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Abstract: Clay minerals composed of Si and Al could help reduce ultrafine particulate matter (PM)
formation as an additive during coal combustion while currently unacceptable high adding dosages
(normally 3-5 wt.%) are required due to their inadequate capture efficiency. To find additives that
could effectively reduce the formation of ultrafine PM, coal combustion with a novel nano SiO, addi-
tive (<100 nm) was performed to evaluate its effects on reducing ultrafine PM. The generated PM;g
was sampled to characterize their particle size distribution, mass yield, size-resolved composition and
micromorphology. The results showed that adding a small dosage (0.6%) of nano SiO; reduced the
mass yield of ultrafine PM by 30.70%, showing a much higher ultrafine PM capture efficiency than an
existing micron-sized natural clay mineral. However, its performance on different coals varied due
to disparities in ash content and composition in coal. A composition analysis revealed that the Na
content in the ultrafine PM was decreased after adding nano SiO;, indicating that nano SiO; inhib-
ited the migration of volatile alkali metals such as Na into ultrafine PM because the Na-containing
mineral vapor reacted with the nano SiO, additive particles with a large specific surface area at a
high temperature and inhibited their transformation into ultrafine PM via homogenous nucleation.
Changes in the element size distributions and micromorphology showed that the majority of the
added nano SiO; particles reacted or coalesced with each other and/or the minerals embedded in
coal, finally growing into a larger PM.

Keywords: nano additive; ultrafine particulate matter; coal combustion; SiO,; alkali metal

1. Introduction

Ultrafine particulate matter (PM) is an important part of the fine particulate matter
(PM;5, PM with an aerodynamic diameter of <2.5 um) emitted from the combustion
process [1-4]. What is worse, due to its small particle size, ultrafine PM is much more
harmful to the health of human beings [5-10]. On the one hand, ultrafine PM is apt to
be enriched with hazardous substances (e.g., heavy metals [11,12], polycyclic aromatic
hydrocarbons [13], viruses and germs) due to its high specific area. On the other hand,
ultrafine PM could easily penetrate the respiratory system and get deep into our body,
bringing damage to the cardiovascular system, brain and so on. Coal combustion in
utility boilers is one of the major emission sources of ultrafine PM. Additionally, increasing
efforts are being made to control the formation of ultrafine PM during coal combustion
processes [3,14-18].

As is well known, ultrafine PM is formed mainly via the vaporization and nucleation
of minerals in coal during coal combustion [1,2]. Additionally, volatile mineral matter
such as alkali metal elements (e.g., Na, K) and alkali earth metal elements (e.g., Ca, Mg)
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that easily form mineral vapor at a high combustion temperature are normally major con-
stituents of the combustion-derived ultrafine PM [19-22]. Therefore, in-furnace additives
have been proposed and developed to mitigate the formation of ultrafine PM via capturing
mineral vapor (the so-called vapor-capture mechanism) and/or via enhancing the coales-
cence of generated ultrafine particles with the partially molten surface (the so-called liquid
phase) [23-25]. Various in-furnace de-PM additives have been studied, including clay min-
erals (e.g., kaolinite, montmorillonite, consisting of Si and Al as major constituents) [26-30],
such as Ca-based additives (e.g., limestone, calcium hydroxide) [28,31], Ti-based additives
(e.g., TiOy) [18], P-based additives [32,33] and Fe-based additives [34]. Kaolinite is one of
the most widely studied de-PM additives, which is revealed to inhibit the formation of
ultrafine PM via capturing Na-contained mineral vapor into aluminosilicates. Currently, it
is well recognized that additives composed of Si and Al are more effective for coal with
high content of alkali metals.

