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Abstract: Particulate matter (PM) pollution from coal combustion is a leading contributor to the
influence of atmospheric visibility, photochemical smog, and even global climate. A drop tube
furnace was employed to explore the effects of temperature and chemical speciation of mineral
elements on PM formation during the combustion of Zhundong coal. Chemical fractionation analysis
(CFA), X-ray fluorescence (XRF), and inductively coupled plasma-atomic emission spectrometry
(ICP-AES) were used to investigate the chemical and physical characteristics of the solid samples. It
can be indicated that the combustion of similarly sized coal particles yielded more PM10 when the
combustion temperature was increased from 1000 to 1400 °C. Zhundong coal is fractionated with
deionized water, ammonium acetate, and hydrochloric acid, and pulverized coal, after fractionation,
is burned to study the influence of mineral elements with different occurrence forms, such as
water-soluble mineral elements, exchangeable ion elements, hydrochloric acid soluble elements and
acid-insoluble elements, on the formation of particles. The results show that water-soluble salts play
an important role in forming ultrafine particles (PMO0.2); Fe, Ca, and other elements in organic form
are distributed in flue gas through evaporation during pulverized coal combustion. When the flue
gas temperature decreases, PM1 is formed through homogeneous nucleation and heterogeneous
condensation, resulting in the distribution of these two elements on PM1. Different fractionation
methods do not significantly affect the distribution of Si and Al in the PM1-10 combustion process.
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1. Introduction

Airborne particulate matter (PM) has become a major air pollutant in urban China
in recent years. It is a leading factor contributing to decreased atmospheric visibility,
global climate change, and photochemical smog [1-3]. PM is a complex mixture of or-
ganic substances and inorganic matter [4,5], including solid particles and liquid droplets.
PM10 with an aerodynamic diameter of fewer than 10 um can be breathed in through the
nose/mouth and enter the human respiratory tract. Within the PM10 classification, PM can
be further classified into submicron particulate matter (PM1) and ultra-micro particulate
matter (PM1-10).

China accounts for 23% of the world’s energy consumption, and, in the short term,
at least, coal will remain the dominant source of Chinese energy [6]. Large reserves of
Zhundong (ZD) coal exist in China [7], but the raw coal contains levels of alkali metals
and alkaline earth metals (AAEMs) that are far higher than those found in other coals [8,9].
Combusting coals with significant AAEM species can lead to multi-particle formation
during combustion, which can result in slagging and fouling problems and limit the
utilization of ZD coal in large-scale applications [10,11].
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Several variables impact the composition and formation characteristics of PM10. For
example, increasing the combustion temperature would increase the number of PM10
produced [12-14]. Changing the mineral content in raw coal can influence how the min-
eral components react with each other during combustion, producing ash with different
compositions that [15], in turn, influence the ash melting point. An increase in the ash
melting point increases the formation of PM10, while an increase in the S content in the raw
coal increases the production of PM1 [16]. A high silicate content in coal ash increases the
melting temperature, while a high content of oxides and sulfate tends to lower its fusion
temperature [17]. In addition, coal’s mineral content and the division between organic and
inorganic fractions can significantly influence PM formation [18,19]. Among others, Na, K,
Ca, Al, and Fe can promote lower-temperature melting and polymerization of fine particles,
forming larger particles [11,20,21]. PM1 mainly comprises alkali metal oxides, refractory
oxides, and sulfides [16]. High-Na/K coals burn at 900-1100 °C, with the sulfate core
forming the main component of PM1. At 1300 °C, Na and K elements are precipitated as
hydroxides and easily combine with aluminate in coal to form larger particles (PM10+) [22].
The occurrence of Ca and Mg elements in low-rank coal is the primary determinant of their
precipitation behavior [23,24]. Al is mainly present in the form of aluminosilicate, with
less precipitation.

During combustion, various forms of different mineral elements precipitate at different
stages, impacting PM formation with various sizes. Indeed, relatively few studies have
been carried out addressing the impact of mineral matter composition on PM formation
and composition characteristics. The work aims to provide helpful information that will
aid the control of PM pollution from coal combustion.

