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Abstract
Conventional analytical methods such as 1H NMR, vapor pressure osmometry (VPO) and elemental analysis were used to characterize the soot precursor material represented by the chloroform extractable fractions of the young soot gathered at diﬀerent heights
of an ethylene inverse diﬀusion ﬂame in terms of average structural parameters. The results indicate that the soot soluble fraction
obtained at a 6 mm height has a relatively large molecular weight and has long aliphatic chains which later disappear with an increase
in height above the burner base, especially in the region where the temperature is high (1200 K). This behavior is also accompanied by an
increase in the aromaticity (fa) of the samples.
Ó 2006 Elsevier Ltd. All rights reserved.
Keywords: Soot; Nuclear magnetic resonance; Average structural parameters

1. Introduction
Soot formation during the incomplete combustion of
hydrocarbons is an issue of practical importance. It
demands a molecular-level understanding of soot forming
processes and products of high molecular weight in order
to develop new strategies that allow for control of emissions of particulate matter into the environment. Soot
formation is a very complex phenomenon involving
homogeneous and heterogeneous processes as well as competition among formation, oxidation and bond scission
reactions [1–5]. Although the process of soot evolution
has been investigated both experimentally and theoretically
in many studies [1–22], there are still some questions that
need to be addressed regarding the chemical structure of
the diﬀerent compounds formed in the ﬂame, particularly
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during the early stages of soot formation that is commonly
known as the soot inception stage.
The soot inception process has been the target of several
research studies [3,5–9]. Nevertheless, the investigation in
this area has been relatively limited in comparison with
the studies that describe the global process of soot formation. With regard to intermediate products of soot particle
formation, studies on reaction pathways and kinetics of
PAH formation have made great progress [4,8]; however,
the precursor particles resulting from PAH growth are still
under study.
Previous studies performed in normal diﬀusion ﬂames
(NDF) identiﬁed the presence of soot precursor particles
in combustion systems, using thermophoretic particle
deposition on a cooled target that was placed by rapid
insertion into the centerline of the ﬂame [11–13]. However,
the results of these studies were just limited to transmission
electron microscopy (TEM) and laser microprobe mass
spectrometry (LMMS) analyses, due to the small amount
of sample that could be collected from the centerline of
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the ﬂame. Although these results made a signiﬁcant contribution to understanding the chemistry and morphology of
soot precursor particles, it is still a problem to collect a
large amount of this material. In addition, one disadvantages of the LMMS technique is that it fails to detect aliphatic hydrocarbons and light aromatic compounds that
are evaporated into the vacuum to which a sample is
exposed [11–13]. Therefore, to overcome this diﬃculty, a
new ﬂame conﬁguration was needed.
The inverse diﬀusion ﬂame (IDF) appears to be a good
alternative for studying the chemistry of the early stages of
the soot formation process for the following reasons. The
combustion products formed in the fuel side never enter
to the oxidation zone and escape unoxidized from the
ﬂame[6,7,13–19] and the soot obtained in an IDF conﬁguration is younger in nature and can be collected from the
surroundings without the need to invade the ﬂame with
the sampling probe. In addition, soot collected from this
type of ﬂame possesses the characteristic of relatively high
solubility in chloroform (more than 50%, depending on the
sampling position), which allows use of a great variety of
analytical techniques [7,19].
It has been shown that the soot inception process occurs
through coagulation reactions of large polycyclic aromatic
hydrocarbons (PAHs) [2,4,6,8,9]. It is also recognized that
the growth mechanism of the primary particles occurs
through carbon addition reactions (mainly C2) from the
gaseous phase to the particle surface with later H2 production. This process is currently described in a mechanistic
model termed HACA (hydrogen abstraction acetylene
addition) [2]. However, very little is known about the
chemical structure of these compounds. In particular, the
role is not clearly known for both the aliphatic component
constituted by more than two carbon atoms and the oxygenated species observed in the condensed phase during
the soot inception and growth processes [19,25,33].
In a study published by Ciajolo et al. [20,21], the soot
extractable material obtained in the soot inception region
of an ethylene premixed ﬂame was chemically characterized
using UV–vis and FT-IR analyses, and the results indicated
that the extractable fraction of the soot demonstrated not
only aromatic but also aliphatic characteristics, and these
characteristics were observed both before and after the soot
inception point. For example, at low ﬂame positions just
below the soot inception point, a signiﬁcant contribution
of aromatic hydrogen was observed and reached its maximum value at the inception point. However, after this
point, the aromatic hydrogen contribution decreases, while
the aliphatic hydrogen content due to both CH2 and CH3
groups were much more signiﬁcant.
A quantitative analysis done by the same group using
FT-IR indicated that for each CH3 group there are at least
ﬁve CH2 groups present in the extractable material species
[21]. Similar results were obtained by Oktem et al. [22],
using mass spectrometry. The results indicated that the aliphatic component present in the semivolatile material has
an important contribution in the soot growth process just
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after soot inception, or once the ﬁrst particles have been
formed.
Recently, in a study carried out in our laboratory using
an ethylene inverse diﬀusion ﬂame, an interesting trend was
found along the ﬂame that is opposite to the one observed
in the premixed ﬂames reported by Ciajolo and Oktem [19–
22]. Our results [19] showed that the extractable material of
soot obtained at low ﬂame positions presented a signiﬁcant
content of aliphatic structures, which started disappearing
as height above the burner increased as result of bond scission and cyclization reactions, and lead to the formation of
more compact molecules with high aromatic character.
Although the trends in the results of our study were
opposite to those reported in premixed ﬂames, these results
should be viewed as complementary given that the diﬀerences between soot formation in premixed ﬂames, and IDFs
lies in the time–temperature history and the spatial separation for the carbonization and oxidation processes. Therefore, it is expected that the intermediate hydrocarbons
and soot produced in this ﬂame should have a diﬀerent evolution history as a function of height above the burner, as
compared to a premixed ﬂame. Although this information
is very useful, a detailed description is still lacking of the
chemical structure of the diﬀerent compounds present in
the extractable material of young soot.
In general, the soot soluble fraction in solvents is, as well
as the soluble fractions of oil and coal, a complex mixture of
hydrocarbons. Currently, several spectroscopic and separation techniques have been used to characterize those mixtures (mainly from oil and coal) in order to obtain a more
detailed structural proﬁle [23,24,26–32]. In particular, the
proton and carbon nuclear magnetic resonance techniques
have been useful to determine the structural skeleton of several fossil fuels [23–32]. Nevertheless, neither the NMR spectra, nor other spectroscopic and analytical data provides
enough information to completely delineate the individual
components of a mixture. Therefore, due to this complexity,
and the necessity to represent the composition of these fractions in a systematic way, the concept of ‘‘average structure’’
has arisen. These structures are generally based on nuclear
magnetic resonance information combined with elemental
analysis and molecular weight [23,24,28]. The intent of this
approach is to characterize a soluble fraction in a particular
solvent using average structural parameters that later can be
used to outline the possible average chemical structures.
Although this type of analysis has been routinely used to
characterize liquid oil and coal liquid fractions [23–32], to
the knowledge of the authors it has not been used to characterize the soot precursor material that is soluble in solvents. Therefore, the purpose of this study is to obtain
chemical structure information of extractable material of
soot gathered from an ethylene inverse diﬀusion ﬂame
through average structural parameters such as aliphatic
chain length, number of fused aromatic rings, and number
of substituents per aromatic cluster, etc., using conventional analytical techniques such as 1H NMR, vapor pressure osmometry (VPO) and elemental analysis.
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2. Experimental