The performance of additives in reducing the formation is closely related to not only
their chemical composition but also their particle size. Usually, additives of a particle size
of several microns are used at present. For example, Chen et al. [3] determined the PM
reduction performance of a kaolin of a particle size 8.5 um (Ds) in lab-scale experiments on
the drop tube furnace and observed an ultrafine PM (PMj 3) reduction efficiency of 33.35%
at an adding dosage of 3% (defined as 3 g_kaolin/100 g_coal). Some other studies [18,35]
also investigated the performance of kaolin and found an ultrafine PM (PMj ;) reduction
efficiency of ~22% (for lignite coal) and ~17% (for anthracite coal) at an adding dosage of 5%
for the particle size of kaolin of 1.43 um (D [3, 2], surface area volume mean diameter) and
<200 um, respectively. Chen et al. [3] further investigated the influence of kaolin particle
size and adding dosage on PM reduction efficiency via numerical modeling. Based on
simulation results, it was shown that the chemical adsorption of the mineral precursors
was the dominant mechanism for PM reduction and they claimed that increasing the kaolin
size had a negative impact on PM reduction. Meaningfully, it was pointed out that a
larger particle size would result in a smaller specific surface area and a larger diffusion
resistance, which would reduce the performance of the alkali mineral vapor capture of
the kaolin particles. Accordingly, nano additives have been proposed in our previous
studies to reduce fine PM formation [14], and the results showed that adding a small dose
(0.6%) of nano Al,O3 and TiO, particles reduced the mass yield of PM, 5 by 12.85-19.59%,
indicating quite different PM reduction characteristics than the conventional micron-sized
clay-mineral-derived additives. However, the reduction efficiency of the above additives
on the ultrafine PM was still not good enough.

In this study, coal combustion experiments were performed on a lab-scale drop tube
furnace system with/without a novel nano SiO, additive addition. PM with an aerody-
namic diameter of <10 um (i.e., PM7g) was collected to evaluate the effects of nano SiO, on
ultrafine PM formation, and a detailed analysis of the particle size distribution, mass yield,
element size distribution and micromorphology were conducted to reveal the underlying
mechanism.

2. Experimental
2.1. Materials

Two typical Chinese coals, one bituminous coal and one lignite were used in the
experiments. The proximate analysis, ultimate analysis and ash analysis of the tested coals
are listed in Tables 1 and 2, respectively. Briefly, coal Shanxi (SX) had a higher ash content
(17.92%) than coal Wucaiwan (WCW) (4.57%). Regarding ash composition, coal SX had a
much higher content of Si and Al (e.g., a Si content of 49.22% in oxide form) than coal WCW
while coal WCW had much higher contents of alkali and alkali earth metals (e.g., a Na
content of 4.46% and a Ca content of 44.55% in oxide form) than coal SX. Raw coals were
pulverized and samples in the size range of 60-100 pm were screened out for experiments.
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Table 1. Proximate analysis and ultimate analysis of coals Shanxi (SX) and Wucaiwan (WCW)
(air-dried basis).

Proximate Analysis (wt.%) Ultimate Analysis (wt.%)
Moisture Ash Volatile Fixed Carbon C H N S (0]
Coal SX 3.66 17.92 12.80 65.61 69.57 291 1.01 0.60 4.32
Coal WCW 8.25 4.57 36.67 50.5 66.46 3.55 0.53 0.44 16.19

Table 2. Composition of nano SiO, particles and the low-temperature ash of coals SX and WCW
with/without nano SiO, addition (wt.%).

Na20 MgO A1203 Si02 503 C120 K20 CaO Ti02 Fe203
Nano SiO; 0.9 0.5 1.6 96.19 0.17 0.42 0.05 0.04 0.08 0.05
Coal SX 1.81 1.08 25.44 49.22 5.11 0.76 2.16 4.55 1.87 7.99
Coal SX + SiO; 2.81 0.76 23.40 52.80 4.95 0.89 1.43 6.16 1.48 5.31
Coal WCW 4.46 3.71 4.96 8.47 26.22 1.65 0.22 44.55 0.80 4.95
Coal WCW + SiO, 5.86 2.04 3.89 29.38 20.72 1.83 0.36 31.62 0.53 3.76

Nano SiO; particles were selected as additives. As shown in Table 2, the tested nano
Si0, sample was of a high purity, with a S5iO, content of >96%. Additionally, observations
under the scanning electron microscope (SEM) confirmed that the sample had a diameter of
<100 nm. Prior to combustion experiments, nano SiO, particles were dispersed in alcohol
and were added into pulverized coal samples via spraying at an adding dosage of 0.6%,
namely 0.6 g additive per 100 g coal powder. To ensure the mixing uniformity, the spraying
of the additive—alcohol mixture into coal powder was repeated 5 times with sufficient
drying and dispersion after each spraying time. Detailed information on the blending
procedures and uniformity check can be found in our previous study [14]. Most importantly,
the elemental compositions of the low-temperature ash of coals SX and WCW before and
after nano SiO, addition are shown in Table 2. As expected, adding the nano 5iO, additive
led to an increase in Si content in the ash and a much higher increase in Si content was
observed in coal WCW than that in coal SX due to their disparities in ash content. As can
also be seen in Table 2, the Na content in the low-temperature ash increased after nano SiO,
addition as well, indicating enhanced Na fixation and inhibited Na vaporization in coal.

