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Abstract: The effect of intrinsic metal mineral elements in the combustion process of pulverized coal
on the formation and transformation mechanism of PM was investigated in a drop-tube furnace in air
atmospheres at 1200 ◦C, which laid a solid foundation for the control of particulate pollutants. The
results show that reducing the evaporation of mineral elements or the generated PM1 aggregating to
form PM1–10 or particles bigger than 10µm can reduce the emission of PM1 in the coal combustion
process. The amount of PM0.2, PM0.2–1, PM1–2.5 and PM2.5 produced by the raw coal-carrying Mg are
reduced by 36.7%, 17.4%, 24.6% and 21.6%, respectively. The amount of PM10 is almost unchanged.
The addition of Mg increases the viscosity of submicron particles effectively, making it easier to
aggregate and bond together to form ultra-micron particles. The amount of PM0.2, PM0.2–1, PM1–2.5,
PM2.5 and PM10 produced by the raw coal-carrying Ca are reduced by 36.3%, 33.0%, 42.8%, 38%
and 17.7%, respectively. The effect of adding Ca compounds on the particles is better than that of
Mg. The amount of PM0.2, PM0.2–1, PM1–2.5, PM2.5 and PM10 produced by the raw coal-carrying Fe
are reduced by 15.6%, 16.2%, 31.1%, 22.4% and 5%, respectively. While the production of PM2.5–10

increased from 0.17 mg/g to 0.34 mg/g, it is clear that a significant fraction of the submicron particles
produced during the combustion of the raw coal-carrying Fe are transformed into ultra-micron
particles. After comparing the particulate matter produced by raw coal-carrying Mg, Ca and Fe, it
shows that the addition of these three elements can effectively reduce the ash melting point, so that
during the process of coal combustion, part of the sub-micron are transformed into ultra-micron
particles, which are easy to remove.

Keywords: external mineral addition; PM; coal; combustion; Mg; Ca; Fe

1. Introduction

Currently, China’s air quality situation is extremely severe, particulate matter (PM)
pollution is the main reason. Particulate matter (PM) has become a major air pollutant in
urban China in recent years and is a leading factor contributing to decreased atmospheric
visibility, global climate change and photochemical smog [1]. Particulate matter emitted
from coal combustion is one of the sources of atmospheric particulates [2]. Fine particles
generated during coal combustion are easy to enrich toxic heavy metals such as Pb, Cd,
As, Se and organic pollutants such as PAHs [3–5]. In addition, the electrostatic precipitator
has relatively low collection efficiency for these fine particles [6]. Coal burning particulates
easily accumulate heavy metal trace elements, which are harmful to the environment and
human health [7,8]. Reducing particulate matter generated by coal combustion is one of
the key points of pollutant emission. The premise of a number of pollutant control means
playing a role is fully understanding the PM formation and transformation mechanism. In
the process of PM formation, the presence of mineral elements largely controls the formation
of PM, which occupies a large proportion of PM particulates after combustion [9,10]. The
particulate matter formation process is more complex; it is generally believed that the
volatile part of atomic inorganic elements in coal and the external minerals on the surface
of the coal will gasify due to high temperature and reducing atmosphere, mainly in the
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form of atomic or in the form of sub-oxide [11]. Submicron particles (<1 µm) are composed
of the following three components: metal oxides (Na2O and K2O), refractory oxides (SiO2,
Fe2O3, CaO), sulfides and so on [12,13]. The submicron particles of high-rank bituminous
coal are mainly composed of refractory oxide SiO2, followed by Na2O, Fe2O3 or SO3. The
content of refractory oxides in low-grade lignite submicron particles is low, and the main
components are alkali metal and the oxidation of alkaline earth metal and sulfides. The
results show that the content of Si in Zhundong coal ultrafine particles is very small [14],
mainly S and Na (more than 15%) and volatile elements such as K, Ca, Mg, Cl and F. The
main component in submicron particles is sulfate and aluminosilicate based on Na and
Ca; the spherical particles of micron particles are mostly aluminosilicate based on Ca, Mg
and Na [15]. In the process of pulverized coal combustion, volatiles are internally oxidized
by the outward diffusion of oxygen into the corresponding oxide. If the steam in the flue
gas reaches the supersaturation state, the steam will form a large number of fine particles
(<0.01 µm) by homogeneous nucleation. Small particles grow mainly in two ways, one way
is the formation of inorganic vapors on the surface of fine particles in the condensation,
so that the particulate matter volume increases [16], another way is the collision of fine
particles with each other, forming larger particles [11]. The presence of Na, K and the
easy gasified elements enriched on the submicron particles and other difficult gasified
elements like Si, Al, Fe, Ca and Mg existed on the submicron particles indicates that the
gasification-condensation mechanism of inorganic mineral elements is the most important
form of submicron particulate formation [17–19]. The direct conversion of intrinsic minerals
in raw coal and the polymerization of volatile mineral vapors are the two kinds of main
ways to form ultrafine particles [20]. The gasification of Ca and Mg has an important
influence on the formation of submicron particles during the combustion of low-order
sub-bituminous coal and lignite. The occurrence of Ca and Mg in low-rank coal is the main
reason for its gasification behavior. Ca and Mg in subbituminous coal mainly exist in the
form of carbonate, and the amount of gasification is very low. Ca and Mg in the lignite
mainly exist in the atomic state, which is prone to gasification in the combustion process;
therefore, they occupy a higher content in the fine particles [21].

