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Soot from the thermochemical conversion of solid and liquid fuels can be infused with metallic het-
eroatoms originating from the fuel e these heteroatoms alter the nanostructure and the reactivity of the
soot. Here, we investigate the spatial distribution of metallic heteroatoms in soot generated by biomass
gasification, using aberration-corrected Scanning Transmission Electron Microscopy and Electron Energy
Loss Spectroscopy (STEM-EELS). The technique allowed for the mapping of heteroatom distribution in
soot at the nanoscale, and thereby for the direct correlation of heteroatom concentration with the
graphitic nanostructure. Spherical soot particles were coated with a thin layer of silicon, possibly in the
form of quartz that may be linked to minor distortions of the nanostructure of the graphitic shell of the
particles. Further results on non-spherical soot and inorganic-carbon fused aggregates suggest that the
chemistry of formation was affected by the presence of gaseous ash-forming elements, especially cal-
cium, with carbon-oxygen functional groups forming as intermediates in the graphite-inorganic reac-
tion; i.e., prior to the formation of the thermodynamically stable carbonate bonds. The analytical
approach demonstrated here can potentially help select fuel additives or aid in the design of fuel blends
that minimize the formation of similar, hybrid carbon nanoparticles in combustion or gasification
systems.
© 2020 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY license

(http://creativecommons.org/licenses/by/4.0/).
1. Introduction

Soot is an unwanted byproduct of thermochemical conversion
processes e combustion, gasification and pyrolysis. The formation
of soot reduces the efficiency of thermochemical conversion pro-
cesses and can cause technical problems; e.g., deposit formation in
furnaces and reactors [1,2] and ignition problems in engines [3]. As
an air pollutant, often called black carbon [4], soot negatively af-
fects air quality [5], human health [6] and contributes to global
warming [7]. Because of these adverse properties, it is important to
minimize the emission of soot during the thermochemical con-
version of carbonaceous feedstocks, either by combustion optimi-
zation or downstream gas cleaning. However, in other industrial
Center, Box 726, SE 941 28,
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processes, the production of soot-like carbonaceous nanoparticles
[8] should be maximized e as in the case of, e.g., Carbon Black
(C.A.S. no 1333-86-4), one of the top 50 industrial chemicals, with a
global production of 13 Mt in 2015 [9]. Soot is formed at high
temperature in fuel-rich hydrocarbon flames [10]. Soot is an aero-
sol, containing primary particles with typical diameters of
30e500 nm that consist of concentrically stacked graphene layers
with various degrees of disorder (so-called turbostratic carbon),
often arranged in a core-shell structure [11]. The nanostructure of
the particles affects their conversion; e.g., the oxidation rate of pure
carbon soot depends on the nanostructure, and soot with amor-
phous and less ordered structures display higher reactivity
compared to soot with more ordered, graphitic structures [12e15].
For Carbon Black, the nanostructure is also important from the
perspective of the performance of the material, particularly as a
functional material in energy storage, conversion, and harvesting
applications [16,17].
cle under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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Table 1
Physical and chemical composition of the fuel [36].

Particle size distribution (mm)

d50 140
d90 240

Proximate analysis (wt.%, as received)
Moisture 7.7
Volatile 77.9
Fixed carbon 14.0
Ash 0.34

Ultimate analysis (wt.%, dry)
C 51.3
H 6.4
N <0.10
Cl <0.02
S 0.02
O (by differences) 41.8

Major ash forming elements (mg/kg, dry)
Si 28
Al 12
Ca 979
Fe 8
K 389
Mg 149
Mn 91
Na 40
P 34
Zn 7
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Many practically relevant liquid and solid fuels contain metals
or ash-forming elements e soot formed during the combustion of
these fuels can therefore be infused with varying amounts of trace
metals [18e24]. Compared to pure hydrocarbon flames, the for-
mation of soot in environments that contain gaseous metals is less
investigated and understood. Metal additives [26], especially alkali
elements [27e30] are known to suppress soot formation in flames
and to catalyze soot oxidation in diesel particle filters [31]. Iron
additives are also known to affect the morphology and oxidation
behavior of diesel soot [32]. In Carbon Black production, potassium
salt additives are used to control the properties of the produced
particles [8]. In biomass gasification or high-temperature pyrolysis,
the introduction of alkalis through the fuel, or as an additive, has
also been shown to significantly decrease the production of soot
[33e35]. Interestingly, a study of metal-infused soot particles
produced in a real gasification environment [36] found that higher
reactor temperatures resulted in less ordered nanostructure and
higher reactivity; i.e., metal-infused soot followed the opposite
trend of that observed in the case of pure carbon soot [12e15].
Higher reactivity of soot generated in the high-temperature py-
rolysis of ash-rich biomass has also been observed [33] and there is
a strong indication that ash-forming elements in high-temperature
processes affect both the nanostructure and reactivity of biomass-
based soot. Information of how the metals are distributed in the
soot particle and any associated effects on the graphitic nano-
structure is of great importance for understanding particle forma-
tion mechanisms.

Compared to bulk analysis methods such as powder X-ray
diffractometry (XRD), Raman microspectrometry and X-ray ab-
sorption spectroscopy, High Resolution Transmission Electron Mi-
croscopy (HRTEM), often in combination with digital image
analysis, is the preferred tool for analyzing the nanostructure of
individual soot particles [37]. Combined with energy dispersive X-
ray spectroscopy (EDS), the technique also provides information
about the elemental composition of metal-infused soot particles
[25,36]. While elemental analysis down to atomic resolution is
possible with EDS in the electron microscope, using aberration-
corrected Scanning Transmission Electron Microscopy (STEM)
[38,39], (S)TEM-EDS cannot provide information on the chemical
state and types of atomic bonds in the particles. Electron Energy
Loss Spectroscopy (EELS) [40,41] however, has the potential to
provide this information e in combination with aberration cor-
rected STEM, this allows for atomically resolved imaging and
chemical mapping of, e.g., thin crystalline or 2D materials [42e47]
and 1D nanostructures [48,49].

The analysis of turbostratic soot particles is more challenging
than that of 2D materials or crystalline nanostructures due to the
(often disordered) 3D structure of the particle. HRTEM-EELS and
STEM-EELS have previously been used to study the structural
changes of soot during low temperature oxidation [50,51]. Recently,
the maturation of pure soot particles sampled along the axis of a
laboratory-scale CH4 flame has been investigated with HRTEM-
EELS and aberration corrected STEM-EELS by analyzing the car-
bon hybridization (sp2/sp3 ratio) in the soot [52]. However, to the
best of our knowledge.

(i) metal-containing soot particles have not been analyzed
before with aberration corrected STEM-EELS and

(ii) the mapping of chemical and structural information ob-
tained from spatially resolved, aberration corrected STEM-
EELS of soot has not been reported.

In this work, different types of metal-containing soot particles,
pre-scanned with HRTEM-EDS [36], were analyzed using a dedi-
cated aberration-corrected STEM-EELS instrument (Nion
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UltraSTEM 100). In order to reduce potential beam damage to the
samples [52], the microscope was operated at an acceleration
voltage of 60 kV, which is below the knock-on-damage of single
layer of defect free graphene [53].

