystalline carbons, this mode occurs at all sp2 pairs and does not require the presence of 

sixfold rings [44,45]. The G band in the Raman spectra is characteristic of sp2 carbon networks. It 

dominates the Raman spectra because of resonance effects [46]. The D peak appears at about 1350 

cm-1 and corresponds to a breathing mode of A1g in a graphitic lattice vibration. This mode is 

forbidden in perfect lattice but becomes active with the presence of defects occurring at the edge of 

the planes of the graphene sheets [44,47,48]. Its intensity is strongly related to the presence of sixfold 

aromatic rings [45]. The detailed analysis of D and G bands reveals the presence of several bands. It 
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was thoroughly presented by Sadezky et al. (2005) and their nomenclature is used thereafter, for 

instance the D band is called D1 after detailed spectral decomposition to take into account the other 

defect induced bands. Another first-order band accounting for structural disorder is the D2 peak at ~ 

1620 cm-1 that can be observed as a shoulder of the G band. It is generally assigned to an aromatic 

C=C stretching mode in polyaromatic units not belonging to a basic structural unit (BSUs are stacked 

polyaromatic units) [49,50] or at BSU surface and also to the variation of the distance between the 

graphene units [44]. The frequency of D1 and D2 modes shift to higher energy with increasing 

excitation energy [51,52] and these two peaks are defect-induced Raman features which appear as the 

number of defects increases. There is also a contribution of a very broad D3 peak at ~ 1500 cm-1 

originating from the amorphous carbon fraction of soot (sp2 fraction of the amorphous network). The 

amorphous carbon component is a complex mixture of sp2 and sp3 bonded carbon atoms with no local 

order and  ion impurities [38,51,53] and the feature traces the internal vibrational modes in small 

aromatic units related to asymmetric breathing of the carbon rings and C=C stretching of internal and 

edge carbons [33]. In addition, the D1 band may exhibit a shoulder peak at ~1180 cm-1 which we label 

as D4 [38,54,55]. It could come from sp3 and intermediate sp2 – sp3 hybridization states [56] of carbon 

atoms or C–C and C=C stretching vibrations of polyene-like structures [57,58]. The mixed sp2 – sp3 

hybridization is possibly caused by curved PAH layers. They can also originate from defects found 

within the polyaromatic unit such as non-hexagonal rings or vacancies, or found between the 

polyaromatic units and forming the cross-linkage with carbon chains [38]. It is noteworthy that the 

spectral decomposition and assignment of the Raman spectra of disordered carbons is still under 

debate with some recent works proposing another interesting viewpoint of the band profiles [5,59–

63].  Here we have chosen to rely on the Sadezky et al. (2005) approach for comparison with previous 

work but more importantly to focus our attention on the new features of the organic compounds that 

were not taken into account up to now. One additional peaks (D’1) at ~1270 cm-1 was also observed 

in Raman spectra of rich organic soot. This peak indicates the contribution of organic compounds 

[37,55] but its origin is still ambiguous [37,64,65]. It could arise from the merging of sub-bands 
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characteristic of the individual polyaromatic subunits [55,66]. Recently, the online Raman 

spectroscopy of aerosol soot produced by ethylene/oxygen flame at low pressure pointed out the 

existence of sp hybridization states in the 1800-2100 cm-1 spectral region [67]. This spectral region 

is well-known as the Raman fingerprint of sp hybridized carbon atoms, either with alternating triple 

and single bonds (polyyne -C≡C-) or with only double bonds (polycumulene =C=C=). Having 

spectroscopic information is clearly relevant and Raman spectroscopy is a very powerful tool to 

characterize soot chemical and structural properties of the carbonaceous structure and the organic 

compounds.  

3. Experiments 

A mini-CAST 5201C soot generator (mini-CAST Jing Ltd.) was used to produce the soot 

nanoparticles [34]. In this generator, a co-flow propane-air diffusion flame is quenched at a fixed 

height with N2 gas resulting in a gas stream containing soot particles. The quenching gas prevents the 

soot particles from further combustion and restricts further reactions in the particle stream at ambient 

air condition. Soot with various characteristics were achieved by changing the flame operating 

conditions (OP), detailed in Table 1, from small soot particles with high organic fraction (OP7) to 

larger aggregated soot particles with low organic fraction (OP1) [21,34]. From optical property and 

morphology point of view, soot produced at OP1 and OP3 are very similar, and data from the OP3-

case are not shown in this paper. When changing the settings towards higher OP by diluting the fuel 

with nitrogen, the flame temperature is reduced as well as earlier stages in the soot formation process 

are quenched [21]. 

