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a b s t r a c t

Soot formation is one major challenge in developing clean and efficient utilizes based on hydrocarbon
fuels. In this work, ferric nitrate was selected as an iron additive to be loaded into pulverized coal, and the
pyrolysis experiment with an inert atmosphere was conducted in a high-temperature drop tube furnace
(DTF). The physical and chemical character of the soot obtained from coal samples with different iron
content were analyzed to explore the effect of the soot format process. The results showed that the soot
yield was reduced 7% and 23%, respectively, at the same conditions when the content of iron in the coal
sample was 0.51% and 0.87%. After iron was added, the diameter of soot primary particles was reduced
from 50.8 nm to 37.4 and 37.8 nm, and the Df of soot aggregates increased, indicating that iron inhibited
the growth process of soot primary particles and promoted the agglomeration between particles. Thus,
the degree of graphitization of soot increased. In addition, the content of CeO functional groups in soot
derived from coal with iron addition increased significantly, which implied that the participation of iron
enhanced the oxidation reaction of soot.

© 2022 Published by Elsevier Ltd.
1. Introduction

As a traditional fossil fuel, coal currently supplies 37% of global
electricity, and it will still play a vital role in the next two decades,
especially in developing countries [1]. Coal is also widely used in
metallurgical processes, gasification, and heating supply and as a
raw material for many industrial chemicals [2]. Soot particles
generated during coal utilization are significant contributors to fine
particulate matter in the atmosphere. Soot has dire consequences
on human health [3e5], leads to haze, and causes the greenhouse
effect [6,7]. Therefore, comprehensively understanding the mech-
anisms of coal pyrolysis and combustion of soot formation to search
for possible solutions to decreasing the production of soot.

The formation process of soot is divided into five processes
including: nucleation, surface growth, coagulation, aggregation and
oxidation. The final soot production is a process where formation
and oxidation compete with each other. Soot formation of simple
hydrocarbon combustion and internal combustion engines has
received extensive attention [8e16]; however, the understanding
of soot formation is incomplete, especially during the combustion
of solid fuel. Coal pyrolysis is the first step in coal gasification and
combustion [17]. Devolatilization is the first step during the
thermal conversion of solid carbon fuels such as coal and biomass,
which is different from simple hydrocarbon fuels. The primary
pyrolysis process of coal will release gaseous volatiles, small mo-
lecular hydrocarbons and tar containing rich PAHs. Tar and volatiles
are important precursors of soot during coal second pyrolysis
[18e21]. Polymerization and cracking of PAHs in tar compete with
each other at high temperatures. Therefore, soot derived from coal
pyrolysis involves not only the growth of aromatics and small free
radicals through the Hydrogen-abstraction-acetylene-addition
(HACA) [22,23]and clustering of hydrocarbons by radical-chain
reactions(CHRCR) [24,25] mechanism, but also the breaking and
reformation of rings [26]. In addition, the macromolecular PAHs in
tar can directly polymerize and grow on the surface of soot parti-
cles, which complicates the entire soot generation.