The objective of this work was to:

(i) demonstrate that aberration corrected STEM-EELS is appli-
cable for analyzing metal-containing soot particles,

(ii) obtain spatially resolved information about the distribution
of elements and nanostructure,

(iii) map the chemical structure (bonding) of the particles, and
(iv) contribute to the understanding of the complex soot for-

mation process in environments that contain gaseous metal
species.
2. Material and methods

2.1. Soot generation and sampling

Soot particles were generated in high-temperature, pressurized,
oxygen-blown, entrained flow gasification of wood powder. This is
the preferred gasification technology for generating high-quality
syngas from biomass (rich in CO, H2 and low in CH4 with no tar
content) that can be further upgraded to renewable motor- or
aviation fuels in a downstream synthesis plant [54]. A detailed
description of the gasifier [55], feedstock and experimental con-
ditions [36,56], and particle sampling [36] were given elsewhere
and is therefore only briefly summarized here. The absolute pres-
sure of the top-fired gasifier was 7 bar and the feed rate of wood
powder corresponded to a thermal load of 0.6 MW. The composi-
tion of the wood powder adopted from Ref. [36] is presented in
Table 1. The process temperature of the reactor, as measured by S-
Type thermocouples, was controlled by the amount of oxygen
supplied, and varied from 1119 �C to above 1550 �C. Particle sam-
pling was performed in the raw syngas pipe (temperature
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60e100 �C) after the quench section of the gasifier and the particles
in the raw syngas were separated from the gas stream by a Teflon
filter. The filter holder was heated to avoid water condensation.
Particles from the filter were mechanically transferred onto a lacey
amorphous carbon support film on copper TEM grids (Ted Pella).
2.2. Investigated soot samples

Four different samples, collected at process temperatures of
1119 �C, 1313 �C, 1430 �C, and 1550 �C were investigated by aber-
ration corrected STEM-EELS. The overall morphology and
elemental composition of the investigated particles were previ-
ously analyzed by scanning electron microscopy (SEM, Zeiss Merlin
FEG-SEM) [36], and transmission electron microscopy (TEM, Jeol
JEM 2100 F) equipped with an energy-dispersive X-ray spectrom-
eter (EDS, JED 2300) e results on overall morphology and compo-
sition of particles are presented in Fig. 1. A detailed description of
the particles can be found elsewhere [36]; here, only a short
summary is given. At low process temperatures (1119 �C and
1313 �C), near-spherical soot particles dominated the samples and
the overall carbon content was very high (above 97 wt.-%). As the
process temperature increased, the morphology changed to non-
spherical, irregular and angular shapes, while at the same time
fused, carbon-inorganic agglomerates with some intermixed soot
appeared. The overall metal content of the samples increased
significantly and at the highest process temperature, the overall
carbon content was reduced to less than 40 wt%.

Particles from the TEM grids have been classified based on their
overall morphology and nanostructure as young soot, core-shell
soot, hollow core-shell soot, large soot particles, non-spherical
soot particles, highly oxidized soot particles, and finally, carbon-
Fig. 1. Overall morphology and elemental composition of the investigated particles. (a) S
analyzed with EDS of the particle agglomerates in b. Although the operating conditions of th
when the particle sampling was performed between the corresponding particle samples (111
and TEM analysis, see Ref. [34] for experimental details. (A colour version of this figure can
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inorganic fused agglomerates. The classification was necessary
due to the time-consuming nature of aberration corrected STEM-
EELS analysis e for each process temperature, only a few particles
were selected for analysis. Although it is impossible to claim with
absolute certainty that our results are fully representative of the
system as a whole, the care and extent of our analysis give us
confidence they are as representative as can be of the sample
studied under the electron beam. The classification of particles,
their morphology and the number of particles analyzed for each
process temperature are summarized in Fig. 2.
2.3. STEM-EELS

STEM-EELS data were acquired using a Nion UltraSTEM100
dedicated aberration corrected STEM, equipped with a Gatan
Enfina EEL spectrometer. The microscope has a source energy
spread of 0.35 eV. The microscope was operated at an acceleration
voltage of 60 kV, using a 31 mrad convergence half-angle. This
results in an effective electron probe size of about 1 Å.

The spectrometer collection half-angle was 36 mrad, the bright
field (BF) detector angular range was 0e8 mrad while that of the
high-angle annular-dark-field (HAADF) detector was 89e195 mrad.
Spectrum acquisition times ranged from 0.05 s to 0.3 s, with an
energy dispersion of 0.5 eV per channel, using full spectrum
binning in the non-energy dispersive direction. STEM-EEL spec-
trum images were de-noised using principal component analysis
(PCA) as implemented in the MSA plugin [57] for Gatan’s Digital
Micrograph suite (commercially available from HREM research
[58]). Elemental maps of the silicon L2,3, carbon K and oxygen K
edges were generated by integrating the signal over awindowup to
50 eV wide, from each ionization edge onset, subsequent to
EM micrographs. (b) Phase contrast TEM images, and (c) elemental composition (wt.%)
e gasifier was the same, there were a small difference in resulting process temperature
7�Ce1119 �C; 1296�Ce1313 �C; 1434�Ce1430 �C; and >1550�C->1550 �C) used for SEM
be viewed online.)



Fig. 2. Classification and morphology of investigated particles. (a) Description of how many particles that was investigated with STEM for each process temperature and where
the results can be found. (bei) Phase contrast TEM images of the different particle classes. (b)Young spherical soot particle. (c) Core-shell soot particles where the core consists of
two nuclei which center is marked with crosses. (d) Hollow-core soot particles, the empty center is marked with an arrow for one particle. (e) Two large soot particles (primary
particle diameter >100 nm) in the center of the images. Non-spherical and oxidized non spherical soot particle can also be seen in the upper right corner. (f) Non-spherical soot
particle. (g) Highly oxidized non-spherical soot particles. (h) Carbon-inorganic fused agglomerates with intermixed soot particles (arrow and crosses). The arrow shows a large soot
particle. (i) Inorganic rich particles in carbon-fused agglomerates. (A colour version of this figure can be viewed online.)
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background subtraction using a power law function. Integration
windows for the phosphorous L2,3 and calcium L2,3 edges were 15
and 12 eVwide, respectively. Special carewas taken for cases where
the carbon K and potassium L2,3 edges were overlapping: the
11e12 eV carbon K integration window width was chosen to
minimize the influence of the potassium L2,3 on the resulting car-
bon maps. So-called “ratio maps” of the silicon L2,3, phosphorous
L2,3, calcium L2,3 and oxygen K edgeswere generated by normalizing
these to corresponding carbon Kmaps (11 eV integration window).
Gaussian fitting routines based on refs. [59e62] were used to
extract the spatial distribution (ratio maps) of potassium as well as
that of graphitic and non-graphitic carbon; the routines were
tailored to each dataset. Based on refs. [59e62], fitted peaks were
attributed to: C]C p* (~285 eV), “a-peak”: carbonyl (~286.5 eV),
“b-peak”: carboxyl (~288 eV), “c-peak”: carbonate (~290 eV), CeC
s* (~292 eV), K L3 (~297 eV) and L2 (~300 eV) and, C]C s*
(~301 eV). For the dataset shown in Fig. 5, there is a lack of distinct
peaks clearly attributable to carbonyl (~286.5 eV), carboxyl
(~288 eV) or carbonate (~290 eV) presence. We therefore fit a single
peak at z287 eV, capturing the extended tail of the graphitic p*
signal as well as signal arising from carbon bonding with hetero-
elements (including possible CeH bonds) and/or “fullerenic” non-
planar sp2 carbon bonding (see Zhang et al. [59], Mironov et al.
[61] and references therein). C]C p*, carbonyl, carboxyl, carbonate
and CeC s* ratio maps were generated by normalizing to the total
intensity of the carbon K edge (11 eV window), to minimize the
contribution of the potassium L2,3 signal. The fitted potassium L3
and L2 peak maps were extracted, summed and normalized to a
map of the combined potassium L2,3 and carbon K signal; the
window integration width was here limited to 20 eV to minimize
the contribution of plural scattering. For the dataset shown in Fig. 3,
the oxygen/silicon content (at.-%) ratio of the outer particle “shell”
was determined by means of relative quantification, using the
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silicon L2,3, carbon K and oxygen K edges, fitting Hartree-Slater
cross sections (including the ELNES) and subtracting the back-
ground using a power law. While the spectra were not deconvo-
luted for thickness, all observed regions were at the edges of the
particles (thus it is reasonable to assume these regions are fairly
thin), meaning that we estimate at most a minor contribution of
plural scattering here. A conservative upper bound for possible
errors in elemental concentrations extracted from EEL spectra can
be estimated to be ±10%. Gaussian peak fitting and relative quan-
tification were both carried out using the Gatan Microscopy Suite
(GMS) 3 software.
2.4. Quantitative nanostructure analysis