At each OP, the sapphire windows were inserted in front of the exhaust pipe of the miniCAST soot 

generator to collect soot particles. While OP1 and OP5 soot needed 17 – 30 minutes for preparing 

each sample, OP6 and OP7 soot required 1 – 2 hours. These thin soot films were then heated at 

temperatures between ambient and 1000 oC by a LINKAM (TL1200) heating stage. A measurement 

series consisted of heating a soot sample to successively higher temperatures. After reaching each 
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elevated temperature, the sample was kept at this temperature for one minute. Then the soot was 

cooled fast to room temperature, after which the Raman measurement was performed. The soot was 

then heated to the next higher temperature. The procedure was repeated until the soot signal 

disappeared and signal background from the sapphire window appeared in the spectra. The 

temperature at which the soot films disappear are 1000 oC for OP1 soot and 800 oC for OP5, OP6 and 

OP7 soot. 

N2 continuously flowed at a rate of 50 ml/min through the LINKAM system during heating. Thus 

deposition of evaporated species from the soot on the observation window of the LINKAM could be 

avoided. In addition, in this inert atmosphere oxidizing reactions of the soot structures could be 

prevented. 

Table 1. Burning conditions and characteristics of soot at different operating points.  

OP 

Propane (Lmin-1)/oxidation 

air (Lmin-1)/N2 mixing  gas 

(Lmin-1) 

N2 

quenching 

gas 

(Lmin-1) 

Dilution 

flow 

(Lmin-1) 

OC/TC 

[34] 

(OC+PC)/TC 

[34] 

PAH/TC 

[34] 

Fringe 

length 

(nm) 

[21] 

Fringe 

tortuosity 

(nm) 

[21] 

GMD 

(nm) 

[21] 

1 0.06/1.55/0 7 0 9% 9% 0.009% 
~ 0.61 

 ± 0.02 

~1.18 

 ± 0.01 
310 

5 0.06/1.47/0.2 7 0 12% 18% 0.6% 
0.56 

 ± 0.01 

1.20 

 ± 0.02 
200 

6 0.06/1.42/0.25 7 0 32% 59% 3.9% 
0.54 

 ± 0.02 

1.21 

 ± 0.01 
130 

7 0.06/1.36/0.3 7 0 53% 87% 5.5% 
0.499 

 ± 0.01 

1.23 

 ± 0.01 
80 

OC, Organic Carbon; PC, Pyrolytic Carbon; TC, Total Carbon; PAH, Polycyclic Aromatic Hydrocarbon; GMD, 

geometric mean diameter of the aggregate size distributions. 

Raman spectra of the heat-treated soot were recorded by our homebuilt Raman spectrometer shown 

in Fig. 1. The heating device was combined with our Raman experimental setup to ensure the same 

sample probe surface and position during the measurements. An unpolarised diode laser beam at 532 

nm was directed vertically through a hole in a mirror placed at 45 degrees, and focussed using a lens 

( = 25.4 mm, f = 30 mm) to obtain a maximum power density of 6× 103 mW/mm2 at the focused 

point on the soot samples. A power density dependence of the Raman spectra was measured to make 

sure that no thermal/irradiation damage occurred in the soot structure at this excitation power. The 

backscattered photons were collimated using the same lens ( = 25.4 mm, f = 30 mm), and reflected 
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by a broadband mirror and focused onto the entrance of a round-to-linear fiber optic bundle (Thorlabs 

BFL200HS02) by a lens ( = 25.4 mm, f = 150 mm) to match the numerical aperture of the 

spectrometer. This fiber bundle contains 7 fibers arranged in a circular configuration (round) at the 

entrance and a line configuration (linear) at the end. The linear end was coupled with the slit of a 

spectrograph (IsoPlane SCT320, Princeton Inst.) connected with an ICCD camera (PI-MAX IV, 

Princeton Inst.). The spectral resolution of the setup was ~ 12 cm-1. Notice that a long wave pass edge 

filter (Thorlabs, FEL0550) and a notch filter (Thorlabs, NF533-17) were inserted in front of the 

focussing lens to cut off the elastic scattering and the anti-Stokes region. In addition, a short pass 

filter with cut-off wavelength at 650 nm was also inserted in front of the focussing lens to avoid the 

photoluminescence from the ceramic cup (Al2O3) of the LINKAM [68]. For each sample and 

temperature, 5 spectra with recording time of 7 min each were averaged for achieving satisfactory 

signal-to-noise ratio.  

