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a b s t r a c t

In-situ wide-angle X-ray scattering (WAXS) measurements have been conducted on atmospheric-
pressure fuel-rich premixed freely propagating ethylene/oxygen flames with argon and nitrogen dilu-
tion. In this work, a novel analysis methodology able to provide quantitative information on soot/carbon
particle species and concentrations was tested under heavy sooting conditions. The particle composition
and concentrations were retrieved by fitting theoretical calculations of structural components from
major molecular and nanometric species to the experimental WAXS data. The results show that argon
dilution yields predominantly graphene-like components that are less stacked and amorphous carbon
that is less structured than under nitrogen dilution. This finding was later confirmed by electron
microscopy analysis on samples extracted from similar flames. In addition, the WAXS showed that
most of the carbon present in the flames was bound as particles. These results constitute some of the
first in-situ observations on structures and concentrations of carbon species in laboratory burner
flames operating without stabilization plates.

© 2015 Elsevier Ltd. All rights reserved.
1. Introduction

Soot and nanoparticles from combustion are of considerable
interest as commercial products and because of the impacts they
can have on health [1e3] and the environment [4e8]. During the
last decade much attention has been directed towards unraveling
the mechanisms that control particle production [9,10]. They span
wide ranges of length and time scales [10e13], and molecular dy-
namics simulations show that carbon cluster formation and
structural changes are strongly dependent on temperature [14e17].
To significantly advance models of particle generation and
sler).
destruction, it is necessary to develop complementary theoretical
and experimental tools that probe reactive structures on the atomic
scale, and provide accurate size distributions. Many experimental
techniques that are employed to studymolecules and nanoparticles
[18e41] require physically extracting the samples from the reac-
tion/flame region. This usually introduces local disturbances on the
temperature and flowconditions, hence on the formation dynamics
and concentrations. Consequently, non-perturbative in-situ mea-
surements are preferable. Hard X-ray methods utilizing photons of
wavelengths comparable to interatomic distances have consider-
able potential for interrogating morphology and chemical bonding.
These techniques can overcome some of the limitations of laser
techniques [42,43] that operate in the infrared to ultraviolet regions
and frequently suffer from interference by flame/reactor back-
ground radiation. In addition, the intensity and resolution of optical
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signals generally decrease with increasing size, temperature, and
internal energy of the soot precursor molecules such as polycyclic
aromatic hydrocarbons (PAHs) [42e46].

Three principle X-ray techniques have been applied to soot
formation studies: X-ray absorption spectroscopy (XAS); small-
angle X-ray scattering (SAXS); and wide-angle X-ray scattering
(WAXS). XAS methods are most suitable for ex-situ studies, since
they are element sensitive and can probe the local environment
around the absorbing atom and thus deliver important chemical
information on solid carbon [47]. For carbon species absorption
occurs in the soft X-ray wavelength region and therefore requires
relatively low pressure conditions. WAXS is primarily sensitive to
two parameters: the size of the electron cloud of a free atom (such
as that of argon) and the distance between atoms in a molecule.
The technique is usually applied in the hard X-ray wavelength
region technique and therefore can be employed for in-situ at-
mospheric- and high-pressure in-situ measurements to ‘sense’ the
structure of small nanoparticles and soot [48,49]. Among the three,
SAXS is probably the most extensively used technique for in-situ
studies of the size distributions and morphologies of nano-
particles and soot [50e56]. The X-ray techniques have also been
combined to give a more complete picture on the properties of
soot. XAS methods have been used by Braun et al. [57] in combi-
nation with ex-situ WAXS to obtain the size of graphitic crystal-
lites, lattice spacing and relative proportions of aliphatic and
aromatic species in soots. This detailed structural information was
complemented by SAXS measurements that determined sizes and
fractal dimensions of particles. SAXS and WAXS have also been
applied in-situ in flames, supplying important information on the
sizes, fractal properties, concentrations, and structure of soot and
nanoparticles that has given more insight into the formation dy-
namics of soot and precursors [58e60].

Among the above mentioned techniques WAXS has a particular
advantage in that it can provide information on the clustering and
atomic level arrangement of atoms and thus deliver important in-
formation of the chemical character of carbon containing mole-
cules, clusters and particles. In-situ studies on nanoparticles and
soot were performed by Ossler and co-workers [58e60] on flames
stabilized with a plate that created a high density of particles just
below the plate surface that could be probed with a relatively low
flux X-ray source (~1010 photons/s) [49]. While valuable informa-
tion is obtained from such measurements the presence of the plate
perturbs the flow field in the flame. SAXS usually yields higher
signals than WAXS and has been applied to flames without plates
that are stabilized just by the burner surface [50e56]. In this
manuscript these flames will be referred to as freely propagating
flames and are preferred as the flow fields are not perturbed.
However, the particle densities are much lower than just beneath a
stabilization plate and much higher photon fluxes are required for
adequate in-situ WAXS measurements.

In this work we present a novel methodology with results from
an exploratory study on the use of intense X-ray radiation to obtain
in-situ quantitative structural/chemical information and concen-
trations about carbon-based nanoparticles that were produced in
fuel rich freely propagating atmospheric pressure flames. The work
describes how particle species concentrations and structural in-
formation were obtained from the WAXS profiles and chemical
calculations. From these data the amount of carbon bound in small
molecular species and particles was also determined.

2. Scattering cross sections

2.1. Definitions

The theoretical background on coherent and incoherent
scattering required for interpreting the experimental data pre-
sented in this work has been described in detail in Ref. [49] and
references therein. Thus only a brief overview of the essential
equations is outlined below. Additional details and sources to
atomic scattering data can be found in Ref. [61] and references
therein. For the hydrogen atom the cross sections given by Bentley
and Stewart were used. Whereas, the floated sphere approach by
Stewart et al. was used for the cases of hydrogen molecules and
hydrogen bonded to other atoms, (see Refs. [61], p 536, and refer-
ences therein). The free atom approximation [61], which is used for
the other atoms (carbon, oxygen nitrogen and argon) in our cal-
culations appear also to work well for hydrogen atoms for the level
of approximation in this work.

The observed scattering intensity is given by Eqs. (1)e(3).

