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Abstract

Chemical composition of nascent soot in burner-stabilized, premixed ethylene–oxygen–argon flames
was studied using micro-FT-IR spectroscopy. The flames have an identical unburned gas composition with
equivalence ratio equal to 2.07, but they differ in cold gas velocity. Nascent soot was sampled using a dilu-
tion probe over a range of burner surface-to-probe separation. The particles were deposited on thin-film
substrates in a cascade impactor at two cut sizes of D50 = 10 and 56 nm. The micro-FT-IR spectra revealed
the presence of aliphatic C–H, aromatic C–H and a number of oxygenated functionalities. Spectral anal-
yses were made to quantify variations of the aliphatic and aromatic C–H groups with flame temperature
and sampling position. Results show that the aliphatic-to-aromatic C–H ratio is greater than unity in all
cases, indicating the presence of an appreciable amount of aliphatic C–H bonds in nascent soot. The rel-
ative content of aliphatic components was found to increase with an increase in the maximum flame tem-
perature. To examine the nature of these aliphatic constituents, a thermal desorption–chemical ionization
time-of-flight mass spectrometry was used to softly fragment a soot sample and ionize the fragments.
Results suggest that the aliphatic constituents are alkylated aromatics with molecular weights spanning
from 200 to 900 amu. This work provides definitive and quantitative observations that aliphatics are abun-
dant at early stages of soot mass and size growth.
� 2010 The Combustion Institute. Published by Elsevier Inc. All rights reserved.
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1. Introduction

Mature soot particles are fractal aggregates of
nearly spherical primary particles 20–50 nm in
diameter. These primary particles are composed
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of large polycyclic aromatic hydrocarbons (PAHs)
arranged in a turbostratic fashion [1]. Mature soot
typically has a carbon-to-hydrogen atomic ratio
ranging from 8:1 to 12:1 [2]. Recent studies sug-
gest that nascent soot undergoing mass and size
growth can be drastically different from mature
soot. Like the precursor soot discussed by
Dobbins and coworkers [3,4], these particles can
have compositions and internal structures differ-
ent from one another, depending on their time,
ute. Published by Elsevier Inc. All rights reserved.
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temperature, and gas-phase composition history
[5–9]. Moreover, nascent soot particles <10 nm
in diameter appear to be liquid-like [10–12].
Transmission electron microscope (TEM) and
atomic force microscope (AFM) images show that
they form flattened [10–13] or crater-like struc-
tures [11] upon impact with a substrate. Results
obtained by TEM, Small Angle Neutron Scatter-
ing (SANS) and other techniques suggest that nas-
cent soot has a C/H atomic ratio as small as unity
and a mass density of approximately 1.5 g/cm3

[10], which is notably smaller than that of mature
soot (1.8–2.0 g/cm3) [14].

Using photoionization mass spectrometry
(PIAMS), Öktem et al. [15] suggested that soot
extracted in the post-flame region of a premixed,
flat ethylene flame contains large amounts of ali-
phatic components in addition to stabilomer
PAHs with peak intensities around coronene.
The presence of aliphatics in nascent soot is
thought to be consistent with its liquid-like behav-
ior [10,16], as well-carbonized soot is expected to
be rigid and retain its sphericity upon impact.
More recently, Maricq [17] used laser ablation
particle mass spectrometry to probe the composi-
tion of nascent soot online, and Bouvier et al. [18]
used laser desorption/laser ionization mass spec-
trometry to probe soot generated from lightly
sooting premixed flames. Both studies show sta-
bilomer PAHs to be the dominant aromatic con-
stituent of soot. What remains unresolved is
whether aliphatic components are present and
their concentrations relative to the aromatic com-
ponents. Neither Maricq [17] nor Bouvier et al.
[18] found conclusive evidence supporting the
existence of aliphatic compounds. Unlike the
approach of Öktem et al. [15], in which soft evap-
oration and photoionization were used to probe
the particle material, the laser ablation techniques
employed by Maricq [17] and Bouvier et al. [18]
are probably too destructive and, thus, insensitive
to aliphatics.