2.2. Flame temperature

2.1. Burner and sampling probe

The temperature proﬁle at the ﬂame sampling position
was measured using an R type thermocouple (Pt–Pt 13%
Rh, with 75 lm wire and with a bead diameter of about
150 lm), which was placed into the ﬂame by a rapid insertion technique in order to reduce the thermocouple exposure time in sooting ﬂame regions. The temperature
information was recorded using a Labjack data acquisition
system connected in line with an EI-1040 ampliﬁer that
provides high impedance and high gain. Radiation corrections due to heat losses were performed for the thermocouple readings in all the experiments.

The inverse diﬀusion ﬂame burner (IDF) has been
described in detail elsewhere [19]; however, this paper presents a brief description of the experimental setup (see
Fig. 1). The burner consists of three concentric brass tubes:
a central tube or air jet (11 mm); an intermediate tube
(38 mm) used for supplying the fuel (ethylene), and an
outer tube for a N2 stream (75 mm) that is used as a shield
to prevent the formation of ﬂames with the room air. The
ﬂow conditions for the gaseous streams were 27, 117 and
289 cm3/s for the air, fuel, and N2, respectively, and the visible ﬂame height which was established from the burner
mouth to the ﬂame visible tip was kept at 60 mm in all
experiments.
Soot samples were taken at diﬀerent heights (6, 15, 25,
30, 35, 45 mm and exhaust) along the lateral axis of an ethylene inverse diﬀusion ﬂame using a 10 cm long stainless
steel probe with a 1 mm I.D. capillary tip. Potential catalytic eﬀects of the stainless steel probe were evaluated by
comparison against samples taken with a quartz probe,
and catalytic eﬀects were found to be negligible. The stainless steel probe was thus used for experimental convenience.
The sampling probe was connected to a vacuum system
in line with both a teﬂon ﬁlter and a cold trap used to
gather the particulate matter and volatile compounds,
respectively. The soot samples were subjected to extraction
with chloroform in an ultrasonic bath for 15 min. Then, the
solvent was evaporated in an inert atmosphere at room
temperature and the extracts obtained were stored for later
characterization.