The process of soot formation during coal pyrolysis is affected by
many factors, including coal type, pyrolysis conditions (tempera-
ture, time and atmosphere), and inorganic metal content. The
experimental results of Nenniger et al. [27], Wornat et al. [28] and
Zeng et al. [29] showed that the increase in temperature and resi-
dence time in inert atmosphere and enhance the conversion of tar
to soot, while the sum of the tar and soot remains constant. Ma et al.
[30,31]found that soot obtained from coal pyrolysis in the flue gas
environment generated by CH4/H2/N2/O2 is significantly lower than
that under inert atmosphere, and the oxygen-containing compo-
nents (OH, O) in environment inhibited the soot formation. Chang
et al. [18,32] [][][]investigated the effects of CO2 on the
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characteristics of soot during coal pyrolysis. The results show that
CO2 in pyrolysis environment can enhance the soot formation and
advances the dehydrogenation, while the degree of graphitization
of soot increases and the reaction activity decreases. Coal is rich in
inorganic metal salts which will participate in soot formation and
oxidation in coal thermal conversion. Researchers have consider-
ably investigated the effect of alkali/alkaline earth metal species
(AAEMs) on solid fuel soot [33e36], but few studies related to
transitionmetals have been conducted. Themechanism of iron, as a
common transition metal, on the growth and oxidation of soot
during simple hydrocarbon combustion and internal combustion
engine operation has attracted considerable attention. The effect of
iron participation on the amount of soot generation has been dis-
cussed [37]. Iron additives have been shown to promote soot for-
mation under some conditions [38]. Studies have shown that the
addition of iron pentacarbonyl [39], and ferrocene [40] increases
soot volume fractions in premixed flames. The iron can be inte-
grated with the soot through an early condensation, and the
induced nucleation can override ‘‘homogeneous’’ nucleation via
PAHs and free radicals format and growth when concentration is
sufficiently high [41]. Howard and Kausch [42] proposed that metal
additives can also affect soot formation with the enhancement in
soot oxidation and burnout mechanisms. Kim et al. [43] found
through the study of soot oxidation kinetics that the pentacarbonyl
iron in the flame reduces the oxidation activity of soot and en-
hances the soot burnout. Steffen et al. [44,45] comprehensively
studied the oxidation process of soot with Fe2O3 catalyst. They
found that oxygen from the gas phase to the soot via the Fe2O3
mainly occurs by physical contact points of soot and catalyst, and
lattice oxygen of Fe2O3 also is mainly involved in the soot oxidation.
Kim et al. [46,47] quantitatively analyzed the existence form of iron
in the isooctane added iron pentacarbonyl diffusion flame and the
soot production using in situ methods. The experimental results
showed that the iron atoms formed by carbonyl iron play an
important role in the soot formation process The direct catalytic
reaction of Fe is the main reason for the reduction in soot. Braun
et al. [48] found that adding ferrocene to diesel fuel is conducive to
the formation of aliphatic structure. This formation leads to
changes in the nanostructure of soot. Ultimately, soot has better
oxidation activity. However, the effects of Fe on soot derived from
coal are still largely unclear due to the inherent complexity of tars,
and few related studies are available.

The research on soot production during coal pyrolysis is still
insufficient, especially the effect of metals on soot formation during
coal pyrolysis. Different from fuels such as methane, ethylene, and
diesel, coal soot is derived from the second reaction process of coal
tar. Coal tar is abundant in polycyclic aromatic compounds,
essential precursors of soot. At present, the mechanism regarding
the influence ofmetals, especially iron, on the conversionprocess of
coal tar to carbon soot is not clear. Various ions, radicals, and gases
are also produced during coal pyrolysis. The effect of these sub-
stances on carbon soot production with the involvement of iron
needs further investigation. This paper analyzes the changes in the
physicochemical properties of carbon soot generated by coal py-
rolysis with and without the participation of iron and aims to
obtain the mechanism of iron influence on soot derived from coal
pyrolysis. Hoping to provide theoretical support for the feasibility
of adding metals to coal to reduce soot emissions through labora-
tory experiments. In this work, Fe(NO3)3 as the additive was doped
in pulverized coal, and its influence in process of coal pyrolysis was
investigated. Transmission electron microscopy (TEM), and Raman
spectrumwere conducted to obtain themicrostructure information
of soot particles. FTIR and XPS were performed to reveal the in-
formation of chemical functional groups in soot particles.
2

2. Experiment

2.1. Experiment system

This work used a drop tube furnace (DTF) shown in Fig. 1, which
could provide a stable high pyrolysis temperature field. The center
of DTF is a corundum tubewith a diameter of 80mmand a height of
1800 mm. The heating area divided into four parts for heating, and
equipped with corresponding thermocouples for temperature
detection. During the experiment, the temperature was stable at
1250 �C. Before the pyrolysis experiment, 9L/min of N2 was intro-
duced into the furnace through a porous gas distributor to exhaust
the air. Pulverized coal sample was supplied at a speed of 0.1 g/min
by the controllable micro-feeder and carried by 1L/min of N2 into
heating area. The pyrolysis gas was obtained through a sampling
gun. The particles larger than 10 mm in diameter are removed by a
cyclone, and then enter the ELPI and volume sampler for subse-
quent analysis. Before the pyrolysis gas enters the volume sampler,
it is diluted with 8L/min N2. There is a flow controller behind the
volume sampler and adjusted to 18L/min before sampling, and the
sampling ends when the value drops to 17L/min. More details of
this experimental system are described in our previous work
[49,50].