4. Results and discussion 

4.1. Raman spectra of non-heat treated soot varying from poor to rich organic contents 

Figure 2a displays Raman spectra superimposed on photoluminescence signals of four non-heat 

treated soot samples named OP1, OP5, OP6 and OP7 spanning from larger particles of mature 

character to smaller soot particles of immature character[34]. In Fig. 2b the same Raman spectra are 

shown after subtracting the photoluminescence contribution using a second-order polynomial 

function [5,38,51,67,69–71] in the  spectral region from 800 cm-1 to 2320 cm-1
. From OP7 to OP1, 

the slope of the photoluminescence background decreases significantly indicating that the hydrogen 

content  (H/C atomic ratio) becomes lower [5,72,73]. The H/C ratio of soot decreases during aging in 

a flame and accompanies the soot evolution towards a more turbostratic organization [7,74]. The 

lower H/C ratio is associated with a lower number of active C-H sites and leads to a change of 

electronic structure via the increase of sp2/sp3 hybridization ratio and/or the increase of graphenic 

planar structure. This fact is consistent with the increase of soot maturity in our previous study when 
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changing conditions from OP7 to OP1 [21,34]. The photoluminescence arises from a large fraction 

of organic carbon including PAHs prevailing in such fuel-rich flames [36,71]. Particularly, while four 

aromatic ring PAHs (m/z 202) dominate in the total particulate PAH mass in OP1 soot, larger 4, 5, 

and 6 aromatic ring PAHs (m/z 226-300) are ascendant in OP5, OP6 and OP7 soot [21]. PAHs 

containing more than five aromatic rings and condensed species are known to fluoresce in the visible 

range [71,75,76]. 

The 800 - 2320 cm-1 Raman spectral region shown in Fig. 2b exhibits all common bands of soot 

summarized in the introduction and in Table 2 the observed bands for our miniCAST soot are listed. 

The first main observations are that the more mature OP1 soot mainly exhibits the common D and G 

peaks for carbonaceous material. From OP1 to OP7 soot, the spectral diversity increases, which can 

be related to a higher OC content. For increasing OP values the OC content is higher, as shown in 

Table 1. It is thus shown that the higher the OC content is, the stronger D’1 shows up. Moreover, 

some additional peaks at ~ 900 cm-1 (denoted as B band) and at ~ 1980 – 2200 cm-1 (called C band) 

also follow this trend. Such signals have not yet been reported for deposited soot. Although observed 

in previous studies (Fig. 4 in ref [51] and Fig. 1 in ref [58]), the B and C bands were not taken into 

account in their evaluations.  

Comparing to G peak area, that of B peak gives negligible contribution for OP1, and increases from 

OP5 to OP7.  The B band position is very close to the B2g mode (~ 867 cm-1) observed in the polarized 

Raman spectra of highly oriented pyrolytic graphite (HOPG) and pyrolytic graphite (PG) due to “out-

of-plane” atomic displacements [48,77,78]. As a consequence, no Raman active zone-center mode is 

expected with  the “out-of-plane” displacements, but this B2g mode becomes Raman active by change 

of crystalline point symmetry caused by the discontinuity of graphene layers [77]. Our B band position 

is also close to the B3 band position in Fig. 1b of the ref. [73] related to C-H “out of plane” bending 

vibrations of polyaromatic hydrocarbon molecules recorded in amorphous carbon layers [73,79]. It 

should be reminded that the existence of our B band is pointed out in un-polarized Raman 
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measurements and strengthens with the increase of PAH amount on the soot particle surfaces. The C-

H “out-of-plane” displacement in soot particles whose Raman spectra are similar to ours was also 

identified via infrared spectroscopy in ref. [55]. These clues thus strongly support for the vibration of 

C-H bonds of PAHs considered as the origin of the B band in our spectra. 

