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Abstract

The effect of fuel-side ethanol addition on the chemical structure of the soot extractable material generated in
an ethylene inverse diffusion flame was evaluated by means of average structural parameters. The results indicate
that the ethanol effect on the aromatic components was more pronounced, with an increase of about 40% in the
average number of aromatic fused rings (Ra) as compared to the results of a neat flame. This observation also helps
explain the low percentage of chloroform-extractable material in the soot samples obtained from the flame with
ethanol addition. In contrast, the aliphatic component of the extractable material did not demonstrate significant
changes with ethanol addition.
© 2007 The Combustion Institute. Published by Elsevier Inc. All rights reserved.
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1. Introduction

Incomplete combustion of fossil fuels leads to soot
formation, which is in many cases an unwanted prod-
uct, not only because it can affect the correct func-
tioning of combustion devices, but also because its
emission into the environment can have serious con-
sequences for human health due to the large amount
of polyaromatic hydrocarbons adsorbed onto the sur-
face of theses particles [1,2]. Therefore, the health
risks associated with these compounds are not only
mutagenic, but also potentially carcinogenic. As a re-
sult, government agencies have introduced strict con-
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trol measures that regulate the emission of soot parti-
cles into the environment [3–5].

An approach that has been widely used to control
the emission of particulate matter (PM) into the envi-
ronment is the use of fuel additives [6–23]. However,
the role of additives in the reduction of PM is still un-
clear at a molecular level. For example, it has been
found that some additives can inhibit some stages
of soot formation, while in other cases; they can act
as catalysts to enhance the soot oxidation process
[6–10].

The vast majority of additives known so far can be
classified into two categories, metallic additives and
oxygenated compounds [6–23]. Previous studies have
shown that the addition of some alkali or alkaline-
earth metals (Na, Li, Mg, K) can cause an increase
in the number of particles with a decrease in the soot
particle size [6–9]. Haynes and co-workers suggested
Published by Elsevier Inc. All rights reserved.
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that alkali metal ions transfer their charge to young
soot particles, resulting in the inhibition of the coagu-
lation and coalescence processes due to the presence
of electrostatic repulsion [7,8].

In studies carried out in methane diffusion flames
doped with ferrocene (C2H5)2Fe, it was found that
the number of particles is reduced by an increase in
the oxidation rate rather than by the inhibition of the
processes leading to the soot formation, since this
leads to the formation of condensation nuclei (iron
oxide nuclei) in the combustion zone that serve as
a seed for carbonaceous matter deposition, which is
burned more effectively in the last stage of the com-
bustion process [9–12]. Similar results obtained in
ethylene diffusion flames have shown that iron oxide
incorporated into the soot particles can act as a cat-
alyst to promote the conversion of soot in the flame
oxidation zone [9,12,13].

Although many metallic additives have shown
high efficiency in the soot reduction process, unfor-
tunately their use has been limited due to concerns
about adverse human health and environmental im-
pacts, as well as incompatibility with gas turbine
engines [10,20,21].

An alternate additive proposed in recent years for
use in combustion systems is based on the incorpora-
tion of oxygenated compounds (e.g., acetals and al-
cohols) [17–23]. These compounds can play a dual
role: on one hand, the pyrolytically formed fragments
emanating from oxygenated compounds increase the
formation of soot precursors; on the other hand, these
additives open a more direct route to the formation
of products such as H2CO, HCO, and CO, which no
longer take part in the soot formation process [20–23].

It is important to mention that oxygenated com-
pounds may not be the ultimate solution to the prob-
lem of particulate matter emissions from combustion
systems, since these additives need to be added in rel-
atively high concentrations to have a noticeable effect,
which makes them impractical in some cases [20,21].

Previous studies have demonstrated that the use
of additives in combustion systems can have a con-
siderable effect on the flame structure, temperature,
and formation of radicals and combustion products
such as soot and polycyclic aromatic hydrocarbons.
This effect may be different depending on whether
the additive is mixed with the fuel or the oxidizer
stream [14,21]. For example, when iron pentacar-
bonyl (Fe(CO)5) is added to the air streams of many
opposed diffusion flames, the reduction of soot is
quite significant; however, when the additive is in-
troduced on the fuel side, this effect is less pro-
nounced [14].