Iðqðl; qÞ; q;fÞ ¼ I0cr
2
e pðq;fÞN

Xm
j¼1

xj

�
dsðqÞ
dU

�
j
DUðqÞDVðqÞ (1)

q ¼ ð4p=lÞsinðq=2Þ; (2)

where q is the exchanged momentum, l is the wavelength of the X-
rays, and q is the scattering angle.

pðq;fÞ ¼ sin2
fþ cos2 f$cos2 q (3a)

alternatively

pðq;fÞ ¼ 1� cos2 f$sin2
q (3b)

The measured intensity, I, depends on the number of photons
per second collected by the detection system, c is the calibration
constant, re is the classical electron radius, I0 is the intensity of the
X-ray beam expressed as the number of photons per second, N the
total concentration of species, xj the relative concentration or mole
fractions of species j. These can also be expressed in terms of parts
per million, ppmj ¼ 1 � 106 xj. (ds/dU)j is the differential cross
section of species j and it is given in electronic units (e.u.). DU and
DV are the solid angle and the volume of detection, respectively,
and are functions of q. The factor p(q,4) contains the dependence on
the inclination of the scattering plane relative to the direction of the
plane of polarization of the X-ray radiation.

In order to simplify the analysis one can calculate the total
normalized cross section, t (q), defined by Eq. (4a), as part of Eq. (1).
The normalization is given by Eq. (4b).

tðqÞ ¼
Xm
j¼1

xj

�
dsðqÞ
dU

�
j

(4a)

Xm
j¼1

xj ¼ 1 (4b)

While Eq (1) should allow extracting the absolute scattering
intensity, the actual values are particularly sensitive to the accuracy
of c, DV, and DU. In order to minimize the effect of fluctuations in
these parameters, it is very convenient to cast the experimental
data as ratios of scattering signals to a reference signal [58,60]. In
this work the scattering signal from the flame is divided by that
from a cold flow reference to yield the ratio, g, Eq. (5a).

gðqÞ ¼ If ðq; q;fÞ
Icðq; q;fÞ ¼

Nf

Nc

tf ðqÞ
tcðqÞ (5a)
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Nf and Nc are the total number concentrations of the flame and the
cold flows, respectively. Assuming constant pressure and the per-
fect gas law, pV ¼ nRT, one gets Eq. (4b) from Nf

Nc
¼ Tc

Tf
and Eq. (5a).

2.2. Specific species cross sections

Within a flame theremay be several hundred ormore individual
species that contribute to the observed WAXS signal. It is imprac-
tical to calculate scattering cross sections for each species and
generic cross sections for groups or classes of species are adequate
for all but the most abundant species. Based on Eq. (1) we therefore
treat the scattering from the flame as the contribution from the
three different groups, which are defined with respect to their size
or number of carbon atoms: (1) Atoms and small molecular (major
concentration) species with two carbon atoms; (2) particle pre-
cursors or polycyclic aromatic hydrocarbons (PAHs) with up to 100
carbon atoms; and (3) small structural species representing either
small nanoparticles or components of larger particles with more
than 100 carbon atoms as will be explained in the following sec-
tions. Their respective number concentrations are given as Nf, Ng,
and Np, where the suffices f, g, and p stand for “flame”, “precursor/
PAH/graphene”, and “particle.

In order to obtain the total theoretical g(q) to be compared with
the experimental measurements the scattering from the major
concentration molecular species of group (1) in the flame at the
measurement HAB have to be added to that from the precursors
and particles of groups (2) and (3). The molecular species concen-
trations were estimated from chemical kinetic simulations of the
flames which are discussed in section 4.2. To obtain the best fit
between the experimental profiles and the calculated ones the
balance between molecules, particles and precursors have to be
adjusted. The sensitivity to the level of detail in these simulations is
examined later.

In the following sections the effect different species in the three
size groups have on the structure of the angular pattern of g(q) is
shown by plotting their ds/dU against q. In order to simplify the
analysis a set of structural groups were selected that may not
necessarily represent a pure single substance (e.g. precursor, par-
ticle etc.), but should be interpreted as structural components that
relate to specific features of the scattering signal and that could
represent either free small nanoparticles or parts of larger particles.
Information on the size and morphology of particles has to be
gained from complementary experiments such as SAXS. The size of
these species was limited to approximately 2 nm and up to 352
carbon atoms. The aromatic or PAH components were defined as
containing 88 carbon atoms so that 4 layers yield a 352 atom
graphite unit. This simplification gives a direct way to test how
structural changes affect the scattering while maintaining a con-
stant number of carbon atoms. The effect of changing the number of
carbon atoms within the same structural system has also been
examined and principally changes the amplitude of the scattering
cross section, but does not affect themain properties of the shape of
the profile. Some crystallographic effects such as the width or
sharpness of a feature corresponding to a lattice plane do change
with the number of carbon atoms, but they were of minor impor-
tance in our study and were only considered on a qualitative basis,
partially because of the limited angular resolution of the detector.
2.2.1. Atomic and molecular major concentration species
As shown in Fig. 1 the ds/dU for air and of the major atomic and
molecular species, Ar, N2, CO, O2, H2, CH4, H2O, C2H2, C2H4, H2CO,
and CO2 show intensities that decrease and display slow changes of
the slope with increasing q. Thus from a signal analysis point of
view only low frequency components (in terms of the q-pattern)
appear for the small molecules and that the frequency increases
with the size of the molecules or particle. All the reported atomic
and molecular species show cross sections which present a
monotonic dependence on q, where they decrease to at least
q ¼ 4 Å�1. The largest molecules, C2H4, C2H2, and CO2, show a small
local maximum for 5 Å�1 < q < 6 Å�1.

2.2.2. Particle precursors and PAH/graphene
Within a flame there may be many aromatic species ranging in

size from benzene to tens of carbon atoms that could be considered
as precursors to primary soot particles. In this work particle pre-
cursors are defined as species that contain up to circa 100 carbon
atoms. The ds/dU of several aromatic species and C60 are shown in
Fig. 2. The aromatic species include benzene, naphthalene, and
perylene to represent the smaller aromatics or polycyclic aromatic
hydrocarbons (PAH). Larger PAHs were represented by nanometer
sized graphene with 88 carbon atoms. In actual PAH there are H-
atoms bound to the edge carbon atoms. However, these were not
included in the calculation of ds/dU which introduces <5% error to
the scattering profile for a large PAH.