In comparison, FT-IR spectroscopy has the
advantage of probing soot chemistry nondestruc-
tively. It allows for the determination of the nat-
ure and content of various functional groups,
including aliphatic and aromatic C–H bonds,
and oxygenated functionalities. Although several
previous studies (e.g., [19–21]) have used this
method to analyze soot generated from a wide
array of fuels and conditions, no quantitative
comparison between these functional groups had
been made until recently. Using an FT-IR spec-
trometer coupled to a microscope (micro-FT-
IR), we [22] examined the composition of soot
sampled in the post-flame region (P1.0 cm from
the burner surface) of several well-studied ethyl-
ene–argon–oxygen flames. Results show that soot
with particle sizes ranging from 10 to 100 nm has
aliphatic-to-aromatic C–H ratios exceeding 10 for
all particle sizes, which is in agreement with the
results of Öktem et al. [15]. Based on a recent
Raman spectroscopy study [23], these groups are
most likely to be bound to the soot surfaces as
alkyl or alkenyl functionalities.

The aforementioned observation impacts sev-
eral fundamental assumptions in soot formation
models. In general, present models assume that
the surface of nascent, growing soot is aromatic
in nature and mass growth follows the aromatic
hydrogen-abstraction–carbon-addition (HACA)
mechanism [24–26]. The presence of aliphatic
hydrogen on soot surfaces affect not only physical
properties (e.g., mass density and reactive site
density), it should also influence the surface reac-
tion chemistry and possibly particle–particle coag-
ulation behavior. A quantitative speciation of
chemical composition, especially during the early
stage of soot formation, is critical to the further
advancement of available soot models [16].

The present study extends the application of
micro-FT-IR to smaller burner-to-probe separa-
tions (Hp) with the goal of determining the rela-
tive concentrations of functional groups in soot
during its early stage of mass and size growth.
We report size and spatially-resolved micro-FT-
IR analyses of nascent soot in a set of ethylene
flames at an equivalence ratio of 2.07. As in the
earlier study [22], we utilized a probe sampling
technique [27–29] coupled to a cascade impactor
to collect soot samples without having to dissolve
them in a solvent. This technique eliminates the
past problem where only soluble components
could be analyzed [19–21] by the FT-IR tech-
nique. The aliphatic-to-aromatic C–H, carbonyl
[C@O]-to-aromatic C–H and [C–O]-to-aromatic
C–H ratios were determined as a function of flame
temperature and Hp position. The results show
that aliphatic components are abundant at early
stages of soot mass and size growth. We also uti-
lized a thermal desorption–chemical ionization
time-of-flight mass spectrometer (TD-CITOF-
MS) to examine the molecular constituents of nas-
cent soot particles. Aspects of this instrument
have been discussed in Ref. [30]. The combined
micro-FT-IR and TD-CITOFMS results indicate
that aliphatic C–H in soot is attributable to alkyl-
ated aromatics having molecular weights ranging
from 200 to 900 amu.
2. Experimental

The experimental setup shown schematically in
Fig. 1 has been discussed in detail elsewhere [22].
Briefly, the setup includes a flat flame burner
7.62 cm in diameter, an in situ sample probe
[11,27,29], a nano-scanning mobility particle sizer
(nano-SMPS, TSI 3085) and a cascade impactor
(MSP, nano-MOUDI II, 125B). The flame from
a mixture containing 16.3% (mol) ethylene (Math-
eson, 99.99%), 23.7% (mol) oxygen (Air Liquide,



Fig. 1. Schematics of experimental setup.
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99.993%) and 60% (mol) argon (Oxarc, 99.98%)
(equivalence ratio / = 2.07) was stabilized on a
water-cooled burner. A 4.17 L/min (STP) sheath
flow of dry nitrogen surrounds the flame, and a
stainless steel mesh screen surrounds the burner
to minimize flame perturbations.

