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ARTICLE INFO ABSTRACT

Keywords: This work investigated the effect of ion-exchangeable calcium on the mass yield, size distribution and structural
Ton-exchangeable calcium properties of carbonaceous particulate matter from coal pyrolysis. The raw, acid washed and calcium-exchanged
Soot

coal samples were pyrolyzed in a flat-flame burner at 1600 K. The particulate matter was collected with a three-
stage dilution sampler. Then, the particle size distributions were measured by a low pressure impactor (DLPI+)
and a scan mobility particle sizer (SMPS). The results show that, with the addition of ion-exchangeable calcium,
the soot yield reduces, and the size growth of soot particles is inhibited. Transmission electron microscopy (TEM)
analysis shows that ion-exchangeable calcium diminishes the sizes of disordered cores in soot primary particles,
accelerates the graphitization of soot and makes the soot aggregates more compact. The chemical structures
derived from Raman spectroscopy and Fourier transform infrared spectroscopy (FTIR) indicate that the graph-
itization degree of the soot is first enhanced and then inhibited with increasing calcium loading amount.
Additionally, the inorganic species in the size-segregated soot particles were characterized. The fractions of
calcium and sodium in soot show opposite trend with particle size. Unlike Na, which nucleates before soot
inception, Ca tends to participate in both the soot nucleation and surface growth processes, and is enriched at

Coal pyrolysis
Mineral transformation

larger particle size.

1. Introduction

Carbonaceous particulate matter from the thermochemical conver-
sion of fossil fuels is a significant source of air pollution. In coal com-
bustion facilities, soot contributes up to 35% of the total unburned
carbon [1], which reduces the energy utilization efficiency. Once
released into the atmosphere, soot nanoparticles can be inhaled and
penetrate through the lungs into the blood, causing damage to cardio-
vascular and pulmonary health [2-4]. Soot is also estimated as the
second largest contributor to global warming just behind CO2 due to its
strong light absorption effect [5,6]. In the context of carbon emission
restriction, pyrolysis-based polygeneration of coal produces high-value
gaseous and liquid products, and can be integrated with carbon cap-
ture and storage (CCS) to reduce CO, emission [7]. However, pyrolysis-
generated soot might cause blockage or fouling, obstructing the
continuous operation of pyrolysis facilities [8,9]. Since conventional
particle removal devices are inefficient in removing submicron partic-
ulate matter [10-14], it is desirable to inhibit soot formation during coal

pyrolysis.

Soot formation occurs through complex chemical and physical pro-
cesses, including precursor formation, gas-to-particle transition (nucle-
ation), surface growth, particle coalescence, and aggregation [15,16].
Pyrolysis products, especially tars, undergo secondary reactions to
produce the incipient soot [17,18]. Then, the surface growth and coa-
lescence of the incipient soot form spherical soot primary particles. The
collision and aggregation of soot primary particles further leads to
chain-like agglomerate structures.

In a coal pyrolysis system, soot formation is affected by the trans-
formation of mineral species. Evaporated metals such as alkali and
alkaline earth metals (AAEM) and Fe can condense and form carbon-
encapsulated or doped particles with soot aggregates [19-21]. Previ-
ous studies by Xiao et al. [20] and Dong et al. [22,23] suggested that the
presence of Na reduces the yield and particle size of soot. The interaction
between Na and soot influences the graphitization of soot [22] and
enhance the soot oxidation reactivity [24]. Recent work by Ma et al.
[21] and Li et al. [25] indicated that Fe also affects soot yield and
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promote the formation of iron-rich soot nuclei. The interaction mecha-
nisms between metals and soot can be summarized as precursor re-
actions, nucleation mechanism, ionic mechanism, and -catalytic
oxidation [26-28], corresponding to different steps of soot formation.
Specifically, according to Howard et al. [26], metal vapors, such as Ca,
Ba and Sr, can react with gaseous species and decrease the concentration
of soot precursors. Then, some cations, such as Na, Mg and Fe, can
promote the polymerization of precursors through cation-n interaction
or cross-linking reactions [29,30], which accelerates soot nucleation.
Due to the low ionization potential, alkali metals, such as Na and K, can
neutralize the charges of the soot, decreasing the collision rate of
incipient soot particles [28,31,32]. Finally, once the metal-doped soot
contacts the oxidizer, the metals can catalyze the oxidation of soot
[20,27,32,33].