2. Material and Methods
2.1. Sample Preparation

As shown in Figure 1, the drop tube furnace (DTF) was used for experiments with
Chinese ZD coal (90-125 um). The experiment was carried out in the air at 1000-1400 °C.
The furnace was composed of a corundum tube of 80 mm diameter and 2000 mm length.
The pulverized coal sample was pneumatically conveyed into the furnace chamber at a
constant rate of 1.0 g/min with the primary air. The primary air flow is 1 L/min, and
the secondary airflow is 9 L/min. A secondary air was mixed at the burner to ensure the
burn-out rate in the furnace [25]. Fly ash was collected at the bottom of the reactor. The
proximate and ultimate analyses of ZD coal are listed in Table 1. The compositional analysis
of raw ZD coal ash is listed in Table 2.
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Figure 1. Schematic diagram of the experimental furnace.
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Table 1. Proximate and ultimate analysis of ZD coal.
Proximate Analysis (Wt.%, ad. = Air Dry Basis) Ultimate Analysis (wt.%, ad. = Air Dry Basis)
M(Moisture)  A(Ash) V(Volatile) ~ FC(Fixed Carbon) C H Odiff. N S
9.63 55 40.3 44.57 61.4 4.41 17.69 0.89 0.48

Note: Heating value = 18.5 MJ /kg. diff. = by difference.

Table 2. Compositional analysis of ZD coal ash.

Ash Compositions (wt. %)
5102 A1203 Fe203 CaO MgO T102 503 MI‘IOZ Kzo P205 Na20
3056 29.85 10.56 8.64 4.42 0.22 7.66 0.31 0.6 0.12 6.02

2.2. Chemical Fractionation Analysis

The chemical speciation of mineral elements in raw ZD coal was assessed by chemical
fractionation analysis (CFA) [26-29]. Samples were dried overnight at 105 °C, and then
each sample was successively extracted with deionized water (H,0O), 1.0 mol/L ammonium
acetate (NH4Ac), and 1.0 mol/L hydrochloric acid (HCl). In the first extraction, HyO-
soluble compounds, such as K and Na salts, would be dissolved [30]. Organically bound
ion-exchangeable elements were removed by the NHAc solution [31]. Finally, acid-soluble
compounds, such as carbonates and sulfates, were extracted using an HCI solution. After
each extraction, the solid residue was washed with deionized water until the pH of the
leachate was constant. According to the procedures carried out during the CFA process, the
samples were named raw coal, HyO-coal, NH4Ac-coal, and HCl-coal, respectively. These
samples were then introduced to the DTF in the same way as the raw coal at 1200 °C.

2.3. Sampling System

PM samples were simultaneously sampled from the collected ash and classified for
analysis. In order to study the morphology and composition, polycarbonate film was used
for microscopic analysis [32]. A Teflon filter membrane was used during inorganic content
analysis using ICP-AES and XRF.

An electrical low-pressure impactor (ELPI) (97 2E, NO.24423, Dekati LTD, Kangasala,
Finland) was used to measure the ash particle size distribution. X-ray fluorescence
(XRF, PW4400) further developed the compositional analysis. Major (content more than
1000 g/g) and minor (in 100~1000 g/g) ash components were then qualitatively and semi-
quantitatively analyzed with accurate detection of elements in the range 9F to 92U. A
vacuum of less than 100 Pa (minimum 1 Pa) and a temperature of approximately 60-70 °C
were used; these conditions were assumed not to denature the sample.

The mineral matter that was retained in the ash particles was digested by a microwave
digestion system (Ethos 1, Milestone, Sorisole, Italy) [29]. Each digested residue was re-
dissolved, transferred to a 25 mL volumetric flask, and made up to a set volume with
deionized H,O. The mineral elements were then quantified by an inductively coupled
plasma atomic emission spectrometer (ICP-AES).