2.3. 1H NMR analysis
1

H NMR spectra were carried out on the chloroform
extractable material of soot samples collected in the ﬁlter.
For the 1H NMR experiments, the extracts were re-dissolved in CDCl3 containing a trace amount of tetramethylsilane (TMS), which was used as an internal chemical
shift reference. All spectra were taken in a Bruker AMX
300 spectrometer equipped with a 5 mm inner diameter
tube and operated at a frequency of 300 MHz.
Before starting the analysis, the spectra obtained were
corrected for phase and baseline and then each of them
was separated into seven typical regions that correspond
to seven diﬀerent protons (Hc, Hb1, Hb2, Ha, Hf, Ho and
Ha) according to their position in the molecule. Later, each
spectrum was integrated within the indicated regions. See
the corresponding 1H NMR assignments in Refs. [19,29].
2.4. VPO measurements
Average molecular weight data of the extractable material of soot generated in the ﬂame was determined by vapor
pressure osmometry (VPO) in a Knauer osmometer using
chloroform as solvent and benzyl as calibration standard.
All measurements were carried out using sample and standard solutions of 1 g/kg and 0.00 5 mol/kg, respectively.
Then, the average molecular weight (MW) was obtained
from the Kcal/Ks ratio, where Kcal is the benzyl calibration
constant expressed in kg/mol and Ks is the sample constant, which is expressed in kg/g. The minimum molecular
weight that can be determined by this technique using
organic solvents is about 40 g/mol.
2.5. Elemental analysis
The elemental analysis of the samples was carried out by
the conventional combustion method using a Perkin–Elmer
CHN analyzer. Oxygen content was obtained by diﬀerence.
3. Average structural parameters calculations

Fig. 1. Schematic representation of the IDF burner.

Some of the ﬁrst studies that used 1H NMR analysis to
obtain average structural parameters in complex mixture of

A. Santamarı́a et al. / Fuel 86 (2007) 1908–1917

hydrocarbons were published by William [31] and Brown
and Ladner [32]. In these studies the authors reported a
set of structural parameters such as aromaticity (fa), substitution degree (r), branching index (BI), and aromatic condensation index, which were used to describe some heavy
oil fractions. Years later, Clutter et al. [24] extended the
model implemented by the former authors by introducing
13
C NMR analysis in the interpretation of their results.
Although nowadays there are much more precise models
to describe complex mixtures of hydrocarbons, they are
also much more complex and diﬃcult to apply. Also, it is
necessary to have a broad knowledge of the chemical composition of the sample [26,27].
Most of the parameters evaluated in the classic methods
are generally extracted from hypothetical structural models
and they present a simple calculation method that leads to
a direct and rational interpretation of the results, which in
turn present a signiﬁcant semi-quantitative content [24,30–
32]. Therefore, some parameters evaluated in previous
works were modiﬁed and incorporated into our calculation
model. These parameters were used to characterize the
extractable material of soot obtained in an ethylene inverse
diﬀusion ﬂame and they are described in Table 1.
The equations used to calculate the average structural
parameters are summarized in the Table 2. The variables
H c ; H b1 ; H b2 ; H a ; H f ; H o and H a , correspond to the molar
fraction of the normalized integrals of the diﬀerent types
of hydrogen identiﬁed in the 1H NMR spectra; whereas,
the variables C  ; H  ; O ; OE , and Oq correspond to the
molar fraction of carbon, hydrogen and total oxygen coming directly from elemental analysis. Note that the total
oxygen content was divided in two components labeled
with the letters q and E, which were assigned to benzoqui-

Table 1
Average structural parameter deﬁnitions
C*
H*
O*
MW
fa
fal
fa,(f)
faHa
fo
fq
%Ci
#Ci
#Oi