The soot inhibition effect of Ca has also been reported in various
gaseous flames. Early work by Cotton et al. [34] (on propane diffusion
flame) and Haynes et al. [35] (on ethylene premixed flame) showed that
alkaline-earth metal additives can decrease the soot yield. The effect was
attributed to the hydroxyl radicals from the gas-phase reaction between
water vapor and alkaline-earth metals. Simonsson et al. [28] investi-
gated the influence of metal salts on soot yield and diameter in an
ethylene premixed flame with optical diagnostic methods, and found
that Ca can decrease the soot volume fraction and shrink the sizes of the
primary soot particles. Some studies discovered the presence of Ca
within soot particles from pulverized coal combustors [19], biomass
gasifiers [36,37] and diesel engines [38,39], which provide concrete
evidence for the Ca-soot interaction. A recent study by Wiinikka et al.
[36] analyzed the spatial distributions of metallic atoms and functional
groups in the soot nanostructure, and found that calcium causes oxygen
functionalization of the graphitic structure. However, the role of Ca on
coal-derived soot formation is still far from clear, while many studies
focused on Ca transformation and the effect of Ca on pyrolysis product
distribution. Ca in the water-soluble or ion-exchangeable form can be
evaporated under high temperature [40-42] and has strong catalytic
effect on the primary and secondary pyrolysis of coal [43-45]. Previous
studies indicated that Ca can decrease the yield of polycyclic aromatic
hydrocarbons (PAHs) and promote the cracking of heavy tars
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[40,43-48], which directly serve as soot precursors. Therefore, Ca is
expected to play a significant role in soot formation during coal
pyrolysis.

The present work aims to investigate the influence of Ca on the
formation and structural properties of soot during coal pyrolysis. Coal
samples with different Ca content were produced by acid washing and
Ca ion-exchange. The coal samples were then pyrolyzed in a Hencken
flat-flame burner at 1600 K and the particulate matter was collected
with a three-stage dilution sampling system. The yield, size distribution,
morphology and chemical properties of the particulate matter were
characterized. The experimental results will provide insight into the
influence of ion-exchangeable calcium on soot formation.

2. Experimental
2.1. Pyrolysis with Hencken burner

The pyrolysis experiments were conducted in a downward Hencken
flat-flame burner, as shown in Fig. 1. The details of the burner can be
found in our previous articles [20,24]. Carbon monoxide (3.54 L/min)
and a small amount of methane (0.015 L/min) were selected as the
burner fuels, while a mixture of nitrogen (10.2 L/min) and oxygen (1.64
L/min) were used as the oxidizer. The burner was operated under fuel-
rich condition, at an equivalence ratio of 1.1. The main components of
the after-flame ambience were 22.4% CO-,, 3.7% CO, 0.2% H-,O and
73.7% Ny, while the O, concentration measured with a flue gas analyzer
was lower than 0.03%. The flat flame burner provided a high temper-
ature (1600 K) and low oxygen ambience for the coal pyrolysis. A quartz
chimney isolated the post-flame region from the outside air, maintaining
a reductive atmosphere. Coal particles were entrained with a nitrogen
flow of 0.2 L/min and fed into the post-flame zone by a central feeding
tube. The coal feeding rate was set to 30 mg/min. The residence time of
the coal particles was monitored by a high-speed camera. In this study,
the sampling position was 54 mm beneath the burner, at a residence
time of 50 ms. The temperature history along the burner centerline was
measured by a B-type thermocouple considering radiation heat transfer,
and is shown in Fig. 2.
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Fig. 1. Schematic of the Hencken flat-flame burner and the particle sampling system.
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Fig. 2. Temperature and residence time along the centerline of the flat-
flame burner.

2.2. Particle sampling and analysis

When sampling high-temperature aerosols, the particle size distri-
butions (PSDs) might be distorted through several mechanisms,
including the condensation of inorganic vapor and heavy tar [49-51],
the collision aggregation of particles [52,53] and thermophoresis loss on
the sampling probe [54]. To avoid altering the PSDs, a three-stage
dilution system was established. The first-stage diluter was an annular
probe where the aerosols mixed with the outer-ring nitrogen. Before
mixing with aerosols, the outer-ring nitrogen had already been heated
by the flue gas to suppress the condensation of vapor phase matter. The
second-stage diluter exploited an orifice jet to pump out the mixture,
and then the aerosols were further diluted in the third-stage diluter,
reaching a suitable temperature for the measuring instruments. The
dilution ratio was monitored by measuring the CO, concentration before
and after dilution. In this work, the overall dilution ratio was set to 33 so
that the number PSDs would no longer change with further increase of
the dilution ratio. In addition, to collect all the particulate matter, a
superkinetic sampling method was adopted [24]. Before size-segregated
sampling with a low pressure impactor (DLPI+, Dekati) and a high flow
rate impactor (DGI, Dekati), the aerosols first passed through a cyclone
(type: SCC 5) to remove the coarse particles. According to the empirical
correlation by Kenny et al. [55], the cut sizes of the cyclone were 10 ym
for DLPI+ (at 10 L/min) and 1 pm for DGI (at 70 L/min).

