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LASER-INDUCED INCANDESCENCE FOR PARTICLE MEASUREMENTS: KNOWLEDGE GAPS,
MEASUREMENT ARTIFACTS, AND NEW APPROACHES

Evolution of maturity levels of the particle surface and bulk during soot
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ABSTRACT
We performed a study of the evolution of soot composition and fine structure, i.e., maturity level, in
an atmospheric ethylene-air diffusion flame. We used laser-induced incandescence (LII) to provide
information about maturity level of the bulk primary particle and X-ray photoelectron spectroscopy
(XPS) to provide complementary information about particle-surface-maturity level. The results
demonstrate that the bulk material and the particle surface evolve separately in the flame.
Increased soot-maturity level is associated with increased long-range order of the particle fine
structure. This increased order leads to an increase in the absorption cross-section in the visible and
near-infrared and a shift of the absorption to longer wavelengths with increasing maturity level of
the bulk particle. These trends result in a decrease in the dispersion exponent (ξ) and increase in
the absorption cross-section scaling factor (b), as inferred from LII measurements. LII measurements
demonstrate that bulk-maturity level increases with height-above-the-burner (HAB) until it reaches
a plateau in the center of the flame at the maximum in the soot volume fraction. Bulk-maturity level
only slightly decreases as soot is oxidized at larger HABs. Increased maturity level also leads to an
increase in long-range sp2 hybridization. XPS measurements of the sp2/defect ratio demonstrate an
increase in soot surface-maturity level with increasing HAB, but the surface-maturity level increases
more gradually with HAB than the bulk-maturity level. Whereas the bulk-fine-structure order
decreases slightly in the oxidation region, the surface order decreases dramatically, indicating that
oxidation occurs preferentially at the surface under these conditions.

EDITOR
Thomas Kirchstetter

1. Introduction

Despite decades of research, many of the fundamental
concepts behind soot formation, physical evolution dur-
ing combustion, and oxidation are uncertain. The first
step in soot formation is hypothesized to occur through
nucleation or chemical growth of polycyclic aromatic
hydrocarbons (PAHs; Richter and Howard 2000; Wang
2011). Experimental evidence indicates that particles
formed during soot inception are composed of either
randomly ordered aromatic structures with some ali-
phatic content or stacked PAHs held together by van der
Waals forces (Michelsen 2017). These incipient particles
are thought to grow by coalescence and PAH condensa-
tion. As these particles evolve, they lose hydrogen and
become more carbonaceous, forming so-called “primary
particles” that agglomerate instead of coalescing.

Continued dehydrogenation leads to primary particles
with graphite-like fine structure, and continued surface
growth transitions loosely bound agglomerates into
covalently bound aggregates of primary particles held
together, at least partially, by graphite over-layers. Incipi-
ent (i.e., freshly formed) soot particles are less than
»6 nm in size, have carbon-to-hydrogen (C/H) ratios in
the range of 1.4–2.5, and may contain oxygen. Mature
soot is composed of primary particles with diameters of
10–50 nm, C/H ratios in the range of 10–20, and turbos-
tratic polycrystalline graphite-like fine structure; these
primary particles are bound together into dendritic
aggregates of varying size, typically on the order of hun-
dreds of nanometers. Whereas mature soot strongly
absorbs light over a broad spectral range from ultraviolet
(UV) to infrared (IR), incipient particles tend to absorb
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more strongly at shorter (i.e., UV and visible) wave-
lengths (Michelsen 2017, and references therein).

Soot characteristics evolve continuously during combus-
tion as the level of particle maturity increases, i.e., as par-
ticles transition from incipient particles composed of large
disordered molecular structures with low C/H ratios and
mixed sp, sp2, and sp3 carbon hybridization to graphite-like
mature particles with high C/H ratios, predominantly sp2-
hybridized carbon, and more ordered fine structure. How
these characteristics evolve, however, is poorly understood
(DOE 2006). It may be expected, for instance, that the aro-
matic to aliphatic character should increase with increasing
level of soot maturity, and some studies have experimen-
tally demonstrated this behavior (Santamaria et al. 2006;
Santamaria et al. 2010; Russo et al. 2015). Other studies,
however, have appeared to show the reverse trend (McKin-
non et al. 1996; €Oktem et al. 2005; di Stasio et al. 2006;
Cain et al. 2010). One reason for the poor understanding of
the evolution of soot characteristics and the processes that
control them is attributable to limitations in available mea-
surement techniques. There is thus a strong need for diag-
nostics that can provide an assessment of particle-maturity
level (Michelsen 2017). In addition, developing a detailed
description of soot growth, graphitization, and oxidation
will require techniques that can distinguish between surface
and bulk properties of the particles. Mechanisms that con-
tribute to particle growth, for instance, are expected to take
place on the surface. Graphitization initiated by pyrolytic
loss of hydrogen may take place throughout the particle
bulk while graphitization initiated by oxidative defect gen-
eration may preferentially proceed at the particle surface.