The above studies have proved the effect of intrinsic metal mineral elements in the
combustion process of pulverized coal on the formation and transformation mechanism of
PM, which laid a solid foundation for the control of particulate pollutants [22]. However,
there is little research on the mechanism of PM formation and transformation and its subse-
quent control mechanism under the condition of externally added mineral elements [23].
In this paper, we use the method of external loading mineral elements was adopted to
study the physical and chemical characteristics of the particles formed during the burning
process of the Chinese Zhundong coal with external mineral load in the one-dimensional
settling furnace reactor [24].

2. Experiment
2.1. Sample Preparation

Chinese Zhundong coal, which was first dried at 80 ◦C for 12 h, was used in the
experiment. The proximate and ultimate analyses of the coal sample are shown in Table 1.
In order to explore the influence of different mineral elements on the particles generated in
the combustion process of Zhundong coal, the compound loading was carried out. The
sample was loaded with compounds of different metal elements by the immersion method.
The loading steps are as follows. The Zhundong coal particles were mixed thoroughly
with 1 mol/L of mineral salts (Fe(NO3)3·9H2O, MgAc2, CaAc2) at a liquid to solid ratio
of 30:1 [25]. The mixture was stirred for 24 h in an inert atmosphere, and then the mixed
slurry was filtered and the precipitation was dried in a vacuum oven at 80 ◦C for 24 h,
crushed and collected, then stored it at 4 ◦C. After carrying out an analytical test on the
Zhundong coal sample carrying the compound, the content of Mg in the coal was increased
from 1.26 mg/g to 2.61 mg/g in the raw coal after carrying MgAc2. The content of Ca was
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increased from 2.61 mg/g to 4.12 mg/g after loading CaAc2, the content of Fe increased
from 2.83 mg/g to 4.21 mg/g after carrying Fe(NO3)3·9H2O.

Table 1. Proximate and ultimate analyses of raw Zhundong coal.

Proximate Analysis (wt%) Ultimate Analysis (wt%)

Mad Aad Vad FCad Cdaf. Hdaf. Odaf.(diff.) Ndaf. St,daf.

11.31 5.31 24.37 61.19 73.20 4.10 21.86 0.74 0.10
Note: diff.: by difference; ad: air-dried basis; daf.: dry ash-free basis.

2.2. Experimental System

A drop-tube furnace (shown in Figure 1) was used for experiments with Chinese
Zhundong coal. The experiment was carried out in air atmospheres at 1200 ◦C. The furnace
was composed of an 80 mm diameter corundum tube of length 2000 mm. It can withstand
high temperatures above 1500 ◦C. The B indexing thermocouple is arranged on the outer
surface for temperature monitoring and control. The experimental system is provided with
two air supplies. The primary air is mainly used for conveying pulverized coal and the
oxygen demand at the initial stage of pulverized coal combustion. The secondary air is fully
mixed and preheated inside the burner to supplement the oxygen required for complete
combustion of pulverized coal to enable the pulverized coal to burn out. The pulverized
coal sample was pneumatically conveyed into the furnace chamber at a constant rate of
1.0 g/min by a primary air stream. A secondary air stream was then mixed in at the burner
to ensure complete combustion occurred during the coal’s residence in the furnace. Fly ash
was collected at the bottom of the reactor to investigate the PM [26].
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Figure 1. Schematic diagram of the experimental furnace.