2.2. Coal Combustion and PM Measurement

Combustion of pulverized coal samples with/without nano SiO; additive addition
was performed on a high-temperature drop tube furnace system (shown in Figure 1).
Briefly, the furnace consisted of a corundum tube reactor (length: 1440 mm, inner diam-
eter: 56 mm), and more details of the combustion system can be found in our previous
studies [14,16,18,19,36]. During the experiments, coal samples were fed into the reactor
from the top inlet at a feed rate of 0.3 g/min and they were burned in the reactor at a wall
temperature of 1500 °C. The air feed rate was 5 L/min for the high burn-off rate. The
combustion-derived ash particles were collected at the bottom outlet of the reactor via a
low-pressure impactor (LPI) sampling system (sketched in Figure 1).

As can be seen, the LPI sampling system was made up of a cyclone, a Dekati low-
pressure impactor, a vacuum pump, a pressure gauge monitoring the pump inlet pres-
sure and a heating jacket covering the LPI, as well as a cyclone and the pipe connecting
them [14,19,36-38]. During sampling, flue gas loaded with ash particles was firstly intro-
duced into a cyclone and particulate matter with an aerodynamic diameter of >10 um
(PM.19) was separated and collected. Then, residual ash particles (PM;g) were classified
into 13 stages and were collected in the LPI according to the particle size. Both the LPI and
cyclone were heated to 135 °C via the heating jacket to avoid the condensation of steam
and acid gases in the flue gas.
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Figure 1. Sketch of the drop tube furnace system and particulate matter (PM) sampling system.

The collected PM; samples were characterized from three aspects to evaluate the ef-
fects of the nano SiO, additive addition on the formation of ultrafine PM. Firstly, the mass of
the size-classified particles was obtained via a microbalance (MSA6.65-0CE-DM, Sartorius,
Gottingen, Germany) to calculate the mass yield and mass size distribution [14,16]. Sec-
ondly, the elemental composition of the size-classified PM at each stage was determined via
an X-ray fluorescence probe (XRE, EAGLE III, EDAX) to obtain the element size distribution
of the PMjg and the effects of the nano SiO; additive addition on the partitioning behaviors
of the mineral matter into ultrafine PM [14,16,18]. Thirdly, the micromorphology of the PM
in typical size ranges was characterized via an electro-probe microanalyzer (EPMA, EMPA-
8050G, Shimadzu, Kyoto, Japan) to visually show the influence of the nano SiO; additive
addition on the coalescence and coagulation of the ash particles [14,16,18]. Additionally,
coal samples with/without the nano SiO; additive addition were ashed in a plasm asher
(PT-55M, Potentlube, Shenzhen, China) and then the elemental composition and melting
behavior of the low-temperature ash were determined via the above-mentioned XRF and a
digital imaging coal ash fusibility system (CAF) produced by Carbolite (Sheffield, UK).

3. Results and Discussion
3.1. Particle Size Distributions (PSDs) and Yields of Ultrafine PM Subsection

Mass-based particle size distribution (PSD) curves of the PM;g formed during the
combustion of the tested coals SX and WCW before and after nano SiO, addition are
presented in Figure 2. Additionally, based on the PSD curves, mass yields of PMy1,
PMy 125, PMy 5, PMj5-190 and PMjg as well as their reduction ratio after adding nano SiO,
into coals SX and WCW were further calculated and are listed in Table 3, straightforwardly
showing the effects of the nano SiO, additive addition on the formation of particulate
matter during pulverized coal combustion.

Table 3. Mass yields of PMy 1, PMg 125, PM; 5, PMj 519 and PMjg and their reduction ratio after
adding nano SiO; into coals SX and WCW.