Recent studies in ethylene premixed flames using
ethanol as an additive have shown that the amount
of aromatic species formed is reduced due to the re-
moval of the carbon available for the formation of
molecular precursors through reaction pathways that
lead to an increase in CO production [20]. In contrast,
ethanol addition to the fuel stream of opposed-flow
diffusion flames was found to increase the aromatic
species formation, due to an increase in the C4 species
concentration, which then reacts with the acetylene
pool to form benzene and subsequently, PAHs [21].
Unfortunately, this difference in behavior is not well
documented in the literature.

To study the effect of additives on the chemical
structure of young soot precursor material, the inverse
diffusion flame configuration (IDF) has been chosen
as a good alternative since it provides certain advan-
tages as compared to normal diffusion flames, such
as (1) the IDF provides a better separation of oxi-
dation and pyrolysis processes, (2) it is possible to
collect a significant amount of young soot without
the need to invade the flame with the sampling probe,
and (3) more than 50% of the soot is chloroform-
extractable material, which allows a direct chemical
analysis of the sample using different analytical tech-
niques [24–30].

The purpose of this work was to evaluate the effect
of fuel-side ethanol addition on the chemical struc-
ture of the soot precursor material generated in an
ethylene inverse diffusion flame. To carry out this ef-
fort, average structural parameters obtained from 1H
NMR, vapor pressure osmometry (VPO), and elemen-
tal analysis data were used. A detailed discussion of
each of these parameters is found in Ref. [30].

2. Experimental methods

2.1. Burner and fuel additive

The IDF burner used in this study consists of three
concentric brass tubes: a central tube or air jet, an in-
termediate tube used to supply the ethylene, and an
outer tube that conveys a N2 stream, which is used as
a shield to prevent the formation of flames with room
air. The flow conditions for the gaseous system were
set to 27, 117, and 289 cm3/s for air, fuel and N2,
respectively (see Fig. 1).

The additive was introduced into the reaction sys-
tem at room temperature by bubbling the fuel through
absolute ethanol at the flow rate specified above. By
this procedure, 4% by mass of ethanol was mixed with
the fuel stream.

2.2. Sampling procedure

The soot samples were taken at different heights
along the lateral axis at a radial position of 6 mm,
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Fig. 1. Experimental setup of an ethylene IDF with and without ethanol.
using a 10-cm-long stainless steel probe with a capil-
lary tip of 1 mm. The sampling time for each exper-
iment depended on the amount of sample that could
be collected on the filter, which was different at each
position of the flame and varied from 20 min to 1 h.
The sampling rate was adjusted at 400 ml/min, which
causes no apparent perturbation of the flame struc-
ture. The filter temperature was about 40 ◦C in all
cases. The sample retained on the filter and sam-
pling probe was washed and extracted with chloro-
form in an ultrasonic bath for 15 min. Then the sol-
uble and insoluble fractions were separated and the
extracted material was placed in an oven at 60 ◦C
under inert conditions in order to evaporate the sol-
vent.

2.3. Flame temperature

The temperature profiles along the lateral axis
of the flame (sampling position) were obtained us-
ing an R-type thermocouple (Pt–Pt 13% Rh, 75 µm,
with a bead diameter of about 150 µm), which was
placed in the flame by a rapid insertion method in
order to reduce the exposure time of the thermo-
couple in the sooting region. Radiation corrections
of the thermocouple readings were taken into ac-
count to calculate the gas temperature at each loca-
tion.
2.4. Characterization methods

1H NMR spectra were taken in a Bruker AMX
300 spectrometer operated at 300 MHz. The extracts
of the soot samples were redissolved in CDCl3 with
traces of tetramethylsilane (TMS), which was used
as chemical shift reference. Later, each spectrum was
divided into seven regions that correspond to seven
different types of protons: aromatic hydrogen (Ha,
6.0–9.0 ppm), olefinic hydrogen (Ho, 4.5–6.0 ppm),
flourene-type hydrogen (Hf, 3.7–4.5 ppm), hydrogen
on α carbons to aromatic rings (Hα , 2.0–3.7 ppm),
hydrogen on β2 carbons to aromatic rings, mainly
CH2 or naphthenic-type carbon (Hβ2, 1.4–2.0 ppm),
hydrogen on β1 carbons to aromatic rings (Hβ1, 1.0–
1.4 ppm), and hydrogen on γ carbons or CH3 ter-
minal of aliphatic chains alkylating an aromatic ring
(Hγ , 0.5–1.0 ppm). The integration of the spectra was
carried out manually, a minimum of four times, and
the results were averaged to reduce the uncertainty
(less than 5%) generated by the manual adjustment.