Being absent in the Raman spectrum of OP1, the C band emerges in the Raman spectra of OP5, OP6, 

and is pronounced in that of OP7. As mentioned in the introduction, this spectral region indicates the 

“out-of-phase” stretching mode in linear all-carbon chains [80,81], in which the cumulenic chains 

(1800-2000 cm-1) [80,82,83] were demonstrated to be less stable than the polyynic chains (~2000-

2200 cm-1) [81,84–86]. There is a very weak cumulenic chain signal observed in our spectra. The C 

peak position at ~2145 cm-1 is mostly caused by the polyynic chains probably involved in the organic 

condensed materials. The linear all-carbon sp linkages sometimes occur in organic molecules [87] 

and the polyyne chains are quite stable in air at room temperature [83]. Ravagnan et al. reported that 

N2 does not chemically interact with the sp chains whereas oxygen reacts with the carbynoids species 

causing their fast and almost complete destruction [85]. This argument may explain the absence of sp 

bonds in the Raman spectroscopic study by Ess et al. [37], where there soot samples were studied in 

a flow of air during heating. 

In the 1000 – 1300 cm-1 spectral region of rich organic soot, D4 (~1180 cm-1) and D’1 (~1270 cm-1) 

peaks are often mentioned [37,38,55,64,88,89]. However, the existence of a peak at 1060 cm-1 in 

previous studies, such as Fig. 2 in ref [89], Fig. 5 in ref [88], Fig. 7 in ref [37], and Fig. 2a in ref [64], 

has not been explained yet. Two peaks at 1060 and 1750 cm-1 are observable in the OP6 and OP7 

Raman spectra, which presumably originate from the stretch vibrations in oxygen involving C-O-C 

ether bonds and carbonyl C=O [55,64]. While C-O-C peak appears for all OP cases, the C=O peak is 

only observable in OP6 and OP7 soot. The oxygenated groups are located in the organic compounds 

according to the later presented analysis of our data. These Raman features were observed by Liu et 

al. [64], in which the stretching vibrations of C-O groups and carbonyl groups originates from lactone, 
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anhydride and ketone species formed via ozonization reactions of soot. It is interesting that our 

oxygenated hydrocarbon observation is highly consistent with Johansson et al. [90], in which most 

oxygenated species seen in their flames were furans (an ether in a 5-membered ring) and that C-OH 

was the furan precursor [90]. Through the computational and experimental approaches, they 

discovered that oxygen addition to PAHs occurs mainly via reactions with OH and O2 and be integral 

to the molecular-growth pathways leading to soot formation as well as to OC coating of soot particles 

in the combustor and in the atmosphere [90]. Last but not least, these oxygen functional groups also 

can be formed spontaneously at the surface of soot by exposure to the atmosphere [91] during the 

sampling process. 

Table 2: Summary of the first order Raman spectral indicators for mini-CAST soot 

Position (cm-1) Peak Origins References 

870 - 900 B C-H “out of plane” bending vibrations of polyaromatic 

hydrocarbon molecules recorded in amorphous carbon 

layers 

[73,79] 

1060 Ether 

(C-O-C) 

Oxygenated hydrocarbon species  - Stretching vibration 

of ether group (C-O-C) 

[64,90] 

~ 1180 D4 sp3 and intermediate sp2-sp3 hybridization states of 

carbon atoms or C-C and C=C stretch vibrations of 

polyene-like structures 

[38,56–58] 

~ 1270 D’1 Could be the merging of sub-bands characteristic of 

individual polyaromatic subunits in organic compounds 

[55,64,65,92] 

~ 1350 D1 Breathing mode of A1g in a graphitic lattice vibration [44,47,48] 

1500 D3 Amorphous carbon (a complex mixture of sp2 and sp3 

bonded carbon atoms) 

[38,45,51,53] 

1590 - 1625 G C=C stretching modes of either aromatic rings or 

olefinic chains 

[43,93] 

1750 Carbonyl 

(C=O) 

Oxygenated hydrocarbon species - Stretching vibration 

of carbonyl group (C=O) 

[64,90] 

1800 - 2000 
C1 sp hybridization state: Polycumulene (=C=C=) 

[67,80,82,83] 

2000 - 2200 C2 sp hybridization state: Polyyne (-C≡C-) [67,81,84–86] 