#C Sa
ðC=HÞal
L
Ra

Molar fraction of carbons obtained by elemental analysis
Molar fraction of hydrogen obtained by elemental analysis
Molar fraction of oxygen obtained by elemental analysis
Average molecular weight of the samples
Fraction of carbons which are aromatic
Fraction of carbons which are aliphatic
Fraction of a and (f) ﬂuorene type carbons attached to aromatic
rings
Fraction of aromatic carbons substituted by aromatic hydrogen
Fraction of carbon in oleﬁnic groups
Fraction of carbon in carbonyl groups
Weight fraction of Ci carbon, with i = a, al, a, f . . .
Average number of Ci carbons per average structural unit, with
i = a, al, a, f . . .
Average number of oxygen present in carbonyl groups (i = q)
and ether groups (i = E). This calculation is based on elemental
analysis only
Average number of aromatic carbons substituted by alkyl and
oxygenated groups
C/H molar ratio in aliphatic groups
Chain length number per average structural unit
Number of fused aromatic rings per average structural unit
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Table 2
Average structural parameter equations
½C  ð0:33H c þ0:4H b1 þ0:5ðH b2 þH a þH f ÞþH o þC q Þ
C
½ð0:33H c þ0:4H b1 þ0:5ðH b2 þH a þH f ÞÞ
fal ¼
C
½0:5H a;ðfÞ 
fa;ðfÞ ¼ C 

faHa ¼ HCa

H
fo ¼ C o
C
O
fq ¼ Cq ¼ Cq

1

%Ci = fi(%C) i = a, al, a, f . . .
#Ci = (%Ci)MW/1200 i = a, al, a, f . . .
#Oi = (%Oi)MW/1600 i = q, E

½ð0:33H c þ0:4H b1 þ0:5ðH b2 þH a þH f ÞÞ H 
C 
H al ¼
C
ðH c þH b1 þH b2 þH a þH f Þ
L ¼ ð#C al  #C f Þ=#C a
Ra ¼ 1 þ ð#C a  #C sa Þ=2

7
8
9

fa ¼

2
3
4
5
6

10
11
12

none–carbonyl and ether groups according to FT-IR analysis in Refs. [19,34,35].
In the derivation of the equations used in this study, several assumptions must be taken into account to determine
these parameters. First, the alkyl and oxygenated groups
present in the sample are attached directly to aromatic
rings. Second, the aliphatic groups are mainly linear aliphatic chains, where the C/H = 0.33 ratio in c position
comes mainly from CH3 groups; whereas, the C/H = 0.4
ratio in b1 position is an average value between CH2 and
CH3 groups, respectively. In the remaining positions (a,
b2, y, f) a C/H ratio of 0.5 is assumed. Nevertheless, this
assumption breaks down when the branching degree of
the aliphatic chains among samples increases. And third,
the total oxygen content obtained by elemental analysis is
assumed to be mainly distributed into two oxygenated species (carbonyl and ether type), and this observation has
been previously corroborated in our laboratory by FT-IR
analysis [19]. Some other authors have also identiﬁed the
presence of oxygenated species in soot extracts coming
from several sources using diﬀerent analytical techniques.
These results indicated that at least 50% of the total oxygen
content is present in benzoquinone type carbonyl groups
[34,35].

4. Results and discussion
One of the most important factors to keep in mind in a
discussion about chemical transformations in combustion
processes is the temperature. Fig. 2 shows the temperature
proﬁle at the sampling position that we are evaluating in
this study, which is located along the lateral axis (6 mm
from the centerline) of an ethylene inverse diﬀusion ﬂame.
Note that the temperature peak reached at about a 15 mm
height does not surpass 1380 K. Prior to this point, the
temperature is high, particularly close to the burner surface
(1200 K), and then increases gradually until it reaches the
maximum temperature peak. After passing this point, the
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Fig. 2. Temperature proﬁle of an ethylene inverse diﬀusion ﬂame at the
sampling position (6 mm from the centerline).

temperature decreases rapidly up to 800 K just at the ﬂame
tip.
The sampling temperature of the inverse diﬀusion ﬂame
evaluated in our study is relatively high, as shown in Fig. 2,
but not as high as the temperatures found at the centerline
of premixed and normal diﬀusion ﬂames. Thus, it is
expected that the global oxidation–carbonization process
experienced by the soot particles in an inverse diﬀusion
ﬂame should be less drastic as compared to its counterpart,
since the time–temperature history for these processes is
diﬀerent. It is important, however, to highlight that the
thermal decomposition taking place along the lateral axis
of an inverse diﬀusion ﬂame is reﬂected in a signiﬁcant
reduction of hydrogen content followed by an increase in
the degree of aromatization of the samples as a function
of height as was observed in our previous paper [19]. This
observation implies that bond scissions, cyclization, and
isomerization reactions among the chemical species formed
in the ﬂame can be favored, particularly, during the ﬁrst
40 mm, where the temperature is suﬃciently high.
The increment in the degree of aromaticity mentioned
previously is also reﬂected in the low solubility of the samples in chloroform observed as a function of height. Fig. 3
shows the weight percentage variation of soot extractable
material as a function of height. It is observed that at positions closer to the burner face, the amount of extractable
material increases. For instance, the sample taken at
6 mm is about a 95% extractable in chloroform, with the
remaining 5% of the sample corresponding to a carbonaceous solid material which is highly condensed and insoluble in chloroform. At this point in the ﬂame we have
gaseous species, which are not the object of the present
work, plus a tarry material identiﬁed as a precursor to soot
particles. The carbonaceous particles themselves are just
forming at this point (possibly earlier), but their concentra-
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Fig. 3. Weight percentage of extractable material of soot gathered from
an ethylene inverse diﬀusion ﬂame.