2.2.3. Particle species
In the following sections we show that nanoparticles or nano-

sized structural components generally have significant features
related to their overall size and shape or morphology that appear in
regions of the WAXS signals that differ from the features generated
by atoms or molecules. Nanometer sized units or structural ele-
ments tend to appear with higher frequency components and can
be separated from the scattering contribution of the flame gases in
group (1). As a first approach two groups were selected to describe
the structural properties of the small nanometer sized constitu-
ents: (i) Highly structured graphitic units of either type AA
(Fig. 3aec) or AB (Fig. 4aec), where AA corresponded to parallel
stacking of 88 carbon atom graphene sheets (Section 2.2.2), and AB
to alternating shifts between layers of 1.42 Å in the “armchair”
direction; (ii) Amorphous elements (Fig. 5aec) containing low
levels of structure.

The calculated differential cross sections for the graphitic spe-
cies were dependent upon the number of graphene-like layers and
the interlayer separation. Figs. 3b and 4b show the effect of number
of layers on the scattering. In Figs. 3c and 4c the number of layers is
fixed at 6 but the inter-layer spacing is varied from 3.3 Å to 3.7 Å in
steps of 0.1 Å. Differences in the heights and locations of peaks in
the calculated ds/dU occur as the structure is stretched or com-
pressed. Prior studies on bi-layered graphene (see Ref. [62] and
references therein) indicate that the binding energy of AA should
be lower than that of AB and the equilibrium distance between
adjacent layers should also be slightly larger.

The amorphous species were represented by chains having
specific carbonecarbon (CeC) distances. The various amorphous
structures were obtained from a random generator that con-
strained bond angles to ensure that the closest distance between
two carbon atoms would not be less than the chosen CeC bond
length. Some representative structures, e.g.Ch_1 (Fig. 5a), were
created with bonds lengths of 1.42 Å that are similar to aromatic
bonds. Additionally, structures with aliphatic bonds lengths of
1.54 Å, e.g. Ch_2 (Fig. 5b), were created. Different types of chains
within each of these two bond length groups were selected based
on the properties of the profiles of their differential scattering cross
sections. The structures were randomly generated chains contain-
ing 350e352 carbon atoms. Fig. 5c displays ds/dU for structures
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Ch_1 and Ch_2, which are just two of the many structures created
by the random generator. Ensemble average scattering cross-
sections, Fig. 5c, have been calculated from the specific scattering
cross sections for each structure created by the random generator.
These averages are referred to as Av_1 and Av_2, corresponding to
the respective bond lengths 1.42 and 1.54 Å. The calculations show
that for q< 2.5Å�1 the scattering is mainly sensitive to the resulting
large scale chain structure or the way the atoms cluster at each run
and is dependent on the specific morphology, e.g., the elongation
and contraction of the chain, as well as the internal grouping of
atoms. For instance in the large scale structure the two strands/
lobes, in Fig. 5b are responsible for lowering the intensity in the
scattering profile in the region 1.5 Å�1 < q < 2.0 Å�1 of Fig. 5c, close
to the same region where graphitic stacking produces a peak, see
Figs. 3b,c and 4b,c. This is in agreement with the findings in
Ref. [49] that the shape of clusters affects the scattering profile for
q < 2.5 Å�1. Fig. 5c also shows that for q > 2.5 Å�1 the scattering is
mainly sensitive to the choice of the bond length. Another result of
the calculations (see Fig. 6) is that in this q region the scattering is
well represented by that produced by a statistical ensemble of
specific bond lengths and not that by that from a single (average)
bond representation. Consequently, significant chemical informa-
tion on structural species can be derived from scattering mea-
surements on ensembles.

The specified number (350e352) of carbon atoms was used for
many of the calculations because they would produce the same
carbon mass as that of graphitic species described previously. The
number of carbons atoms for both the graphitic and amorphous
structures appeared as a reasonable choice with respect to the
width of the signatures observed from the scattering measure-
ments described in the experimental section. For the graphitic
structural components AA and AB with 352 atoms, i.e., four sheets
of the graphene units separated by 3.4 Å were the primary choices
for the fits.
3. Experimental

The experiments were conducted at the BESSRC beam line 12-
ID-C of the Advanced Photon Source (APS) at Argonne National
Laboratory. The energy of the X-ray beamwas 12.0 keV (1.03 Å). The
spectral bandwidth was 2% or better, and the incident average
power was ~1W in a rectangular cross-section of 600 mm� 600 mm
(Flux ~ 1016 photons s�1). A premixed atmospheric pressure
ethylene/oxygen flame diluted with either Ar or N2 was generated
above the surface of a porous bronze-plug, McKenna-type, burner
[63]. The inner diameter of the premixed region was 0.75 inches
(1.9 cm) and the outer diameter of the co-flow region was 1.25
inches (3.2 cm). The flame was shielded from the ambient air by a
co-flow of nitrogen.

The experiments were performed with the flow conditions
given in Table 1. The burner was operated at a fuel rich condition
with carbon/oxygen ratios (C/O) between 0.76 and 0.95, corre-
sponding to equivalence ratios (F) between 2.3 and 2.8. This
enabled producing high soot concentrations at relatively low
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heights above the burner surface (HABs) where the burning con-
ditions were most stable. Typically this occurred close to
HAB ¼ 10 mm where most of the measurements were performed.
The flows had to be kept relatively constant to sustain stable
burning conditions. Consequently, only one input flow parameter
was slightly changed at a time giving systematic changes between
flames with the same diluent. Unfortunately, this also resulted in
small changes to the overall flow velocity between flames making
quantitative comparisons more difficult. The effect of the flow
changes on the major molecular species composition and flame
temperature were estimated by chemical kinetic calculations
described in the following sections. The flame temperatures could
not be measured by thermocouple during the WAXS experiments
due to spatial constraints and the difficulty of making sufficiently
accurate measurements in a sooting flame. However, it is possible
to extract estimates for the flame temperatures from the WAXS
data that could be compared to offline measurements as discussed
in section 4.2.