Dry nitrogen flows through the sample probe
to dilute the particles entering the probe through
a 500 lm diameter pinhole [22]. The pressure gra-
dient inside the tube is controlled and the pressure
at the pinhole determines the sample dilution ratio
[11]. Particle size was characterized by a nano-
SMPS [31] placed downstream of the pinhole. A
micro-orifice uniform deposition impactor
(MOUDI) [32,33] without stage rotation was used
for particle sampling. The sampling substrates
were 200 lm thick, 5.0 mm square silicone frame
windows holding 150 nm thin-film of Si3N4

(Silson, Ltd.). Soot was collected on stages 13
and 10, which have aerodynamic cut diameters
of D50 = 10 and 56 nm, respectively. The dilution
ratio for MOUDI sampling was �300 [22]. Cop-
per tubing was used between the sample probe
and MOUDI.

A Bruker IFS 66/S FT-IR spectrometer cou-
pled to an optical microscope (micro-FT-IR)
was used in this study. The substrate with
impacted soot sample was placed in an environ-
mental stage (Linkam, FT-IR 600), and a home-
made N2 purge cell rested atop the stage [34] to
reduce CO2 and H2O vapor presence in the IR
beam path. FT-IR spectra were collected in dou-
ble sided, forward–backward mode with a KBr
beamsplitter, using Mertz phase correction,
Norton-Beer (medium) apodization function and
a zero filling factor of 2. An average of fifteen
spectra, each 512 co-added scans, was taken for
each sample and blanks at a spectral resolution
of 4 cm�1. Acquisition of each spectrum takes
roughly 30 min. Quantitative analysis of func-
tional groups was accomplished by calibrating
the absorption peaks using a set of standards [22].

A recently developed TD-CITOF-MS instru-
ment [30] was used to analyze the vapor of a soot
sample. The vapor is produced by thermal desorp-
tion upon heating a filament on which the soot
was deposited. The sample was collected ther-
mophoretically by rapid insertion of a nichrome
coil into the flame at �1 cm above the burner sur-
face. Particles were desorbed under N2 at 10 Torr
and a filament temperature of 700 �C. The sample
vapor passes through a CI region where a strip of
0.5 mCi of Americium-241 initiates the gas-phase
ionization chemistry and the sample molecules
are subsequently ionized by proton transfer from
H3O+ ions. The CI chamber is maintained below
10 Torr to minimize formation of cluster ions.
Ions are then focused into a vacuum chamber
(<10�6 Torr) using a series of electrostatic lenses,
while the neutral gas is skimmed away in a one-
stage evacuation region. A mass spectrum of the
ions is obtained by orthogonal extraction time-
of-flight mass spectrometry. The mass resolution,
given as the full-width at half height, is (m/z)/
500 and the detection range is m/z < 1000. A
10 kHz pulse produced by a function generator
(Agilent model 33220A) triggers a high voltage
pulser (HV Pulse Technologies) for repeated rapid
application of an electric field orthogonal to the
initial ion trajectory. Ions are accelerated towards
an electrostatic reflector, which reflects the ions
towards a microchannel plate detector (Burle).
The function generator simultaneously triggers a
time-to-digital converter (Ortec model 9353) to
monitor the current pulses produced when indi-
vidual ions impact the detector.

A set of four canonical flames reported earlier
[11] were studied: flames C3–C6. They have the
same stoichiometry but differ in cold gas velocity,
with the maximum flame temperature Tf = 1610
(C6), 1660 (C5), 1710 (C4) and 1736 ± 50 K
(C3), measured by a 150 lm thin-wire thermocou-
ple and corrected for radiation. The cold gas
velocities are 8.0, 6.5, 5.5 and 4.5 cm/s (STP),
respectively. Particles were sampled over Hp value
ranging from 0.4 to 0.95 cm at a 0.05 cm interval.
Thus, FT-IR spectroscopy was performed on 96
samples spanning the experimental conditions of
four flames, two stages and 12 Hp values.
3. Results and discussion