tion is still low. However, after a 6 mm height, the amount
of extractable material of soot samples decreases until it
reaches a constant value (51%) that is observed in all
the samples taken over 35 mm. This value is in good agreement with values reported in the scientiﬁc literature for the
solubility of young soot gathered at the exhaust of an ethylene inverse diﬀusion ﬂame [7,19].
The average molecular weight obtained by VPO shows a
similar behavior to that observed in the solubility proﬁle,
since the sample taken at the lowest ﬂame position shows
the highest average molecular weight among the samples
evaluated (MW = 817, see Table 3). The table also shows
that the average molecular weight diminishes with height
up to reaching a constant value after 35 mm, which also
indicates that the average chemical structure must be very
similar among these samples.
The high molecular weight observed in the samples
taken at 6 mm and 15 mm is mainly due to the high contribution of oxygen and aliphatic structures present in these
samples. It is important to note that aromatic clusters are
quickly formed in the ﬂame as indicated by the average
structural analysis that we are going to see further on.
An analysis done by Mikosfki [36] showed that polycyclic

Table 3
Elemental analysis and average molecular weight of the soot extractable
material
Sampling height (mm)

%C

%H

%O

(C/H) Total

MW

6.0
15.0
25.0
35.0
45.0
60.0
Exhaust

85.3
86.5
88.9
90.2
92.9
93.6
93.7

7.71
6.42
5.44
4.90
4.89
5.24
5.20

7.02
7.12
5.67
4.90
2.21
1.12
1.12

0.92
1.12
1.36
1.53
1.58
1.49
1.50

817
628
356
335
326
331
413
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aromatic hydrocarbon (PAH) formation in an ethylene
inverse diﬀusion ﬂame takes place rapidly close to the burner surface, which is consistent with our results.
The elemental analysis showed that the soot precursor
material gathered in an ethylene inverse diﬀusion ﬂame
consists basically of C, H, and O (see Table 3). The carbon
content of the chloroform soluble products taken between
6 mm and the exhaust increases from 85% to 95%, accompanied by a corresponding reduction in the hydrogen content, which changes from 8% to 5%. A detailed analysis
shows that the total (C/H) ratio increases signiﬁcantly with
height, particularly during the ﬁrst 35 mm, which implies
that the aromatic character and degree of condensation
of these samples increase. Nevertheless, after this point
the total (C/H) ratio reaches a constant value of about
1.50, which indicates that the samples present a very similar
chemical composition. Similar values of total (C/H) ratio
have been found in the literature for soot particle precursors obtained in ethylene premixed ﬂames [7,21].
Dobbins et al. [10,12] characterized soot precursor particles and carbonaceous soot taken at the centerline of an
ethylene NDF using LMMS. Based on this analytical
technique, they reported C/H ratios of 1.8 for precursor
particles obtained lower in the ﬂame, and 5.6 for carbonaceous soot obtained higher up in the ﬂame. The former
value is consistent with the C/H ratio reported by Blevins
et al. [7] for soot precursor particles obtained at the
exhaust of an ethylene IDF, and precursor particles
obtained in this work above 35 mm. However, at low
ﬂame positions in the IDF the C/H indicates that the soot
precursor particles generated in this range of heights are
even younger.
Another important characteristic observed in the elemental analysis is that all the extracts of soot samples taken
at low ﬂame positions (below 35 mm) showed a signiﬁcant
oxygen content, which decreases gradually with height
from 7% to 5%. However, after 35 mm the oxygen content
in the samples falls down to 1%, value that remains constant even in the sample taken at the exhaust.
FT-IR analysis described in reference [19] conﬁrmed the
presence of oxygenated functional groups in these samples;
most of the signals correspond to C@O stretching of carbonyl groups (1720 cm1) and C–O–C stretching of ether
groups (1000–1300 cm1). Although several authors have
reported the presence of oxygenated functional groups in
soot samples, its origin is not very clear [19,25,33–35].
The present results show a clear trend with height along
the ﬂame, which suggests that this group of compounds
may be involved in the normal soot formation process.
Nevertheless we cannot discard the possibility that the oxygen has been added during the sampling process. Unfortunately, this type of potential artifact is diﬃcult to eliminate
since the separation of oxidation and carbonization processes at the sampling position evaluated in this study is
much more diﬃcult to achieve.
Fig. 4, shows the 1H NMR spectrum of the soot extractable fraction taken close to the burner base (6 mm). In the
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Fig. 4. H NMR spectrum of the extractable material of soot taken at
6 mm from the ﬂame.