The Ar flames were shorter and wider for similar flow settings
than those with N2, which is consistent with the higher tempera-
tures and reaction rates in the argon-diluted flames. In order to
stretch the Ar flames to dimensions comparable to the N2 ones the
flow rates of the fuel and argon had to be increased. This eventually
also caused the flame to lift from the burner limiting the useable
range of flow rates. In addition to flame measurements, two mea-
surements were made with the flame extinguished and the fuel
turned off. These cold flow measurements provided reference sig-
nals for analyzing the flame measurements, section 2.1, and will be
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Table 1
Flow conditions for the A1eA3 and N1eN3 flames.

A1 A2 A3 Aref N1 N2 N3 Nref

Co-flow-N2

(l/min)
8.5 6.8 8.5 8.5 7.6 7.6 6.8 6.1

C2H4

(l/min)
0.21 0.20 0.23 0.00 0.24 0.24 0.21 0.00

O2

(l/min)
0.26 0.26 0.26 0.26 0.26 0.26 0.26 0.29

Fuel-Ar
(l/min)

1.02 0.88 1.02 1.02 0.00 0.00 0.00 0.00

Fuel-N2

(l/min)
0.00 0.00 0.00 0.00 0.58 0.63 0.58 0.61

C/O 0.83 0.76 0.90 0.00 0.95 0.95 0.83 0.00
F 2.5 2.3 2.7 0.0 2.9 2.9 2.5 0.0
Gas velocity
(cm/s)

8.78 7.83 8.88 7.52 6.35 6.67 6.17 5.27

Mole fraction, xi, of C2H4 0.14 0.14 0.15 0.00 0.23 0.22 0.20 0.00

F. Ossler et al. / Carbon 96 (2016) 782e798 787
referred to as Aref and Nref for argon and nitrogen flows
respectively.

The WAXS measurements were performed with a rotating-
detector arrangement, described previously [49] and shown in
Fig. 7. It consists of a scintillator/photomultiplier tube (ZnS:Ag/
Hamamatsu H6780) mounted on a computer controlled rotation
stage. The angle between the scattering- and beamepolarization
planes was 4 ¼ 50�. The output of the photomultiplier was con-
nected to a low-noise trans-impedance preamplifier followed by a
voltage-to-frequency converter. The resulting frequency was
measured with a scaler. The integration time at each angle was
5.0 s. The rotating detector was scanned over the range of scattering
angles, q, from 14� to 95�, in steps of 1�. The resolution of the
detection systemwas 0.6�. The range of the detector extended from
1.38 < q < 10.50 Å�1. The power of the incident beam was moni-
tored with a helium filled ionization chamber, a low-noise trans-
impedance preamplifier, and a voltage-to-frequency converter
followed by a second scaler.

Because the intersection between the line of sight of the de-
tector and the crossing X-ray beam (i.e., the depth of view) was
proportional to 1/sin (q), the scattering around q ¼ 90� yielded
particularly high spatial resolution but was very sensitive to any
misalignment between the vertical center-line of the flame and the
center of rotation of the detector. Moreover any inhomogeneity and
fluctuations inside the flame close to the high-temperature core
region can easily affect the scattering signal, as discussed in section
4.1. Consequently, this paper focuses on the average properties of
the flames for scattering angles between 15� and 65�

(1.5 Å�1 < q < 6.5 Å�1) which are less susceptible to these effects.
3.1. Retrieval of particle data by a fitting procedure

The following iterative fitting procedurewas used to retrieve the
species composition and temperature from the experimental g (q)
based on the outline given in section 2.1.

1) The cold-flow reference scattering was calculated for the flow
conditions in Table 1;



Fig. 7. The Set-up: (a) View of the set-up against the direction of the X-ray beam; (b) View from above perpendicular to the scattering plane. 1. Burner, 2 gas ducts, 3. flame, 4.
rotation stage, 5. detector head; (c) picture of the argon diluted flame A1; (d) picture of the nitrogen diluted flame N1. The direction of X-ray beam is from the right to the left in the
photographs (c) and (d). (A colour version of this figure can be viewed online.)
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2) Scattering from the major molecular and atomic species in the
flames (section 2.2.1) was estimated from concentrations ob-
tained from chemical kinetics calculations.

3) Scattering from precursors in section 2.2.2 and graphitic species
for the structures AA and AB described in section 2.2.3 were
added to the flame gas scattering from step (2);

4) Scattering from amorphous species based on the structures in
Fig. 5a and b which are described in section 2.2.3 was added to
the scattering obtained at step (3);

5) The resulting total flame composition scattering from step (4)
was divided by that of the reference mixture from step (1);

6) The nanoparticle composition, e.g., combination of amounts of
precursor/graphene, AA, AB, chains Ch_1 (CeC 1.42 Å) and Ch_2
(CeC 1.54 Å), or statistical average representations of the chains
Av_1 and Av_2 were adjusted to improve the curve shape of the
calculated g (q) with respect to the experimentally measured
one;

7) The theoretical curve was scaled by adjusting the flame tem-
perature to obtain the best agreement between theoretical and
experimental data and thus the ratio between room tempera-
ture (Tc ¼ 298 K) and estimated flame temperature (Tf) given by
Eq. (5b);
8) Points (6) and (7) were iterated until the best fit was obtained to
minimize the root-mean square difference sum (RMSD) given in
Eq. (6).

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiXn
2

,vuut
RMSD ¼
i¼1

ðgcaðqiÞ � gexðqiÞÞ n (6)

gca(qi) and gex(qi) are the calculated and experimental values,
respectively.

As the fitting procedure was developed it became clear that two
parameters had the largest effect on the simulated signals. These
were the contributions from nanometer sized carbonaceous
structural components of particles and the temperature.
4. Experimental results and discussion