Elemental analysis of the soot extracts was car-
ried out by the combustion method using a Perkin–
Elmer CHN analyzer. Hydrogen and carbon were de-
termined directly, while the oxygen content present in
the samples was calculated by difference, assuming a
base of 100%. These experiments were repeated three
times per sample and the reproducibility was quite
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Table 1
Calculation of average structural parameters

(1)

fa = [C∗−(0.33H∗
γ +0.4H∗

β1 +0.5(H∗
β2+H∗

α +H∗
f )+H∗

o +C∗
q )]

C∗

(2)fal = [(0.33H∗
γ +0.4H∗

β1 +0.5(H∗
β2 +H∗

α +H∗
f ))]

C∗

(3)fα = [0.5H∗
α ]

C∗

(4)faHa = H∗
a

C∗

(5)%Ci = fi(%C), i = a, al, α, f, . . .

(6)#Ci = (%Ci)MW/1200, i = a, al, α, f, . . .

(7)L = (#Cal − #Cf)/#Cα

(8)Ra = 1 + (#Ca − #Cs
a)/2

good, since the estimated error was less than 2% in
all cases.

The average molecular weight data (MW) of the
soot extracts were determined by vapor pressure os-
mometry (VPO) in a Knauer osmometer using chlo-
roform as solvent and benzyl as standard of calibra-
tion. Then the molecular weight was obtained from
the Kcal/Ks ratio, where Kcal is the calibration con-
stant for benzyl expressed in kg/mol and Ks is the
value measured for the sample, which is expressed in
kg/g.

3. Average structural parameters

The methodology and the equations involved in
the calculations described below have been used ex-
tensively to describe the chemical and structural char-
acteristics of coal and oil soluble fractions [31–33].
However, this is the first time that this methodology
has been used to characterize soot precursor material.
In this study, the average structural parameter calcu-
lation was based on the data obtained by elemental
analysis, 1H NMR, and average molecular weight.
A detailed description of the method can be found in
Ref. [30]; however, a brief description is given here.
Table 1 shows the equations used to calculate some
of the parameters evaluated in this study. The vari-
ables labeled as H∗

α , H∗
β1, H∗

β2, H∗
γ , H∗

o , H∗
f , and

H∗
a correspond to the molar fractions of the different

types of hydrogen obtained from the integral of the
normalized signals of each spectra. Variables such as
C∗, H∗, and MW correspond to the molar fraction of
carbon, hydrogen, and average molecular weight ob-
tained directly by elemental analysis and VPO.
The parameters fa, fal, fα , and faHa correspond
to the carbon fractions on aromatic and aliphatic
structures, carbons in α position to aromatic rings,
and protonated aromatic carbons, respectively. The
weight percentage of carbons (%Ci ) and the average
number of carbons (#Ci ) related to the different hy-
drogen groups (i = a, al, f, α, . . .) are obtained from
Eqs. (5) and (6) of Table 1.

Similarly, parameters that correspond to the aver-
age chain length of aliphatic structures (L) and av-
erage number of fused aromatic rings (Ra) were in-
cluded in this analysis through Eqs. (7) and (8), re-
spectively. Note that the variable #Cs

a in Eq. (8), cor-
responds to the total number of substituted aromatic
carbons; not only for aromatic hydrogen, but also for
other functional groups such as aliphatic chains and
oxygenated species.

The precision of this method was estimated by
carrying out three replicas on a pair of samples; as
a result, parameters such as fa and Ra showed an
error below 5%, faHa and fal showed an error be-
tween 5 and 10%, whereas fα and L showed an
estimated error between 10 and 20%. Similarly, pa-
rameters derived from the quantities described above,
such as %Ci and #Ci (where i = a, al, α, f, . . .), also
fall within the estimated error for each category. It is
worthwhile to note that the oxygen content present in
these samples has been incorporated into the calcu-
lation, with the assumption that 50% is distributed in
oxygenated species of the quinone type (Oq), which
is equivalent to the content of carbonyl carbons (Cq).
On the other hand, according to the FT-IR analysis
previously published, the remaining 50% of the oxy-
gen is designated as oxygenated species of the ether
type [29,34,35].