The aerosols were then characterized with various methods. Size-
segregated sampling was conducted with DLPI+, which gives the total
yield and the mass size distributions. The number PSDs were measured
with a scan mobility particle sizer (SMPS, TSI 3936). Both the mass and
number PSDs were converted into emission factors in the ratio of coal
feeding rate. The morphology and nanostructures of the particulate
matter were characterized with scanning electron microscopy (SEM,
Zeiss Merlin) and transmission electron microscopy (TEM, Joel JEM
2100F). For chemical property analysis, all the soot samples were
collected using a DGI impactor with a cut size of 0.5 pm, ensuring the
representation of the variously sized soot samples. The graphitization
degree of soot was analyzed by a Raman spectrometer (Renishaw inVia-
Reflex) with a 532 nm laser source. The functional groups in the soot
samples were characterized with a Fourier transform infrared spec-
trometer (FTIR, Nicolet Nexus 670) by the KBr pellet method. Finally,
the mineral contents in the size-segregated soot particles were analyzed
with inductively coupled plasma optical emission spectroscopy
(ICP-OES, Leeman Prodigy 7). Since each stage of particulate matter
collected with DLPI+ was restricted below 1 mg, the digestion process
was specially designed to satisfy the detection limit of ICP-OES. Spe-
cifically, particles collected on each teflon membrane were added into
0.4 ml of HNO3 and 0.1 ml of Hy05, heated at 240 °C for 3 h in a high-
pressure digester, and then diluted to 5 ml before instrumental analysis.
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2.3. Coal properties

A Zhundong subbituminous coal was used in this study. Chemical
fractionation analysis of Na, K, Ca and Fe in the raw coal was conducted
following the method by Dyk et al. [56] and the result is shown in Fig. 3.
The coal sample was crushed and sieved to 50-63 pm before further
treatment.

Coal samples with different Ca contents were produced by acid
washing and Ca ion-exchange. To produce the acid-washed coal (ZD
AW), 40 g of raw coal was soaked in 200 ml of 1 mol/L hydrochloric
acid, stirred for 12 h, and then washed with deionized water to remove
the redundant acid. The procedure of Ca ion-exchange is described
below: 5 g of ZD AW was soaked in 50 ml of calcium acetate solutions at
0.0125, 0.025, 0.05, 0.1 and 0.2 mol/L. Then, ammonia water was
added to the mixtures to reach a pH value of 8.3, the mixtures were
stirred for 12 h and washed with deionized water. Cations loaded by this
method have been verified to be mostly in carboxylate form [57,58]. The
Ca-loaded coals were named as ZD Ca 1, ZD Ca 2, ZD Ca 3, ZD Ca 4 and
ZD Ca 5 in the order of increasing solution concentration. After treat-
ment, all the coal samples were dried at 85 °C for 24 h. The metal
contents in coal were measured with ICP-OES. The pretreatment pro-
cedures are as follows, 30 mg coal samples were mixed with 3 ml HNOg,
0.6 ml HF and 0.6 ml H,0», digested at 240 °C for 4 h, followed by acid-
driving and finally diluted into 40 ml with 5% HNOs. The properties of
the coal samples are listed in Table 1, and the metal contents are shown
in Fig. 4.

As shown in Fig. 4, the calcium loading amount increased with the
solution concentration and reached saturation at 0.1 mol/L (ZD Ca 4).
Since most of the Na and Fe were removed by acid washing, the inter-
ference of other metals was weakened. In addition, except for the ash
content, the proximate and ultimate properties were scarcely affected by
Ca ion-exchange. In this way, the differences in the experimental results
can be attributed to calcium.

3. Results and discussion
3.1. PM yield and size distributions

Fig. 5 shows the mass size distributions of the pyrolysis-generated
aerosols. For each sample, the mass PSD curve has two peaks: a fine
mode peak at 40-70 nm and a coarse mode peak at 3—-4.5 pm. The fine
mode particles are classified as soot agglomerates from the secondary
pyrolysis of volatiles, while the coarse mode particles are dominated by
char fragments [20].