Mass Yield, mg_PM/g_ash Reduction Ratio, %
Coal SX Coal WCW Coal SX Coal WCW
Blank With Nano Si Blank With Nano Si
PMy 1 0.743 0.515 5.408 4.705 30.70 13.01
PMy 125 4.039 3.663 16.082 17.550 9.30 -9.13
PM; 5 4.781 4.178 21.491 22.255 12.62 —3.56
PM5 519 48.176 53.087 48.530 76.951 —10.19 —58.56

PMjo 52.957 57.264 70.020 99.206 —8.13 —41.68
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Figure 2. Particle size distributions of the PMj formed during the combustion of coals with/without
nano SiO; addition: (a) SX; (b) WCW.

As shown in Figure 2, PSDs curves of the PM;g derived from the combustion of coals
SX and WCW contained two peaks, namely an ultrafine modal with the modal peak at
0.08-0.10 pm and a coarse modal with the modal peak at 4-6 um. The observed bimodal
size distribution of PM;g has been well illustrated in the existing literature [1,2]. Briefly,
it was generally concluded that the ultrafine PM was formed via the vaporization and
nucleation of the mineral matter embedded in coal while the coarse PM was formed via the
fragmentation, melting and coalescence of the mineral particles and PM. Most importantly,
adding the nano SiO; clearly changed the PSD curves of the formed PM;( while its effects
on the fine PM were different from that on the course PM. For both coal SX and coal WCW,
the results showed that the modal peak in the fine modal was reduced while the peak in the
coarse modal after adding nano SiO; increased, indicating that adding nano SiO; would
help reduce the formation of ultrafine PM and promoted their growth and migration into
coarse PM. Based on the PSD curves, the PM with an aerodynamic diameter of <0.1 um was
defined as ultrafine PM (expressed as PMj ; below) to quantify the mass yields of ultrafine
PM and the performance of the nano SiO, additive.

As can be seen in Table 3, the ash-based mass yields of the PMy 1 of coals SX and
WCW were 0.743 and 5.408 mg_PM/g_ash, and the mass yields of the PM; 5 of the above
coals were 4.781 and 21.491 mg_PM/g_ash, corresponding to the PMy ; /PM; 5 ratios of
15.54% and 25.16%. Comparatively speaking, coal WCW exhibited a higher ultrafine PM
and fine PM (PM;5) formation tendency, and in the PM; 5 from coal WCW, there was a
higher percentage of ultrafine PM, which resulted from the different ash compositions in
the coal. As listed in Table 2, there was much more volatile or semi-volatile mineral matter
such as Na, S and Ca in coal WCW than in coal SX, which was more easily vaporized
at the high combustion temperature and formed ultrafine PM via the above-mentioned
vaporization-nucleation mechanism. Most importantly, adding nano SiO, into coal SX
reduced the mass yield of the PMy; to 0.515 mg PM/g_ash, corresponding to an ultra-
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fine PM reduction ratio of 30.70% and finally led to the reduction in PM; 5 by 12.62%.
Simultaneously, it was observed that the mass yield of coarse PM in the size range of
2.5-10 pm (PM; 5_19) was increased from 48.176 mg_PM/g_ash to 53.087 mg_PM/g_ash,
finally leading to the increase in PM;q (by 8.13%). Similarly, adding nano SiO, into coal
WCW also reduced the mass yield of ultrafine PM (with a reduction ratio of 13.01%);
however, the ultrafine PM reduction performance of adding nano SiO, into coal WCW
was relatively lower than that into coal SX. Differently, as can be seen in Table 3, adding
nano SiO, into coal WCW finally brought about an increase in the mass yield of fine PM
by 3.56% and a more significant increase in PM;5_19 and PM; (by 58.56% and 41.68%,
respectively). The above difference was most likely caused by the different ash content
and compositions in the coal, which are further discussed with changes in the chemical
composition of particulate matter in the different size ranges below.

3.2. Composition of Ultrafine PM before and after Nano SiO, Addition

To probe into the reduction mechanism of adding nano SiO; to particulate matter, the
size-resolved elemental composition of the PM;g formed during the combustion of coals
SX and WCW before and after nano SiO, addition were determined and are provided in
Figures 3 and 4, respectively.