4. Results and discussion

Fig. 2 shows the temperature profiles along the
lateral axis of the flame with and without ethanol.
The profile with open squares corresponds to the neat
flame temperature, whereas the profile with the en-
closed circles corresponds to the doped flame with
4% ethanol. Both profiles have similar behavior as
the height above the burner increases. Note that the
temperature is kept above 1200 K during the first
25 mm, with the highest temperature peak centered at
about 15 mm, after which the temperature decreases
to 800 K at a height equal to the tip of the flame.

Although the differences in temperature between
the two cases are not very significant, the overall
trend would indicate that the temperature profile of
the doped flame is lower than that of the neat flame,
since the former requires more energy to heat up not
only the fuel but also the ethanol added. McNesby
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Fig. 2. Temperature profiles of an ethylene IDF with and
without ethanol.

Fig. 3. Weight percentage of chloroform extractable material
of the soot collected from an ethylene IDF with and without
ethanol.

et al. [21], using an ethylene opposed-flow diffusion
flame (a configuration somewhat similar to the IDF
used here), did not find important changes in the tem-
perature due to fuel-side ethanol addition, nor did
they observe changes in the OH radical concentration,
which suggests that the process that governs this type
of situation (fuel + ethanol) may be the pyrolysis step
rather than oxidation.

Fig. 3 shows the variation in the weight percent-
age of the soot extractable material as a function of
height above the burner for both cases: with and with-
out ethanol addition. In general, the amount of ex-
tractable material decreases considerably during the
first 25 mm, independent of the ethanol addition. Af-
ter this point, the samples of each series reach a con-
stant value, suggesting that the chemical composition
of soot may have similar patterns. The reproducibil-
ity of each result was carried out on several samples
(from 7 to 10) and the error associated with these
Fig. 4. Average molecular weight (MW) of soot extractable
material gathered from an ethylene IDF with and without
ethanol addition.

measurements was below 5% (noted by the error bars
in Fig. 3).

Fig. 3 also shows that the effect of ethanol addition
on the fuel side is reflected in a marked reduction of
the extractable material in chloroform. For example,
the amount of extractable material in the soot sample
taken at a 6-mm height in the flame without additive
is approximately 95%, whereas the amount of ex-
tractable material of the soot taken at the same height
for the doped flame diminishes 24%. A similar differ-
ence is observed with the soot sample taken at 15 mm,
where a variation of about 26% in the chloroform-
extractable material is observed. However, for the rest
of samples, the reduction in the amount of extractable
material due to the ethanol effect varies between 15
and 19%. The decrease in the amount of the soot ex-
tractable material in chloroform due to ethanol addi-
tion is mainly caused by an increase in the aromaticity
of the samples, which leads to the formation of more
compact structures with a large number of fused aro-
matic rings as will be shown later.

A similar trend is obtained when we analyzed
the average-molecular-weight information for the ex-
tracts, as shown in Fig. 4. Notice that the average
molecular weight is larger for the samples taken near
the burner base. However, comparing the two series,
the effect of the ethanol addition is reflected in a
reduction of the average molecular weight of these
samples early on in the flame. For example, the av-
erage molecular weight of the samples taken at 6 mm
is reduced from 817 to 713 Da when the ethanol ef-
fect is considered. However, variations in the average
molecular weight of the samples after 25 mm is not
very important and they reach a constant value of
about 370 Da, which indicates that after this point the
ethanol addition does not have a significant effect on
the molecular weight.
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Table 2
Elemental analysis of the extractable material of soot gath-
ered from an ethylene IDF with and without ethanol

Height
(mm)

%C %H %O (C/H) total

A B A B A B A B

6.0 85.3 86.2 7.71 7.69 7.02 6.11 0.92 0.93
15.0 86.5 91.7 6.42 5.77 7.12 2.49 1.12 1.32
25.0 88.9 92.2 5.44 5.47 5.67 2.36 1.36 1.40
35.0 90.2 92.7 4.90 4.98 4.90 2.37 1.53 1.55
45.0 92.9 93.4 4.89 5.03 2.21 1.56 1.58 1.55
60.0 93.6 93.7 5.24 4.93 1.12 1.37 1.49 1.58
Exhaust 93.7 94.0 5.20 4.84 1.12 1.16 1.50 1.62

Note. A = soot extractable material gathered from an eth-
ylene IDF. B = soot extractable material gathered from an
ethylene IDF + ethanol.