same ﬁgure, it is possible to observe the classiﬁcation of the
diﬀerent types of hydrogen. The main assigned groups correspond to: hydrogen on aromatic rings (Ha), oleﬁnic
hydrogen (Ho), hydrogen on carbon connecting two aromatic units or ﬂuorene type (Hf), hydrogen of CH, CH2
and CH3 groups on a position to aromatic rings (Ha),
hydrogen of CH2 groups (naphthenic type) on b position
to aromatic rings (Hb1), hydrogen of CH, CH2 and CH3
groups on b position to aromatic rings (Hb2), and hydrogen
of terminal methyl groups on c, d or greater positions to
aromatic rings.
It is worth highlighting that the integration limits for the
hydrogens that belong to CH, CH2 and CH3 groups in a
determined region of the spectrum are not easy to establish
due to a high degree of signal overlapping. Nevertheless,
taking as a guide the classiﬁcation done by Guillén et al.
[29], which was obtained from a blend of model compounds, the cut points in the spectra could be identiﬁed
with much more precision and the range of the diﬀerent
hydrogen groups could be determined in this way and subsequently taken into account in our work.
Fig. 5 shows the 1H NMR spectra of samples evaluated
in this study. In general, the samples taken at low ﬂame
positions (below 35 mm) present a signiﬁcant aliphatic contribution, particularly in the sample taken close to the burner base, where the aliphatic content corresponds to about
60% of total hydrogen of the sample. Even so, as the height
above the burner increases, the aliphatic character
decreases, which is reﬂected as well in the reduction of
the hydrogen content Hc, Hb1, and Hb2, respectively (see
Table 4). This behavior is also followed by an increase in
the aromatic character of the samples, with the highest values found in the extractable fraction of soot taken at the
exhaust.
Table 4 shows the weight percent distribution of the different hydrogen types observed by 1H NMR, calculated
based on the total hydrogen content obtained by elemental
analysis. This table shows that the aliphatic hydrogen con-
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Fig. 5. 1H NMR spectra of the extractable material as a function of height
above the burner surface.

Table 4
Weight percent distribution of the hydrogen observed by 1H NMR
Sampling height
(mm)

%Hc

% Hb1

%Hb2

%Ha

%Hf

%Ho

%Ha

6.0
15.0
25.0
35.0
45.0
60.0
Exhaust

1.01
0.52
0.46
0.34
0.25
0.18
0.094

1.95
1.08
0.68
0.53
0.20
0.27
0.25

1.60
0.87
0.42
0.34
0.14
0.14
0.16

0.79
0.52
0.18
0.15
0.18
0.16
0.14

0.25
0.22
0.094
0.067
0.065
0.056
0.04

0.29
0.20
0.072
0.065
0.060
0.038
0.035

1.82
3.01
3.52
3.41
3.99
4.39
4.49

tent corresponding to methyl and methylene groups (Hb1
and Hb2) suﬀer the most drastic reduction among the
hydrogens observed in this study. For example, the sum
of the hydrogen Hb1 and Hb2 for the sample obtained at
6 mm corresponds to nearly 50% of the total hydrogen content, whereas the Hb1 and Hb2 content for the sample at the
exhaust reaches only 10%. Also, it is important to observe
that the extractable material of the soot sample taken at
6 mm shows a signiﬁcant hydrogen contribution at the c
position that corresponds mainly to methyl terminal
groups on aliphatic chains, an observation that suggests
the existence of large aliphatic chains, which would also
be associated with the high content of b hydrogen
observed. As was mentioned in the introduction, Ciajolo
and Oktem [20–22] have observed that the aliphatic structures present in the extractable material signiﬁcantly contribute to soot mass growth after the soot inception
point. The same observation may be applicable to the soot
samples taken at low positions in our ﬂame, since we are
already sampling a few millimeters after the soot inception
point.
The remainder of the alkyl hydrogen groups observed in
the spectra present a less signiﬁcant, but equally important
contribution. For example, the hydrogen content on the a
position to aromatic rings gives us an idea of the degree of
aromatic substitution. Table 4 shows that the degree of
aromatic substitution among the samples decreases as
height above the burner increases. This means that the
sample taken at the exhaust consists basically of a condensed aromatic nucleus only, an observation that is
reﬂected in an increase of the aromatic hydrogen content
of this sample, which corresponds to 87% of the total