A typical baseline-corrected, smoothed FT-IR
spectrum is shown in Fig. 2. All of the absorption
peaks and their assignments are summarized in
Table 1. Aromatic C–H stretch is observed at
3050 cm�1, with aliphatic C–H vibrational modes
at lower wavenumbers: 2960, 2920, 2860 and
2820 cm�1. Two other C–H vibrations are attrib-
uted to unsaturated C–H (=CH2) at 1460 cm�1

and acetylenic C–H at 3300 cm�1. Carbonyl
C@O, along with the C–C stretch enhanced by
the presence of carbonyl, are observed at 1720
and 1600 cm�1, respectively. Singly bonded oxy-
gen (to carbon) is seen as ether C–O–C stretch
(1260 cm�1), C–O stretch in esters, ethers, alcohol,
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Fig. 2. Typical FT-IR spectrum of a soot sample.
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and phenol (1100 cm�1), and unsaturated hydro-
xyl C–C–O stretch (1020 cm�1).

The distribution of soot particle sizes deposited
on the nano-MOUDI stages is the product of the
particle size distribution function (PSDF) dN/
dlogDm, where N is the number density and Dm

is the particle diameter, and stage collection effi-
ciency g. It should be noted that g is a function
of aerodynamic diameter, whereas the SMPS par-
ticle size distribution function is based on mobility
diameter Dm. A TEM investigation [35] using soot
deposited in a cascade impactor, however, shows
the two values to be approximately the same
above �50 nm. Below around 20 nm, the two sizes
are again expected to be roughly the same, based
on a consideration of available theoretical evi-
dence [36,37]. A plot of (dN/dlogDm/N) and
weighted by collection efficiency g is displayed in
Fig. 3 for all four flames at three Hp values. The
size distribution was obtained with the mobility
analyzer using a dilution ratio of 300. For both
stages, the size distribution of deposited particles
shifts to smaller sizes as the flame temperature
increases. For example, stage 13 has a mass
Table 1
IR peaks observed for soot samples.

Peak (cm�1) Assignment

3300 Acetylenic C–H stretch
3050 Aromatic C–H stretch
2960 Alkane CH3 asymmetric st
2920 Alkane CH2 asymmetric st
2860 Alkane CH3 symmetric str
2820 Alkane CH2 symmetric str
1720 Carbonyl C@O
1600 Aromatic C@C enhanced b
1460 Unsaturated C–H (=CH2)
1380 C–H plane deformation (C
1260 Ether C–O–C stretch
1100 C–O stretch in ethers, ester
1020 Unsaturated hydroxyl C–C
880 Substituted aromatic C–H
820 Undetermined
805 Undetermined
760 Substituted aromatic C–H
median diameter of �15 nm in flame C6 and
�10 nm in flame C3, while that for stage 10 is
�55 nm in flame C6 and �30 nm in C3. These
rather complex behaviors are attributable to the
differences in the bimodal soot PSDFs observed
in these flames in the past [11,38].

Quantitative analyses of aromatic C–H
(3050 cm�1), aliphatic C–H (2960, 2920, 2860,
2820 cm�1), C@O (1720 cm�1) and C–O (1100,
1020 cm�1) functionalities were made through a
set of calibration standards. Molar absorptivities
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relative to aromatic C–H are 1.6 for aliphatic C–
H, 16 for C@O and 5.4 for C–O groups [22].
Fig. 4 shows the aliphatic-to-aromatic C–H ratio
of soot samples with D50 = 10 nm as a function
of probe-to-burner separation distance (Hp) in a
range of 0.4–0.95 cm. Three important observa-
tions may be made. First, the aliphatic-to-aro-
matic C–H ratio is greater than unity in all
cases, indicating aliphatics are abundant in the
soot samples. This is in agreement with Öktem
et al. [15], who used PIAMS – a method indepen-
dent of the current technique. Second, the ali-
phatic content is influenced by the flame
temperature: the presence of aliphatics increase
towards higher flame temperatures. Third, the ali-
phatic-to-aromatic C–H ratio varies spatially; and
this variation is dependent on the flame tempera-
ture (see Fig. 5).