Table 2 summarizes the elemental analysis results
of the soot extracts taken at different positions of the
flame, which are basically composed of C, H, and O.
The labels A and B are used to distinguish the sam-
ples that were taken from the neat and doped ethylene
flames, respectively. In general, the carbon content
of the samples increases as height above the burner
increases. In addition, when ethanol is added, the car-
bon content of the samples is higher than that obtained
at the same position of the flame without ethanol. The
difference is more marked in the first 25 mm, which
is consistent with the trend in the solubility results.

The hydrogen content, on the other hand, showed
behavior opposite to the carbon content, since it de-
creases as height above the burner increases. There-
fore, the total C–H ratio of the soot extractable ma-
terial increases from 0.92 at 6 mm high up to 1.62 at
the exhaust, which suggests that the sample may be
losing aliphatic structures.

The oxygen content also showed a pronounced
tendency. For example, the sample taken at 6 mm
of the neat flame shows the highest oxygen content
(7.02). However, as the height above the burner in-
creases, the oxygen content decreases to 1% in the
sample taken at the exhaust. Something similar ap-
pears in the samples of the flame with ethanol, but in
this case the oxygen content is reduced much more
rapidly after 6 mm. Previous results indicate that the
oxygen content present in these samples is assigned
mainly to oxygenated species of the quinone and ether
types [29,34,35].

1H NMR spectra of the soot extracts taken at
flame heights of 6, 15, and 60 mm and the exhaust
of an ethylene inverse diffusion flame, with and with-
out ethanol addition, are shown in Fig. 5. For con-
venience, the aliphatic and aromatic regions of each
spectrum were enlarged and normalized to the same
scale, allowing comparisons within the groups. The
dotted line spectra correspond to the extractable ma-
terial of soot samples of the neat flame, whereas the
continuous line spectra correspond to the soot ex-
tractable material obtained from the doped flame.

In general, the spectra show that the aliphatic com-
ponent of the samples decreases as the height in-
creases, which is reflected in the reduction of hydro-
gens Hγ , Hβ1, and Hβ2, whereas the aromatic hydro-
gen content increases considerably, corroborating the
increase in the degree of aromatization. However, the
aromatic hydrogen content observed in the ethylene–
ethanol flame is lower as compared to the base flame.
This result may be indicative of two things: (1) a re-
duction in the number of small aromatic compounds,
or (2) an increase of the number of fused aromatic
rings. In this sense, both cases would explain the in-
crease in the aromaticity and the reduction of the sol-
ubility of the samples. Moreover, only the second one
would explain the increment of the carbon content ob-
served by elemental analysis.

It is important to highlight that the 1H NMR analy-
sis gives us indirect information on the aromaticity.
That is why it is necessary to use caution in the in-
terpretation of the results obtained by this technique.
Since an increment in the aromatic hydrogen content
does not always imply an increment in the aromatic
cluster content or vice versa, the analysis would not
be complete without taking into account the carbon
content.

Other characteristics can be observed when the
ethanol effect is considered. For example, the fraction
of hydrogen Hβ1 and Hβ2 is much more significant
for the samples obtained at 60 mm and at the exhaust,
which indicates that the average chain length must
be a little longer for these samples compared with
the samples obtained at the same position of the neat
flame.

In the case of the aromatic region of the spectra,
the aromatic content of the sample taken at 6 mm high
has a hydrogen distribution between 6 and 7 ppm,
which correspond to isolated mono- and diaromatic
compounds. A similar distribution can be seen even
in the sample obtained at 15 mm high, with the only
difference that the contribution of aromatic species
with more than two rings is much more signifi-
cant.

Although the aromatic hydrogen content (Ha) for
compounds with more than two aromatic rings in the
sample obtained at 6 mm is less significant, this does
not mean that these types of structures are absent. For
example, the high total carbon content present in this
sample (see Table 2) suggests the possibility of find-
ing highly condensed structures with large numbers of
fused carbons that are not possible to see by this tech-
nique. However, combining the 1H NMR data with
the data obtained by elemental analysis and average
molecular weight, it is possible to obtain information
on the number of fused aromatic carbons or average
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Fig. 5. 1H NMR spectra of the soot extracts collected from an ethylene IDF as a function of height: (—) ethanol-doped flame
and (· · ·) neat flame.
number of fused aromatic rings, which will be ex-
plained in detail below.