As shown in Fig. 5 (a), after acid washing, the fine mode peak shifts
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Fig. 3. Occurrence form of Na, K, Ca and Fe in the raw coal.
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Table 1
Properties of the coal samples used in pyrolysis experiments.
Sample ZD ZDAW ZDCal ZDCa2 ZDCa3 ZDCa4
Raw

Proximate analysis (wt.%, dry basis)
Fixed Carbon 62.33 65.51 64.50 61.26 59.40 56.66

Volatile 33.08 32.76 32.54 34.18 34.67 35.61
matter
Ash 4.54 2.04 2.75 4.01 4.75 5.78

HHV (MJ/kg)  28.09 — — — — _
Ultimate analysis (wt.%, dry ash free basis)

C 76.51 77.47 77.75 77.72 77.42 77.04
H 4.34 4.15 4.17 4.18 4.26 4.25
(o] 17.84 17.19 16.54 16.61 16.95 17.26
N 1.08 1.00 1.37 1.29 1.19 1.24
S 0.23 0.18 0.17 0.20 0.19 0.21
Metal concentration (mg/kg, dry basis)
Na 3568 114 85 91 88 86
K 173 108 155 142 118 110
Ca 6498 790 5963 12,553 18,532 25,339
Fe 4404 1147 960 1088 1070 1004
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Fig. 4. Concentrations of mineral elements in the coal samples.

toward a larger size. The removal of acid-soluble minerals promoted the
size growth of soot, which is accomplished by surface growth, coales-
cence and collision aggregation. The results of the Ca exchanged coals
are shown in Fig. 5 (b). When ion-exchangeable Ca is loaded into ZD
AW, the fine mode diameter decreases, and the mass concentration
represented by the peak height is substantially reduced. The soot
reduction effect is strengthened with increasing Ca content in coal.

Due to the bimodality of the mass PSD curves, the trough between
the two peaks (0.4-0.5 pm) is a reasonable threshold for quantifying the
yield of soot and char fragments. Fig. 6 demonstrates the mass yield of
soot and char fragments classified by a threshold of 0.4 pm. Acid
washing increases the soot yield from 7.59 mg/g-coal to 8.74 mg/g-coal.
While with increasing Ca loading amount, the soot yield monotonically
decreases to 1.59 mg/g-coal. This result signifies that both the mineral
species in the raw coal and the ion-exchangeable Ca additives are
effective in reducing soot yield.

For the coarse mode particles, however, the PM 0.4-10 shows a slight
increase with increasing Ca content. The yield change of PM 0.4-10 is
related to the enhancement of char fragmentation. As shown in Fig. 5,
the major increase of PM 0.4-10 lies in the range between 0.5 and 1.2
pm. This might be attributed to the fusion and fragmentation of the
mineral-rich particles, which will be presented in Fig. 10.

Unlike the mass PSDs, which emphasize the contribution of coarse
particles, the number PSDs are more sensitive to fine particles such as
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incipient soot. Fig. 7 shows the high-resolution number PSDs of soot
measured with SMPS.

As shown in Fig. 7, the number PSD of each sample also follows a
bimodal distribution, with a broad aggregation mode at larger mobility
diameters (70-100 nm) and a small nucleation tail below 20 nm. It is
widely accepted that the bimodal distribution arises from the competi-
tion between precursor nucleation and particle aggregation [54,59],
while the coalescence of the nuclei and surface growth, which make up



Number size distribution
dN/dlog dIJ

Fuel 315 (2022) 123124

(a)

(b) Peak

Y. Wu et al.
ul (@) —=—7D AW
107 F —e—ZD Raw
10
107 ¢
3
$
& 10" 190
<
o (b) —=—7D AW
% 104 | —=—ZDCal
% —+—7ZD Ca2
—v—Z7ZDCa3
—<+—7ZD Ca 4
10° F
107 ¢
10" £
10 100
Mobility diameter (nm)

Fig. 7. Number PSDs of particulate matter from (a) raw coal and (b) calcium-
loaded coals compared with ZD AW.

the spherical primary particles, also contribute to the nucleation tail
[60]. As proposed by Singh et al. [59], some characteristic points in the
PSD curve, including (a) the peak trough between two modes (D, ,) and
(b) the peak diameter of the aggregation mode (D) can provide in-
formation about the size evolution of soot particles. The Dy , is mainly
affected by the size of incipient soot, while the Dy}, is sensitive to the
incepting particle size, nucleation rate and surface growth rate [59]. The
definition and values of D, , and D, , are shown in Fig. 8.

In concordance with the DLPI+ results, the aggregation mode
diameter (Dp ) reaches a maximum at ZD AW and decreases with the Ca
content. The soot from ZD AW also exhibits the largest trough diameter
(Dp,a) of 20.9 nm, while for the ZD Raw and Ca-exchanged coals, the D ,
ranged from 15.7 to 16.8 nm. Besides, Fig. 7 (b) shows that the nucle-
ation mode concentration, represented by the height of the nucleation
tail, initially increases but decreases at high Ca loading amount.