2.2. Experiment samples

Yimin lignite (YM) was selected as the experimental coal sample
and was ground into a diameter of 38e125 mm. Metal elements in
YM coal were removed through HCl washing to eliminate the in-
fluence of other metal elements on the experimental results. The
results of proximate analysis and ultimate analysis of YM and YMH
are presented in Table 1. The content of major non-metallic ele-
ments (C, H, N, and S) in the coal sample did not change signifi-
cantly after acid-washed. The coal sample after the removal of
metal elements is denoted as YMH, and our previous work show
that acid-washed has no significant effect on non-metallic ele-
ments in coal [51]. Fe(NO3)3$9H2O was selected as the iron additive
and loaded onto the YMH by the impregnation method. YMH
sample loaded with iron was named YMH-Fe. Metal elemental
contents in the YM, YMH, and YMH-Fe coal samples are shown in
Table 2, obtained through an atomic emission spectrometer (ICP-
AES). The content of metal elements in YMH is much lower than
YM, indicating that the acid-washed process removes metal ele-
ments effectively. The iron content in YMH-Fe1 and YMH-Fe2 is
0.51% and 0.87%, respectively. The content of Na, Ca, Mg, and Al in
Fig. 1. Schematic of the experimental system.



Table 1
Properties and ultimate analysis of YM and YMH coal samples.

Proximate analysis（wt. %,
da）

Ultimate analysis（wt. %, da）

Vd FCd Ad Cd Hd Nd Sd
YM 42.30 41.19 16.51 68.48 4.11 0.99 0.19
YMH 42.70 44.84 12.46 67.89 4.26 0.96 0.18

a Calculated by difference; d, dry basis; V, volatiles; Fc, Fixed Carbon; A, Ash.

Table 2
Main metal element contents in coal samples.

Na K Ca Mg Fe

YM 0.0534 0.0294 0.7947 0.0832 0.7947
YMH 0.0108 0.0241 0.1082 0.0083 0.1082
YMH-Fe1 0.0071 0.0399 0.0529 0.0110 0.5109
YMH-Fe2 0.0048 0.0423 0.1057 0.0109 0.8749

unit: wt.%, d; d, dry basis.
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acid-washed coal with different Fe content was low and similar.
Therefore, it is concluded that changes in physicochemical prop-
erties of coal-derived soot are caused by different content of Fe (see
Table 2).
2.3. Analytical techniques

Before the analyses of soot particles with TEM, the soot was
dissolved in ethyl alcohol with the assistance of ultrasound for
20 min. The bright field images were obtained at 20 000 � and
400 000 � magnification through an electron microscope (JEOL-
2100F) operating at. 200 kV. Raman spectra of three coal soot were
acquired fromRaman spectrometer (LabRAMHR800 Horiba) with a
He/Ne solid-state diode laser excitation source (532 nm). An
objective lens with 100 � magnification was used. Each sample
were measured on three different areas and spectral were collected
via a thermoelectric cooled CCD camera. Accumulatively scan 10
times for per test and the exposure timewas adjusted to 8s for each
scan.

FTIR of soot was obtained with a Nicolet 5700 spectrometer in
the range of 4000e400 cm�1. Soot collected from filter was pre-
pared into KBr pellets of uniform size at a ratio of 1:1000 to facil-
itate semi-quantitative analysis. Two KBr pellets were made for
each soot to increase the reliability of the results. Chemical state of
element at the surface of soot was obtained from XPS (ESCALAB
250Xi). C1s and O1s peaks were recorded at 20 eV pass energy and
all spectra were calibrated to reproduce the C1s peak of contami-
nant carbon (BE ¼ 284.6 eV).
3. Result and discussion