The quantitative analysis of relationships between carbon
nanostructure and heteroatom contente silicon in particularewas
carried out using the image analysis framework of Toth et al.
[63,64]. Since this framework is suitable for the analysis of micro-
crystalline carbon, only STEM images that contained visible fringes
(i.e. image contrast attributable to individual graphene layers) were
used for quantitative analysis. From the images, the interlayer
spacing of graphite-like structures (d002), two symmetry parame-
ters, the polar and nematic symmetry strength (S2P and S2N,
respectively), and the conventional fringe length and fringe tortu-
osity were extracted. The magnitude of interlayer spacing charac-
terizes graphite-like microcrystals in soot: d002 in mature soot
tends to be close to that in graphite (0.335 nm), while young soot
and distressed, heavily oxidized structures tend to be characterized
by longer d002 [63,65]. The symmetry parameters were originally
introduced by Shim et al. [66] for the analysis of coal and char
nanostructure. These parameters are higher-order statistics of
fringe orientation. In brief, S2P is bounded between �1 and 1; the
value �1 corresponds to a perfectly radial arrangement of fringes,



Fig. 3. STEM-EELS analysis of hollow core-shell soot. (a) BF-STEM image; (b) HAADF-STEM image; (c) Overview EELS signal from the areas marked in a showing the silicon L2,3
edge (99 eV), carbon K edge (285 eV) and the oxygen K edge (532 eV); (dee) Composite EELS maps of the particle, (d) oxygen and carbon, and (e) silicon and carbon. The cor-
responding EELS elemental map of carbon, oxygen and silicon to create the composite maps can be found in Figure S5. (f) ELNES of the silicon L2,3 edge from the areas marked in a.
(g) ELNES of the carbon K edge from the areas marked in b. The reactor temperature was 1313 �C. (A colour version of this figure can be viewed online.)
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while a value of 1 corresponds to perfectly concentric fringes. The
parameter S2N is bounded between 0 and 1. The value 0 corre-
sponds to a perfectly random fringe orientation, while a value of 1
corresponds to perfectly parallel fringes. It is important to note that
symmetry parameters have a characteristic scale e this scale is the
easiest to picture as the size of a neighborhood within which the
fringes are analyzed. Consequently, a high S2N value at a large scale
indicates that fringes are directed along a single orientation and
this orientation is maintained over long distances in the sample.
Similarly, e.g. high polar symmetry over medium scales indicate
that concentric rings of fringes are seen in the sample and that the
size of these rings is approximately that of the said medium scale.
An explanatory figure that demonstrates the concept of multiscale
symmetry can be seen in the Supplementary Material (Fig. S1).
Fringe length and tortuosity are standard parameters for the
analysis of carbon nanostructure [67] e longer fringes signify a
more ordered structure that is subsequently less reactive due to the
lower availability of edge-site carbon atoms; fringe tortuosity is a
measure of the curvature of the carbon lamellae that is indicative of
ring strain within the structure.

High-resolution STEM-EELS analysis allowed for the joint anal-
ysis of carbon nanostructure and elemental composition e specif-
ically the spatial distribution of silicon e and the carbon
nanostructure. Besides carbon and oxygen, silicon was the only
element originating from the fuel ash that could be detected and
mapped within particles that were crystalline enough for nano-
structure characterization and was therefore deemed as the only
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heteroatom relevant for further analysis. Via the registration of
STEM images and EELS elemental maps, it was possible to correlate
structural parameters and elemental composition at the native
image resolution: i.e., at every pixel. Similar data were previously
not available to the research community; as such, work presented
in this paper is, to our knowledge, the first that demonstrates
structure-composition relationships natively at the nanoscale. Im-
age registrationwas carried out manually, via aligning recognizable
features in the STEM images and EELS maps. An example of aligned
STEM and EELS data is shown in Fig. S2.

3. Results and discussion

3.1. Spherical soot particles

Fig. 3 presents results from STEM-EELS analysis of hollow core-
shell soot particles. The results of comparable analysis of young
soot, core-shell soot, and large soot particles are shown in Figs S3 e

S5 in the Supplementary Material. The differences in nanostructure
between these three particle classes, easily observed in the BF-
STEM images (see Fig. 3a, and Figs S3a and S4a), is due to matu-
ration and oxidation of the soot particles [11]. After young soot
transformed to core-shell particles, oxidation became selective to
the more reactive amorphous core, leading to the hollowing of the
particle cores. The progress of oxidation, from start-to-finish, has
recently been visualized in real-time using in-situ high-resolution
TEM, confirming hypotheses based on ex-situ investigations [68].
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The hollow core is also easily visualized by HAADF-STEM (see
Fig. 3b). Using EELS, silicon, carbon, and oxygen can be detected in
the particles (see Fig. 3c, and Figs S3c and S4c). Composite EELS
maps of oxygen and carbon (Fig. 3d, and Figs S3g-S4g) and silicon
and carbon (Fig. 3e, Figs S3h-S4h) show that silicon and oxygen are
concentrated in a thin layer (1e2 nm) close to the surface of
spherical soot particles. Corresponding elemental carbon, oxygen
and silicon EELS maps used to produce results shown in Fig. 3 are
shown in Fig. S6). Also, large soot particles have a layer of silicon
and oxygen at their surface (Fig. S5). Interestingly, oxygen enrich-
ment was observed at “neck-sites”, connecting primary particles e
this can be taken as an indication of preferential oxidation [69]; i.e.,
oxidation of soot occurring at the “bridges” connecting particles in
the agglomerate, eventually leading to agglomerate fragmentation
[70,71].