The fitting model for spectral deconvolution 
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We proposed a fitting protocol for the spectral deconvolution based on the above discussion. Figure 

3 shows the spectral deconvolution applied to non-heat treated OP6 soot.  The model is based on 

Sadezky’s model [51] (4 Lorentzian (L) and one Gaussian (G) bands) with addition of one Lorentzian 

band (D’1) at 1240 cm-1, and 5 Gaussian bands at 870 cm-1 (B band), 1060 cm-1 (C-O-C band), 1750 

cm-1 (C=O band), 2050 cm-1 (C1), and 2145 cm-1 (C2).   It should be taken into account that G and D2 

peaks were well fitted by one Breit-Wigner-Fano (BWF) peak instead of separating into G and D2 

peaks. Previous studies have also put in evidence the arbitrary nature and the difficulties in separating 

G and D2 peaks [5,59,60,94].  Therefore, the effort to decompose D2 from G peak in our samples is 

unproductive. A single peak was then substituted, in which asymmetric BWF line shape is selected 

because of its better goodness-of-fit (larger aR2) and the closer position of fitted G peak to the band 

maximum of the G peak from the spectra. This BWF function provides an effective representation of 

the asymmetric broadening of the G peak [5,46]. In summary, the fitting model used in this work is a 

combination of three Lorentzian peaks (D4, D’1, D1), 1 BWF (G+D2) and 6 Gaussian peaks (B, C-O, 

D3, C=O, C1 and C2) as presented in Fig. 3. The positions of D4, D’1, D3, and the ether and carbonyl 

bands are fixed at 1180, 1245, 1500, 1060 and 1750 cm-1, respectively. More details of the 

deconvolution treatment are clarified in the supplementary material. Notice that in the rest of the 

paper, the term G is used to refer to the combination peak of G and D2 peaks. 

4.2. The internal structural evolution of soot heated in N2 environment 

Raman spectroscopy of soot from heat treatment in N2 gas allows us to study soot structural changes 

and volatility of organic compounds without oxidation processes. The first column of Fig. 4 shows 

the spectral evolution of the four soot samples heat-treated in N2 from ambient temperature to the 

temperature at which their Raman spectra of soot vanishes. As an insert in each of these graphs, a 

photo of the sampled soot for each case is shown before heat treatment. It clearly shows that OP1 

soot has a black colour, whereas the colour turns more brownish for OP5, OP6, and especially OP7 

soot. In Fig. 4, the Raman and photoluminescence signals evaluated in the range of 800 – 2320 cm-1 
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are shown. It should be recalled that the photoluminescence background is subtracted from the 

observed signal with a second order polynomial function. Figure 5 compares the Raman spectral 

variation of non-heat treated soot and heat-treated soot at 600 oC for the four OP cases, and 

deconvolution of the data in Fig. 4 leads to the results in Fig. 6.  This figure shows, as discussed later, 

the disappearance of non-aromatic vibrational bands as a function of temperature. There is a clear 

correlation of the decrease of photoluminescence signal with increasing heating temperature shown 

in Fig. 4 and the disappearance of B, C, D1’ and oygenated groups in Fig. 5 and Fig. 6. The existence 

of “out-of-plane” C-H, hybridized bond chains, polyaromatic subunits and oxygenated groups may 

thus mainly originate from organic compounds and within the cross linkages between polyaromatic 

units [49]. 

Organic compound reduction by heat treatment 

The photoluminescence intensity from OP5, OP6 and OP7 soot shows a decrease with increasing 

heating temperature. For the soot rich in organics, the vaporization/transformation of OC by 

increasing the heating temperature decreases the photoluminescence intensity. For OP1 soot, which 

contains the lowest amount of organic compounds, an increase of the background is observed. On the 

one hand, this upward trend is contributed by the increase of signals from the sapphire window 

indicated by the increase of the sapphire sharp peaks at 749 and 892 cm-1. On the other hand, the 

photoluminescence of OP1 soot also slightly increases which could trace a decreasing defect density 

with heat treatment that favour radiative relaxation [95]. 