3.1. Yield of soot

Dichloromethane extraction was used to separate soot and tar
from particles collected on glass fiber membrane, and the specific
operation procedure could refer to our previous work [49e51].
Different tar and soot yield information are shown in Fig. 2 (a). The
sum of soot and tar yields in the pyrolysis products were negatively
correlated with the Fe content in the coal samples. Compared with
YMH, the tar yield of YMH-Fe1 was reduced, while the soot yield
did not change significantly. In contrast, the tar yields of YMH-Fe1
and YMH-Fe2 were similar, but the soot yield of the latter was
significantly lower than that of the former. This result indicates that
the effect of iron on soot formation is complex and related to iron
concentration in coal. The soot yield of YMH-Fe2 showed a
3

reduction of approximately 19% in the amount of soot when
compared with the YMH. The above results indicate that the
addition of iron during coal pyrolysis catalyzes the cracking of tar
and inhibits the final production of soot. Natalia et al. [52], Ma et al.
[53], and Zhang et al. [54] investigated the effect of an iron-based
compound on exhaust emissions from diesel and found that the
particles emission was drastically reduced. In Natalia's experiment,
the amount of soot collected in filters decreases around 50% when
iron content in fuel is 0.15%. Compared with the diesel engine, the
iron added in this experiment did not reach high efficiency in
reducing soot. As a soot precursor, coal tar is rich in PAHs, which are
more easily converted to soot than aliphatic hydrocarbon fuels
(diesel, etc.). During coal pyrolysis, the contact tightness of coal tar
with added iron is lower than that of fuel oil with iron blending.
Our previous study reduced the carbon soot yield by 48% when the
iron addition in this paper reached 3% in the YMH sample.
Compared with the experiments related to the diesel engine, the
experiments were carried out in an inert atmosphere without ox-
ygen. Despite iron promoting the soot oxidation reaction, the
available oxidant during coal pyrolysis is limited. The number of
concentration particles in pyrolysis gas distribution of different coal
samples is shown in Fig. 2 (b). The distribution curves of the three
samples are similar, and 99% of the particles are smaller than
0.5 mm in diameter (Stokes diameter). After ferric nitrate is added,
the peak near 0.12 mmdecreases gradually as the iron content in the
coal sample increases. Therefore the participation of iron affects the
early aggregation process of primary particles. The mass concen-
tration of the pyrolysis particles of the three kinds of coal samples
and the particle size distribution all have a peak around 0.12 mm
and similar distribution rules. In this section, the mass fraction of
submicrometer particles (the first seven stages of ELPI) was calcu-
lated, and the results of YMH soot were 5.6%, significantly higher
than YMH-Fe1 (1.1%), and YMH-Fe1 (1.5%), respectively.

3.2. Microstructure of soot obtained from TEM

The morphology of soot of three kinds of coals was observed by
TEM. Fig. 3 shows that soot particles are irregular fractal aggregates
and composed of tens to hundreds of primary carbon particles. The
aggregation of primary particles in YMH-Fe2 soot is more tightly
than the other two soot. The diameter of primary particles in soot
was counted by ImageJ (an image processing software), and fractal
dimension Df of the soot aggregate was calculated in combination
with the method described in the literature [55e57], shown in
Fig. 4 (a) and (b). The average primary diameter of YMH soot is
51.1 nm and is mainly concentrated in the range of 26e50 nm,
which is larger than the soot produced during the combustion of
simple hydrocarbon fuels [57e60]. This result indicates that the
materials produced during the first pyrolysis of coal are more easily
converted into soot. The average primary particle diameter of YMH-
Fe1 and YMH-Fe2 soot samples are 38.7 and 39.1 nm, respectively,
approximately 24% lower than that of YMH soot. Also, the particle
size distribution range of the primary particles of YMF-Fe1 and
YMF-Fe2 soot is reduced, i.e., the uniformity of the primary parti-
cles is improved. The Natalia et al. [52] experiment found that all
soot primary particle diameters were similar (36 nme39 nm) in-
dependent of the iron content. However, Zhang [54] shows that the
primary particle diameters of soot decreasewith the iron content in
fuel. Particle oxidation may occur at each stage in the process of
soot formation, and the eventual size of primary particles of soot
depends largely on balance between the soot formation and
burnout processes. Surface growth refers to the process in which
gaseous species attach to the surface of pre-existing soot and the
incorporation of the particle phase. The importance of PAH addition
on particle surface in soot mass growth has been demonstrated.