The corresponding silicon L2,3 edge and carbon K edge Energy
Loss Near Edge fine Structure (ELNES) is presented in Fig. 3feg.
Silicon L2,3 peaks at ~104 eV, ~108 eV and 116 eV, accompanied by
broader peak at ~130 eV was fairly consistent with the ELNES of
SiO2 (quartz) reported by Garvie et al., [72]. However, based on only
the ELNES we cannot rule out the presence of a small amount of
elemental silicon in the samples. All carbon K edge spectra (Fig. 3g,
Figs S3j, S4j, and S5j) show that the particle was graphitic [73], i.e.,
predominantly sp2 bonded. Taking into account spectral noise, no
significant change in p* or s* broadening was observed in the
spectra sampled radially from the center towards the edge of the
particle; significant broadening of these peaks would be indicative
of a decrease in graphitic order (i.e. degree of sp2 hybridization). An
increase in relative p* intensity at the edge was most likely due to
an abrupt change in the average orientation of graphene layers at
and near the surface (i.e. due to the overall spherical particle ge-
ometry), not due to a change in the sp2 content [73]. Due to the
anisotropy of the graphitic structure, meaningful extraction of sp2

content using carbon K edge intensities requires careful consider-
ation of electron beam and sample geometries (during both data
acquisition and analysis); highly specific experimental beam ge-
ometries are often needed [73,74]. This was deemed beyond the
scope of the present work. Furthermore, judging from the ELNES
signal the presence of SiO2 in the near-edge region of the particle
did not appear to noticeably affect the graphitic structure of the
soot particle, within experimental resolution and noise.

The bulk elemental composition (Fig. 1C) of silicon and oxygen
in these particles were very low, below 1wt-% [36]; however, it was
still possible to detect these elements by STEM-EELS, due to the fact
that silicon and oxygen were enriched on the particle surface - the
concentration of silicon and oxygen here were ~9e19 wt-% and
~10e18 wt-%, respectively (see Fig. S7). Furthermore, the atomic
ratio between oxygen and silicon was approximately 2 on the
surface, indicating the presence of SiO2 and furthermore, that the
contribution from elemental silicon in comparison to SiO2 is much
lower. EDS analysis revealed that the soot particles also contained
traces of potassium (see Fig. 1C); in the EELS spectra, any potassium
L2,3 peaks at 299 eV and 297 eV were most likely obscured by the
relative intense carbon K edge s* peak at ~292 eV, suggesting that
potassium may be more evenly distributed throughout the parti-
cles compared to silicon and oxygen.

3.2. Non-spherical soot particles

Results from STEM-EELS analysis of a non-spherical soot particle
are presented in Fig. 4 and Fig. S8. The BF-STEM images seen in
Fig. 4a, and Fig. S8a, revealed no periodic fringes, indicative of a
mostly amorphous structure. The HAADF-STEM images (Fig. 4b,
and Fig. S8b) of the particle had a uniform contrast. Using EELS
(Fig. 4c, and Fig. S8c), carbon, potassium, calcium, oxygen and
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possibly traces of manganese could be detected. No significant
amount of silicon was detected, either at the surface or in the
interior of the particle.

The ELNES of the carbon K edge, potassium L2,3 edge, calcium L2,3
edge and the oxygen K edge extracted from different regions of the
particle are presented in Fig. 4d and Fig. S8d. Close to the surface of
the particle, the fine structure of the carbon K edge e including the
p* and s* peaks (at 285 eV and 292eV, respectively) e was indic-
ative of a graphitic structure and suggested the presence of
graphitic crystalline fragments on the very edge of the particles.
Superimposed on the s* peak, at slightly higher energy loss, the
potassium L2,3 peaks were seen (~300 eV and ~297 eV). At the
center of the particle, two additional carbon K edge peaks, located
at ~286.5 eV and at ~288 eV (energy loss between the graphitic p*
and s* peaks), were clearly present, marked “a” and “b” in Fig. 4d.
Simultaneously, the intensity of the potassium L2,3 peak increased
relative to the carbon K edge, indicating an increase in potassium
content.

For the data presented in Fig. 4d, the overall ELNES profile could
be approximated by means of fitting Gaussian functions to the
aforementioned peaks (see Fig. S9a). However, for the data pre-
sented in Fig. S8d, another peak (marked “c”) at 290 eV must be
added to the Gaussian fitting routine in order to fully explain the
shape of the ELNES profile (see Fig. S9b). The two (a and b) or three
(a, b, and c) extra peaks in the carbon K edge indicated a more
complex, non-graphitized carbon structure at the center of the
particle, consistent with BF-STEM results. However, unambiguous
attribution of the ~286.5 eV and ~288 eV peaks to specific chemical
bonds is not trivial. Both EELS and synchrotron techniques, i.e., X-
ray absorption near-edge structure (XANES) or scanning trans-
mission X-ray microscopy (STXM), have shown that different
functional groups from a variety of carbon-based samples (e.g.
diesel soot [75], aircraft soot [76], and organic-containing meteor-
ites [77e79]) display peaks in this energy range: aromatic/olefin
rings at ~285 eV, aromatic aldehyde/keton at 286.3e286.8 eV,
aliphatic bonds at 287.2e288.3 eV, and finally, carboxyl bonds at
288.5e288.7 eV. Additionally, carbonate bonds give a peak at
~290 eV [72,80]. Furthermore, different types of fullerenes (e.g. C60,
C59N, K3C60, K6C60) also generate multiple peaks between 282 and
295 eV, e.g., peaks at ~284.5 eV, ~286 eV, ~288 eV, and minor peaks
at ~291 eV and ~293 eV [81e83]; flame synthesis is one of the
production methods for C60 and C70 fullerenes [84]. Furthermore,
based on HRTEM imaging, Grieco et al. [85], concluded that non-
spherical soot particles consist of fullerenic carbon. In-situ
HRTEM has also shown that fullerenes can be formed at the sur-
face of a burning soot particle [68]. All these reports clearly show
that there are many candidate structures for assigning to the
~286.5 eV, ~288 eV, and ~290 eV peaks. However, because there
seems to be a correlation between the intensity of these three extra
peaks and the intensity of the heteroatoms (K, Ca and O) in the EELS
signal, the most likely attribution is a carbon-oxygen bonding
environment, with peaks a and b representing different carbonyl
bonds: i.e. peak an at ~286.5 eV is due to ketone bonds (C]O), and
not aldehyde bonds (O]CH); and peak b at ~288 eV is due to
carboxyl bonds (O]CeO). Finally, peak c at ~290 eV can be
attributed a carbonate bonding (CO3

2�) environment.
The ELNES of the calcium L2,3 edge is characterized by two main

peaks at ~348.5 eV and ~352 eV. Considering the noise level, no
minor pre-peaks that could indicate carbonate bonds could be
detected. Minor pre-peaks on the low energy side of both the cal-
cium L3 and L2 peaks have been previously identified in XANES of
calcite (CaCO3) [86]. The ELNES of the oxygen K edge showed amain
peak at ~541 eV and a pre-peak at ~535 eV for the spectra extracted
from the central parts of the particle where the latter could be an
indication of both carboxylic acid functional groups [87] or