2.3. Sampling System and Characteristics Analysis

The experimental set up employed the fixed combustion particle dilution sampling
system developed by Tsinghua University. PM samples were simultaneously sampled
from the collected ash and classified for analysis [27]. To study the morphology and
composition, a poly-ammonia carbonate membrane was used for imaging and electron
microscope analysis [28]. An electrical low-pressure impactor (ELPI) (97 2E, NO.24423,
Dekati Ltd., Kangasala, Finland) was used to measure the ash particle size distribution. The
particle morphology and composition were analyzed using a combined scanning electron
microscopy–energy dispersive X-ray spectroscopy approach (SEM–EDX; EVO18).
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3. Results and Discussion
3.1. Effect of Magnesium on the Formation of Fine Particles
3.1.1. Effect of Magnesium on the Particle Morphology and Particle Size Distribution

Morphologies of the particulate matter generated by the combustion of raw coal and
raw coal-carrying Mg are shown in Figures 2 and 3, respectively. Compared with raw
coal combustion, the particulates generated by the combustion of raw coal-carrying Mg
shows accumulation state [29], and it is evident that a part of the submicron particles
adhered to the surface of the coarse-mode particles, which makes the particle size generally
increase. Yoshihiko [30] observed the coal-carrying magnesium-based compounds by
scanning electron microscopy, and it showed that magnesium-based compounds uniformly
dispersed in the coal surface, the average particle size was among the sub-micron level,
the magnesium-based additive is an intrinsic mineral element in coal and not an external
mineral in physically mixed form (this extraneous mineral and coal particles have relatively
few connections). Therefore, it can be considered that the loaded magnesium element exists
mainly in the form of an intrinsic mineral [31–33].
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Figure 3. Morphology of particles after carrying magnesium.

Figure 4 is the generating particulate matter mass size distribution by the original coal
and the original coal with the addition of Mg. It can be seen that the addition of Mg element
shows the changes in particle size. Primitive minerals (including particle size and chemical
composition) to some extent affect the effect of adding Mg minerals. Figure 5 shows the
amounts of PM0.2, PM0.2–1, PM1–2.5 generated from raw coal and Mg-carrying raw coal. The
production of PM0.2, PM0.2–1, PM1–2.5 were reduced from 0.32 mg/g, 0.31 mg/g, 0.45 mg/g
to 0.25 mg/g, 0.26 mg/g and 0.34 mg/g, respectively. After adding Mg, the amount of
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PM0.2, PM0.2–1, PM1–2.5 decreased by 36.7%, 17.4% and 24.6%, respectively, and the amount
of PM2.5 was reduced by 21.6%. While the PM2.5–10 production increased from 0.17 mg/g
to 0.41 mg/g. The total mass of PM10 was 1.24 mg/g and 1.26 mg/g, almost no changes at
all. It is clear that the chemical composition of PM10 has changed.
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3.1.2. Effect of Magnesium on the Chemical Composition of Particles

The main elemental compositions of the particulates generated by the combustion of
pulverized coal-carrying Mg are Fe, Mg, Ca, Al and Si, and the main volatile elements is Na,
which are shown in Figures 6–11. The decrease in PM1 is mainly due to the decrease in Fe,
Ca, Al and Si, and the reduction of volatile elements also play a certain role. The reduction
of PM1–2.5 is mainly due to the reduction of the insoluble Al, Si and Fe elements, and the
reduction of volatile elements is little, which is almost negligible [34]. The Al, Si and Fe
elements in part of the particles below 1 µm transformed coarse mode particles above
2.5 µm, which is the main reason for the decrease in PM 2.5 generation [35,36]. According
to the analysis of particle composition under different particle sizes, the results show that
the main reason for the decrease in PM1 is the transfer of Ca, Mg, Al and Si from submicron
particles to ultra-micrometer particles.