As expected, the composition-based size distributions of the PM;j, from both coal
SX and coal WCW were in patterns of tri-model distributions, namely an ultrafine modal
with the particle size of <0.1 pm, a central modal with the particle size of 0.1-1 um (for
coal 5X)/0.1-2.5 um (for coal WCW) and a coarse modal with the particle size of >1 pm
(for coal SX)/>2.5 um (for coal WCW). It is worth noting that the identification of the
PM modal based on both mass-based and composition-based PSD curves suggested a
consistent ultrafine PM (i.e., PMy 1) and further revealed that the PM; 5 was made up of
both ultrafine PM and central PM. As pointed out by Yu et al. [39-41], the central modal PM
was formed via the heterogeneous condensation of the mineral vapor on the fine mineral
fragments, which was well consistent with the transition of the content of the volatile
mineral matter such as Na and S in the central PM. Compared with the PM, 5 derived from
coal SX, there was more Ca in the PM; 5 from coal WCW, which agreed well with the high
Ca content in coal WCW (see Table 2) and contributed to the higher PM; 5 yield.

The partitioning of mineral matter from coal to particulate matter changed after nano
5iO; was added, which led to the change in the formation behavior of the PM. Firstly,
as shown in Figure 3, the Na content in the ultrafine PM was reduced after adding nano
5i0; in both coals SX and WCW), indicating that the nano SiO, inhibited the migration of
volatile alkali metals such as Na into ultrafine PM. This occurred because the Na-containing
mineral vapor reacted with the SiO; additive particles at a high temperature and inhibited
their transformation into ultrafine PM via homogenous nucleation. Interestingly, the high
specific surface of the nano SiO,, which resulted from its tiny particles size, significantly
facilitated the heterogeneous reactions between the gaseous ultrafine PM precursors and
the solid nano SiO, particles, which made the nano additive have a high ultrafine PM
reduction efficiency (30.70%) at quite a low addition dosage (0.6%). In our previous studies,
adding micron-sized clay-mineral-based additives (with a particle size of 3.7-10.7 um) at
a dosage as high as 5 g-sorbent/100 g-coal achieved an ultrafine PM reduction ratio of
4.89-26.27%. It should also be noted that the reduced Na content in the ultrafine PM caused
the relative increase in the S content, as the sum of all the elements was fixed to be one in
the semiquantitative XRF determination.

Secondly, as shown in Figures 3 and 4, adding nano SiO, additives led to a significant
increase in Si content in both the central and coarse PM, revealing that the added nano
additives mainly migrated into the central and coarse PM. It was implied that the raw
5i0, additive particles (mainly <100 nm) reacted or coalesced with each other and/or
the minerals embedded in the coal at the same time that they scavenged the vaporized
the ultrafine PM precursors, finally growing into a larger PM. Particularly, during the
coal WCW combustion, some SiO, additive particles also migrated into the ultrafine PM,
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resulting in the increase in Si content after nano SiO, addition. This was because there was
less mineral matter (the lower ash content shown in Table 2) in coal WCW compared with
coal SX, most possibly due to the insufficient reaction or coalescence with the included
minerals in the coal.
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Figure 3. Size-resolved elemental composition distribution in PMjq generated from coal SX combus-
tion with/without nano SiO, addition: (a) Na; (b) K; (¢) S; (d) Cl; (e) Si; (f) Al; (g) Ca; (h) Fe.



Atmosphere 2022, 13, 1624

8of 12

==— coal WCW (blank) =e=—coal WCW +nano SiO,

60
50
40
30
20
10

(a) Na (e) Si

e

= N W b
o O O

(b)K (f) Al

ultrafine central coarse

content (%)
- N W B O
o O O O o O o

o

= N W B
o o o o

o

: P == == i B
0.1 1 10 0.1 1 10

aerodynamic diameter (um) aerodynamic diameter (um)

Figure 4. Size-resolved elemental composition distribution in PM;j, generated from coal WCW
combustion with/without nano SiO, addition: (a) Na; (b) K; (¢) S; (d) Cl; (e) Si; (f) AL (g) Ca; (h) Fe.