Because the optical properties of soot change as particles
evolve, there is a potential to exploit these changes for in
situ optical measurements of soot-maturity level. In partic-
ular, the average magnitude of the absorption cross-section
increases with increasing C/H ratio, increasing sp2 hybrid-
ization, and generally increasing soot-maturity level (Foster
and Howarth 1968; Batten 1985; Habib and Vervisch 1988;
Minutolo et al. 1996; Hopkins et al. 2007; L�opez-Yglesias
et al. 2014); the absorption cross-section also exhibits a
bathochromic shift (i.e., a shift to longer wavelengths) with
increasing particle-maturity level (Millikan 1961; Siddall
and McGrath 1963; Dalzell and Sarofim 1969; D’Alessio
et al. 1972; Habib and Vervisch 1988; Minutolo et al. 1996;
Cl�eon et al. 2011; Migliorini et al. 2011; L�opez-Yglesias
et al. 2014; Leschowski et al. 2015; Russo et al. 2015;
Simonsson et al. 2015). Other work has attempted to char-
acterize the wavelength dependence of the absorption
cross-section on the organic carbon (OC) to total carbon
(TC) content of soot emitted from flames (Schnaiter et al.
2006; Kim et al. 2015; Bescond et al. 2016). Although the
flames and extraction methods were not well controlled for
levels of soot maturity, these studies demonstrated a

bathochromic shift with decreasing OC/TC ratio, which is
consistent with the C/H-ratio trends discussed above and
with atmospheric combustion emissions (Hopkins et al.
2007; Pokhrel et al. 2016). Most atmospheric studies of cor-
relations of the dispersion (A

�
ngstr€om) exponent with the

OC/TC ratio are focused on understanding the properties
of soot particles with heavy hydrocarbon coatings often
accumulated in exhaust plumes or during aging in the
atmosphere and are not relevant to studies of soot evolution
during combustion. Bescond et al. (2016) extended these
studies to include amorphous carbon particles produced by
an arc discharge between graphite rods in order to develop
a model of particle properties ranging from amorphous to
graphitic carbon. Considerable experimental evidence and
computational work indicates, however, that incipient par-
ticles are composed of disordered large molecular species
with sizes of »1 nm and C/H ratios of »2 (Richter and
Howard 2000; Wang 2011; Michelsen 2017). Amorphous
carbon generated by an arc discharge, on the other hand,
has a mixture of sp2 and sp3 hybridized carbon with dan-
gling bonds, C/H ratios >15, and minimal order on a
nanometer scale (Wentzel et al. 2003; Su et al. 2005; Bes-
cond et al. 2016). Although the model proposed by Bescond
et al. (2016) is thus not directly applicable to our studies or
to soot in particular, it is a valuable step toward a detailed
description of properties of carbonaceous particles.

Extinction measurements performed in situ in flames
at different wavelengths can provide information about
the wavelength dependence of the absorption (D’Alessio
et al. 1972; Minutolo et al. 1996; Migliorini et al. 2011;
Leschowski et al. 2015; Simonsson et al. 2015). Because
extinction is the result of the combination of absorption
and scattering, this technique relies on assumptions
about the scattering component in order to infer the
wavelength dependence of the absorption. Scattering can
be significant, however, and difficult to take into account.
In addition, extinction is a path-integrated line-of-sight
measurement, and both the scattering contribution and
particle-maturity level can vary substantially along the
measurement path, which can complicate the interpreta-
tion. Furthermore, interferences by gas-phase species
absorption can also perturb extinction measurements
(Migliorini et al. 2011; Yapp et al. 2016). Laser-induced
incandescence (LII), on the other hand, is an in situ opti-
cal technique that is sensitive to soot absorption, is not
path integrated (i.e., is not a line-of-sight technique), and
can be used to infer information about soot-maturity
level through measurements made at multiple laser
wavelengths (Cl�eon et al. 2011; L�opez-Yglesias et al.
2014; Migliorini et al. 2015). LII involves heating
particles with a high-power laser and measuring the
resulting quasi-blackbody emission (Michelsen et al.
2015). Although several studies have shown a correlation
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between the dispersion exponent and the C/H ratio
(Millikan 1961; Siddall and McGrath 1963; Dalzell and
Sarofim 1969; D’Alessio et al. 1972; Habib and Vervisch
1988; Minutolo et al. 1996) and the percent sp2

hybridization (Hopkins et al. 2007), there is still some
uncertainty about its interpretation with respect to the
level of soot maturity and the corresponding physical
characteristics.