Scattering data were obtained for six flames and two cold
reference flows. Fig. 8a and b presents scattering data related to the
Ar-diluted, A1eA3, flames and the reference measurement, Aref.
Similar data are displayed in Fig. 8c and d for the N2-diluted,
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Fig. 8. Measured scattering: (a) Scattering intensities for the A1eA3 flames and the reference condition normalized by the intensity of the X-ray beam; (b) corresponding ratios; (c)
scattering intensities for the N1eN3 flames and the reference condition normalized by the intensity of the X-ray beam; (d) the corresponding ratio for N1eN3; and (e) the ratio for a
soot sample at room temperature (se footnote, Page 17). The relative difference in intensities which are barely discernable in figures (a) and (c) were less than 6% and 3% for
q ¼ 3 Å�1, respectively. However, the differences in the signals are readily seen in the ratio plots (b) and (c). (A colour version of this figure can be viewed online.)
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N1eN3, flames and Nref, the nitrogen reference flow. In Fig. 8a and
c the scattering intensities normalized by the intensity of the X-ray
beam are given. The drop in intensity with decreasing q for
q < 1.7 Å�1 is attributed to the partial shielding caused by the ge-
ometry of the beam line. Both the flame and the reference mea-
surements show the same decrease which thus cancels out in the
ratios of scattering intensities obtained from Eq. (4a). These ratios
are shown in Fig. 8b and d. For comparison, a scattering profile
normalized against the nitrogen-dilute reference signal is displayed
for a carbon soot sample1 in Fig. 8(e). The most obvious features of
Fig. 8(b) and (d), are the peaks at values of q between 1.7 and
1.9 Å�1. They are strikingly similar to those given by the carbon soot
reference, indicating that graphitic structures are present in the
flames.
4.1. Homogeneity of the measurement volume

A potential complication in interpreting the experimental sig-
nals is that inhomogeneities (mentioned in section 3) in the reac-
tion volume can strongly influence the scattering signal particularly
close to q ¼ 90�. These can arise, in part, from fluctuations in the
1 A sample of soot was deposited on a metal substrate by passing it through a
sooting ethylene flame. After the flame had been turned off the sample was
inserted into the measurement volume and the WAXS profile acquired.
flame causing local variations in density and temperature that
result in changes in species concentrations. The flames in the cur-
rent work were created from premixed gases and are, in principle,
axisymmetric. Thus the spatial variations of density, temperature
and species composition should be simply a function of HAB and
independent of the radial position. However, in an angular region
around q ¼ 90� the experimental and calculated scattering signals
deviate (see Fig. 9). This region corresponds to that of the highest
spatial resolution and therefore the measurements are very sensi-
tive to local variations in density, which may arise from many
sources including non-ideal flows or local heating by radiating soot
particles. These processes and their effects on flames are very
challenging to model accurately and may lead to limitations in the
range of scattering angles from flames that can be reliably studied
with WAXS. For this exploratory study all the theoretical calcula-
tions of the gas and particle compositions were based on homo-
geneous systems and did not account for radial variations.

Comparisons of calculated and experimental data are shown for
the A1 and N1 flames in Fig. 10. Large deviations between the cal-
culations and experiments were found in the scattering regions 75�

< q < 110� corresponding approximately to 6.5 Å�1 < q < 10.5 Å�1,
particularly for the N1 flame. For the other flames (A2, A3, N2, and
N3) similar deviations were found over a wider range,
5.2 Å�1 < q < 10.5 Å�1. Despite these deviations in g(q) there are
fine features within these regions that match between experiments
and calculations. From the analysis of the deviations they are most



Fig. 9. Summary of comparison between experiments and theory with respect to
scattering angle in terms of the ratios between experimental and theoretical scattering
intensities. The yellow region and red spot represents the flame and its low density/
high temperature region, respectively. The broken-line circle refers to the location of
the rotation stage. The blue arrow in the figure indicates the direction of view given by
the photos of Fig. 7. (A colour version of this figure can be viewed online.)
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Fig. 10. Plots presented in an extended q range. Theoretical data fitted to the experi-
ments for A1 and N1 described in section 4. The axes of the graphs are in logelog (y,x)
scales. (A colour version of this figure can be viewed online.)
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likely due to the position of the rotation center of the detection
system being slightly off-axis and upstream of the X-ray beam as
given in Fig. 9, rather than variations in flame properties. This is
supported by the observation that there was considerable sym-
metry in the deviations between measurements and calculations
around q ¼ 95�. The deviations also appear to depend on HAB. For
the flames measured at HAB ¼ 10 mm (N1eN3, A2, A3) a small
region (1.5e2.0 mm in diameter) at the center showed lower
density than the rest of the flame. This could be an effect of higher
temperature at the center and/or lower concentration of soot par-
ticles. For the A1 flame, which was measured at HAB ¼ 8 mm the
center region presents more of a doughnut-like density or
temperature structure.

4.2. Estimation of flame temperature and composition

In the course of this work the sensitivity of the WAXS profiles to
flame temperature has become apparent. In an improved experi-
mental setup the flame temperature would ideally be measured
simultaneously with the WAXS signal. However, this is impractical
particularly for sooting atmospheric pressure flames; in part due to
space constraints and in part due to the opacity of the flame.
Thermocouple measurements have been reported for sooty flames
[37], but obtaining uncertainties of± 50 K is difficult even with the
well-described methods of Shaddix and co-workers [38]. Un-
certainties of± 100 K are more typical in sooting flames and the
small diameter burner used in this work makes accurate thermo-
couple measurements more challenging. Following the WAXS ex-
periments we tested thermocouple measurements on similar
flames generated with a different, but similar, burner in a labora-
tory. As anticipated, the results showed significant variability for a
number of reasons including: the relatively small volumes of the
flames; effect of the probe on the local flame environment; rapid
deposition of soot on the thermocouple in the N2 diluted flame. As
an alternative the temperature difference between the Ar and N2

diluted flames A10 and N10, that were analogous to A1 and N1 was
estimated based on the ratio of the spontaneous radiative emission
(up to 1000 nm) measured from the sooty region by a small fiber
coupled spectrometer. This radiation was compared with the cor-
responding ratio resulting from the theory of Planck blackbody
radiation. The results indicated that the argon diluted flames were
about 100 K hotter than the nitrogen diluted ones. There is little
doubt that flame temperature is a key parameter in interpreting
WAXS data quantitatively and developing amethod that allows it to
be obtained simultaneously with the WAXS signal will be an
important improvement. Due to the challenges of obtaining accu-
rate flame temperature measurements the temperature at the HAB
at which the WAXS signal was collected was treated as a fitting
parameter and obtained from Eq. (5b), section 2.1. The fitting was
done without any a priori knowledge of temperature. The only
influence of the temperature in the fitting procedure was from the
major species concentrations that were normalized (i.e., the
resulting sum was set to 1). The experimental investigations were
made at HABs where much of the fuel has been converted to par-
ticles and particle precursors. Consequently, the contribution of
small gas phase species to the observed scattering profile is only
weakly dependent on the HAB. For measurements at lower HAB
and particularly close to the flame front the scattering from small
molecules and radicals will become increasingly sensitive to the
HAB and these can be adequately estimated from chemical kinetic
calculations.