In Fig. 4, the black spectrum in the upper panel shows a spectrum from the sapphire window after 

heat treatment. The Raman signals were gradually lost when heating the samples to elevated 

temperatures and signals from the sapphire substrate showed up instead. This occurred at around 1000 

°C for OP1 and 800 °C for OP5-7. Visual inspection of the sapphire windows after this heating 

process showed absence of the soot film. At least a partial explanation could be that oxidized surface 

groups such as carbonyl groups act as active sites for the oxidative dehydrogenation and are thermally 
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decomposed releasing CO and/or CO2 and in some cases H2O and H2 [91]. In Matuschek et al.’s study 

[96], a thermal desorption of soot accounts for more than 10% of the particle mass up to 800 oC. The 

experimental condition consisting of a small nitrogen flow at atmospheric pressure could also 

influence on the disappearance of the soot because no equilibrium condition is maintained between 

the particle surface and the surrounding gas. These reasons would help to explain the soot 

disappearance in the heating treatment at the observed temperatures. 

The decrease of AD4/AG in Fig. 6a indicates the decrease of defects such as non-hexagonal rings or 

vacancies within the polyaromatic units or cross-linkage between the polyaromatic units and carbon 

chains. Smaller values of the AD4/AG ratio also corresponds to a higher level of aromatisation and 

higher concentration of sp2 hybridized carbon atoms [20] in the higher-heat-treated samples. This 

finding is consistent with the decrease of AD4/AG observed by Saffaripour et al. 2017 [38]. The defect 

and disorder reduction vs. heating temperature are also evidenced for OP6 and OP7 in Fig. 5, and Fig. 

10 where full widths at half maximum of D and G peaks are narrower. In particular, while the D peak 

decreases approximately 120 cm-1, the width of G peak diminishes about 15 - 20 cm-1. The narrower 

of D and G peaks is due to the instability vs. the heat treatment of shoulder peaks such as D4 and D’1 

and carbonyl groups indicated in Figs. 6 a, b, e. 

Following our explanation in subsection 4.1, the vibration of C-H bonds of PAHs is considered as the 

origin of the B band in our spectra. We suspect that C-H “out-of-plane” bending modes originate from 

PAH consisting of mono-substituted groups and ortho-substitution of that PAH [97]. In Fig. 6 c, the 

B peak slightly decreases up to 200 oC and then rapidly drops and nearly disappears at 350 – 400 oC 

which confirms the removal of C-H bonds from the PAH. The aromatic C-H stretching bond is much 

stronger than other types of substitution which leads to their disappearance at higher temperature. 

It is undeniable that OP6, OP7 soot highly contains matrix-bonded organics of various kinds; however, 

it is difficult to know whether all the detected organic species in our samples are actually internally 

included in the soot structure during its formation or are externally condensable, semi-volatile 



 
 

15 
 

molecular species emitted in the gas phase by the miniCAST and then stuck on the sapphire windows 

alongside the solid core particles. Most of organic compounds including PAH have their melting 

temperatures around few tens to approximately 200 oC [98,99]. As a consequence of their independent 

existences in flame by-products, they are expected to transform around their melting points. Indeed, 

in Fig. 4, the photoluminescence signals start declining at 70 – 200 oC and then at 350 – 400 oC, both 

Raman and photoluminescence signals significantly decrease. The first observed declination could 

come from the transformation of condensed low / semi volatility organics coated / condensed on the 

particles [100]. The rather high evaporation / transformation temperature at around 350 – 400 oC of 

the refractory organic carbon components indicates that they are incorporated into and part of the 

internal soot carbon nanostructures. These results are consistent with our previous studies using 

aerosol mass spectroscopy [21]. 

Thermal effect on polyaromatic units 

Our HRTEM observations on untreated soot pointed out that the primary soot particles contain small 

geometric mean fringe lengths varying from 0.50 to 0.61 nm [21]. For such small fringe lengths, the 

D peak strength is proportional to the probability of finding a sixfold ring in the polyaromatic unit, 

that is corresponding to this unit area [45]. Hence, the polyaromatic unit mean size or the crystallite 

size La [Å] can be estimated by the Ferrari-Robertson relationship [45]: 

 
I𝐷

I𝐺
= C′(λ)𝐿a

2 (1) 

where ID/IG is the intensity ratio of D and G peaks which is proportional to the number and clustering 

of rings [45]. C’(𝜆) is excitation-wavelength-dependent and C’(532 nm) ≈ 0.0063 [45,101]. 