X-ray photoelectron spectroscopy (XPS) is an ex
situ technique that is sensitive to the chemical envi-
ronment of atoms in a sample, is quantitative, and
provides a measure of atomic composition, surface
functional groups, and electronic structure, including
carbon hybridization (M€uller et al. 2007; Jaramillo
et al. 2014). XPS involves illuminating the sample with
an X-ray beam to eject core electrons from atoms in
the sample and measuring the kinetic energy of the
electrons ejected. The difference in energy between the
photon energy and the electron kinetic energy yields
the binding energy of the electron. At the photon
energy used in this study (1253.6 eV), the electron
mean free path in graphite is on the order of 1–2 nm
(Tanuma et al. 2011). XPS signal originating from a
depth of »1 nm is reduced by a factor 1/e relative to
the surface, making XPS sensitive to only the surface
layers of the particle. This surface sensitivity is a good
complement to the bulk sensitivity of LII. Aerosol
mass spectrometry (AMS) provides information about
semi-volatile species that are condensed on or in the
particle either in the flame or in our sampling probe
and a measure of particle-precursor-species abun-
dance. We have combined LII and XPS measurements
on soot produced in a partially premixed atmospheric
ethylene-air diffusion flame to gain insight into the
evolution of soot bulk- and surface-maturity level dur-
ing combustion. We have also used AMS to yield
information about the availability of heavy hydrocar-
bons that can participate in particle growth.

2. Experimental approach

2.1. Burner

We used a newly designed burner to produce a laminar
partially premixed diffusion flame with a visible flame
height of »11 mm. The burner is a hybrid of a conven-
tional Hencken-type burner and a slot burner consisting
of a row of small-gauge fuel tubes inserted into a hex-
mesh supplying air. Further details are given in Campbell
et al. (2016). We used ethylene as the fuel with a flow rate
of 0.2 standard liters/min (slm, referenced to 0�C and
101325 Pa) and air as the co-flow with a flow rate of 14.0
slm.

2.2. Laser-induced incandescence (LII)
measurements

Details about the setup used for the LII measurements
are given in Section S1.1 of the online supplemental
information (SI). We recorded LII signals at different
heights above the burner (HABs) over a wide range of
laser fluences at laser wavelengths of 1064 and 532 nm.
The laser beam was passed through the center of the
flame collinear with the long axis of the burner. The
detector was positioned perpendicular to the laser beam
to collect signal from the center of the long axis of the
flame. Each LII measurement was repeated three times
and then averaged. Laser-beam attenuation during prop-
agation through the flame to the measurement volume
was obtained from extinction measurements and taken
into account during LII-data evaluation by weighting the
fluence at the laser output by the square root of the
transmittance. Values for transmittance at 1064 and
532 nm at different HABs were taken from Campbell
et al. (2016).

2.3. X-ray photoelectron spectroscopy (XPS)
measurements

We performed XPS measurements over the O 1s peak
near 532 eV and the C 1s peak near 284 eV on soot
extracted at different HABs in the flame. The XPS meas-
urements were performed using an Omicron DAR400
Mg K-alpha X-ray source and Physical Electronics 10–
360 electron-energy analyzer. More details about the
XPS measurements are given in Section S1.2 of the SI.

2.4. Aerosol mass spectrometry (AMS)
measurements

We measured mass spectra of vaporized particles
extracted at different HABs in the flame using a vacuum
ultraviolet photoionization aerosol mass spectrometer
(AMS). The AMS signal range spanned a mass range
from »90 to »550 u, which corresponds to species con-
taining »7 to »45 carbon atoms. Species detected using
AMS had carbon-to-hydrogen (C/H) ratios less than 1 at
the lowest masses and �»2.5 in the upper mass range.
More details about these measurements are given in Sec-
tion S1.3 of the SI.

3. Analysis approach

3.1. Inferring optical parameters from LII
measurements

The primary particles in this flame have diameters that
are less than 15 nm (Campbell et al. 2016). Because their
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sizes are 50–100 times smaller than the laser wavelengths
used for the LII measurements, the Rayleigh approxima-
tion is appropriate for these particles. The absorption
cross-section, sabs, at wavelength λ of a spherical particle
in the Rayleigh regime is expressed as

sabsD p2d3

λ
E m; λð Þ; ½1�

where d is the particle diameter, and E(m, λ) is the
dimensionless refractive-index function for absorption at
a specific wavelength. We have no way of quantifying
the thickness of the disordered surface layer and, for the
sake of simplicity, assume that it is on the order of a
monolayer or two and has little impact on the bulk opti-
cal properties. The absorption cross-section for soot par-
ticles deviates from the λ¡1-dependence of Equation (1),
however, and this deviation in sabs evolves as the soot
matures. The deviation from the λ¡1-dependence can be
expressed by imposing a dispersive wavelength-depen-
dence on E(m, λ) (Michelsen 2003), i.e.,

E m; λð ÞD λ1¡ ξb

6p
; ½2�

where b (units of cmj¡1) is an empirical scaling factor
that does not depend on wavelength but does increase
with soot-maturity level and particle temperature. The
dispersion exponent or A

�
ngstr€om exponent, ξ , also

depends on soot-maturity level. As the absorption cross-
section shifts to longer wavelengths with increasing
maturity level, ξ decreases.