The average structural parameter results evaluated
in this study for the chloroform-soluble material of
both neat and doped flame are summarized in Ta-
ble 3. As can be observed, all the evaluated parame-
ters change along the position in the flame. For exam-
ple, the parameters associated with the aromatic car-
bon fraction (fa) and the weight percent of aromatic
carbons (%Ca) increase as height above the burner
increases, which indicates that the degree of aroma-
tization also increases. However, no significant effect
due to the ethanol addition was observed in these two
parameters.

The sudden increase in %Ca observed from 6 to
15 mm, reflected in the total carbon content %C ob-
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Table 3
Average structural parameters results of the extractable material of soot gathered from an ethylene IDF with and without ethanol
situations

Height (mm) Neat flame Flame + 4% ethanol

6 15 35 60 Exhaust 6 15 35 60 Exhaust

fa 0.59 0.75 0.89 0.95 0.96 0.57 0.79 0.89 0.93 0.94
fal 0.34 0.20 0.08 0.05 0.04 0.37 0.19 0.11 0.07 0.05
fα 0.06 0.04 0.01 0.01 0.01 0.06 0.03 0.02 0.01 0.01
faHa 0.26 0.42 0.45 0.56 0.60 0.17 0.30 0.39 0.47 0.49
fa − faHa 0.33 0.33 0.44 0.39 0.36 0.40 0.49 0.50 0.46 0.45
%Ca 49.9 64.5 80.4 88.9 89.5 49.5 72.1 82.2 86.8 88.6
%Cal 29.3 16.9 7.24 4.26 3.73 31.9 17.8 9.78 6.48 5.07
%Cα 4.74 3.12 0.89 0.98 0.86 5.12 3.14 1.94 1.28 1.08
%CaHa 21.8 36.1 40.9 52.6 55.9 14.9 27.7 36.6 44.2 46.5
#Ca 34.0 33.7 22.4 24.5 30.8 29.4 23.5 24.9 26.1 30.8
#Cal 19.9 8.86 2.02 1.18 1.29 18.9 5.78 2.96 1.95 1.77
#Cα 3.23 1.63 0.25 0.27 0.30 3.04 1.02 0.59 0.39 0.37
#CaHa 14.9 18.9 11.4 14.5 19.2 8.86 9.00 11.1 13.3 16.2
tained by elemental analysis (Table 2), indicates that
significant aromatization occurs much earlier in the
doped flame than in the neat flame. This occurrence
is favored by the temperature, which is high enough
in this region.

Another important parameter that is related to fa
is the protonated aromatic carbon fraction (faHa ),
which is obtained directly after integrating the aro-
matic hydrogen region in the resonance spectra. In
general, faHa increases in both situations as a func-
tion of height above the burner surface. However,
comparing the two series, it is easy to note that the
effect due to the ethanol addition is much more signif-
icant and it is reflected in the reduction of faHa . For
example, the faHa fractions for the samples taken at
a height of 6 mm in an ethylene flame with and with-
out ethanol are 0.26 and 0.17, respectively. This result
indicates that the size of aromatic structures must be
larger in the flame with ethanol.

This characteristic can be also confirmed through
the calculation of the fraction of fused aromatic car-
bons present in the samples. This parameter is esti-
mated by subtracting faHa from fa. Results of this
operation indicate that the fraction of fused aromatic
carbons in rings is larger in the doped flame samples
than in the neat flame. The same reasoning can be
obtained using the parameter that corresponds to the
number of protonated aromatic carbons (#CaHa ).

On the other hand, parameters that correspond to
the alkyl component, such as the fraction of aliphatic
carbons (fal) and the fraction of α carbons joined
to aromatic rings (fα), decrease as a function of
height above the burner in both cases. Nonetheless,
these variables do not show significant changes due
to the ethanol addition, a fact that can be corroborated
through the parameters derived from fal and fα , such
as %Cal, #Cal, %Cα , and #Cα .
Fig. 6. Average aliphatic chain length (L) of the soot extracts
gathered from an ethylene IDF with and without ethanol ad-
dition.