One possible explanation for the changes in the number PSDs is that a
small amount of calcium could be released into the gas phase [41] and
promote the polymerization of PAHs through crosslinking or metal-n
interactions. Quantum chemistry calculations by Kolakkandy et al. [29]
showed that metal cations can increase the binding energy of PAHs by
forming a sandwich-like structure. Such a reaction stabilizes the newly
formed PAH clusters, allowing physical nucleation to occur at higher
temperature. Recent molecular dynamics simulation by Hong et al. [44]
suggested that Ca atoms decrease the activation energy of tar poly-
merization from 26.6 kcal/mol to 19.7 kcal/mol. Since the polymeri-
zation of PAHs is commonly considered as the inception of soot, this
effect would increase the soot nucleation rate. Thus, the height of the
nucleation tail increases initially. However, at higher Ca content, the
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Fig. 8. (a) Definition of characteristic diameters in the PSD curve according to
ref. [59], (b) the characteristic diameters of the soot number PSDs.

catalytic effects on coal pyrolysis and tar cracking become prominent.
Ca initially bonded with carboxyl groups can be connected with the char
matrix and inhibit the release of tar fragments by forming cross-links
between tar and char [47,61,62]. Even if tar has been released, Ca
compounds can still catalyze the secondary cracking of tar [43,45],
further reducing the yield of soot precursors. Consequently, both the
nucleation and aggregation processes are suppressed at high Ca content.
Moreover, due to the low ionization energy, Ca atoms can exchange
electrons with incipient soot and inhibit the coalescence of nuclei
through the ionization mechanism [26,28], which decreases the sizes of
incipient soot particles. As a result, both the trough diameter (Dp,») and
the aggregation mode diameter (D,},) decreases with increasing Ca
content.

3.2. Morphology of pyrolysis-generated particles

3.2.1. Morphology of coarse mode particles

Fig. 9 shows the SEM images of the coarse mode particles collected
on the 12th stage of the DLPI+ (3 pm). The majority of the particles are
char fragments in different shapes, including angular, round contours
and porous shapes. As shown in Fig. 9 (a, b), some of the round contour
char particles have small holes on the surface, indicating that they might
arise from the swelling of coal [63]. Specifically, the char lattice softens
at high temperature, and the rapidly releasing volatile matter forms
bubbles inside the char and expands the char surface into a round shape
[64]. Due to the high pressure of the inner volatile matter, some volatile
bubbles blow holes on the char surface, leading to a porous structure
[65]. Fig. 9 (d) also shows that a few soot agglomerates are attached to
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Fig. 9. Morphology of coarse mode particles (3 pm). (a) ZD Raw, (b) ZD AW,
(c) ZD Ca 3, (d) Soot attached to char surface.

the surface of some char fragments, demonstrating the coagulation be-
tween the char fragments and soot particles [20,66].

Fig . 10 (a, b) shows another type of singular, highly spherical par-
ticle generated by ZD Raw and ZD Ca 3. The EDS spectrum shows that
this type of particle contains elements such as Na, Ca, Si, Al, S and Cl,
which come from the fusion of inorganic species or the decomposition of
organic-bonded minerals. It is also observed that some of the char
fragments from ZD Raw and ZD Ca 3 have rough surfaces, as presented
in Fig. 10 (c). Similar morphologies were also found from char gasifi-
cation [67]. With the gasification of char, the inherent mineral species
tend to be exposed on the char surface [65], and melt into a spherical

Element Weight (%)

C 58.68
o 32.19
Al 3.84
Si 4.57
Ca 0.72
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shape under surface tension [68]. As shown in Fig. 10 (d), the molten
mineral-rich particles collides and merges into spherical lumps on the
char surface. Subsequently, the spherical mineral-rich particles could be
shed by the rotation of char, which arises from the tangential thrust of
the rapidly releasing volatiles [19,69].

3.2.2. Soot morphology and nanostructure

Fig. 11 presents the typical TEM images of the soot collected on the
3rd stage of the DLPI+ (40 nm). All the soot samples appear to be ag-
glomerates of spherical primary particles. As demonstrated by Mitchell
[70], the primary particles arise from the collision of the nascent nuclei
and the simultaneous surface growth, the latter leads to a nearly
spherical shape. The collision of the spherical primary particles further
leads to the fractal aggregate structures. The soot aggregates from ZD
Raw and ZD Ca 3 have more compact packing form than those from ZD
AW.

By measuring over 100 monomers in different images, the size dis-
tributions of the primary particles were evaluated. As shown in Fig. 12,
the diameters of primary particles from ZD AW (19.9 + 3.5 nm) are
larger than those from ZD Raw (16.7 + 4.2 nm) and ZD Ca 3 (15.6 + 4.5
nm). The existence of metal cation can decrease the size of soot primary
particles, which also influences the results of the trough size (Dp,) in
Fig. 8.