In pulsed LII using nanosecond laser pulses for parti-
cle heating, the rate of absorptive heating during the laser
pulse exceeds other heating and cooling rates at atmo-
spheric pressure if the laser fluence is lower than
»0.08 J/cm2 at 532 nm or lower than »0.15 J/cm2 at
1064 nm (Michelsen et al. 2010). The laser-heating rate,
however, depends on the absorption properties of the
soot particles. The fluences required to heat identical
particles under identical ambient conditions to the same
temperature Tmax using two different laser wavelengths
depend linearly on the absorption cross-sections at these
two wavelengths, which results in the relationship

F λ1ð Þ
F λ2ð Þ
� �

Tmax

D sabs λ2ð Þ
sabs λ1ð Þ ; ½3�

where F(λ) is the excitation laser fluence at wavelength λ,
and sabs(λ) is the absorption cross-section at wavelength
λ. In the current study, λ1 is 1064 nm, and λ2 is 532 nm,
and the fluence ratio is determined by matching the LII
signal, a proxy for temperature, as described below.

Combining Equations (1), (2), and (3) and substituting
Smax for Tmax yields

F λ1ð Þ
F λ2ð Þ
� �

Smax

D sabs λ2ð Þ
sabs λ1ð Þ D

λ1
λ2

� �ξ

: ½4�

Solving Equation (4) for ξ gives the expression for the
dispersion exponent, i.e.,

ξ D
ln F λ1ð Þ

F λ2ð Þ
h i

Smax

ln λ1
λ2

� � D
ln sabs λ2ð Þ

sabs λ1ð Þ
h i
ln λ1

λ2

� � : ½5�

The dispersion exponent ξ can thus be inferred by
measuring the peak of the LII-temporal profile as a func-
tion of fluence at two laser wavelengths, as long as the
laser wavelengths are long enough to avoid fluorescence
and photodissociation of the particle. The wavelength
dependence of the absorption cross-section is sometimes
represented with respect to the ratio of E(m, λ) at differ-
ent wavelengths, which is related to ξ and the fluence
ratio according to

E m; λ2ð Þ
E m; λ1ð Þ D

λ2
λ1

F λ1ð Þ
F λ2ð Þ
� �

Smax

D λ2
λ1

� �1¡ ξ

: ½6�

A brief description on using the LII fluence curves to
infer ξ and E(m, λ2)/E(m, λ1) is given in Section S2.1 of
the SI.

We have also used the normalized peak-LII signals to
estimate the change in the magnitude of the absorption
cross-section with HAB. The value of b is expected to
increase with increasing soot-maturity level. We used the
following relationship (derived in Section S2.2 of the SI)
to estimate b using the peak-LII fluence curves:

rcs Tmax ¡T0ð Þλξ DbF λð Þ: ½7�

Here r is the primary-particle density; cs is the specific
heat; Tmax is the particle temperature, and F(λ) is the flu-
ence, associated with the normalized peak-LII signal.
The ambient temperature for each HAB in the flame T0

is provided by Campbell et al. (2016). The peak-LII sig-
nal can be used as a proxy for maximum particle temper-
ature for a particular laser fluence (Bambha et al. 2013).
The method for estimating Tmax based on Smax is given
in Section S2.2 of the SI. We could have inferred temper-
atures using time-resolved incandescence measurements
at two or more detection wavelengths, along with the
inferred values for ξ as input for the wavelength depen-
dence in the fit, but the calculated temperatures are suffi-
ciently accurate to derive trends in b.
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By plotting the left-hand side of the equation as a
function of F(λ) and performing a linear fit to the data,
we can infer b from the slope of the line. Although this
analysis will produce values of b with some uncertainty
associated with neglecting the influence of other heat-
transfer terms on the peak-LII signal, the trends in b

should be sufficiently reliable to observe trends in soot-
maturity levels.