It is not established whether the ID/IG ratio should be the ratio of the peak heights or peak areas [45]. 

In Fig. 7, whatever area ratio of D and G peaks or intensity ratio from non-fitted data or fitted data is 

used, the ID/IG ratio is quadratic functions of the fringe length, Lfringe, of soot particles obtained by 

HRTEM, as expected from Eq. 1. However, the area and intensity ratios of the non-fitted D and G 
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peaks are strongly affected by D1’, D4, ether and carbonyl bands originating from the OC, their ratios 

thus could not reflect only the polyaromatic unit of graphitic structures. As a result of the D peak 

being more affected by the OC than the G peak, the non-fitted peak ratios have been found to be 

higher than the fitted peak ratio. The intensity ratio of the fitted D1 and G peaks is thus selected as a 

representative of ID/IG ratio avoiding the OC influences. 

A correlation of the polyaromatic unit size, as deduced from Eq. 1, and fringe lengths is displayed in 

Fig. 8, where La is found to be twice as large as than the fringe lengths extracted from the HRTEM 

image analysis. This discrepancy may originate either from the applicability of Ferrari-Robertson 

relation which stated the proportionality of ID/IG
 to the number of ordered rings [19] or from the 

tortuosity/curvature of the fringe in HRTEM measurements [20]. Besides aromatic rings, our soot 

samples with high OC fraction (OP5-OP7) exhibit a contribution of olefinic chains that will be 

explained in Fig. 10. They thus conflict with the requirement of Ferrari-Robertson formula. In 

addition, due to potential bias, the fringe length was extracted from HRTEM could be shorter than a 

real length although three different HRTEM images of each samples were used to reduce the 

uncertainty. 

Figure 9 shows different trends for soot exposed to the heating to elevated temperatures. In OP1 soot, 

the ID1/IG ratio is observed to be relatively constant in the whole temperature range indicating a 

negligible thermal effect on the structure. For the rich organic soot (OP5-7), two trends are observed 

with increasing temperature. First, a decline of the ID1/IG ratio can be observed from 25 oC up to a 

few hundred degrees. It may originate from the evaporation of the OC volatile component and 

cyclisation for increasing temperatures below 400°C which are also indicated by the narrower width 

of G peak in Fig. 10. Above 400 oC where the ID1/IG
 increases with increasing temperature, 

corresponds to the carbonization domain (removal of the heteroatom, here O and H) with concomitant 

formation of polyaromatic domain.   

4.3. Evolution of the Raman band intensities 
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Raman band intensities for the different OPs 

Under the same experimental conditions, the observed Raman signal S is affected by the scatterer 

density, the differential Raman cross section and the mass absorption coefficient [102–104]. Although 

no exact value could be determined, it is clear that the number of C atoms (the scatterers) at the same 

probe volume is lower for the higher OP because the miniCAST soot mass density decreases with 

increasing OC content [35]. On the one hand, the probe volume of the excitation laser becomes higher 

for higher OPs because the mass absorption coefficient decreases with the OC content. In Fig. 4, the 

observed Raman signals (S) of non heat-treated samples from OP1 to OP7 follows an upward trend 

with 1.25×107, 2.5×107, 5.0×107, and 8.0×107 count/s, respectively. We observed that the increase 

of Raman signal for higher OPs quantitatively follows the OC/TC content in the soot. However, 

densities and mass absorption coefficients differences could not explain the large variation and the 

increase is probably due to a modification of the Raman efficiency due to the OC. In particular, it 

could be the result of a “lensing effect” because of soot absorption enhancement due to internal 

mixing with / coated by other chemical species such as OC [105–108] or the presence of absorbing 

organic species either internally or externally mixed with the particles [105,109]. Additional work 

should be performed to investigate this carefully. 

Heat treatment dependence 

The heating process also influences the Raman band intensities of soot as seen with the changes of 

the observed Raman signal S in Fig. 4. While S of OP1 soot increases as a function of the temperature, 

that of OP5, 6 and 7 soot starts with a stable trend followed by an attenuation. The former may 

originate from the structural reorganisation of the sp2 aromatic carbons with temperature increase 

since the Raman spectral contribution from OC in such sample is negligible. The latter is more 

probably a result of the competition between the reorganisation of the sp2 phase and the 

evaporation/transformation of OC including PAHs during carbonization. 