The decreasing effect on the primary particle size was also found by
Simonsson [28,71] in ethylene flames with KCI additives. Metal atoms
with low ionization energy can exchange electrons with incipient soot
nuclei through the reaction: Metal + Soott — Metal* + Soot. Since the
coagulation rate between neutral and charged particles is higher than
that of two neutral particles, charge neutralization can inhibit the coa-
lescence of the incipient soot nuclei, leading to smaller primary particle
sizes [31]. Charge neutralization might also influence the packing
structure of soot aggregates. With the coalescence between charged and
neutral particles, more particles are charged with the average charge
density. Owing to the Coulomb repulsion force between like-charged

Element Weight (%)
C 66.93
(0] 27.60
Na 1.06
Al 1.88
Si 2.10
S 0.10
Cl 0.19
Ca 0.13
ZD Raw

particles

.

Fig. 10. (a, b) SEM-EDS results of mineral-containing spherical particles. (c) Morphology of mineral lumps on the char surface. (d) Melting mineral-rich lumps

develop into spherical shape.
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ZD Raw soot

ZD AW soot
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ZD Ca 3 soot

Fig. 11. HRTEM images of soot. (a and d) ZD Raw; (b and e) ZD AW; (c and f) ZD Ca 3. The black arrows mark the disordered core in the soot primary particles. The

white bars mark the thickness of the graphitic layers.
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Fig. 12. Size distributions of the soot primary particles.

particles, aggregates with higher charge density tend to form looser
structures [72]. Hence, when the charge is partly neutralized by metal
atoms, the packing structures become more compact.

Fig. 11 (d-f) shows the nanostructure of the soot obtained by HRTEM.
As commonly observed in mature soot [73], soot primary particles show
a core-shell structure, with an amorphous core (marked by arrows) and
a graphitized shell. Typically, the amorphous core can be distinguished
by its short and randomly oriented carbon segments, while the graphi-
tized shells are recognized by the parallel oriented layers that circle
around the core. Then, the sizes of the amorphous cores and the
graphitized shells were measured by image processing. The soot
generated by ZD AW has the largest amorphous cores, while the amor-
phous cores from ZD Raw and ZD Ca 3 are smaller. The core size exhibits
the same trend as the primary particle size. However, the thickness of
the peripheral graphitized shells (marked by white bars) only slightly
differs among the three soot samples.

The transformation from disordered core structure to concentric

shell structure is dominated by the equilibrium of the curvature-induced
elastic strain and the free energy gap between ordered/disordered
structures [74]. With decreasing particle radius, the curvature of the
shells increases, leading to larger strain force. Once the strain force
overcomes the lattice energy of the ordered structures, the ordered shell
would be ruptured [74]. Hence, the core-shell structure only exists in
particles larger than a critical radius R., where R, is the radius of the
disordered core [75]. In our observation, Ca accelerates the graphiti-
zation of the soot structure, and enables the formation of graphitized
shell at smaller R.. As demonstrated by molecular dynamics simulation,
metal cation could be bonded to the curved PAH molecule through
cation-n interaction, and promote the formation of onion-like structure
[76]. Due to the high binding energy between cations and curved PAH
layers, the ordered graphitic shell is stabilized and forms at smaller
radius. Besides, the transformation from incipient soot to mature soot is
also involved with the crosslinking reactions of PAHs [77]. Recent
studies indicated that the crosslinking reaction between curved PAHs
plays an important role in the soot nucleation and surface growth
[78,79]. The strong crosslinking effect of calcium might be another
reason for the increase of graphitized structure. In general, the effect of
Ca on soot nanostructure might be summarized as the following two
mechanisms: (i) Ca forms crosslinking bonds between aromatic layers
and relieves the elastic strain force of the concentric graphitic shells. (ii)
cation-n interaction between Ca ion and the curved PAHs increases the
lattice energy of the ordered shell structures [29], enlarging the free
energy gap against shell rupture.

It should also be noted that in some particles, the outer layers of the
ordered shells were shared by several primary particles. In other words,
surface growth occurs not only on primary particles but also on aggre-
gated particles [80]. The surface growth on aggregated particles can
bury the gaps between primary particles, making the particle surface
smoother [81]. Due to the smaller primary particle size of the ZD Raw
and ZD Ca 3 soot, the gaps between primary particles are more likely to
be filled by surface growth. This might be another possible reason for the
compact aggregate structures, apart from the Coulomb effect.
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3.3. Chemical properties of the soot