hydrogen. On the other hand, the hydrogen fractions Hf
and Ho show an apparent contribution at slightly lower
ﬂame positions, where the possibility exists of ﬁnding at
least a ﬂuorene type bridge and an oleﬁnic group per average structural unit.
In this study, some average structural parameters were
calculated based on the hydrogen content obtained by 1H
NMR and elemental analysis. Three replicates were carried
out on each pair of samples so that the precision of the
method could be estimated. The parameters fall into three
categories according to the estimated precision: (1) parameters with an error <5%; fa, ff, Ra; (2) parameters with
5% < error < 10%; fal, faHa, fo, and (3) parameters with
10% < error < 20%; fa and L. Similarly, other parameters
associated with those previously described, such as %Ci
and #Ci (con i = a, al, f . . .), are also included into the
assigned categories.
In particular, the parameter associated with the degree
of aliphatic substitution (fa) is quite variable among the
samples and the error involved is relatively high, and this
error is also reﬂected in the average chain length calculation (L). Thus, the parameters fa and L should therefore
be considered as estimates.
The results of these calculations are summarized in
Table 5, where several features are observed. The fraction
of aromatic carbon or aromaticity of the samples (fa) evaluated in this study increases from 0.59 to 0.96 as height
above the burner increases, which corresponds to an
increase in the weight percentage from 49% to 89.5%. A
similar pattern is observed after analysis of the fraction
of aromatic carbons substituted by aromatic hydrogen
(faHa), but in this case, the weight percentage associated
with this fraction is lower and changes with height between
22% and 56%. This result means that at least half of the
Table 5
Average structural parameters results
Parameter

fa
fal
fa
faHa
%Ca
%Cal
%Ca
%CaHa
#Ca
#Cal
#Ca
#Ca (ﬁtted)
#Cf
#Co
#CaHa
#Cq
#OE
L
Ra
C/Hal

Sampling height above the burner (mm)
6

15

25

35

45

60

Exhaust

0.59
0.34
0.06
0.26
49.9
29.3
4.74
21.8
34.0
19.9
3.23
3.0
1.04
2.34
14.9
1.79
1.79
6.30
5.07
0.47

0.75
0.20
0.04
0.42
64.5
16.9
3.12
36.1
33.7
8.9
1.6
2.0
0.69
1.26
18.9
1.40
1.40
4.08
4.70
0.39

0.86
0.11
0.01
0.48
76.6
9.3
1.14
42.2
22.7
2.8
0.34
1.0
0.17
0.26
12.5
0.63
0.63
2.60
4.66
0.31

0.89
0.08
0.01
0.45
80.4
7.2
0.89
40.9
22.4
2.0
0.25
1.0
0.11
0.22
11.4
0.51
0.51
1.91
5.28
0.28

0.95
0.05
0.01
0.52
87.9
4.3
1.07
47.9
23.9
1.2
0.30
1.0
0.11
0.20
13.0
0.00
0.45
1.06
5.50
0.27

0.95
0.05
0.01
0.56
88.9
4.3
0.98
52.6
24.5
1.2
0.27
1.0
0.09
0.13
14.5
0.00
0.23
1.08
5.23
0.29

0.96
0.04
0.01
0.60
89.5
3.7
0.86
55.9
30.8
1.3
0.30
1.0
0.08
0.15
19.2
0.00
0.29
1.20
5.97
0.29
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7
L
Ra