Performing this analysis provides information about
trends in b with soot-maturity level if the product rcs is
independent of temperature and soot-maturity level. Sec-
tion S2.2 of the SI demonstrates that the product rcs for
graphite is nearly constant with temperature at a value of
4.59 § 0.07 J/cm3K over the temperature range of 1800–
4000 K. The SI also provides a derivation for the product
rcs for soot of varying levels of maturity, which is given
by

rcs D 3R
0:260884a2c

; ½8�

where R is the universal gas constant (8.3145 J/mol K), a
is the length of the graphite unit cell in the basal plane in
A
�
ngstr€oms (2.46 A

�
), and c is the interlayer spacing in

A
�
ngstr€oms (3.36 A

�
for graphite at room temperature,

3.53 A
�
for graphite at 2000 K, 3.5 A

�
for soot; Spence

1963). Equation (8) yields a value of 4.51 J/cm3K for rcs
for soot of varying levels of maturity at high tempera-
tures, which is consistent with the mean value for graph-
ite. The density of soot is estimated to vary with level of
maturity according to

rD 0:260884a2c
� 	¡ 1 wC

C
H CwH
C
H C 1

 !
; ½9�

where wC is the molecular weight of carbon (12.011 g/
mole), and wH is the molecular weight of hydrogen
(1.008 g/mole). Equation (9) yields reasonable room
temperature values of 2.08 g/cm3 for mature soot with a
C/H ratio of 20 and 1.51 g/cm3 for incipient soot with a
C/H ratio of 2.

3.2. Inferring surface structure and composition
from XPS measurements

We fit the XPS spectra following the outline presented by
Smith et al. (2016), which yields internal consistency
between the fits of the O 1s and C 1s signals. The peaks
used in the fit are described in Section S2.3 and summa-
rized in Tables S1 and S2 in the SI, where more detail
about the fitting is provided. We used three of the peaks
assigned in the C 1s fits to obtain a measure of trends in

soot-surface-maturity level. We assume that, as the soot
surface matures, the shape of the XPS C 1s spectrum
becomes increasingly similar to the shape of the signal
from highly ordered graphite. We measured the spec-
trum of highly ordered pyrolytic graphite (HOPG) as a
calibration for the peak shape attributable to graphitic
sp2-hybridized carbon atoms. The spectral feature associ-
ated with graphitic sp2-hybridized carbon atoms is sharp,
asymmetric, and well defined. The C 1s electrons of other
C-C and C-H sp2-hybridized carbon atoms may have
similar binding energies, but the shape of the features is
broader and more symmetric. Our fitting of sp2 features
was more selective for graphitic sp2-hybridized carbon
atoms. The second and third peaks used to assess soot-
surface-maturity level were denoted defect peaks. They
were assigned symmetric curve shapes and were posi-
tioned on either side of the asymmetric sp2 peak. The
two defect peaks accounted for non-conjugated carbon
atoms and carbon atoms in positions lacking a long-
range sp2-hybridized network. We expect aliphatic and
small aromatic hydrocarbons, which do not demonstrate
long-range graphitic sp2 character, to add to the defect
peaks, even though they may also yield some contribu-
tions to the graphitic sp2 peak. We calculated the ratio
between the area of the graphitic sp2 peak and the sum of
the areas of the defect peaks. Whereas aliphatic and small
aromatic hydrocarbons yield low sp2/defect ratios, per-
fect single-crystal graphite contains exclusively graphitic
sp2-hybridized carbon, which results in an infinitely high
sp2/defect ratio. Thus, we expect a particle consisting of
condensed aromatic species to have a small sp2/defect
ratio that increases as the long-range graphitic order
increases with increasing soot-surface-maturity level.

4. Results and discussion

4.1. Trends in bulk-maturity derived from LII
measurements

Figure 1 shows the normalized peak-LII signals recorded
at different HABs as a function of the laser fluence at 532
and 1064 nm. The maximum of each curve was normal-
ized to unity. The peak-LII signal increases non-linearly
with fluence at low and intermediate fluences. At high
fluences, particles sublime, and the peak-LII signal
reaches a plateau. When the particles sublime, the time-
resolved LII-signal-decay rate increases sharply
(Michelsen et al. 2015). As a result, the width of the peak
in the temporal profile decreases with increasing fluence
(Goulay et al. 2009, 2013). The sharpness of the peak at
high fluence, coupled with the finite time resolution of
the detection system, results in a small decrease in the
peak signal with increasing fluence at high fluence.
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Because the temporal profiles represent an average of 500
shots, small shot-to-shot time jitter on the trigger can
also contribute to this effect (Goulay et al. 2009). A non-
ideal homogenous spatial profile of the laser beam also
enhances this effect. The effect is more pronounced at
532 nm because the absorption cross-section is larger for
the shorter wavelength, and, at a particular fluence, the
signal decay rates are faster, and the temporal peaks are
sharper (Goulay et al. 2013).

At HABs below 4 mm, the fluence curves at 532 nm
demonstrate significant interference from PAH laser-
induced fluorescence (LIF) and are not shown in Figure 1.
The 532 nm fluence curve at 4 mm also demonstrates a
small amount of LIF interference. The shift of the fluence
curves to lower fluences with increasing HAB indicates
that the absorption cross-sections at both 532 and
1064 nm increase with increasing HAB throughout the
flame. This behavior is consistent with previous observa-
tions (Cl�eon et al. 2011; Mouton et al. 2013; Bladh et al.
2015; Olofsson et al. 2015). Figure 1 also shows that the
absorption cross-sections at 532 nm are higher than
those at 1064 nm at all HABs, but the differences are
more profound at low HABs than at high HABs.