In Fig. 10, unlike non heat-treated OP1 soot whose G peak position is at 1600 cm-1, the G peak 
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position of non heat-treated OP5-OP7 soot reaches values higher than 1600 cm-1. This feature of OP1 

soot is consistent with a material with only sp2 rings and no olefinic chains [46] while that of OP5-

OP7 soot indicates the olefinic chains contribution beside of the aromatic rings. When the heat 

treatment temperature increase, the G peak position of OP1 soot increases continuously while the 

FWHM has a rather constant value. This evolution is concomitant with the evolution of the band 

intensities (Fig. 4) which traces the carbonization process. For the other soot samples, the G band 

position is rather constant within the uncertainties. The relative increase of G band intensity together 

with its position in OP1 soot may trace formation of the olefinic chains caused by the heat treatment. 

However, additional studies, for instances exploring the band gap evolution, would be necessary to 

conclude on that. 

Conclusions 

This paper presents a spectral analysis of Raman and photoluminescence signals from various soot 

types produced by a mini-CAST soot generator, and also how these characteristic features changes 

as a result of heating in an inert nitrogen atmosphere. The study includes four different soot types 

from black aggregated soot with low organic fraction (OP1) to brownish smaller soot particles with 

high organic fraction (OP7). The main contributions from the present Raman spectroscopic study are: 

- During heat treatment of the soot to elevated temperatures, we observe a strong decrease of 

the broadband photoluminescence as well as of the characteristic Raman peaks related to the 

organic compounds. 

- The appearance of peaks related to C-H “out-of-plane” bending motions and sp hybridization 

showing thermal instability has been discussed for the first time for deposited soot. They 

clearly reveal in soot rich in OC and can be associated to species formed during the early soot 

formation processes. 

- Contribution of ether and carbonyl oxygenated bonds could be detected, thereby providing a 

chemical speciation of the oxygenated groups in the organic compounds. 
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- Raman band intensity dependence on the OC content was discussed, and it was found to 

increase for the OP cases with higher OC content.  

Our experiments were repeated many times producing the same results. The main uncertainty of this 

study comes from the data treatment, particularly the difficulty of photoluminescence subtraction on 

the rich OC soot (OP7). The uncertainty assessment of the photoluminescence subtraction in Raman 

spectral studies on “immature” / young / rich OC soot should be carried out in the future. Further 

work involving oxidation processes is required to better understand the reactivity of PAH and organic 

compounds in soot particles. In addition, a combination with other techniques such as infra-red and 

visible-UV spectroscopies for studying annealing effects is also necessary to better understand the 

transformation of OC in rich organic soot. 
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Fig. 1: Scheme of the home-built Raman experimental setup. Ф is diameter, f is focal length. 
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Fig. 2: Spectra of non-heat-treated OP1, OP5, OP6 and OP7 soot in N2 environment before (a) and 

after (b) photoluminescence subtraction. Spectra are shifted vertically for clarity. Horizontal dash-

lines show the zero level of each spectrum. 
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Fig. 3: Raman spectral deconvolutions of non-heat treated OP6 soot. 
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  Fig. 4: Spectral evolution (the 1st column) and observed Raman and photoluminescence (PL) 

signals (the 2nd column) of OP1, OP5, OP6 and OP7 soot samples vs. heat treatment temperature 

(HTT) in N2 environment. *peaks arise from the sapphire substrate because of the lower covering 

of the sapphire plate. 
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Fig. 5: G peak normalized Raman spectra of OP1, OP5, OP6, and OP7 at 25 oC and at 600 oC. 
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Fig. 6: The evolution of D4
 (a), D’1 (b), B (c), sp (d), ether and carbonyl bonds (d) vs. heat 

treatment temperature (HTT).  
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Fig. 7: Correlation of Height and Area ratios of D and G peaks in Raman spectra with the fringe 

lengths obtained by HRTEM [21] of non heat-treated soot. I indicates peak intensity. 
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Fig. 8: Correlation of La obtained from Raman spectra and fringe length from HRTEM [21]. 
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Fig. 9: The evolution of ID1/IG ratio in Raman spectra of the miniCAST soot vs. heat treatment 

temperature (HTT). 
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Fig. 10:  Positions and FWHM of G peak as a function of HTT 

 