Fig. 4. STEM-EELS analysis of non-spherical soot particles. (a) BF-STEM image. (b) HAADF-STEM image. (c) Overview EELS signal from the areas marked in a showing the carbon
K edge (285 eV), potassium L2,3 edges (296 eV, 294 eV), calcium L2,3 edges (350 eV, 346 eV), oxygen K edge (532 eV), and possibly also the manganese L2,3 edges (651 eV, 640 eV). (e)
Composite EELS maps of the left side of the particle showing the calcium and carbon content and the oxygen and carbon content, respectively. (f) Ratio maps of heteroatom content,
potassium, calcium, and oxygen. (g-h) Ratio maps of carbon compounds, (g) contribution from graphitic p* and s* bonds and (h) contribution from the non-graphitic bonds, i.e.
ketone bonds (peak a maps) and carboxyl bonds (peak b maps). The reactor temperature was 1313 �C. Additional STEM-EELS analysis of a similar non-spherical soot particle can also
be found in Fig. S8. Ratio maps are displayed on a false color scale to enhance legibility, color in order of increasing intensity: black, red, yellow, and white. Beyond the particle edge
(in vacuum) the ratio-map contrast is not meaningful, pixels values are NaN. (A colour version of this figure can be viewed online.)
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carbonates [86,88] supporting the peak assignment made for peak
a and c in the carbon K-edge. ELNES of the manganese L2,3 edge is
presented in Fig. S9. Although the signal was noisy, it was possible
to identify a major peak at 645 eV from the central part of the
particle, indicating the presence of manganese in the sample and
confirming the results seen in the overall EELS signal (see Fig. 4c).

Composite maps of calcium and carbon, and oxygen and carbon
(Fig. 4e, and Fig. S8e) showed that the particle had a stratified
structure and that in general there was a co-location of calcium and
oxygen. The corresponding individual elemental EELS maps of
959
carbon, oxygen and calcium used to create the results in Fig. 4e can
be found in Fig. S11. In order visualize the relative distributions of
heteroatoms (i.e. K, Ca, and O), graphitic bonds (p* and s* peaks),
and non-graphitic bonds (a, b, and c peaks) in the particle, so-called
ratio maps where created by normalizing the data to the intensity
of the carbon K edge (for details, see Section 2). Ratio maps are the
preferable visualization technique if there are overlapping peaks in
the EELS signal - as in the current case. The ratio maps of the het-
eroatoms, graphitic and non-graphitic peaks are presented
Fig. 4feh and Figs. S8f-h. The ratio maps for the heteroatoms show



Fig. 5. STEM-EELS analysis of highly oxidized soot particles. (a) BF-STEM image. (b) HAADF-STEM image. (c) Overview EELS signal extracted from the areas marked in a and b
showing the silicon L2,3 edge (99 eV), carbon K edge (285 eV), potassium L2,3 edges (296 eV, 294 eV), oxygen K edge (532 eV) and possible also the sulfur L2,3 edge (165 eV). (d) ELNES
of the silicon L2,3 edge, carbon K edge and potassium L2,3 edge, zoomed in area of the carbon K edge showing the p* and s* peak and finally the oxygen K edge. The location of the
residual peak (p*res) at 287 eV identified in the Gaussian fitting routines (see Fig. S12) are also shown in the figure. The ELNES signals in plate d were extracted from the areas
marked in a and b. (e) Composite EELS maps of the particle, silicon and carbon and oxygen and carbon (f) Ratio maps of heteroatom content, silicon, potassium, and oxygen. (g-h)
Ratio maps of carbon compounds, (g) contribution from graphitic p* and s* bonds and (h) the p*res peak map which shows the distribution non-graphitic carbon bonds when the
relative intensities of the p*res map differs significantly from that of the p* map. The reactor temperature was 1430 �C. Ratio maps are displayed on a false color scale to enhance
legibility, color in order of increasing intensity: black, red, yellow, and white. Beyond the particle edge (in vacuum) the ratio-map contrast is not meaningful, pixels values are NaN.
(A colour version of this figure can be viewed online.)
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that compared to calcium and oxygen, potassiumwas slightly more
homogeneously distributed within the particle (see Fig. 4f and
Fig. S8f). Furthermore, the particle had a graphitic structure close to
the edge and a non-graphitic structure in the interior of the particle
(see Fig. 4geh; Figs S8g and S8h). The good agreement between
relative intensities of the p* and s* ratio maps (see Fig. 4g and Fig
S8g) also rules out any major orientation effects that could affect
960
the interpretation of the graphitic content of the particle. The
overall positive correlation between the presence of heteroatoms
and non-graphitic bonding throughout the whole particle (see
Fig. 4feh; Figs S8f and S8h) was a strong indication that peaks a, b
and c were indeed due to carbon-oxygen bonding environments,
with carbon-oxygen functional groups locally disrupting the
graphitic network. Between the graphitic edge and the non-



H. Wiinikka, F.S. Hage, Q.M. Ramasse et al. Carbon 173 (2021) 953e967
graphitic interior, there was also a very thin layer (indicated by blue
arrows in Fig. 4f and S8f), where both the heteroatom content,
(especially calcium and oxygen) and the non-graphitic contribution
from ketone bonds (a peak) and carboxyl bonds (b peak) were, for
the most part, significantly higher compared to the rest of the
particle (most clearly seen fig. S8f-h). The local change in chemistry
in this thin “border region”might be indicative of a reaction zone in
the particle.

3.3. Highly oxidized soot particles

Fig. 5 shows the STEM-EELS results for an oxidized soot particle.
From the fringe pattern seen in the BF-STEM image (Fig. 5a), it was
still possible to identify regions wherein the graphitic structure of
the particle was preserved. In the HAADF-STEM image (Fig. 5b),
these regions had higher intensity, indicating a denser and/or
thicker material. A higher density could be explained by selective
oxidation; i.e., more carbonwas converted in the thinner regions of
the particle. From the overall EELS signal presented in Fig. 5c, it was
possible to detect silicon, carbon, potassium, oxygen and traces of
sulfur in the particle.

The ELNES of the silicon L2,3 edge, carbon K edge, potassium L2,3
edge, and the oxygen K edge extracted from three different regions
of the particle are shown in Fig. 5d. As for spherical soot particles,
the ELNES of the silicon L2,3 edge was consistent with SiO2, with an
onset at ~104 eV, two major peaks at ~107 eV and ~114.5 eV, and a
broader peak centered at ~129 eV. All spectra indicated that the
particle was mainly graphitic (i.e. predominantly sp2 bonded),
evidenced by the carbon K edge exhibiting graphitic p* and s*
peaks at ~285 eV and 292 eV, respectively. However, the Gaussian
peak fitting routine (see Fig. S12) also indicated that there was a
residual contribution from non-graphitic bonding with a peak
located at ~287 eV, marked p*res in the figure. Superimposed on
the carbon K s* peak, the potassium L2,3 edge was clearly resolved:
the signal from potassium relative to carbon was higher in the first
and second regions than in the third region, implying corre-
sponding changes in elemental concentration. The oxygen K edge
was noisy, with a major peak at ~540 eV and a possible pre-peak at
~534 eV in the spectra sampled at the first and second regions.