The addition of Mg-based compounds can significantly affect the mineral conversion
during pulverized coal combustion. The morphology of the particle and energy spectrum
are shown in Figure 12. The SEM results show that the spherical particles indicate that they
are formed by droplets in the combustion process; semi-molten irregular particles show
that they are from the transition of the solid or incomplete liquid particles. The forming
liquid material may provide a viscosity that allows the submicron particles or fine particles
to adhere to the coarse mode particles, which allows the conversion of these elements
to particles of different particle sizes. The fine particle morphology indicates that they
are formed by the accumulation of small particles, the increase in the mass percentage of
the liquid material is the primary reason for the formation of suitable viscosities [37], the
submicron particles adhere to the coarse mode particles and they can capture submicron
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particles which can reduce the amount of sub-micron particulate matter. From the three
points of the first figure, the Mg content is the highest at point 1 which can reach 87%, the
Mg content at point 2 is 30%, and the Mg content at point 3 is 33%. Mg-Ca-Fe-Al-Si, Mg-Ca-
Al-Si and Mg-Al-Si are the main components of the magnesium-containing particles [38].
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Figure 7. Mass particle size distribution of Mg (Mg addition). (a) The curves of mass particle size
distribution. (b) Sectional size distribution.
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Figure 8. Mass particle size distribution of Ca (Mg addition). (a) The curves of mass particle size
distribution. (b) Sectional size distribution.
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Figure 9. Mass particle size distribution of Al (Mg addition). (a) The curves of mass particle size
distribution. (b) Sectional size distribution.
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Figure 10. Mass particle size distribution of Fe (Mg addition). (a) The curves of mass particle size
distribution. (b) Sectional size distribution.
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Figure 11. Mass particle size distribution of Si (Mg addition). (a) The curves of mass particle size
distribution. (b) Sectional size distribution.
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Figure 12. Morphology and Spectra of Particles after adding Mg. (a) Spectral Scanning Position.
(b) Elements of Scan position. (c) Spectral Scanning Position. (d) Elements of Scan position. (e) Spectral
Scanning Position. (f) Elements of Scan position.

Mg-based additives reduce the amount of PM1 and PM2.5, this is because the composi-
tions of molten liquid during the combustion process of pulverized coal changes [30,39],
which is an important condition to control the accumulation of mineral particles under
high-temperature conditions. The addition of a soluble magnesium compound makes
the magnesium element penetrate the coal particles and distribute evenly in the coal,
and decompose into MgO forming submicron particles during combustion [40,41]. Sub-
micron particles contained Al, Si in the coal blend and agglomerate with MgO to form
large particles. Magnesium and refractory elements form co-materials like Mg-Ca-Fe-Al-Si,
Mg-Ca-Al-Si, Mg-Al-Si and magnesium oxide. Its main mechanism is as follows:

MgO + SiO2 →Mg2SiO4 (1)

MgO + 3Al2O3·2SiO2 →MgO·Al2O3·2SiO2 (2)
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MgO·Al2O3·2SiO2 + MgO→Mg3Al2(SiO4)3 + Mg2 Al4Si5O18 (3)

MgO + Ca2SiO4 → CaMgSiO4 (4)

Yoshihiko [30] conducted a FactSage simulation of fly ash with different Mg contents.
The results show that the adding magnesium significantly increases the amount of molten
liquid in the fly ash. The combustion of coal with magnesium-containing additives com-
pared to the direct combustion of coal shows a great increase in the accumulation of fine
particles and a considerable part of the submicron particles attached to the coarse-mode
particles surface. Magnesium-based additives promote ash accumulation, which shows
a good potential to reduce particulate emissions during coal combustion [42], especially
through the formation of the fused liquid form to promote the accumulation of fine-grain
dust, thereby reducing the amount of PM1 and PM2.5.

3.2. Effect of Calcium on the Formation of Fine Particles
3.2.1. Effect of Calcium on the Particle Morphology and Particle Size Distribution

The morphology of the particulate matter produced by the combustion of raw coal-
carrying Ca is shown in Figure 13. The SEM results show that the spherical particles formed
by coal combustion indicate that they are transformed from droplets in the combustion
process. Semi-molten irregular particles show that they are transformed from solid or
incomplete liquid particles. Compared with the raw coal combustion, coals with Ca-based
additives are burned to form accumulation state; a part of the submicron particles are
accumulated to form larger particles.
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Figures 14 and 15 are the particulate matter mass size distributions for the particles
generated by raw coal and raw coal with Ca-based addition [43]. From the figures, we can
see the particle size changes after adding the Ca element. Raw minerals (including particle
size and chemical composition) to some extent affect the effect of adding Ca minerals
by comparing the effects of Ca minerals addition on the production of PM0.2, PM0.2–1
and PM1–2.5.The production of PM0.2, PM0.2–1 and PM1–2.5 were reduced from 0.32 mg/g,
0.31 mg/g, 0.45 mg/g to 0.20 mg/g, 0.21 mg/g, 0.26 mg/g, respectively. After adding Ca,
the amount of PM0.2, PM0.2–1 and PM1–2.5 decreased by 36.3%, 33.0% and 42.8%, and the
total amount of PM2.5 was reduced by 38%. While the PM2.5–10 production increased from
0.17 mg/g to 0.35 mg/g. The production of PM10 generated by raw coal was 1.24 mg/g
and 1.02 mg/g after the raw coal-carrying Ca, a decrease of 17.7%. The effect of adding Ca
compounds on the particles is better than that of Mg.