We used the measurements shown in Figure 1 to
derive ξ and b for each HAB between 4 and 9 mm, as
described in Section 3.1; the results are presented in
Figure 2a. The values of ξ shown in Figure 2a are aver-
ages for three different normalized signal levels (0.15,
0.25, and 0.35) that correspond to equivalent-tempera-
ture lines (e.g., Figure S4). The error bars represent the
average standard deviation for these points. A descrip-
tion of the derivation of the error bars is provided in Sec-
tion S2.4 in the SI. Figure 2a also shows values of b

inferred from ξ via the maturity-level parameter Xann

using the parameterizations given by L�opez-Yglesias
et al. (2014), which attempted to account for soot-matu-
rity level. Those parametrizations were derived based on
LII-model comparisons with LII-temporal profiles from
two other diffusion flames. The agreement between the
values of b inferred from the parameterizations of
L�opez-Yglesias et al. (2014) and the values derived from
the fluence curves in Figure 1 is demonstrated to be
within 5%–19% at HABs between 5 and 7 mm and 2% at
HABs �8 mm.

Over the range of HABs for which LII signal is
measureable, the primary-particle size is in the range
of 8–12 nm, as measured by transmission electron
microscopy (TEM) and small-angle X-ray scattering
(SAXS; Campbell et al., in preparation). Incipient par-
ticles composed of semi-volatile hydrocarbons are not
expected to yield measureable LII signal because they
tend not to absorb or emit strongly at visible and
near-IR wavelengths and vaporize at relatively low

temperatures (Grotheer et al. 2011). Although we
have measured particles at HABs below 4 mm using
TEM and SAXS (Campbell et al., in preparation),
these particles are not mature enough to produce sig-
nificant LII signal. Thus, the LII signal depends on
both the soot volume fraction and the level of soot
maturity. Our volume-fraction measurements were
calibrated relative to extinction at an HAB of 6 mm
from mature-soot particles (see below) (Campbell
et al. 2016) and are a proxy for the volume fraction
of mature soot.

The value of ξ decreases, and the value of b increases
dramatically at the lower HABs, demonstrating that the
soot-bulk-maturity level increases rapidly with HAB at
low HABs. The increase in soot-bulk-maturity level is
approximately correlated with the mature-soot volume
fraction, as measured by LII and shown in Figure 2b.
The values of ξ and b are independent of HAB between
5 and 7 mm, demonstrating that the bulk-maturity level
is constant in the region where the soot volume fraction
is almost constant. Above 7 mm, oxidation leads to a
slight decrease in the bulk-maturity level and a

Figure 1. Normalized peak-LII signal as a function of laser
fluence. Measurements were made at different HABs (see legend)
at laser wavelengths of (a) 1064 nm and (b) 532 nm. Each curve
was normalized to unity at the maximum value, and each point is
an average of three measurements.
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significant decrease in the volume fraction. The values of
E(m,532)/E(m,1064) corresponding to the values of ξ
shown in Figure 2a span the range 0.92–1.00 in our flame
(Figure S6 in the SI). These values are consistent with
previous measurements in atmospheric premixed and
diffusion flames, which span the range of 0.89–1.12
(Therssen et al. 2007; Michelsen et al. 2010; Yon et al.

2011; Michelsen et al. 2012; Bejaoui et al. 2014;
L�opez-Yglesias et al. 2014). All of these values are lower
than the values of 1.35–1.95 reported by Cl�eon et al.
(2011) for a low-pressure premixed flame.

4.2. Trends in surface-maturity level derived
from XPS measurements

Figure 3 shows results of fits to XPS C 1s spectra at sev-
eral HABs. Differences in the peak shapes and fits are
observable at different HABs. For instance, the relative
area of the sp2 peak is significantly larger at 6 mm than

Figure 2. Optical properties derived from LII measurements,
mature-soot volume fraction, normalized heavy hydrocarbon dis-
tribution, and XPS C 1s sp2/defect and O/C ratios. Results are
shown as a function of HAB for (a) the dispersion exponent (ξ)
(diamonds relative to left axis), absorption cross-section scaling
factor (b) (circles, squares, dashed, and dotted lines relative to
right axis), (b) normalized AMS ion signal (line relative to left
axis), mature-soot volume fraction (dotted line relative to right
axis), (c) the ratio between the signal from sp2-hybridized carbon
atoms and carbon atoms in defect locations at the surface (circles
relative to left axis), and the ratio of oxygen to carbon atoms at
the surface (squares relative to right axis). In (a), b for 532 nm
and 1064 nm are on top of each other; 1064 nm is represented
as open circles, and 532 nm as solid squares. The dashed line rep-
resents b values inferred using the parameterizations given in
L�opez-Yglesias et al. (2014). In (b) the mature-soot volume-frac-
tion measurements are from Campbell et al. (2016).