The kinetic calculations were performed with the premixed
flame module of CHEMKIN [64]. In addition to concentrations, the
calculations also provided estimates of the flame temperatures at
HAB WAXS data were acquired. For detailed chemistry the Ara-
mcoMech 1.3 model was selected [65] as this has been validated for
the range of conditions in Ar- and N2-diluted flames. However, it is
also of benefit to obtain rapid estimates of flame temperature and
major species concentrations for on-the-fly analyses prior to more
detailed simulations. To this end a very simple model which we
refer to as a rudimentary chemical description (RCD) was also used.
From the CHEMKIN simulations concentrations of the major spe-
cies, mole fraction >10�3, were extracted and the scattering profiles
for each specie was calculated and incorporated into simulations of
the experimental WAXS data as outlined earlier.

The RCD method used a very simple two equation system, Eqs.
(7) and (8), that reproduced the main product concentrations, C2H2
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and CO, observed by Xu et al. [66] in rich ethylene flames of similar
C/O ratios to the current work. However, it has to be taken into
account that the Xu et al. flames were produced with a larger
burner (60 mm diameter) and with an annular stabilization plate
(30 mm [66]) positioned 32 mm above the burner surface. Conse-
quently, one may expect some deviations in the flow fields at HAB
of 8 and 10 mm compared to the current work, but most probably
not sufficient to prevent a qualitative comparison.

C2H4 þ 2O2/2COþ 2H2O (7)

C2H4/C2H2 þ H2 (8)

Calculations with both models were made at the experimental
HABs. In order to understand how early chemistry would influence
the fits of the experimental data calculations were also done for
HAB ¼ 1 mm using the AramcoMech code. The flame temperatures
obtained from the calculations, Tca, and evaluated from WAXS, Tev,
are reported in Table 2. In Fig. 11 the main compositions of the
flame gases of A1 and N1, obtained from the chemical kinetic
simulations are shown along with the corresponding RMSDs
(including data points up to q ¼ 6.5 Å�1) of the fits to the experi-
mental WAXS signals. In addition, to RCD and AramcoMech the
experimental data of Xu et al. [66] were also used to estimate major
flame species. The results demonstrate that the evaluated tem-
peratures and RMSD improve as the chemistry gets more complete
and the gas contains less oxygen.

Figs. 12 and 13 give the best fits of the experimental and
calculated g (q). For the comparative study using A1 and N1we had
set the estimated upper q-limit to 6.5 Å�1for the fitting procedure.
For the complete sets of flames, A1eA3 and N1eN3, we had to
decrease it to 5.2 Å�1 to compare the quality of the fits for all the
flames. The figures display the particle and precursor/graphene
concentrations resulting from the fits, the relative amount of car-
bon present in the particles and small molecules along with the
relative amounts of structured and amorphous species in the par-
ticles. PAH/Graphene appears to be the most important precursor
species from the fitting of the experimental data. Previous WAXS
studies on stabilized ethylene diffusion flames [49] indicated that
fullerene, C60, may also be present, therefore initial trial simula-
tions scattering from C60 were also included in the present work.
However, these simulations indicate that in the freely propagating
premixed flames presented here fullerenic species contribute little
or nothing to the observed signal and that graphene has the most
significant effect on the observed signal.

Table 3 gives a summary overview of the parameters retrieved
from the WAXS experiments: The temperatures Tev, Tca, number
concentration of the major flame species Nf, particle species Np, and
precursor/PAH/graphene species, Ng, are reported. The table also
shows the relative amount of carbon bound in particles and mol-
ecules, pm and mm, respectively in the last column. In more detail,
mm refers to the carbon mass of species given in size group (1),
whereas that of pm to that of the total carbon mass of species in
Table 2
The calculated and evaluated temperatures are reported for the best fits using the
data sets (A)e(D) for the flames A1 and N1. *Height not specified or relevant for the
comparison; **No calculated temperatures.

Calc. Source A1
HAB
(mm)

A1 Tca (K)/Tev (K) N1
HAB
(mm)

N1 Tca (K)/Tev (K)

A RCD * **/1770 * **/1500
B Xu et al. * **/1770 * **/1500
C Aramco 1.3 8 1764/1730 10 1644/1428
D Aramco 1.3 1 1417/1795 1 1337/1488
groups (2) and (3) combined.
The apparent temperature of the flame, Tf, which is given in Eq.

(5b), was estimated from the chemical kinetic calculations, Tca, and
from the WAXS evaluation, Tev. The resulting Tev were lower than
the Tca, for both the nitrogen and argon diluted flames. For the Ar-
diluted flames the differences were relatively small, whereas for
N2-diluted ones the deviations were larger and the differences in
Tev and Tf almost reached 200 K, a fact, which is hard to rationalize
at the present stage but may be symptomatic of an experimental
artifact.

The results from measurements with High Resolution Trans-
mission Electron Microscopy (HRTEM) at the nCHREM facility at
Lund University are displayed in Fig.14 and with blow ups of details
in Fig. 15. They agree with the results from the WAXS measure-
ments in that they show how the A10 condensed material is less
dense and less graphitic than that from N10. Furthermore, the par-
ticle units appear to be smaller and contain more strand-like
structures that would agree with aliphatic components and
graphene-like folded structures with a relatively low level of
stacking, whereas the N10 flame presents larger particle units with
more densely packed strands that could be explained by graphitic
nanostructures. Additional chemical information was obtained
from Fourier Transform Infrared Spectroscopy and Microscopy
(FTIRM) at the beam line D7, MAX-lab: Fig. 16 shows markers for
some product particles species indicating that A10 contains a
stronger absorption peak than N10 around 1720 cm�1, corre-
sponding to carbonyl groups. This difference suggests that the
graphene structures (identified by WAXS) for the A1eA3 flames
may have been partially oxidized, and therefore were less prone to
stacking depending on how the carbonyl groups are attached to the
carbon skeletal structure. There is good agreement between the
differences observed in the WAXS signals between the Ar and N2
diluted flames and those from analogous flames where samples
were examined ex-situ by electron microscopy and infrared
spectroscopy.