3.2.2. Effect of Calcium on the Chemical Composition of Particles

The addition of Ca-containing compounds can significantly affect the conversion
of minerals during pulverized coal combustion. The main element compositions of the
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particulate generated by pulverized coal combustion are shown in Figures 16–21. The
composition analysis of particles with different particles show that the main reason for
the decrease in PM1 is the transfer of Ca, Mg, Al, Si and other elements from submicron
particles to ultra-micrometer particles. The following figures show several major elements
composition changes of the particles generated by original coal and original coal-carrying
Ca. It can be seen that the total amount of Na and Mg elements on the submicron particles
is reduced due to the decrease in the amount of submicron particulate formation. The
changes of distribution on Al and Si in different particles indicate that the Al and Si in the
submicron particles were transferred to the ultra-micron particles after carrying the Ca [44].
Especially the content of particulate matter around10 µm increased significantly.
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Figure 14. Particle size distribution (Ca addition).
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Figure 16. Mass particle size distribution of Na (Ca addition). (a) The curves of mass particle size
distribution. (b) Sectional size distribution.
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Figure 17. Mass particle size distribution of Mg (Ca addition). (a) The curves of mass particle size
distribution. (b) Sectional size distribution.
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Figure 18. Mass particle size distribution of Ca (Ca addition). (a) The curves of mass particle size
distribution. (b) Sectional size distribution.
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Figure 19. Mass particle size distribution of Al (Ca addition). (a) The curves of mass particle size
distribution. (b) Sectional size distribution.
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Figure 20. Mass particle size distribution of Fe (Ca addition). (a) The curves of mass particle size
distribution. (b) Sectional size distribution.
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Figure 21. Mass particle size distribution of Si (Ca addition). (a) The curves of mass particle size
distribution. (b) Sectional size distribution.

The morphology and the energy spectrum of the large particles are shown in Figure 22.
The SEM results show that the shape of semi-molten irregular particle shows that they are
the transition from the solid or incomplete liquid particles. The addition of Ca contributes
to the formation of low-temperature eutectic materials, which can bind submicron particles
or fine particles together to form coarse-mode particles. The mass percentage of the liquid
material is the primary cause for the formation of suitable viscosities, and the submicron
particles are bound to the surface of the coarse mode particles, which can capture submicron
particles during the combustion process. The addition of the Ca-containing compound acts
as a binder and coalesces the generated submicron particles together to form ultra-micron
particles. The main points of the spectrum scanning are located near the bonding sites of
different particles, and the morphology is semi-melting irregular. From the three points of
the spectrum scanning, it can be seen that the Ca content is the highest at point 1 where
the Mg content is 76%, the content of Mg and Ca are 38% and 30% at point 2, respectively.
At point 3, the content of Ca can reach 70%. Mg-Ca-Fe-Al-Si, Mg-Ca-Al-Si and Ca-Al-Si
are the main constituents in the Ca-containing particles. These low-temperature eutectics
bond small submicron particles together to form ultra-micron particles. Studies have found
that coal with more calcium and iron generated less PM1 during combustion. The main
reason is that the intrinsic minerals such as calcite (CaCO3) and pyrite (FeS) in the coal
in the initial stage of pulverized coal combustion broke down into small particles. The
aluminosilicates and fine particles released from the char combustion phase form a low-
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melting compound by collision bonding and condensed into aluminosilicates containing
calcium and iron [45]. In the early stages of combustion, these minerals decompose to CaO
and Fe2O3, both of which react with the aluminosilicic acid to form calcium aluminosilicate
and iron aluminosilicate or complex compounds containing both [46,47], which reduces
the melting point of the aluminosilicate.
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Figure 22. Morphology and spectra of particles after adding Ca. (a) Spectral scanning position.
(b) Elements of scan position. (c) Spectral scanning position. (d) Elements of scan position. (e) Spectral
scanning position. (f) Elements of scan position.