Figure 3. XPS C 1s spectra at selected HABs. Peaks used in the fit
are given in Tables S1 and S2. The measured signal is indicated
by the thick black line. The results of the fit are identified in the
legend.
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at 2.5 mm but smaller at 9 mm as defect and oxygenated
peaks grow.

Figure 2c shows the ratio of sp2-hybridized C atoms to
C atoms in defect positions inferred from the fits to the
XPS spectra. Figure 2c also shows the atomic oxygen to
carbon ratio at the surface. The sp2/defect ratio is low
near the burner, and the O/C ratio is relatively high.
These observations are consistent with incipient particles
composed of condensed PAHs with some oxygen groups
embedded in the particle (Johansson et al. 2016).

The sp2/defect ratio increases with increasing HAB in
the lower half of the flame, i.e., at HABs below »6 mm;
this result demonstrates that the surface-maturity level
increases with increasing HAB and continues to increase
with HAB well past the HAB of 5 mm, where the bulk-
maturity level stops increasing, as shown by ξ and b in
Figure 2a. The surface-maturity level increases gradually
below an HAB of »5 mm, while the O/C ratio is
constant.

The reason for the slow growth in surface-maturity
level, compared to the bulk-maturity level, may be attrib-
utable to high concentrations of PAHs and other large
hydrocarbon species available to adsorb to, and react
with, the soot surface (shown by the AMS ion signal in
Figure 2b), continuously adding hydrogen-rich mole-
cules to the surface. Strong AMS signal indicates coexis-
tence of semi-volatile hydrocarbon species and particles
larger than »50 nm formed either in the flame or in the
probe by gas-phase condensation on, or coagulation of,
smaller particles. Particle growth by surface adsorption
in the flame would require a relatively low hydrocarbon
volatility, which is consistent with the onset of rapid
growth and detection by LII at HABs above »4 mm
shown in Figure 2b. The decrease in AMS signal above
»5 mm HAB shows that the abundance of heavy hydro-
carbon species is low at these HABs, making these spe-
cies unavailable for participation in soot-particle surface
growth.

The XPS results are consistent with soot growth via
surface-addition reactions up to at least an HAB of 5 mm.
Between 5 and 6 mm, the surface-maturity level increases
more markedly than at lower HABs, suggesting much
slower surface growth via hydrocarbon adsorption. This
result is consistent with the lack of change in the soot-vol-
ume fraction in this region. This HAB range also corre-
sponds to the region in the flame where the concentration
of PAHs and other large gas-phase hydrocarbon species
decrease to the baseline (Figure 2b) and are thus no longer
available to contribute to additional surface growth. The
O/C ratio also decreases substantially in this region.

At HABs above 6 mm, soot is in an oxidation region.
The soot-volume fraction and the sp2/defect ratio
decrease somewhat between HABs of 6 and 7 mm, but ξ

and b show negligible changes in this region, suggesting
that the onset of oxidation leads to a reduction in the
long-range order of the fine structure of the surface with-
out affecting the bulk.

Between HABs of 7 and 8 mm, ξ increases, and b

decreases, but these changes are small compared to the
decrease in sp2/defect ratio, which drops to values com-
parable to those of very immature soot particles found at
HABs below 4 mm. Thus, the bond-hybridization
scheme of C atoms changes dramatically at the surface,
but the bulk material retains absorption characteristics
that only deviate slightly from the absorption character-
istics at »6 mm HAB. The apparent small changes to the
bulk-maturity level may be a reflection of the changes at
the surface influencing the inferred values of ξ and b.
The O/C ratio increases only slightly, which is consistent
with most of the oxidation reaction leading to gas-phase
species with volume-fraction loss, i.e., oxygen does not
form long-lived surface functional groups during oxida-
tion. The results from LII and XPS thus demonstrate a
decrease in fine-structure order with oxidation, but they
show that oxidation has a much larger impact on the sur-
face order than on the bulk. These results indicate that
oxidation occurs predominantly at the particle surface
and that the chemical structure of the bulk located
beneath the surface of the shrinking soot particle remains
relatively intact. Previous work has suggested that, under
some conditions, soot can oxidize internally rather than
at the surface through a process by which oxygen perco-
lates into the particle and reacts with the less stable pri-
mary-particle core (Vander Wal et al. 2007). Our study
is consistent with a recent study that showed that mature
soot tends to oxidize at the surface (Sediako et al. 2017).