Composite EELS maps of carbon-oxygen and carbon-silicon (see
Fig. 5e) showed a stratified distribution of elements in the particle.
The elemental maps of carbon, oxygen and silicon used to generate
the results shown in Fig. 5e are shown in Fig. S13. Compared to the
spherical soot particles, silicon and oxygen were not only confined
to a thin continuous surface layer; the composite maps were
consistent with silicon and oxygen being present within the par-
ticle. A spectrum demonstrating the Gaussian fitting routine used
for EELS data is shown in Fig. S12. The resulting ratio maps
(Fig. 5feh) of the heteroatoms (Si, K, and O), graphitic (p* and s*)
and non-graphitic (p*res) bonding showed that, in general, there
was co-location between the heteroatoms and non-graphitic car-
bon compounds; the contribution from graphitic compounds (p*
and s*) inmany of these regions was reduced. Also, for this particle,
there was a good correspondence between the p* and s* ratio
maps (see Fig. 5g) indicating that the orientation effects that could
affect the results are limited.

The presence of heteroatoms clearly affected the carbon struc-
ture here, however, likely to a lesser degree and/or for lower con-
centrations than for non-spherical soot particles since no distinct
peaks were observed in the carbon K edge ELNES between the
graphitic p* and s* peaks (see Fig. 5d). Intensity changes in the
p*res peak ratio map, differing from that of the p* and s*maps, can
probably be attributed to carbon-oxygen bonding and/or “full-
erenic” non-planar sp2 carbon bonding. The latter has previously
been observed in the heat treatment procedure of phenolic resin-
961
based carbon which, after heat treatment, developed a micro-
porous nanostructure [59] similar to those observed here in BF-
STEM images (Fig. 5a) or in HRTEM images [36] of the highly
oxidized soot particles. Furthermore, a micro-porous nanostructure
with highly curved graphene sheets has also been observed to be
formed in in-situ HRTEM soot oxidation studies [68]. Based on the
ratio maps, we can tentatively associate local increases in p*res ratio
map intensity with local changes in bonding: an increase in p*res
ratio map intensity accompanied by an increase in heteroatom ratio
map intensities and a decrease in p* ratio map intensity appears to
be indicative of carbon-oxygen bonding (see in particular the “arc-
shaped” region in the middle-left of the particle, location exem-
plified with a blue arrow in Fig. 5h). In contrast, an increase in p*res
ratio map intensity accompanied by a decrease in heteroatom and
p* ratiomap intensities was consistent with fullerenic bonding (see
in particular the center top-half of the particle, location exemplified
with a black arrow in Fig. 5h).

3.4. Carbon-inorganic fused agglomerates

A part of a carbon-inorganic fused agglomerate studied by
STEM-EELS is shown in Fig. 6. No crystalline fringes were seen in
the BF-STEM image (Fig. 6a) and the HAADF-STEM image (Fig. 6b)
intensity was suggestive of a large density and/or thickness varia-
tion within the particle. EEL spectra showed the presence of
phosphorous, sulfur, carbon, potassium, calcium and oxygen in all
four sampling locations (Fig. 6c), however, no silicon was detected
in this particle.

The ELNES of the phosphorous L2,3, sulfur L2,3, carbon K, potas-
sium L2,3, calcium L2,3 and the oxygen K edges are presented in
Fig. 6c and d. The phosphorous L2,3 edge was characterized by two
major peaks at ~139 eV and at ~147 eV. The most likely phospho-
rous compounds here were Ca3(PO4)2 and/or Ca2P2O7 e and the
ELNES shows similarities with phosphorous L2,3 edge XANES of
these two compounds [89]. Furthermore, Ca3(PO4)2 has previously
been predicted as a thermodynamically stable compound in
carbon-inorganic fused agglomerates [36]. The ELNES of the carbon
K edge showed similarities with the spectra from the non-spherical
soot particle (see Fig. 4d) and the spectra extracted from areas 2 and
4 exhibit strong p* (~285 eV) and s* (~292 eV) peaks, associated
with graphitic carbon. Two additional peaks were found between
the p* peak and the s* peak, at ~286.5 eV and ~290 eV, marked a
and c in the figure, indicating that non-graphitic carbon bonding
was present in the particle. Furthermore, it was possible to
approximate the shape of the ELNES signal using Gaussian peak
least-squares fitting as described in the methods section, including
the aforementioned “a”, “c”, p* and s* peaks, see Fig S14. For the
spectra extracted from regions 1 and 3, the p* peak at ~285 eV was
significantly reduced and, instead, the two previous minor peaks at
~286.5 eV and ~290 eV became dominant. As for the non-spherical
soot particle, these extra peaks can probably be attributed to a
carbon-oxygen bonding environment. The minor peak at ~286.5 eV
is probably a result of carbonyl bonds. The major peak at ~289 eV
was consistent with that of the carbonate structure and judging
from the high calcium signal, the presence of some form of CaCO3
compounds was likely, perhaps in a solid solution compounds with
phosphorous and potassium since these elements were also pre-
sent in the same area of the particle. Different forms of KeCa-car-
bonates, i.e. K2Ca2(CO3)3 and K2Ca(CO3)2, and accompanying
carbonate and phosphate phases in the form of carbonate apatite,
Ca9$9(PO4)6(CO3)0.9 have recently been identified by XRD in ash
produced from char combustion of silicon-poor woody biomass
[90] showing that these type compounds can be formed in similar
processes. The calcium L2,3 and the oxygen K edge ELNES showed
only the major peaks without any significant pre-peaks that could



Fig. 6. STEM-EELS analysis of carbon e inorganic fused agglomerate (a) BF-STEM image. (b) HAADF-STEM image. (c) Overview EELS signal extracted from the areas marked in a
and b showing the phosphorous L2,3 edge (132 eV), sulfur L2,3 edge (165 eV), carbon K edge (285 eV), potassium L2,3 edges (296 eV, 294 eV), calcium L2,3 edges (350 eV, 346 eV), and
oxygen K edge (532 eV). (d) ELNES of the phosphorous L2,3 edge, carbon K edge and potassium L2,3 edge, calcium L2,3 edge, and finally the oxygen K edge. (e) Composite EELS map of
the particle, phosphorous and carbon, calcium and carbon, oxygen and carbon. (f) Ratio maps of heteroatom content, phosphorous, potassium, calcium and oxygen. (g-h) Ratio maps
of carbon compounds, (g) contribution from graphitic compounds (p* and s* peak maps) and (h) contribution from the non-graphitic compounds, i.e. ketone bonds (peak a maps)
and carbonate bonds (peak c maps). The reactor temperature was 1550 �C. Ratio maps are displayed on a false color scale to enhance legibility, color in order of increasing intensity:
black, red, yellow, and white. Beyond the particle edge (in vacuum) the ratio-map contrast is not meaningful, pixels values are NaN. (A colour version of this figure can be viewed
online.)
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be helpful in the identification of the possible chemical compounds.
The composite EELS map showed a stratified elemental distri-