CaO is an alkaline-oxide and easy to react with SiO2 to form a kind of silicate with a
low melting point [48]. In addition, since the CaO monomer has a high melting point of
2590 ◦C, CaO cannot reduce the ash melting point when the CaO content is increased to
a certain extent (40% to 50% or more), but will increase the melting point of ash instead.
The results show that the mass ratio of SiO2/Al2O3 in coal ash is above 3.0 for most coal
species in China, and the melting point of ash is the lowest when the mass fraction of CaO
in coal ash is 20~25%, the mass fraction of SiO2/Al2O3 in coal ash is below 3.0, the mass
fraction of CaO in coal ash is 30%~35%, the ash has the lowest melting point. When the
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mass fraction of CaO exceeds 30%~35%, CaO not only can reduce the melting point of ash,
but play the role of increasing the ash melting point [49,50].

After carrying calcium acetate, calcium acetate changes in the coal combustion pro-
cess [51]; minerals containing calcium may react with 10 µm or less Al-Si compound to
form a molten Ca-Al-Si, then unite larger than 10 µm aluminosilicate salt. The internal
mineral releases Al-Si, which carries minerals that release Ca, these elements collide under
gaseous conditions to form widely dispersed melting droplets which adhere to large Al-Si
surfaces or to each other to form ultra- particles or particles larger than 10 µm. Step 1.
Adding minerals (calcium acetate) in the early stage of coal heat, when the temperature is
160 ◦C it began to decompose to CaCO3, and CaCO3 will decompose at about 825 ◦C to
generate CaO. Step 2. Burned coke releases Al-Si (eg, mullite, quartz). Step 3. CaO reacts
with the released Al-Si to form Ca-Al-Si, which either condenses into fine particles or is
converted to PM1+. Step 4. Most of the molten Ca-Al-Si aggregates together or agglomerate
on the surfaces of unreacted Al-Si, CaO, or enhance their cohesive ability (unreacted Al-Si,
CaO) to agglomerate into ultra-micron particles or particles bigger than 10 µm. The main
chemical reaction is as following:

(CH3COO)2Ca→ CH3COCH3 + CaCO3 (5)

CaCO3 → CaO + CO2 (6)

3Al2O3·2SiO2 + CaO→ CaO·Al2O3·2SiO2 (7)

CaO·Al2O3·2SiO2 + CaO→ 2CaO·Al2O3·2SiO2 (8)

CaO·SiO2 + SiO2 → 3CaO·2SiO2 (9)

SiO2 + CaO→ CaO·SiO2 (10)

By adding calcium in the coal minerals, the content of the calcium improves the
proportion of liquid components, improving the surface adhesion of mineral elements
Al, Si, Fe and others on the big particles during the combustion process, which makes
submicron particles transform to PM1+, and aggregated to form large particles of Ca-Fe-
Al-Si and Ca-Al-Si components by collision. By changing the composition of ash, the
ash melting point can be reduced, which makes PM2.5 accumulate into bigger particles,
increasing the production of PM2.5+ and reducing PM2.5 emissions [52].

3.3. Effect of Iron on the Formation of Fine Particles
3.3.1. Effect of Iron on the Particle Morphology and Particle Size Distribution

Figures 2 and 23 show the morphology of particles by the combustion of raw coal and
raw coal-carrying Fe. Compared with the raw coal combustion, the particles produced
by combustion of Fe-contained compounds showed more accumulation, and a part of
the submicron particles adhered to the surface of the coarse-mode particles. The SEM
results show that the spherical particles indicate that they are formed by droplets in the
combustion process; semi-molten irregular particles show that they are from the transition
of solid or incomplete liquid particles.

Figure 24 shows the particle size distribution of the particles by combustion of raw
coal and raw coal-carrying Fe. It can be seen that, after adding Fe element, the mass
particle size of the generated particle changes. Raw minerals (including particle size and
chemical composition) affect the effect of adding Fe minerals to some extent [53]. As
shown in Figure 25, by comparing the effects of raw coal and raw coal adding Fe on the
formation of PM0.2, PM0.2–1 and PM1–2.5; the production of PM0.2, PM0.2–1 and PM1–2.5 were
reduced from 0.32 mg/g, 0.31 mg/g, 0.45 mg/g to 0.27 mg/g, 0.26 mg/g and 0.31 mg/g.
After adding Fe, the production of PM0.2, PM0.2–1 and PM1–2.5 decreased by 15.6%, 16.2%
and 31.1%, respectively, and the production of PM2.5 was reduced by 22.4%. While the
production of PM2.5–10 increased from 0.17 mg/g to 0.34 mg/g, the production of PM10 was
reduced from 1.24 m/g to 1.18 mg/g. It is clear that a significant fraction of the submicron
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particles produced during coal combustion are converted into ultra-micron particles after
the addition of Fe minerals.
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Figure 23. Morphology of particles after carrying Fe.
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3.3.2. Effect of Iron on the Chemical Composition of Particles