Ouf et al. (2016) have demonstrated that a small
amount of surface oxidation can occur on ex situ samples
of soot, even under conditions where atmospheric expo-
sure is limited. They have observed as much as 10 at% O
for less mature soot and 4 at% O for more mature soot.
It is thus possible that the oxygenated species observed
at the surface of the particles are related to sampling.
This possibility would tend to strengthen our conclu-
sions that oxidation occurs at the surface and leads to a
loss of surface-maturity level that does not strongly influ-
ence the level of maturity of the core particle and that a
significant amount of oxygen is not incorporated into
the particle during oxidation. In addition, Ouf et al.
(2016) found that oxidation of ex situ samples produces
predominantly carbonyl (��CHO) and carboxyl
(��COO/��COOH) functional groups. Our XPS fitting
suggests that, below an HAB of »6.5 mm, the majority
of the oxygen bound to the particle surface is in the form
of hydroxyl (��C��OH) and ether (��C��O��C��)
groups. Above this HAB, i.e., where particle oxidation
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occurs in the flame, the signal from hydroxyl and ether
groups decreases sharply, and the small remaining oxy-
gen signal stems from carbonyl and carboxyl functional
groups.

These results indicate that the bulk and the surface of
the soot particles may exhibit different levels of maturity.
The surface- and bulk-maturity levels may evolve nearly
independently under some conditions, and a soot parti-
cle can simultaneously undergo surface growth while the
bulk-maturity level increases. Prior to oxidation, there is
most likely a direct link between soot-maturity level and
hydrogen content, but the connections become more
complex during oxidation.

5. Summary and conclusions

This article presents results obtained using laser-induced
incandescence (LII) and X-ray photoelectron spectros-
copy (XPS) in a partially premixed atmospheric ethyl-
ene-air diffusion flame. We recorded LII measurements
using laser wavelengths of 1064 and 532 nm as a function
of the laser fluence and used these measurements to
derive the dispersion exponent (ξ) and trends in the
absorption cross-section scaling factor (b). We used
these optical parameters to infer trends in the maturity
level of the bulk of the particle. We fit the XPS spectra to
derive the sp2/defect ratio, thereby inferring the surface-
maturity level. We combined these results with aerosol
mass spectrometry (AMS) measurements of heavy
hydrocarbon abundance to gain insight into surface-
growth mechanisms.

Figure 4 schematically summarizes our results. At low
HABs (2–3.5 mm), the particles are disordered and
immature enough that they do not produce measureable
LII signal and have very low sp2/defect ratios. At HABs
in the range of 3.5–5 mm, there is a dramatic increase in
the LII signal and b accompanied by a decrease in ξ ,
demonstrating a sharp increase in the bulk-soot-maturity
level with HAB in this region. The sp2/defect ratio, an
indicator of surface-maturity level, increases gradually
with HAB in this region, which is also characterized by a
high abundance of PAH and other heavy hydrocarbons,
as measured by the AMS. We hypothesize that the
adsorption of hydrogen-rich heavy hydrocarbons onto
the particle surface at HABs below»6 mm leads to parti-
cle growth, which prevents the surface from attaining the
same maturity level as the bulk material. Under these
conditions, the surface might not fully mature unless
the concentrations of gas-phase PAHs and other hydro-
carbon species are low. Where the heavy hydrocarbon
abundance declines to nearly immeasurably small values,
i.e., at HABs between 5 and »6 mm, the surface-matu-
rity level increases substantially and reaches a maximum

while the bulk-maturity level does not change. In the
region where the particles start to oxidize, at HABs
above 6 mm, the volume fraction and surface order
decrease dramatically. Although the bulk-fine-structure
order decreases, the change is small compared with the
decrease in the surface order. This result indicates that,
under these combustion conditions, oxidation occurs at
the surface, where it disrupts the surface aromaticity. As

Figure 4. Summary of the changes in surface and bulk maturity
during particle formation, growth, and oxidation. The photo
shows the flame from the end, looking down the long-axis.
Squiggly lines denote aliphatic groups, and thicker straight lines
represent ring structures shown from the side. Ovals represent
locations in the flame where the corresponding particle charac-
teristics are observed. HABs are shown relative to the top of the
fuel tubes (left axis). The oxidized and immature surfaces are
shown as a layer of aromatic rings with aliphatic groups attached.
Online color: The oxidized surface is highlighted in red; the
immature surface during particle growth is shown in light brown.
Mature material is shown as black.
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outer layers are removed from the particle, the inner core
of the particle stays intact.

These results thus demonstrate the independent evo-
lution of the maturity level of soot at the surface of the
particle and in the bulk for the flame conditions studied
here. More work is required, however, to establish trends
in maturity level under different combustion conditions.
There is also a need to develop techniques that provide a
more quantitative assessment of the chemical character-
istics of the particles as they mature.
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