bution in the particle (Fig. 6e). The corresponding elemental EELS
maps of phosphorous, carbon, calcium and oxygen that were used
to generate results shown in Fig. 6 are shown in Fig. S15. Phos-
phorous, calcium and oxygenwere, in general, enriched in the same
locations, i.e., at the right edge of the particle and in the interior.
Between these two regions, carbon-rich lamellar material was seen.
From the ratio maps of the heteroatoms (Fig. 6f), the graphitic
compounds (Fig. 6g) and non-graphitic contribution (Fig. 6h) there
was, in general, a positive correlation between the heteroatoms and
the non-graphitic compounds (ketone bonds (a peak map) and
carbonate bonds (c peak maps) and a negative correlation to the
graphitic compounds (peak p* and s* maps), clearly showing that
the inorganic elements affected the carbon structure in large parts
of the particle. In small areas of the particle, there was also a dif-
ference in the distribution of the non-graphitic compounds that
indicated heterogeneous chemistry within the non-graphitic re-
gions. A high ketone signal (a-peak maps) corresponds to a high
potassium and oxygen signals (exemplified with white arrows in
Fig. 6f and h) whereas a high carbonate signal (c-peak maps) cor-
responds to high phosphorous, potassium, calcium and oxygen
signals (exemplified with blue arrows in Fig. 6f and h). The first
observation indicates that potassium and oxygen started to react
with the graphitic carbon structure forming the first carbon-oxygen
bond (i.e. the ketone bond) in the reaction scheme towards the
thermodynamic stable carbonate bonding environment. The sec-
ond observation indicates the simultaneous presence of KeCa-
carbonate and Ca-carbonate-phosphates and thereby that the
oxidation process was finished in these areas of the particle due to
the formation of the thermodynamically stable carbonate bond.

3.5. Nanostructure-elemental composition relationships

The objective of the joint analysis of nanostructure and EELS
data was to uncover relationships between these in soot and to
provide further hints on possible particle formation mechanisms.
The available micrographs were processed to extract interlayer
spacing, fringe length, fringe tortuosity, and symmetry parameters.
After the registration of STEM images and EELS maps, it was
possible to study relationships between nanostructure and
elemental composition on a pixel-by-pixel basis in the case of
interlayer spacing and symmetry, and on fringe-by-fringe basis in
the case of fringe length and fringe tortuosity. In other words, joint
data for structural parameters and heteroatom concentration were
available. Due to the abundance of extracted structural data [63,64],
pixel-level image analysis allowed for the discovery of even weak
correlations and trends. Given this, an important objective was to
elaborate on the relationship between silicon content (in the form
of mostly SiO2, as discussed in Sections 3.1 and 3.3) and nano-
structure in particles that contained silicon in the surface layer.

Fig. 7 shows results from the joint structure-elemental compo-
sition analysis. Only STEM images of soot particles were processed,
since these contained visible fringes that corresponded to pro-
jections of carbon lamellae that satisfied the Bragg condition; data
from carbon-inorganic fused aggregates were not analyzed. For
these particles, namely, spherical soot and oxidized soot (EELS
analyses shown in Figs. 3 and 5, respectively), the only heteroele-
ment originating from the fuel ash found in detectable quantities in
both data sets was silicon; therefore, we present correlations be-
tween nanostructure and the relative amount of silicon. Structural
analysis was done in image areas that were segmented based on
the amount of silicon (as determined by EELS): areas of high and
low silicon concentration were defined, and results are presented
for these regions separately. This was carried out for both spherical
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soot and oxidized soot particles. In general, regions of low and high
silicon content were defined by thresholding the EELS Si maps:
rescaling to [0, 1] and setting a threshold of 0.5 to separate regions
of low (below 0.5) and high (above 0.5) relative Si concentration.
The results are shown in Fig. 7.

For the spherical soot sample, a noticeable trend can be
observed: the nanostructure of high-silicon regions appeared more
ordered than that of the low-silicon regions in the sense that in
high-silicon regions, fringes were longer and less curved; nematic
symmetry was stronger, polar symmetry was weaker and d002 was
significantly closer to that of graphite than in regions of low silicon
content. Naively, this indicates that the presence of silicon corre-
lates with a more compact, ordered, graphitic structure. This is
counterintuitive, as the presence of both substitutional and inter-
stitial heteroatoms is expected to increase the interlayer spacing
and fringe curvature due to increased ring strain, subsequently
lowering nematic symmetry. To explain this, we note that for
spherical soot particles, silicon appeared to be exclusively present
on the surface, indicating that the dominant mechanism for
capturing silicon was adsorption after the soot was incepted and a
primary particle formed. Consequently, in the inner amorphous
core silicon was not detected e this is the region where interlayer
spacing was high, due to the less ordered nature of the core. Thus,
the high partitioning of silicon between the graphitic particle shell
and amorphous core alone could cause the trends seen in Fig. 7aee.
To correct for this, non-graphitic regions with weak nematic sym-
metry were filtered out, and the relationship between d002 and the
amount of silicon was studied only within the more graphitic re-
gions near the edge. As such, the effect of the fractioning of silicon
between the surface and the core, and the coincidental fact that the
structure close to the surface was graphitic, were decoupled in the
analysis. A linear model in the form of d002 ¼ aþ b� CSi, where CSi
is the relative amount of silicon, was robustly fit to the data.

The result of this linear analysis is shown in Fig. 7f; as seen, the
slope of the fit indicated that the more silicon was present the
larger the separation was between carbon lamellae e this is more
consistent with intuition. The coefficient of determination (R2) was
low, approximately 0.1; however, standard errors of parameters a
and b, corresponding p-values and the F-statistic all implied that
the observed trend was significant, however weak. We note that a
linear model did not appear to be an optimal choice for the data:
the relationship appeared to be nonlinear, as d002 values increased
almost asymptotically at approximately 80% relative silicon con-
tent. Nevertheless, the linear analysis was sufficient to uncover the
positive correlation between silicon content and interlayer spacing.
In the case of oxidized soot, possibly because the absolute amount
and relative variation of the amount of silicon was higher than in
spherical soot, bulk analysis already revealed the direct propor-
tionality between d002 and the amount of silicon. In other words,
the presence of silicon was accompanied by an increase in d002 in
this sample. This effect was found to be weak: this might be related
to that only trace amounts of silicon were adsorbed on the particle
surface.

Trends seen in the joint nematic symmetry-silicon content data
were similar: in both spherical soot and oxidized soot, high-silicon
regions exhibited higher nematic symmetry than regions of low
silicon. Altogether, these observations suggest that the silicon
present in spherical and oxidized soot was captured after primary
particles had formed, via adsorption to the surface. After oxidation
and the conversion of reactive particle cores, silicon-rich outer
shells collapsed and formed the “crumpled shell” structure that
was observed in in-situ oxidation studies of pure soot [68]. This
explains the seemingly contiguous “islands” of high-silicon areas,
e.g., as seen in Fig. S2b.