3. Results and Discussion
3.1. Impact of Temperature on PM10 Formation

As shown in Figure 2, the impact of Raw-coal’s combustion temperature on the
formation of variously sized PM can be seen. Figure 2a shows a similar distribution for
all temperatures. The amount of PM10 formed increased as the combustion temperature
increased. The peak at approximately 2 um was mainly affected by the formation of PM1-10
particles. At higher temperatures, the internal temperature gradient of the char particles is
steeper, and the particles endure a relatively higher level of thermal stress, rendering them
easily broken [33,34]. Figure 2b initially shows a gradual increase in the amount of PMO0.2,
from 0.29 to 0.32 mg/g, as the temperature was increased from 1000 to 1200 °C, with a more
significant increase to 0.37 mg/g at 1400 °C. This might be driven by increased evaporation
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and condensation of mineral elements at higher temperatures [35]. The amount of PM0.2-1
produced is similar at 1000 and 1200 °C (0.30 and 0.31 mg/g, respectively), but it increases
to 0.37 mg/g at 1400 °C. The amount of PM1 increases to 0.62 mg/g and 0.74 mg/g. A
similar trend was observed for the different temperatures for particles in the PM10 and PM1
ranges. Results at 1000, 1200, and 1400 °C yielded 0.57, 0.61, and 0.71 mg/g for PM1-10
and 1.15, 1.23, and 1.46 mg/g for PM10, respectively. The precipitation and condensation
of mineral elements were the primary mechanisms for forming PM1 [16,36,37]. The extent
to which mineral elements volatilize is known to be positively correlated with the amount
of PM1 [38], and, in general, their vapor-phase concentration is high. At the same time, the
associated particle enjoys a slight temperature gradient across it, a long aggregation time,
and a relatively large size [39].
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Figure 2. Continuous (a) and discrete (b) distribution of PM10 at different temperatures.

An analysis of the major mineral components in PM10 combusted at different tem-
peratures is shown in Figure 3, while Figure 4 presents the bulk compositions of PM
with various sizes. For PMO0.2, an increase of the combustion temperature from 1000 to
1200 and then to 1400 °C increased the mass fraction of K and particularly Na, which
increased from 9.0 to 12.5 and then to 20.6%. The change of element S is basically the same.
Figure 4b shows that compared with the results for PMO0.2, the PM0.2-1 fraction exhibited a
significantly lower mass fraction of the volatile components but a much higher proportion
of the non-volatile (Ca, Mg, and Fe) elements and Al-Si salts. (Under three temperature
conditions, the proportion of volatile elements in PMO0.2 is 26.28%, 29.40%, and 37.08%,
respectively. The proportion of volatile elements in PM0.2-1 is 7.00%, 8.12%, and 12.66%,
respectively). Because the mineral substances needed for particle nucleation come from two
sources: the volatilization of minerals or their release during coal combustion [40]. This can
be explained by considering that PM10 is more likely to be formed by homogeneous nucle-
ation mechanisms and the condensation of volatile elements on the particle surface [41-44].
The main reason for the difference in mineral content in PM0.2 and PM0.2+ particles is
that the formation mechanism of particles with different sizes is different. The content
of volatile elements in PM0.2 is high. PM0.2 is mainly formed by steam condensation.
The steam source is the decomposition of mineral elements in organic form in the coal
powder pyrolysis stage, releasing mineral steam or the formation of inorganic minerals
in the coke combustion stage. PM0.2+ is mainly generated in the coke combustion stage,
mainly including volatile elements condensed on fine particles and particles rich in silicon
and aluminum formed in the molten state, which accumulates to form irregular particles.
As shown in Figure 4c, the content of volatile mineral elements in PM1-10 was less than
that in the other samples. The fraction of volatile elements in the samples at 1200/1400 °C
is very similar (6.2 and 6.9%, respectively), significantly greater than that observed at
1000 °C (1.7%). The most volatile elements reached the maximum value at 1400 °C, slightly
increasing at 1200 °C.
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Figure 3. Composition of significant mineral components in PM10.
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Figure 4. Composition of various size fractions of coal ash generated at different combustion temper-
atures. Volatile denotes Na, K, and S; non-volatile denotes Mg, Ca, and Fe.