Fig. 2. a) Yields of soot, tar, and soot þ tar, b) the number concentration distribution, the mass concentration of the soot derived from different coal.

Fig. 3. Representative TEM images of all soot samples. (The area surrounded by arrows is the nucleus of soot particles; The short white line illustrates the crystallite layer; The upper
right of (e) is a schematic diagram of the microcrystalline structure extraction.
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The particle size analysis results show that the involvement of iron
inhibits the accumulation process of PAH on the particle surface. In
addition, the number of irregular primary particles in the soot
aggregate increases, Simonsson et al. [38] also observed similar
phenomena in their experiments. The involvement of iron has a
facilitating effect on the soot oxidation reaction, which is one of the
reasons for the decrease in particle size. The Df of the three types of
4

soot is between 1.86 and 2.04, similar to the results of previous
research [57]. The Df of YMH-Fe2 soot is larger than those of YMH
and YMH-Fe1 soot, which means the primary particles in the soot
are agglomerated more tightly, and fewer aggregate branches are
formed, which is consistent with the results observed in Fig. 3. The
participation of iron in the soot generation process of coal pyrolysis
will increase the collision and agglomeration between primary



Fig. 4. (a) Primary particle diameter distribution; (b) Df of soot aggregation; (c) Raman spectrum of soot; (d)e(f) Fringe length, tortuosity and interlayer distance of soot.
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particles.
Fig. 3. (a) (f) shows the HRTEM of the three soot samples and

related information about microstructure. The primary particles of
the three soot samples have similar structures, and all show an
“onion-like” core-shell structure. Among all soot samples, the core
of the primary particle is formed by the collision and condensation
of multiple nascent nanoparticles. This observation indicates that
PAHs produced in the primary pyrolysis of coal can quickly form
nascent soot nanoparticles. Unlike simple aliphatic hydrocarbons
that form the ring and aromatic free radicals, amounts of PAHs
around the nascent nanoparticles will create a relatively loose and
thin external carbon crystallite layer. During the collision and
condensation process, these nascent nanoparticles are wrapped by
more crystallite layers to form primary particles. The shell formed
by the crystallite layers outside the core of YMH soot is thicker than
that of YMH-Fe1 soot, but the layer stacking is more disordered.
Some particles of soot were wrapped with an amorphous carbon
crystallite layer, as shown in Fig. 3 (a) and (d), and these amorphous
carbon layers are composed of aliphatic compounds and simple
PAHs with 3e5 rings. Primary particles of YMH-Fe2 soot have more
cores, and the number of stacked layers of crystallite outside the
core is reduced, but the arrangement is more orderly. The above-
mentioned amorphous carbon outer layer does not appear in the
YMH-Fe2 soot. Structures with a higher degree of graphitization are
observed at the edges of the primary particles, as shown in the
black dotted frame Fig. 3 (f). These structures may be formed by the
collision and condensation of mature soot and nascent nano-
particles. A series of processing on HRTEM pictures referred to the
method proposed by other researchers [61,62] to facilitate the
extraction of the length, curvature and spacing of crystallite layers
of soot for effectively evaluating the microstructure of soot. The
selection of the soot crystallite in image processing process is
artificial. In order to reduce the error in the processing process, the
main choice is the crystallites that are farther from the core and
clearer. Fig. 4 (d) shows that the lengths of crystallite in all soot are
mainly distributed between 0.4 and 3 nm. After iron is added, the
average length of the crystallites in soot increases from 1.23 nm to
1.29 nm, and the peak shifts to the right. Therefore, the
5

participation of iron promotes the growth of crystallites and the
degree of graphitization of soot particles. Curvatures of crystallite in
soot are mainly distributed between 1.05 and 1.25, shown in Fig. 4
(e). The median and mean values of crystallites curvature in YMH-
Fe2 soot are lower than those in other soot, and the average spacing
of crystallites in YMH-Fe2 soot is also smaller than those in others.
The crystallites curvature of soot is mainly controlled by the
number of odd rings in the aromatic plane. Surface growth is pri-
marily the process of adhesion of PAHs to the soot surface and the
incorporation of the particle phase. Thus the involvement of iron
reduces the amount of odd-ring substances in coal tar. Different
from other literature [46,52,63,64], iron-containing particles are
not observed in the TEM of YMH-Fe soot may be due to the PAHs
produced by the primary pyrolysis of coal are more likely to
nucleate than iron.