Fig. 7. Results from joint quantitative analysis of nanostructure and elemental composition, namely, the amount of silicon. The first five plots show distributions of various
structural parameters grouped by silicon-content. The distributions of two samples, spherical soot and oxidized soot, are shown in purple-blue and green hues, respectively. Plots in
(a)e(e) only differ in the structural parameter that is visualized: (a) nematic symmetry (S2N) at a scale of 7 nm (b) polar symmetry (S2P) at a scale of 25 nm (c) fringe length (d)
fringe tortuosity (e) interlayer spacing (d002). Solid lines indicate the sample mean, while dotted lines indicate the sample median. (f) Correlation between d002 and the relative
amount of silicon in graphitic regions within spherical soot particles. Instead of plotting data points individually, a kernel density estimate of the bivariate probability density
distribution is shown. Hues of blue from light to dark indicate probability density from low to high, respectively. The solid line shows a linear fit over the data. Dotted lines show the
confidence bound on the linear fit. (A colour version of this figure can be viewed online.)
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3.6. New insights into particle formation

A detailed description of the overall particle formation mecha-
nism for soot/carbon-rich nanoparticles at high temperature, and in
a reducing atmosphere that contains gaseous ash-forming ele-
ments (i.e., entrained flow gasification of wood powder) has been
proposed elsewhere [36] and therefore we only comment on the
new insights provided by the aberration corrected STEM-EELS
investigation here. Independent of reactor conditions, a small
portion of the silicon from the fuel vaporized, and a part finally
adsorbed on, and diffused into the turbostratic graphene planes at
the surface of the soot particlee this siliconwas detected alongside
oxygen, in large parts as SiOx (mixture of elemental Si and SiO2).
Silicon only appearing as a surface layer implied that soot particles
formed first and gaseous silicon or silicon compounds (e.g. SiO or
964
SiO2) adsorbed on these later. If the silicon enters the soot structure
as reduced compounds, oxidation to SiO2 can proceed mainly
through reactions with O2, CO2 or H2O. Subsequently, since oxida-
tion was faster at neck-sites, the relative concentration of SiO2 was
highest in the necks as well.

According to thermodynamics, potassium fed with the fuel is in
the gas phase at process temperatures above 1000 �C [36], and
therefore can interact with carbon during soot formation. Earlier
HRTEM-EDS analyses have shown that spherical soot particles have
traces of potassium [36] and most likely the potassium is homo-
geneously incorporated into the soot structure since (i) no distinct
layer of potassiumwas observed in the STEM-EELS of spherical soot
particles, and (ii) the distribution of potassium was relatively ho-
mogeneous (in the case of non-spherical and highly oxidized par-
ticles). As the oxidation of soot progresses, potassium and SiO2 can
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react, forming low-temperature silicate melts that wet the graphite
and enter micro-pores formed during burning. The graphitic
structure of the carbonwas relatively unaffected by the presence of
a silicate melt. However, if some p*res peak ratio map intensity
changes in Fig. 5 can indeed be attributed to a carbon-oxygen
bonding environment and not just to a fullerenic carbon structure
formed during oxidation of the particle, this would be consistent
with the silicate melt dissolving and reacting with at least a part of
the graphitic carbon. Based on the tentative comparative analysis of
the ratio maps in Fig. 5 (see section 3.3), this appears to be a likely
scenario.

The non-spherical soot particlesmay have undergone a different
formation mechanism than the spherical soot particles. The pres-
ence of calcium relatively evenly distributed in the particle in-
dicates that these particles were formed under very high
temperature in an environment with a high concentration of in-
organics (i.e., calcium and potassium), as both elements were
detected in EEL spectra. Major amounts of gas-phase calcium, i.e.,
Ca(g), CaOH(g), and Ca(OH)2(g), have been predicted at process
temperatures above 1400 �C [36]. Interestingly, the carbon struc-
ture was also different in the spherical soot particles and their
differing inorganic composition affected the carbon formation
process, leading to high temperature oxygen functionalization of
the graphitic carbon structure. At the highest temperatures
(>2000 �C) that occurred at high oxygen-to-fuel ratios, phospho-
rous can also be volatilized as PO(g) and PO2(g) [36]. In general,
phosphorous is the most reactive negative anion in thermochem-
ical conversion of biomass [91], and different KeCa-phosphates are
thermodynamically stable in this environment, suppressing KeCa-
silicate formation [36]. The chemistry leading to the formation of
the carbon-inorganic fused agglomerate is likely very complicated
and initially involves graphitic carbon from the soot and an inor-
ganic melt. Thereafter, carbon-oxygen functional groups (e.g. ke-
tone, carboxyl) form as intermediates in the graphite-inorganics
reaction, before finally forming themore thermodynamically stable
carbonate bond, in some kind of a high temperature mineralization
process. Inorganic elements, especially calcium (and phosphorous
when it is present in the particle), may play an important role here,
since the significant carbon-oxygen bonding environment (espe-
cially carbonate bonds) were only detected when calcium was
present in the sample. Furthermore, without the presence of inor-
ganic elements that can form high temperature stable condensed
phases as a result of the oxidation process, the carbon atoms will
simply be released from the graphite structure to the gas phase as
CO and/or CO2.

3.7. EELS vs synchrotron X-ray absorption analysis of soot particles

In past studies of soot particles, it was suggested that (S)TEM-
EELS used to lack the resolution or sensitivity to detect spectral
features at the carbon K edge associated with local variations in
functional chemistry, as compared to the more widely-used syn-
chrotron-based X-ray absorption spectroscopy [75]. Our results
clearly demonstrate that the current generation of STEM in-
struments can resolve changes in carbon bonding within soot
particles in this energy range (285e292 eV), with nanometer
spatial resolution.

In the present work, we focused on the simultaneous acquisition
of core loss ionization edges from a range of elements while still
maintaining an energy resolution high enough for a careful analysis
of the fine structure of these edges. Although themode of operation
necessary for these measurements dictates a moderate energy
resolution (limited in practice by the point-spread-function of the
detector and the energy dispersion used), it was still possible to
resolve fine structures changes in the carbon K ionization edge that
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we could associate with changes in carbon bonding at the
nanoscale.

A much higher energy resolution, comparable to or better than
that of X-ray absorption spectroscopy [75], is nowavailable in state-
of-the-art monochromated STEM-EELS systems [92] that maintain
atomic spatial resolution [93,94]. Further work will focus on using
monochromated STEM-EELS to study the ELNES of the carbon K
edge (and other ionization loss edges of interest) from soot and
related materials could be investigated at a level of detail rivalling
that of X-ray absorption spectroscopy, with the added benefit of
nanometer-to-atomic spatial resolution [79,95]. By combining this
with simultaneous elemental mapping, STEM-EELS allows for
finding correlations between the distributions of heteroatoms and
different types of carbon bonding within individual soot particles
which helps us explore and understand the nano-chemistry of soot.

4. Conclusions

In this work, we demonstrated that aberration-corrected STEM-
EELS can be used to study metal-containing, paracrystalline soot
with a three-dimensional nanostructure. Spatially resolved
elemental mapping together with information on the predominant
chemical compounds were achieved at nanometer spatial resolu-
tion. Using this technique, we showed that all spherical soot par-
ticles were coated by a silicon- and oxygen rich layer and that
calcium likely affected the graphitic structure of non-spherical soot
and carbon-inorganic fused agglomerates. In addition, we
demonstrated the first joint quantitative analysis of nanoscale
carbon structure and elemental distribution in soot. These results
revealed a positive correlation between silicon content and inter-
layer spacing in soot, hinting that silicon in the form of SiO2 might
have a distorting effect on the carbon nanostructure. The detailed
information provided by aberration-corrected STEM-EELS can be
used to better understand the complex formation mechanism of
metal-containing soot particles. Results and insights enabled by the
approach demonstrated here can potentially help inform the choice
of additives or aid in the design of fuel blends that minimize the
formation of similar, hybrid particles in combustion or gasification
systems.
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