3.2. Effect of Chemical Speciation of Mineral Elements on PM10 Formation
3.2.1. Chemical Speciation of Mineral Elements

Table 3 shows the composition of significant elements for the four stages of CFA. At
the same time, Figure 5 displays the main speciation of these inorganic elements depending
on whether they are soluble in H,O, NH;Ac, or HCI or insoluble in all the above solvents.
The highest compositions observed in the raw sample are for Al and Si, followed by Fe,
Ca, and Na. Na is mainly found as an H,O-soluble salt. Washing with H,O removes
61.1% of the actual Na, though this process removes little Mg, Ca, Fe, or Al. Washing with
NHjAc removes 32.1% of the Mg and 20.2% of the Ca remaining after the H,O wash. Mg
and Ca species that then dissolve in HCI but are insoluble in NH4Ac mainly comprised
carbonates [45-48], such as calcite (CaCOs3) and dolomite (CaMg(COs),). Washing with
HCl dissolves 39.2% of Al with the insoluble fraction assumed to be aluminosilicates, such
as kaolin. For Fe, 17.9% is NH4Ac-soluble, 44.7% is HCl-soluble, and the remainder consists
of insoluble salts. With most Fe compounds insoluble in H,O, compounds soluble in
HCI or NH4Ac may include siderite (FeCO3) [49], ankerite ((FeCaMg)CQOj3), or Fe(OH). Fe
compounds that are insoluble in HCl may have been pyrite (FeSy).

Table 3. Content of mineral elements in CFA (mg/g).

Coal K Na Ca Mg Fe Al Si Ash
Raw-Coal 0.2 1.8 2.6 12 2.8 6.9 6.8 5.3
H,0O-Coal 0.1 0.7 24 1.1 2.5 6.4 6.0 4.6

NH4Ac-Coal 0.1 0.6 1.9 0.8 2.3 5.8 5.3 3.9

HCl-Coal 0.1 0.1 0.2 0.1 1.0 3.1 2.0 1.2
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3.2.2. Distribution of the Primary Mineral in PM10

CFA results showing the major mineral components for PM0.2, PM0.2-1, and PM1-10
are shown in Figure 6. The main components of PM0.2 were volatile elements such as S, Na,
and K. The proportions of the insoluble elements—Mg, Ca, Fe, Al, and Si—were relatively
small. The PMO0.2 content of Na decreased significantly following HyO-washing. At the
same time, acid-washing caused an increase in the concentration of Si and Al elements as
other mineral elements (such as Mg, Ca, and Fe) dissolved in HCl. The PM0.2-1 and PM1-
10 fractions generated from the combustion of four different coal samples were very similar
and mainly comprised refractory oxides (of Mg, Ca, and Fe) and Al and Si compounds. A
bulk analysis of the composition of the three PM size groups is shown in Figure 7. These
results suggest that the PM samples were mainly composed of Na,O, MgO, CaO, SiO,,
A1203, F6203, 503, and KQO.

HCl-coal f WY 8 Others
le_lo NH4Ac-coal f 272227 Sio,
""" HCl-coal

S0,
Na,0

0 10 20 30 40 50 60 70 80 90 100
Percentage (%)

Figure 6. Major mineral in PM10 from CFA-treated coal samples.

3.2.3. Speciation of Mineral Elements in PM10

The impact of various treatments of the coal samples on the ash particle size dis-
tribution can be seen in Figure 8a. Notably, the acid-treated coal sample displayed no
apparent peak in PM distribution, which was relatively uniform. Indeed, the ash content
of the raw coal sample decreased from 5.3% to 1.2% after the acid-washing process. The
PM distribution shows the two distinct peaks divided into three areas: ultrafine, inter-
mediate, and coarse. The precipitation of mineral elements forms ultrafine particles. ZD
coal has a high HyO-soluble alkali content (especially Na), much of which was removed
following HyO washing. The number of ultrafine particles was constant, indicating that



Energies 2023,

16,310

Percentage of mineral eleme

the ultrafine particles play an important part in the combustion process of coal with the

H,0O-soluble minerals.

//// Raw-coal PM,,

N\ H,0-coal PMM
NH,AC-coal PM,
HCl-coal PM,,

) Raw-coal PM,,,
N H,0-coal PM,
H,AC-coal PM_ , |

E= HCl-coal PM,,

) Raw-coal PM,
DN\ H,0-coal PM,
H,AC-coal PM,

E=SHCl-coal PM

Tnvolatile  Si-Alsalt  Others

Percentage of mineral elements (%)
Percentage of mineral elements (%)

0 Volatile Involatile Si-Al salt Olhers
PM composition

(c) PM1-10

4 N
Volatile  Involatile Si-Al salt Others
PM composition

(b) PM0.2-1

Figure 7. Composition of various size fractions of coal ash generated from CFA-treated coal samples.
Volatile denotes Na, K, and S; Non-volatile denotes Mg, Ca, and Fe.