3.3. Raman spectrum analysis of soot

Fig. 4 (c) presents the Raman spectra of the soot sample derived
from three kinds of coal pyrolysis. The spectra for each iron content
correspond to the average of three spectra, and thus, they have a
certain degree of representativeness. The pyrolysis conditions of all
coal samples remain the same. As shown in Fig. 4 (c), the spectra are
all similar, and they all show two prominent peaks around 1355 and
1590 cm�1, which correspond to the typical D and G peaks of soot,
respectively. The insignificant change in the peak position illus-
trates that the iron does not change the basic core-shell structure of
soot during formation.

Five band fitting method was used for first-order Raman spectra
for quantitative spectral analysis, as shown in Fig. 4 (c). The G band
around 1590 cm�1, D1 band around 1355 cm-1, D2 band around
1620 cm�1 and D4 around 1250 cm-1 were used as Lorentzian
functions. The D3 band around 1510 cm�1, representing the
amorphous carbon, was used as a Gaussian function. Some pa-
rameters have been demonstrated to be related to graphite-like
structure and amorphous carbon in soot. In this work, full widths
at half maximum of the D1 (D1 FWHM) band and R3 (R3 ¼ ID3/
ID3 þ ID2 þ IG) were adopted to observe most chemical structure
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differences in nanostructure among three kinds of soot samples.
Typically, FWHM of D1 band represents the degree of graphitization
of carbonaceous materials, R3 can reflect the content of amorphous
carbon in soot [65e67], La is the in-plane graphitic crystallite size of
carbonaceous materials and is inversely proportional to ID1/IG, and I
is the integrated area of each band [68]. As the iron content in the
coal sample increases, the mean value of R3 decreases, as shown in
Table 3. This founding means the relative content of amorphous
carbon in the soot decreases. The D1 FWHM value of YMH-Fe2 soot
is significantly reduced. The ID1/IG ratios of soot from different coal
samples show a ranking of YMF-Fe2 < YMF-Fe2 < YMF. The result
illustrates the soot from coal with iron are more ordered and
contains less disordered carbon. As the disordered carbon is more
accessible to oxygen attack [69], and a decrease of chemical het-
erogeneity and an increase of structural order upon oxidation [70].
This indicates that iron is involved in the formation of soot during
the coal pyrolysis, which mainly promotes the oxidation reaction of
soot. La calculated by Raman spectroscopy increase with the rise
iron content of coal sample. The results mentioned above can also
be observed in Fig. 3, which shows that the iron in the coal sample
promotes soot oxidation during the pyrolysis process, mainly
occurring in the amorphous carbon region. In addition, the size of
the formed crystallite layer is more significant with the participa-
tion of iron. These phenomena all promote the overall graphitiza-
tion degree of soot particles.
3.4. Chemical characters of soot

The contents of C, H, N in soot were measured with an elements
analysis instrument (VARIO Macro cube). As shown in Fig. 5 (a), the
C in soot decreases as the iron content in coal increases from 0.11%
to 0.87%. The C/H ratios of YMH-Fe1 soot and YMH-Fe2 soot are
higher than that of YMH, which means that dehydrogenation
during the soot formation process is enhanced. This result is also
consistent with the phenomenon that iron increases the degree of
graphitization of soot produced from coal pyrolysis. Fig. 5 (a) also
shows that the iron content in soot is positively correlated with the
iron content in the corresponding coal sample. The migration rate
of iron in coal to soot was calculated. After ferric nitrate is added,
the iron content in the soot increases. However, the migration rate
of iron from the coal sample decreases from 8% to 2%, indicating
that ferric nitrate did not directly participate in the formation of
soot and indirectly affected the soot formation by changing the
formation of coal primary pyrolysis products and their secondary
reactions. That may be the reason for iron-containing soot samples
were not being observed in TEM.