The increase in coarse PM was most likely caused by three factors. On the one hand, as
indicated in Figures 3 and 4, a large proportion of the added nano SiO; finally migrated into
the coarse PM, bringing in extra mass from the additive. On the other hand, the additive
particles scavenged some of the mineral vapors released from coal burnout. Thirdly
and also finally, the added nano SiO; particles acted as binders after melting at the high
combustion temperature, which inhibited the fragmentation of the fine included minerals
in the coal and enhanced their coagulation into large ash particles during coal burnout. It
is worth noting that there was a large number density of the nano additive particles even
though the mass-based adding dosage was low, and the large number density as well as
the tiny particle size of the nano additives facilitated the melting and coalescence behavior,
which played a rather important role and are specially investigated in Section 3.3 below.

3.3. Interactions between the Nano SiO; and Minerals in Coal

The micromorphology of the PM; 5 in some typical size ranges (e.g., stage 7 PMg ¢7-1.04,
stage 11 PMy 457 4¢) after adding the nano SiO, additive was depicted in Figure 5 to visually
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show the melting and coalescence behavior of the ash particles. Furthermore, the melting
behavior (i.e., the deformation temperature [DT], softening temperature [ST] and flowing
temperature [FT]) of the low-temperature ash of coal WX with different amounts of nano
SiO, additions was determined and is listed in Table 4.

Figure 5. Micromorphology of the PM (stages 7 (a) and 11 (b)) generated from the combustion of
coal WX + 0.6%SiO;.

Table 4. Melting behavior of the low-temperature ash of coal WX with different amounts of nano
Si02 additions.

DT, K ST, K FT, K

coal 1236 1419 1461

coal + 0.6%Si0, 1293 1356 1404
coal + 3%S5iO; 1094 1255 1268

As is clearly shown in Figure 5, large quantities of small ash or additive particles
adhered to the surface of the relatively larger particles. Additionally, regularly large
particles covered with nano additive particles further adhered to each other (see region 2
in Figure 5b) thanks to the molten additive particles acting as the binder. What is more,
aggregation and agglomeration also extensively occurred among the nano particles (see
region 1 in Figure 5a), which straightforwardly confirmed that some of the raw SiO,
additive particles (mainly <100 nm) reacted or coalesced with each other and grew into
central modal PM.

The determination results of the melting behavior of the coal ash listed in Table 4
further confirmed the above observations. As can be seen, adding nano SiO, generally
reduced the deformation temperature, softening temperature and flowing temperature,
i.e.,, by ~50 K at an adding dosage of 0.6%. Moreover, increasing the adding dosage of the
nano additive to 3% further reduced the melting temperature of the low-temperature ash
by ~100 K. This is thought to have resulted from the formation of alkali metal or alkali
earth metal silicates due to the reactions between the added SiO; particles and alkali metal
or alkali earth metals in the coal [35,42,43]. Interestingly, adding nano SiO, at an adding
dosage as low as 0.6% could help reduce the formation of ultrafine PM as the nano additive
particles can properly scatter on the surface of the coal particles and react with the minerals
easily.

4. Conclusions

Coal combustion experiments with /without novel nano SiO, additive addition were
performed with a lab-scale drop tube furnace system. PM with an aerodynamic diameter
of <10 um (i.e., PM1y) was collected to evaluate the effects of nano SiO, on ultrafine PM
formation, and detailed analyses of the particle size distribution, mass yield, element size
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distribution and micromorphology were conducted to reveal the underlying mechanism.
The results showed that adding a small dose (0.6%) of nano SiO, reduced the mass yield of
ultrafine PM by 30.70%, showing a much higher ultrafine PM capture efficiency than an
existing micron-sized natural clay mineral. However, its performance on different coals
varied due to the disparities in ash content and composition in coal. A composition analysis
revealed that the Na content in the ultrafine PM was reduced after adding nano SiO,,
indicating that the nano SiO; inhibited the migration of the volatile alkali metals such as
Na into ultrafine PM. This occurred because the Na-containing mineral vapor reacted with
the nano SiO, additive particles with a large specific surface area at a high temperature and
inhibited their transformation into ultrafine PM via homogenous nucleation. Changes in
the element size distributions and micromorphology showed that the majority of the added
nano SiO; particles reacted or coalesced with each other and/or the minerals embedded in
the coal, finally growing into a larger PM.
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