To further understand the effect of Ca on soot structures, the
chemical properties of the soot were analyzed with Raman spectroscopy
and FTIR. Fig. 13 (a) shows the normalized Raman spectra of the soot
samples. First-order Raman curves were fitted using the 3L1G fitting
method which was verified by Seong [82]. As shown in Fig. 13 (b), the G
band at approximately 1590 cm-1 is attributed to the C=C stretching
vibration with E2g symmetry in ideal graphitic lattices [82-85]. The D1
band at 1350 cm-1 arises from the breathing mode vibration of sp2 rings
and is related to the defects or edges of the graphitic layers
[83,84,86,87]. The D3 band at 1500 cm-1 refers to the amorphous
carbon, such as aromatic defects, odd-membered ring linkages and
functional groups [83,85,88]. The D4 band at 1200 cm-1 is involved
with the mixed sp2-sp3 bond and the polyene-like structures [82,83]. In
some articles, the D2 band at 1620 cm-1 is identified as a shoulder peak
of the G peak and is assigned to the E2g symmetric vibration of the
surface graphene layers [83,89]. However, it is difficult to distinguish
the D2 band from the G band, because the overlap of D2 and G bands
significantly increases the fitting uncertainty [82,85,89]. Therefore, the
D1, D3, D4 and G bands will be discussed and the position of G band is
used to signify the contribution of D2 band.

Fig. 13 (c) shows the area ratios of the D1, D3, and D4 bands to the G
band, which can indicate the relative numbers of defects versus the
ordered graphitic structures. Among all the samples, soot from ZD AW
has the most disordered structure. The degree of order shows an
increasing trend Ca content until 1.85%, and then decreases. Another
indicator of the degree of defects, the full width half maximum (FWHM)
of the G peak, shows similar trend with Ap;/Ag. In previous studies, the
concentration dependent effect on the graphitic defects was also present
for the soot from Na-loaded coals, and was attributed to the different
roles of metals in soot nucleation and surface growth [23,90]. As dis-
cussed in 3.2.2, small amount of Ca decreases the sizes of the disordered
cores in primary soot particles, and promotes the formation of graphi-
tized shells at smaller radius. Hence, the fraction of amorphous carbon
decreases, while the fraction of ordered graphitic structure increases.

1.2
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However, when the Ca concentration continually increases, excess Ca
inserts into the graphitized shells during the surface growth of soot and
causes defects inside the graphitic structures. As shown in Fig. 13 (d),
with increasing calcium content, the G band position shifts toward a
larger wavenumber. The intrusion of calcium into graphitized layers
transfers the ideal graphitic structure to defective surface graphitic
structure, shifting the G band toward where the D2 band lies. The
competition of the above two mechanisms might be responsible for the
turning point of the order degree at ZD Ca 3.

Fig. 14 shows the baseline corrected FTIR spectra of soot samples
ranging from 650 to 3000 cm ™. In general, the absorbance spectra of
soot are assigned to 5 bands: aliphatic C-H stretching (2800-3000 cm-
1), aromatic C-H vibration (700-900 cm-1), aromatic C=C stretching
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Fig. 14. FTIR spectra of soot samples from different coals.
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(1500-1620 cm-1), carbonyl C=0 stretching (1620-1800 cm-1) and
C-O stretching (1000-1300 cm-1). The detailed peak assignment refers
to the work by Dong [22,90]. Each spectrum was fitted with 36 indi-
vidual Gaussian peaks, and the area ratios of the functional groups to the
area of aromatic C=C peaks were calculated and are presented in Fig. 15.

Since an ideal graphite lattice contains only aromatic C=C bonds, the
absorbance peaks of aliphatic C-H bonds and aromatic C-H bonds
signify the defects in the graphitic structures. As shown in Fig. 15 (a), A
aromatic C-H/A c—c shows a decreasing trend with Ca content, while the A
aliphatic ¢:H/A c—c shows an abrupt increase at ZD Ca 4. The trend of
graphitic defects is in agreement with the Raman result. For the oxygen-
containing functional groups, as shown in Fig. 15 (b), A ¢.0/A c—c first
increases, reaches the peak at ZD Ca 2 and then decreases, while A ¢_o/A
c—c increases with Ca content. During the devolatilization process,
AAEM species can be released together with tar in the carboxylate form
[42] and promote the interactions between tar and oxygen-containing
radicals, bringing oxygen into tar molecules [22,91]. Tar molecules
with oxygen-containing groups are more likely to crack during the
secondary pyrolysis [92], which leads to a lower yield of soot precursors.
The oxygen-containing tars also increase the oxygen content in soot
particles. As observed by Wiinikka et al. [36], Ca and oxygen tend to be
enriched at the same location in soot nanostructure, and show positive
correlation with the spatial distribution of ketone groups and carbonate
groups. Since the above functional groups are rich in C=0, the A c_o/A
c—c increases with Ca content. However, some studies indicated that Ca
can also catalyze the deoxygenation of oxygen-containing tar molecules,
such as phenols [43,45,46], and convert the phenolic compounds into
corresponding aromatics [45]. This reaction reduces the hydroxyl
groups in soot precursors and thereby reduces the adjacent C-O groups
in soot structure. As a result, unlike the C=0 groups, the A ¢.0/A c—c
shows a decreasing trend at high Ca content.
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3.4. Transformation of inorganic species into fine particulate matter