~ 15
L5 —=—Raw-coal L0 /| Raw-coal
—o—H,0-coal E
= 2 (a) EI I]]]]]]]]] H,0-coal (b) o
> —+— NH,Ac-coal E ol ENH4AC-C031
i LOF —s—HCl-coal = | WZJHCl-coal
5
g £
Sosp <00 505
E N S
ggﬁ " B
0.0 ' =00
0.01 0.1 1 10

Particle size (um)

Figure 8. Continuous (a) and discrete (b) distribution of PM10 at different processing methods.

Na catalyzes the combustion process, accelerating the char burning rate and causing
the particles to burn out more quickly. It decreases the accumulation time for melting ash
and cannot adhere to the ash surface. Removing 61% of Na from the raw coal by H,O-
washing could decrease the reactivity of the char (compared with that of raw coal) during
combustion. This decrease in reactivity may increase the accumulation and agglomeration
time for the melting ash particles on the char surface, promoting the formation of larger
particulates (>10 pm).

Figure 8 shows the particle size distribution for PM10 produced from the various coal
samples. HyO-washing caused the amount of PM0.2 to decrease from 0.32 to 0.19 mg/g,
mainly because of the leaching of Na, which is key to the formation of particles via the
evaporation—condensation mechanism in the PM0.2 range. Fine particulates mainly develop
via two pathways: vapor condensation reactions at an inorganic surface of a nucleation
point or the collision and coagulation of two existing fine particles [49]. The amount of
PMO0.2-1 generated from the combustion of raw coal, HyO-coal, and NH4Ac-coal was 0.31,
0.30, and 0.24 mg/g, respectively. From these results, it is possible to conclude that the
role of HyO-soluble mineral elements in the PMO0.2-1 generation process is non-obvious
and that the existence of the mineral elements in the H,O-coal and raw coal (such as
Ca, Fe, and Mg) suggests that organic minerals also impacted the formation of PM0.2-1.
The fraction of ash produced as PM1-10 for the raw coal, H;O-coal, NH4Ac-coal, and
HCl-coal samples was 0.61, 0.53, 0.47, and 0.13 mg/g, respectively, suggesting that the
HCl-soluble minerals were essential in PM1-10 formations. These minerals may include
carbonates, siderite, ankerite (Fe, Ca, Mg)Os, or Fe(OH),. For the PM10 fraction, the raw
coal produced 1.24 mg/g, which included 0.32 (25%), 0.31 (25%), and 0.61 (50%) mg/g of,
respectively, PMO0.2, PM0.2-1, and PM1-10. The fractional amounts of PM10 generated by
the combustion of HyO-coal, NH4Ac-coal, and HCl-coal were all lower than that of raw
coal (at 1.03, 0.90, and 0.35 mg/g, respectively). This analysis suggests that HO-soluble



Energies 2023, 16, 310 8 of 10

mineral elements mainly affected the formation of PM0.2; organically bound elements
impacted the amount of PM0.2-1 generated and washing with HCI significantly decreased
the amount of PM1-10 produced by coal combustion.

4. Conclusions

(1) When Zhundong pulverized coal with the same combustion atmosphere and particle
size burns, the total amount of PM10 generated at high combustion temperature is
generally more. At 1000 °C, 1200 °C and 1400 °C, the amount of PM10 generated by
the unit mass of Zhundong pulverized coal is 1.15 mg/g, 1.23 mg/g and 1.46 mg/g,
respectively. The reason may be that with the increase in combustion temperature,
the steam concentration of mineral elements in coal during combustion is increased.
When the temperature decreases, more mineral steam will condense on the surface
of particles.

(2) The mineral elements in raw coal are divided into water-soluble mineral elements,
organically bound mineral elements, acid-soluble mineral elements and acid-insoluble
mineral elements by chemical fractionation. Water-soluble salts play an important
role in the formation of ultrafine particles (PMO0.2). The organic Fe and Ca elements
do not react with the aluminosilicate in the pulverized coal during the combustion of
pulverized coal but evaporate into steam and distribute in the flue gas. When the flue
gas temperature decreases, they condense and form on PM1, resulting in these two
elements on PM1; Mg, Ca, and Fe react with aluminosilicate to form molten particles,
which makes particles PM1-10 contain these three elements. Different fractionation
methods will not greatly affect Si and Al in the PM1-10 combustion process.
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