The particle species' absolute concentrations resulting from the
WAXS experiments, Np, are high compared to other studies. One
reason is that WAXS has a high sensitivity towards small nano-
meter sized structures and particles compared with many other
techniques but is hardly able, as explained later, to distinguish
between free nanometer structures in the gas phase and structural
components of larger particles in the current configuration of the
set-up used for the experiments. The Np are also higher than re-
ported from SAXS measurements in an ethylene diffusion flame
[59], but within the same order of magnitude if hierarchic aggre-
gation is taken into account and it is assumed that some of the
WAXS signal derives from subunits of larger particles. For instance,
the number concentrations of species with a size of 15 Å in this
work were typically around 1016 cm�3 for the nitrogen-diluted
flames in the sooty regions. In terms of equivalent volume this
corresponds to ~5 � 1014 cm�3 of 4 nm particles, whereas the
corresponding number concentrations in Ref. [59] were ~1014 cm�3

in the flame before any condensation effects were seen on a metal
plate positioned 2 mm above the measurement point at
HAB ¼ 15 mm. The high number concentrations can be partially
explained by a collisional rate based analysis assuming hierarchic
type of aggregation and coagulation where particles mass is
doubled at each collision event with almost 100% throughput on
short time scales. Another possible source for excess carbonmay be
the release of deposits trapped in the sintered bronze plug that
forms the burner, However, the burner was water cooled and this
later source is very unlikely.

In this work, the nanometer-sized structural species repre-
sented in the calculations were in the size range of 10e20 Å and
they agreed reasonably with respect to the crystallographic size
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Fig. 11. The RMSD between experimental and modeled results of the fits for the argon and nitrogen diluted flames A1 and N1. In the lower panels log plots are shown of the
respective major species obtained from: (A) RCD, (B) Experimental data from Xu et al., (C) The AramcoMech 1.3 model for the measurement heights, and (D) the AramcoMech 1.3
model for HAB 1 mm as a representation for early chemistry. (A colour version of this figure can be viewed online.)
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that can be obtained from the scattering profiles. For instance,
representations of AA and ABwith 352 atoms, i.e., four sheets of the
graphene units separated by 3.4 Å gave good results in comparison
with the experimental results. The species could represent separate
particles, but most probably corresponded to nanometer sized
structural elements of primary particles or the fractal aggregates of
particles commonly observed in late stages of soot production in
flames. The experimental detector set-up did not allow any
discrimination between the constituent units of agglomerates and
agglomerates due to the limited q range and resolution, but worked
well in terms of reporting relative amount of carbon mass distrib-
uted between particles and small molecules. To discriminate be-
tween free and agglomerated particles it would be necessary to
extend the q range to lower q-values and conduct simultaneous
WAXS and SAXS measurements.

For the Ar-diluted flames Ng, was high and corresponded to a
substantial amount of graphene species, contrary to the case for the
nitrogen diluted ones, which hardly showed any. The details close
to q ¼ 5.2 Å�1 in the nitrogen flames might suggest graphene,
however, the rest of the pattern does not. The results also show that
the majority of carbon mass was present in the form of carbon
particle species and precursors/graphene. Furthermore, as the
temperature was raised in both the argon and nitrogen flames the
mass of carbon present in particles increased. This trend is more
clearly described by pm as a function of Tev and Tca, in Fig. 17.

The uncertainty of the concentrations of particles was estimated
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double ended arrow in the figure. GE stands for graphene in the species representation. The scattering graphs are in logelog (y,x) scales. (A colour version of this figure can be
viewed online.)

Fig. 13. Experimental and calculated data for the nitrogen diluted flames N1eN3: g, mole fractions (log scale), the phase of the carbon atoms (molecular, precursor/graphene, and
particulate), and the level of structure of the particles. The RMSD values are (a) 1.21 � 10�3, (b) 1.38 � 10�3, and (c) 1.43 � 10�3. The temperatures resulting from the fits were (a)
1432 K, (b) 1492 K, and (c) 1501 K. The corresponding temperatures from the chemical simulations were (a) 1644 K, (b) 1657 K, and (c) 1690 K. The fitted q-range is given by the
double ended arrow in the figure. GE stands for graphene in the species representation. The scattering graphs are in logelog (y,x) scales. (A colour version of this figure can be
viewed online.)
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Table 3
Tev and Tca are the evaluated and calculated temperatures for Tf (defined in Eq. (4a)). Tca are from simulations with AramcoMech 1.3; Nf,Np, and Ng are the volume concentrations
for the flamemajor species, nanoparticles, and precursors/graphene, respectively; pm/mm are the relative carbonmasses for particles andmolecules, respectively; RMSD is the
root mean square deviation of the fit.

Tev (K) Tca (K) Nf (cm�3) � 10�18 Np(cm�3) � 10�15 Ng(cm�3) � 10�15 pm/mm RMSD � 104 F

A1 1730 1764 4.22 13.2 7.23 0.83/0.17 6.25 2.5
A2 1739 1794 4.20 15.2 5.70 0.85/0.15 7.71 2.3
A3 1675 1769 4.36 14.3 5.74 0.84/0.16 8.84 2.7
N1 1432 1644 5.11 9.25 0.00 0.65/0.35 12.1 2.9
N2 1492 1657 4.91 10.2 0.00 0.69/0.31 13.8 2.9
N3 1501 1690 4.88 11.2 0.00 0.72/0.28 14.3 2.5
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by comparing two different fitting methods on the N1 flame, i.e.,
using the method described in section 4.2 and an automatic and
stable method based on the concept of optimization by simulated
annealing by Kirkpatrick et al. [67]. The two different methods
yielded a difference of 10e20% for the amorphous particles con-
centrations and less than 2% for the graphitic particles. The effect of
the uncertainty in background from the detector signals was esti-
mated from the A1 flame. The variations in absolute species con-
centrations and temperature were less than 20% and 1.5%,
respectively, while differences in the relative composition of par-
ticle and precursor species was less than 5% for the fitting scheme
describe in section 4.2.

4.3. Particle and precursor sensitivity analysis

This section describes how the quality of the fits depends on the
choice of structural species of particles and precursors. The analysis
is for reasons of simplicity based on the experimental data for the
A1 and N1 flames.