Measurements taken over the Hp values near
the flame front (Hp = 0.4–0.6 cm) reveal a fall-
then-rise behavior in the aliphatic-to-aromatic
C–H ratio for the lower temperature flames C6
and C5. It is possible that the spatial variation
for small burner-to-probe separations, as seen in
Fig. 4, is caused by probe effects, as discussed in
detail in a recent work [38]. Specifically, we con-
cluded that the probe acts as a flow stagnation
surface, causing the local axial flow velocity and
gas temperature to drop just ahead of the sam-
pling point. For experiments conducted at
Hp < 0.6 cm, the maximum flame temperature
would be determined by the probe instead of the
heat flux into the flat flame burner. Under this
condition the variation in the aliphatic-to-aro-
matic C–H ratio should diminish as Hp decreases.
Figure 4 shows that this is indeed the case; the ali-
phatic-to-aromatic C–H ratios measured for all
flames converge to a value between 2 and 3 at
Hp = 0.4 cm. Hence, the results obtained for
lower Hp values are perhaps less indicative of
the effect of the maximum flame temperature
and more indicative of the probe effect.

For larger particles, i.e., those collected on
stage 10 (D50 = 56 nm), the spatial dependency
weakens; the aliphatic-to-aromatic C–H ratios
for flames C3, C4 and C5 scatter between �2
and 4. Only flame C6 shows a definite fall in the
aliphatic-to-aromatic C–H ratio at higher Hp val-
ues. The loss of spatial sensitivity is probably the
results of particle–particle coagulation in the
probe coupled with experimental uncertainty. As
we discussed earlier, the dilution ratio employed
is around 300 (optimized for the FT-IR sensitiv-
ity), which is smaller than the value traditionally
used in our study of PSDFs. Particle–particle
coagulation does occur in the sampling line at this
dilution ratio [22]. The net effect results in averag-
ing the chemical composition over a range of par-
ticles with different original sizes.

Additionally, data reproducibility remains
somewhat low. The scatters seen in Figs. 3 and 4
for the aliphatic-to-aromatic C–H ratios are
around 50% of the data value. These scatters are
attributable to three factors: signal averaging,
baseline correction and peak deconvolution.
Nonetheless, these experimental uncertainties do
not affect the major conclusion about the abun-
dance of aliphatics in the soot samples analyzed.

As discussed earlier, the flame temperature has
a strong impact on the aliphatic-to-aromatic C–H



538 J.P. Cain et al. / Proceedings of the Combustion Institute 33 (2011) 533–540
ratio. To emphasize this effect, Fig. 6 shows this
ratio as a function of Tf at three representative
Hp values of 0.6, 0.8 and 0.95 cm. Since the flame
sheet is located �0.2 cm above the burner surface
and the probe perturbation occurs within 0.3 cm
from the probe surface [38], the probe should have
a minimal effect on the maximum flame tempera-
ture; and the Tf values shown in the figure is the
same or nearly the same as the true flame temper-
ature. Again, the results highlight that the ali-
phatic-to-aromatic C–H ratio increases with an
increase in the flame temperature. Furthermore,
this ratio can be quite large, with values measured
up to 10. Figure 6 also shows C–O and C@O con-
centrations relative to that of aromatic C–H. Like
aliphatic C–H, the relative abundances of the oxy-
genated groups increase with an increase in the
flame temperature, though the values are much
smaller. The abundance of the functional groups
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follows the following order, as observed in the
post-flame region previously [22]: [C@O] < [C–
O] « [aliphatic C–H].