To investigate the transformation of mineral species from coal to
soot, the mineral contents in soot from ZD Raw, ZD AW and ZD Ca 3
were analyzed by ICP-OES. As shown in Fig. 16 (b), the PM 0.5 yields of
Na, K, Ca, Mg, Fe, Al and S reduces from 6.5% to 1.1% after acid
washing, and then increased to 4.1% at the Ca content of 1.85%. Among
the three tested samples, the total mass fractions of Na, K, Ca, Mg, Fe, Al
and S only make up a small fraction of PM 0.5, while the majority of the
PM 0.5 is carbonaceous.

Although the fractions of Na, K, Ca, Mg, Fe, Al and S in soot is low,
the size distributions of the mineral species are still important indicators
for understanding the metal-soot interactions. As shown in Fig. 17, for
the raw coal, the fractions of Na, K and S show bimodal distributions,
with a decreasing tail at PM 0.1. The enrichment of Na, K and S in ul-
trafine particles might be attributed to the homogeneous nucleation and
heterogeneous condensation processes [93]. Due to the low saturated
vapor pressure, mineral vapors nucleate prior to soot inception [27].
The nucleated mineral particles provide stable sites for the surface
deposition of PAHs, promoting the heterogeneous nucleation of soot.
Previous studies have detected encapsulated soot particles, with inor-
ganic cores containing Na, K or Fe and graphitized layers on the pe-
riphery [19,20]. With the growth of the graphitic layers, the mass
fraction of the metallic core reduces, leading to a decreasing mineral
fraction in PM 0.1.

In contrast with Na, the fraction of Ca shows an increasing trend with
particle size and reached maximum at approximately 0.2 pm. According
to Fig. 18 (b), ZD Ca 3 definitely released much more calcium into the
particle phase than the other two coal samples, even at the finest particle
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size stage. Since char fragmentation would not generate such ultrafine
particles, the evaporation-condensation is still the dominant mechanism
for the transformation of Ca into PM 0.1. However, Ca tend not to form
nuclei before soot inception, but participates in both the nucleation and
the surface growth of soot. Specifically, a small amount of Ca is bonded
with PAHs and enhances the nucleation of soot, while the majority of the
Ca would deposit on the soot surface or release through char fragmen-
tation, leading to a higher Ca fraction at larger particle sizes. It should
also be noted in Fig. 17 that the mass fractions of Mg and Fe from ZD Ca
3 exceeded those of ZD Raw at some size stages, although their contents
in the ZD Ca 3 coal were lower. This result is attributed to the decrease of
the soot yield. Since the majority of the ultrafine particulate matter is
soot, the decrease of the soot yield leads to an increase of inorganic
fraction.

4. Conclusion

This work studied the effect of ion-exchangeable Ca on particulate
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matter formation during coal pyrolysis. Pulverized coal was treated by
acid washing and Ca ion-exchange. The coal samples with different Ca
content were pyrolyzed in a flat-flame burner at 1600 K, and the par-
ticulate matter was collected with a three-stage dilution sampling sys-
tem. The mass yield, size distribution, morphology, chemical structures
and inorganic content of the particulate matter were characterized. The
main conclusions are as follows:

1. Ion-exchangeable Ca reduces the soot yield and decreases the sizes of
soot aggregates. While the yield of coarse mode particles slightly
increases with Ca content, indicating that Ca enhances the frag-
mentation of char.

2. Ion-exchangeable Ca decreases the sizes of soot primary particles and
leads to a more compact aggregate structure. The primary soot par-
ticles show a core-shell structure. Ca exchanging shrinks the sizes of
the amorphous cores, and promotes the formation of graphitized
shells at smaller radius.

3. With the increase of Ca content in coal, the graphitization degree of
soot first increases and then decreases. A small amount of Ca pro-
motes the graphitization of soot, while a large amount of Ca increases
the graphitic defects. Ion-exchangeable Ca also enhances the reac-
tion between oxygen-containing species with soot precursors,
bringing oxygen-containing groups into soot structure.

4. The mass fractions of Na and Ca in soot show opposite trends with
particle size. Na nucleates prior to soot inception and provides sites
for soot nucleation, while Ca tends to accompany the nucleation and
surface growth of soot, and is enriched at larger particle size.
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