Fig. 18 displays how the quality of the fit depends on the
composition of the structural species for argon-diluted flame A1
and similar results are given in Fig. 19 for the N1 flame. Fig. 18(a)
shows the best fit with the AramcoMech 1.3 model providing the
small molecule compositions. In Fig. 18(b)e(g) the particle pa-
rameters were changed while maintaining the same temperature
and number of carbon atoms. The results show that the fits improve
when graphite particles are replaced by single sheet graphene
species. This is particularly evident for the q region around 5.2 Å�1,
Fig. 14. HRTEM images from Ar- (a) and N2- (b) diluted flames, A10 and N10. from another b
shroud. The marked regions Aa and Ab show layered and curved structures in (a), while Na-N
regions are shown in Fig. 15.
which thus may be proposed as a signature position for the pres-
ence of graphene in these tests. Amorphous chains with
CeC¼ 1.42 Å (Ch_1) did not yield as good results as with CeC 1.54 Å
(Ch_2). In addition the specific superstructures of the chosen chains
gave better results than a representation given by a statistical
average, Av_2, of many random calculated structures. The main
scattering peak below q¼ 1.75Å�1, was weaker andmore shifted to
lower q values compared to the nitrogen diluted flames. This could
also correspond to less stacking of molecules or graphene planes
and with larger separation between the subunits. For instance for
flame A1, the fits were not improved by adding graphite whereas
the reverse was true for N1 where 10e20 Å sized graphitic nano-
particles AA and AB had to be incorporated in the scattering cal-
culations. Including AA or AB alone did not yield as good fits as
when a mixturewas used, although using just AB yielded better fits
than only AA. The sensitivity of the fits to the morphology of the
carbon chains was not easily discerned by eye, but the RMSD was
the lowest for the case of an average representation, Av_1, of
amorphous chain with the bond distance 1.42 Å and Ch_2 for the
corresponding one with the bond length 1.54 Å. Both bond length
chains had to be included. The superstructure of Ch_2 seemed to be
an important ingredient for the description of the contribution
from “aliphatic” chains. For the N2-diluted flames, which showed
more details in the scattering than for the Ar-diluted ones, the fits
were less good. It may therefore be questionable if one should
choose the fit with the lowest RMSD for the N2 diluted flames
without any further analysis on details as the most significant
representation of the true conditions in the flame. More
urner system with flow conditions corresponding those of A1 and N1, but without a N2

c, show regions of graphitic stacking with straight and curved layers. Blow ups of these



Fig. 15. Blow up of parts of Fig. 14. (a) Region Na (from N10) shows a fringe spacing of
0.34 nm with almost straight strands; (b) region Nb yields 0.37 nm, with curved
strands, and Nc 0.36 nm, with almost straight strands; (c) region Aa (from A10) shows a
spacing of 0.36 nm with curved strands while region Ab shows curved or folded
strands with diameters of 1e1.35 nm.
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measurements will be required to give a definite answer. In any
case the results from the best fits are consistent with known
properties of graphite.

The overall results based on the comparison between the Ar-
and N2-diluted flames agree with the general trends described by
molecular dynamics calculations [14,15] and previous WAXS ex-
periments [48,49,58e60] on plate stabilized flames: lower tem-
peratures yield more planar or graphitic structures (with sp2) and
higher temperatures more curved, less structured and amorphous
structures with a higher content of sp3 hybridization. There are
some other interesting aspects that result from the evaluation of
the argon and nitrogen flames: the concentration of particulate
carbon was the highest for the highest temperature and graphene
was found in the argon-diluted flames to be more abundant at
HAB ¼ 8 mm than at 10 mm.

5. Conclusion

This work has presented an in-situ study and a method to
characterize and measure carbon species in sooting atmospheric
pressure premixed flames, taking into account effects from high
temperature chemistry. The flame temperatures and the concen-
trations of nanometer sized structural carbon species such as gra-
phene, graphitic, and amorphous, and major small molecular flame
species were obtained by combining WAXS measurements and
detailed chemical and scattering calculations. The technique is able
to resolve signals from nanometer sized species, which are hard to
visually resolve from the molecular contribution when they are
analyzed from the measured scattering intensities, but appear
clearer when they are first normalized against the intensities from a
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well-defined cold gas flow. The relatively high signal-to noise
achieved with the photon flux on the order of 1016 photons s�1 has
demonstrated the performances of the technique. The agreement
between scattering measurements and modeling by the direct use
of commercial chemical codes without predefining flame temper-
atures is generally very good. For both the nitrogen and argon
diluted flames the evaluated temperatures are lower than the ones
obtained from the calculations. For the nitrogen diluted flames
therewere considerable deviations around 200 K, which are hard to
explain at this stage. The evaluations not only told us of the particle
composition, e.g., that carbon particles exhibit both structured and
unstructured carbon and that argon-diluted flames presentedmore
unstacked graphene-like structures whereas nitrogen-diluted
more graphitic, but also provided information related to flame
chemistry. For instance, we found that the measurements points
corresponded to a late stage of the reaction between the premixed
fuel and the oxidant that was supplied through the burner surface.
Amore detailed study will yield important feedback tomodelers, in
particular concerning differences in temperature between argon
and nitrogen diluted flames. To put the interpretation onto a more
quantitative footing it is also desirable to measure temperature
profiles for each flame, although, as shown a qualitative interpre-
tation can be obtained without the temperature profile.

The RCD scheme with two reactions could reproduce the
experimental data reasonably well. This is of great value, because
the method can be easily applied to awide variety of rich fuel/air or
fuel/oxygen mixtures. At the very least the simple approach can be
used to find temperature and concentration estimates as a starting
point for more advanced calculations of which the ones using the
AramcoMech 1.3 code good in our tests.

The studies have also shown that soot formation can be strongly
spatially inhomogeneous, since we found substantial density
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variations evidenced in connection to the soot rich regions of the
premixed flames. This phenomenon should be considered in
further studies and soot modeling. The very intense radiation at
coming 4th generation synchrotron and free electron laser facilities
will provide narrow beamswith a extraordinary levels of coherence
and photon fluxes that will give highly increased sign-to-noise
ratios due to enhanced photon statistics that will get better the
detection limits of nanoparticles and also yield a considerably
higher spatial resolution to study the inhomogeneity in connection
to soot formation. The temporal resolution will also strongly
improve by the use of very short X-ray pulses so that chemical and
particle formation dynamics can be studied in reactors.
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