The effect of probe perturbation requires some
further considerations. The probe causes flow
stagnation, leading to a longer residence time in
the chemically reacting flow before particles are
sampled. It also causes the gas temperature to
drop. These effects were observed within a
�0.3 cm thick boundary layer adjacent to the
probe surface [27,38]. While we cannot rule out
the possibility that all of the observed aliphatics
are the result of soot surface reactions with gas-
eous aliphatic molecules in the boundary layer,
this possibility is quite unlikely considering exper-
imental evidence available from previous studies.
First, as shown in the top and middle panels of
Fig. 6, images of particles sampled thermophoret-
ically show spreading on the substrate surface,
which can be expected only if the particles were
wax- or liquid-like, a property characteristic of
paraffinic compounds. Second, assuming that the
PAH units in nascent soot are of the size of coron-
ene [15,17], using the molecular weight of coron-
ene (300 g/mol) and aliphatic-to-aromatic C–H
ratio of 5 (representative of our results), we esti-
mate the atomic C/H ratio to be approximately
unity. This estimate is quite insensitive to the
assumption made about the nature of the aliphat-
ics and their chain length. A C/H atomic ratio of
unity is in close agreement with results for nascent
soot in similar flames obtained using the non-
intrusive, SANS method [10]. In the SANS study
it was determined that the atomic C/H ratio in
nascent soot must be around unity and the parti-
cle mass density �1.5 g/cm3 in order to reconcile
the data measured using several techniques.

Lastly, we discuss the nature of the aliphatic
constituents in nascent soot. PIAMS studies
showed a range of C2–C8 alkenes upon fragmenta-
tion of a soot sample [15]. These probably origi-
nated from saturated or unsaturated aliphatic
side chains covalently bound to the aromatic
units. Desorption of a soot sample even softer
than PIAMS along with a chemical ionization
technique would preserve the alkyl side chains
on the aromatics. Under this condition, we expect
to observe a broad range of higher masses without
seeing an abundant amount of small, aliphatic
masses. The TD-CITOF-MS technique shows
that this is indeed the case. The soot sample was
fragmented by heating the substrate to 700 �C.
Mass spectra were taken continuously during
thermal desorption. Figure 7 shows a typical
TD-CITOF-MS spectrum of a soot sample col-
lected from flame C3 by thermophoretic sampling.
The spectrum shown here was taken after approx-
imately 20 min of heating. Very few ions (other
than H3O+ cluster ions) were observed below
m/z = 100. Rather, a broad range of ions spanning
from 100 to 900 amu was observed. Compared to
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PIAMS results, the TD-CITOF-MS spectrum
shows a lesser number of prominent PAH stabilo-
mers, as expected from the fact that they are alkyl-
ated. In fact, what appears to be the background
noises in the mass range of 200–1000 is mostly
various alkylated PAH stabilomers. Nonetheless,
the separation of prominent peaks is approxi-
mately a few Daltons greater than 72, as shown
in the figure, which is six times the atomic weight
of carbon, indicating that the dominant structural
units remain to be aromatic in nascent soot, despite
the presences of a large amount of alkyl or alkenyl
side chains or cross linkages.

What remains puzzling is that the aliphatic-to-
aromatic C–H ratio increase with an increase in
flame temperature. In general, soot carbonization
is expected to accelerate at higher temperatures.
The carbonization process presumably graphitizes
the soot and, thus, should lead to smaller ali-
phatic-to-aromatic C–H ratios at higher tempera-
ture flames. A plausible explanation can be
rationalized by a recent proposal that nascent soot
contains persistent free radicals, which are aro-
matic in nature. These free radicals serve as active
sites on an aromatic surface for aliphatics to bind
to [39]. It may be hypothesized that a higher tem-
perature flame causes nascent soot to contain a
larger number of these persistent free radical sites,
leading to a greater aliphatic content.
4. Conclusions

Micro-FT-IR analysis of soot samples col-
lected from a set of lightly sooting ethylene–oxy-
gen–argon flames indicates that in nascent soot
the number of aliphatic C–H bonds exceeds that
of aromatic C–H. The aliphatic-to-aromatic C–H
ratio was observed to increase with an increase in
flame temperature. Coupled with the findings of
TD-CITOF-MS, the current results suggest that
the aliphatic components are in the form of alkyl,
alkenyl side chains or cross linkages covalently
bound to aromatic units in the soot material.
The present conclusion is consistent with a range
of observations made in several previous studies,
which all point to the fact that nascent soot is rich
in aliphatics (consequently is liquid-like) and has a
C/H atomic ratio around unity.
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