It is also important to mention that the #Cα val-
ues reported in Table 3 are underestimated due to the
high error associated with the calculation of fα (ap-
prox 18%), since this fraction is quite variable in the
1H NMR spectra of these samples. However, if we
take into account that the number of aliphatic carbons,
#Cal, present in the samples taken above 25 mm is al-
most constant, we can assume that there is at least
one α carbon atom per structural unit. Therefore, for
a corrected #Cα value, it is possible to estimate the
average chain length (L) of the samples using Eq. (7).

Fig. 6 shows the average aliphatic chain length
(L) of the soot-extractable material for both types of
flames estimated by this methodology. Note that L de-
creases as a function of height mainly due to thermal
decomposition processes that cause the bond scission
of some aliphatic structures, particularly during the
first 25 mm, where the temperature is still high. Also,
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Fig. 7. Average number of fused aromatic rings (Ra) of the
soot extracts gathered from an ethylene IDF with and with-
out ethanol addition.

it is possible to observe the effect of ethanol addition
on the value of L, and Fig. 6 indicates a slight increase
in the value of L for heights above 15 mm.

Fig. 7 shows the variation in the number of fused
aromatic rings number (Ra) for both conditions as a
function of height. There is a considerable increase in
Ra as a result of the ethanol addition, which yields
values of approximately seven aromatic rings per
cluster. In contrast, for the samples taken from the
neat flame the number of fused aromatic rings is much
lower, with values between five and six aromatic rings
per cluster. This result also indicates that the aromatic
clusters are formed rapidly in the flame, indepen-
dent of the ethanol addition, which explains the high
molecular weights observed lower in the flame (6 and
15 mm), where there are not only large aromatic clus-
ters, but also a significant contribution of aliphatic and
oxygenated species.

Unfortunately, with the information obtained thus
far, it is not possible to delineate a plausible explana-
tion for how these aromatic clusters can grow in the
ethylene–ethanol flame, since it is necessary to take
into account not only the chemical decomposition of
ethanol, but also a detailed chemical analysis of the
gas phase.

In summary, it has been shown that the addition
of ethanol to ethylene inverse diffusion flames will
change the nature of the aromatic components of the
flame. A reduction of protonated aromatic carbons
(faHa , %CaHa , and #CaHa ), along with an increase
in the number of fused aromatic carbons, was ob-
served. This result suggests that the aromatic cluster
size found in the soot extractable material collected
in the doped ethanol flame is larger and, therefore,
this type of soot may have different environmental
impacts as compared to the soot produced in a flame
without ethanol addition.
5. Conclusions

The effect of fuel-side ethanol addition has been
studied through the chemical structure of the ex-
tractable material of soot generated in an ethylene
inverse diffusion flame. In general terms, both cases
(with and without ethanol) demonstrate similar trends
as height above the burner increases. Nevertheless,
when ethanol is added to the flame, some notable
changes can be observed. For example, the amount of
chloroform-extractable material in the soot decreases
significantly for both flames during the first 25 mm,
but there is an additional reduction of 20 to 30%
in the ethanol-doped flame as compared to the neat
flame.

Similarly, the average molecular weight of the
chloroform-soluble components obtained during the
first 25 mm is reduced to almost half of the value ob-
tained at the base of the burner, independent of the
ethanol addition. This reduction in molecular weight
is mainly caused by fragmentation of the aliphatic
structures that are formed in the early stages of the
flame, leaving behind a well-defined aromatic cluster
that remains constant in size after 25 mm.

The reduction in molecular weight observed dur-
ing the first 25 mm is accompanied by an increase in
the aromatic character of the samples, as described
through the structural parameters fa, faHa , and Ra.
The faHa reduction due to ethanol addition involves
an increase in the number of fused aromatic carbons.
The Ra value of the chloroform-extractable material
of soot obtained from the flame with ethanol is ap-
proximately seven rings for all the samples, whereas
for the samples obtained from the neat flame the Ra
value is between five and six rings. This result ex-
plains the low yield of chloroform-extractable ma-
terial of soot, as well as the increment in the aro-
matic and carbon content obtained in the ethanol case,
which also implies an increment in the size of the aro-
matic cluster.

The results presented here show that the aver-
age aromatic cluster of the soot precursor compo-
nents found in an ethylene IDF is rapidly formed in
the flame and remains almost constant through the
exhaust; however, the nature of the aromatic clus-
ter is affected by the presence of ethanol in the
flame.
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