Fig. 5 (b) presents the infrared absorption spectra of soot. As
marked in the spectra, the stretching vibration of aliphatic CeH is
generally a group of bands in the 3000-2800 cm�1 region, and that
comes mainly from methyl, methylene groups, or saturated rings
linked to aromatic rings on PAHs or methylene bridges to connect
different PAHs. The peaks at 1380 cm�1 and in the 1450 cm�1

spectrum which is attributed to the in-plane deformation of
aliphatic CeH bonds, confirm the presence of aliphatic groups [71].
The content of aliphatic groups of YMH-Fe1 soot is significantly
higher than those of YMH and YMH-Fe2 soot. K. O. Johansson [25]
Table 3
D1 FWHM, R3, La obtained from Raman spectrum.

D1 FWHM R3 ID1/IG La

YMH 133.4 ± 8.0 0.47 ± 0.03 1.87 ± 0.05 2.72 ± 0.15
YMH-Fe1 133.2 ± 1.9 0.46 ± 0.01 1.40 ± 0.06 3.12 ± 0.24
YMH-Fe2 123.7 ± 2.9 0.43 ± 0.06 1.28 ± 0.02 3.39 ± 0.15
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suggested that RSR (resonance stabilized radical) on soot surfaces
could provide sites for the chemisorption of small hydrocarbons.
Thus the surfaces of soot particles may have more aliphatic char-
acter than the rest of the graphitic shell. Iron during pyrolysis may
promote the cracking of these aliphatic chains, inhibit the surface
accumulation process of PAHs, and reduce carbon soot production.
However, this reaction requires a certain concentration of iron in
the coal sample. Therefore, different iron concentrations will have
various effects. In the 1000-1800 cm�1 region lie the stretching
bands of CeO groups in alcohols or phenols and ethers (1080-
1240 cm�1), that of C]C groups in aromatics (1580-1590 cm�1),
and that of C]O groups (1650-1720 cm�1) are observed; they are
typically present in carboxylic acids, ketones, aldehydes, esters, and
lactones [57,72,73]. The IR spectra of YMH-Fe1 and YMH-Fe2 soot
contain more significant absorption peaks of CeO groups, and the
peaks of aromatic C]C vibration are more obvious. This trend in-
dicates that iron addition affects the formation of oxygen-
containing functional groups on the soot surface in coal pyrolysis,
especially CeO groups. The 925-700 cm�1 region belongs to the
bending vibration of aromatic out-of-plane hydrogens (OPLA). Four
parameters A1-4 were used to analyze the effect of the addition of
iron on functional groups of soot. A2 is the ratio of methyl to
methylene, and the length of the aliphatic chain of soot is shorter
when A2 is higher. A1, A3, and A4 were obtained by dividing the area
of OPLA, C]O groups and CeO groups to the aromatic C]C band
area. They represent the substitution degree of aromatic com-
pounds and the trend of CeO and C]O content in soot. After ferric
nitrate is added, the representative aromatic hydrogen abundance
parameter A1 of soot increases, as shown in Fig. 5 (c). Corre-
spondingly, the YMH-Fe2 soot spectrum has a significant shoulder
peak at 3050 cm�1. The parameter A2 of YMH soot is much larger
than those of YMH-Fe1 and YMH-Fe2 soot, which indicates that the
participation of iron reduces the length and number of aliphatic
branches in soot. The infrared spectra of YMH-Fe1 and YMH-Fe2
soot show an obvious peak at 1380 cm�1, which means that the
number of methyl groups connected to the aromatic ring increase.
As the iron involved in the pyrolysis process increases, the content
of CeO functional groups in the soot increases.

The high-resolution scan results of the nominal C1s and O1s
regions of soot are shown in Fig. 5 (d) and (e), respectively. All peaks
were deconvolved to obtain more information about carbon
bonding fractions and oxygenated functional groups. As shown in
Fig. 5 (f), the relative content of CeO functional groups in the
aliphatic group of soot decreases that in the presence of iron.
Moreover, CeO functional groups on the aromatic ring increase
significantly, especially in YMH-Fe2 soot. Meanwhile, the C/O ratio
of YMH-Fe2 soot is also reduced considerably, which implies that
the oxidation reaction increases during the soot formation. Fig. 5 (f)
shows that the content of sp2 hybrid carbon in soot gradually in-
creases with the rise in iron content in coal. The ratio of sp2/sp3 also
increases significantly, which implies a higher degree of graphiti-
zation of soot.