6

5

Parameter

total amount of aromatic carbons present in the samples is
involved in fused aromatic rings and in the substitution by
alkyl groups.
The aliphatic component describes a completely opposite behavior. Table 5 shows that the fraction of aliphatic
carbons (fal) decreases from 0.34 for the sample taken at
6 mm to 0.04 for the sample taken at the exhaust, and these
values correspond to a change in the weight percentage of
total carbon from 29.3% to 3.7%, respectively.
Similarly, it is possible to observe from these results that
the aliphatic contribution is important at lower ﬂame positions, but after 35 mm, the fraction of aliphatic carbons
reaches a constant value. This result can be also conﬁrmed
through the aliphatic carbon–hydrogen ratio (C/H)al.
Another quite important parameter that is related to the
degree of aliphatic substitution is the fraction of carbons
on a position to aromatic rings, described as fa. Because
this fraction contributes to the aliphatic component, its
behavior is similar and decreases as height increases. Therefore, it is expected that the number of substituents and the
chain length should be greater in the samples taken at positions closer to the burner face since the aliphatic carbon
fraction is also greater. Unfortunately, the error associated
with this parameter can be relatively high, which leads to
an underestimation in the a carbon number (#Ca), which
also aﬀects the average chain length calculation (L). However, quite a good approximation can be made if the aliphatic carbon number (#Cal) present in the samples is
taken into account. For example, samples taken after
35 mm have at least one aliphatic carbon atom on average
with the possibility that it will be a CH3 group joined
directly to an aromatic ring. Thus, if we assume that all
the aliphatic carbons of these samples are carbons on a
positions, we can estimate the average chain length (L) in
a much more precise way using Eq. (11) (Table 2).
Returning to the parameters associated with the aromatic carbon content, it is also possible to estimate the
average number of fused aromatic rings per structural unit
(Ra) using Eq. (12) (Table 2). Note that the numerator on
the right hand of Eq. (12) (Table 2) ð#C a  #C Sa Þ, corresponds to the total number of aromatic carbons that are
fused in rings, which is obtained by subtracting the number
of substituted aromatic carbons ð#C Sa Þ from the total number of aromatic carbons (#Ca). The number ð#C Sa Þ is calculated from parameters such as: #CaHa, #Ca, #Cf, and #Co.
In addition, parameters corresponding to oxygenated species such as #Cq and #OE, were also included in this
calculation.
The calculation results of L and Ra are summarized in
Fig. 6. Note that at the lowest ﬂame position (6 mm), the
contribution of aliphatic structures is quite signiﬁcant.
Since the total number of aliphatic carbon atoms (#Ca)
for this sample is about 20 (see Table 5), there are at least
3 aliphatic chains per average structural unit, each one of
them comprised of 6 carbon atoms. Then, the average
number of carbons per aliphatic chain decreases rapidly
during the ﬁrst 35 mm, due to thermal decomposition pro-
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Fig. 6. Variation on chain length (L) and number of fused aromatic rigs
(Ra) parameters as function of height.

cesses caused by the high temperature of the system, which
can favor the bond scission and cyclization reactions leading to the formation of highly condensed structures, as conﬁrmed by the increment in the average number of fused
aromatic rings Ra (5–6 rings per cluster). This result is also
in good agreement with some GC–MS results reported in
the literature where there have been identiﬁed signiﬁcant
concentrations of aromatic clusters between 4 and 7 rings
assigned to pyrene and coronene, respectively [7]. Also, it
is important to note that at low ﬂame positions, the aromatic cluster is already quite large, which means that its
formation takes place very early in the ﬂame.
Additionally, some structural parameters show a special
feature since they strongly depend on the average molecular weight (MW). For example, the average number of aromatic carbons (#Ca) and aromatic carbons substituted by
aromatic hydrogen (#CaHa) per structural unit is larger in
the samples that had higher molecular weight, that is, in
the samples taken at 6 mm, 15 mm and the exhaust, respectively. Moreover, the parameters (#Cal), (#Ca) and (#Co)
do not have that dependency and the trend is much clearer
indicating that the average number of these carbons
decreases as height above the burner increases.
The results of this study provide an extension of the generalized chemical characterization of soot precursor material in our previous work using FT-IR and 1H NMR
[19]. In this work, we have introduced a new tool to chemically describe the soot precursor material obtained in an
IDF through average structural parameters. This information can be used in conjunction with kinetic modeling studies to provide greater understanding of the soot inception
process, which is one of less understood steps in soot formation due to the fast transformations that take place in
the ﬂame. In addition, the calculated average structural
parameters in this study provide useful comparisons
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between samples, which in turn can be used as a guide in
the study of diﬀerent processes including the use of
additives.
5. Conclusions
The average structural analysis of soot precursor material indicates that in the initial stage of soot formation
(6 mm), the sample is very aliphatic, with a high average
molecular weight. In this case, 30% of the material is contained in aliphatic chains. Each structural unit has three
aliphatic chains on average, each one composed of 6 carbon atoms. The average molecular weight per structural
unit is reduced to almost half between the sample obtained
at a height of 6 mm and the sample taken at the exhaust.
This reduction is mainly due to the loss of aliphatic structures, which is also reﬂected in the reduction of the chain
length (L) and the (C/H)al ratio. This behavior may be primarily due to thermal decomposition processes, since the
temperature at low ﬂame positions (below 35 mm) is fairly
high; therefore, bond scission and some cyclization reactions are more frequent and leave behind a simple aromatic
nucleus in which most of the carbon atoms are aromatic
(89.5%).
On the other hand, the amount of soot extractable material in chloroform diminishes from 95% to 50%; therefore,
it is necessary to consider coagulation reactions or fusion
among structural units that lead to the formation of more
compact and insoluble compounds in chloroform. This
behavior is also corroborated through the average number
of fused aromatic rings (Ra) which increases as height
above the burner increases. An important feature that
can be observed from these results is that the aromatic cluster is formed very early in the ﬂame (6 mm) and consists of
about 5 aromatic rings on average. Furthermore, it shows a
high content of aliphatic structures and oxygenated species
that favor the solubility of the sample and explain the high
molecular weight observed.
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