4. Discussion

This work mainly studied the effect of iron additive on the
physical and chemical characteristics of soot during coal pyrolysis.
Ferric nitrate was selected as the iron source and loaded onto the
surface of coal powder by dippingmethod, which wasmainly in the
form of physical contact. YMH, YMH-Fe1, YMH-Fe2 coal samples
were subjected to pyrolysis experiments with the same pyrolysis
conditions. Experimental analysis concluded that participation of
iron effects the yield, microstructure and chemical functional
groups of soot, and the effects related to the concentration of iron in
the coal sample.



Fig. 5. (a) Content of C, H, N in soot; (b) FTIR spectrum of soot; (c) Parameter A1-4 obtained from FTIR spectrum; (dee) C1s and O1s region of soot; (f) Concentration of functional
groups.
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Notably, the YMH-Fe1 and YMH-Fe2 soot yield is reduced by 7%
and 23%, respectively, compared with that of YMH soot. From the
distribution pattern of the number concentration of soot particles,
it can be seen that the percentage of aggregates with particle size
above 1 mm increases significantly after the addition of iron. And
the Df of YMH-Fe2 soot is significantly higher than that of YMH,
which indicates that the particles are more tightly agglomerated
and less likely to be broken into tiny particles. Therefore, the dif-
ficulty of carbon soot replenishment is reduced. As mentioned
above, although the iron content in YMH-Fe1 and YMH-Fe2 soot
increases, no iron-containing soot particles are observed in the
HRTEM images of soot, and the presence of crystalline iron is not
found in the soot XPS spectrum. A large amount of H2 and CO are
released during coal primary pyrolysis and form a local reducing
atmosphere. Fe3þ is converted into iron atoms or Fe2þ in a reducing
atmosphere. The concentration of iron in the pyrolysis atmosphere
is insufficiently high in this experiment; thus, the probability of the
induced nucleation process of iron oxide is decreased. In the final
formed soot particles, the particle size of the primary particles is
significantly reduced, and the shape is more irregular, but the
overall graphitization degree is higher. More amorphous cores are
observed in primary soot particles, and the collision and coales-
cence process between nascent nanoparticles is more obvious. In
addition, the aliphatic content on the surface of the soot decreases,
and the CeO functional group increases, but the overall oxygen
content does not increase. By analyzing the physical and chemical
properties of soot, iron does not directly participate in the nucle-
ation and surface growth of soot, but mainly promotes the oxida-
tion reaction of soot. In line with literature [74,75] this scheme
implies the transfer of oxygen chemisorbed on active Fe surface
7

sites to the soot via physical contact points to be a crucial step. The
transferred oxygen species finally stick on active soot sites to form
CeO function, and their decomposition leads to the production of
gaseous. Thus, the final soot yield is reduced. The increase in
oxygen-containing functional groups on the soot surface indicates
that it has more surface defects and active sites, which are more
likely to react in the presence of oxygen combustion. The ability of
iron as an additive to reduce soot during coal combustion may be
more significant.
5. Conclusion

(1) The YMH-Fe1 and YMH-Fe2 soot yield is reduced by 7% and
23%, respectively, compared with that YMH soot. Iron in-
hibits the conversion of coal to soot, and the suppression
effect intensifies with the increase in iron content.

(2) The diameter of soot primary particles is reduced from
51.1 nm to 38.7 and 39.1 nm. Iron inhibits the surface growth
process of soot.

(3) The proportion of particles with particle size >1 mm due to
the involvement of iron reduces the soot capture difficulty.

(4) Iron reduces the curvature of the crystallite layer and in-
creases the graphitization of the graphite shell.

(5) In the pyrolysis process, with the participation of iron, more
oxygen is involved in the generation of carbon soot, which
promotes the oxidation reaction of soot. Therefore, there are
more CeO functional groups on the surface of YMH-Fe soot.
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