The addition of Fe-containing compounds can significantly affect the conversion
of minerals during pulverized coal combustion. The main elemental compositions of
pulverized coal combustion after carrying Fe are shown in Figures 26–31. The results show
that the main reason for the decrease in PM1 is the transfer of Ca, Mg, Al and Si from
submicron particles to ultra-micrometer particles. The following figure is the changes of
several major elements composition in the particulate matter generated by the original coal
and the original coal carrying Ca element. It can be seen that the total amount of Na and
Mg elements on the submicron particles is reduced due to the decrease in the amount of
submicron particulate formation. Distribution changes of Al and Si in different particles
indicate that the Al and Si in the submicron particles are transferred to the ultra-micron
particles after the addition of Fe; especially the particles in the vicinity of 10 µm have
remarkably increased. The composition of particle generated by raw coal-carrying Fe is
similar to that carrying Ca and Mg.
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Figure 26. Mass particle size distribution of Na (Fe addition). (a) The curves of mass particle size
distribution. (b) Sectional size distribution.
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Figure 27. Mass particle size distribution of Mg (Fe addition). (a) The curves of mass particle size
distribution. (b) Sectional size distribution.
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Figure 28. Mass particle size distribution of Ca (Fe addition). (a) The curves of mass particle size
distribution. (b) Sectional size distribution.
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Figure 29. Mass particle size distribution of Al (Fe addition). (a) The curves of mass particle size
distribution. (b) Sectional size distribution.

Energies 2023, 16, 730 17 of 24 
 

 

  
(a) (b) 

Figure 28. Mass particle size distribution of Ca (Fe addition). (a) The curves of mass particle 

size distribution. (b) Sectional size distribution. 

  
(a) (b) 

Figure 29. Mass particle size distribution of Al (Fe addition). (a) The curves of mass particle size 

distribution. (b) Sectional size distribution. 

  

(a) (b) 

Figure 30. Mass particle size distribution of Fe (Fe addition). (a) The curves of mass particle size 

distribution. (b) Sectional size distribution. 

0.01 0.1 1 10

0.0

0.1

0.2

0.3

0.4

0.5

Particle size（μm）

d
M

/d
L

o
g

D
p

 (
m

g
_

P
M

1
0
/g

)

 

 Ca in origin coal

 Ca in coal with Fe addition

0.01 0.1 1 10

0.00

0.02

0.04

0.06

0.08

0.10

d
M

/d
L

o
g

D
p

 (
m

g
_

P
M

1
0
/g

)

Particle size（μm）

 Al in origin coal

 Al in coal with Fe addition

0.01 0.1 1 10

0.0

0.1

0.2

0.3

0.4

0.5

Particle size（μm）

d
M

/d
L

o
g

D
p

 (
m

g
_

P
M

1
0
/g

)

 

 Fe in origin coal

 Fe in coal with Fe addition

Figure 30. Mass particle size distribution of Fe (Fe addition). (a) The curves of mass particle size
distribution. (b) Sectional size distribution.
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Figure 31. Mass particle size distribution of Si (Fe addition). (a) The curves of mass particle size
distribution. (b) Sectional size distribution.

The main reason for the decrease in PM1 generated by iron-added coal is that in the
initial stage of pulverized coal combustion, the intrinsic minerals in coal are decomposed
into fine Fe2O3 particles, the aluminosilicates released from the char combustion stage,
Fe2O3 fine particles and aluminosilicates undergo a series of chemical reactions to form iron-
containing minerals which can react with Al-Si compounds below 10 µm to form molten
Fe-Al-Si, which aggregates into more than 10 µm aluminosilicates salt. The main processes
are as follows: Step one. The carrying compound decomposes to produce Fe2O3; Step two.
The burning coke releases fine particles such as Al-Si; Step three. Fe2O3 reacts with the
released Al-Si to form Fe-Al-Si which either condenses into fine particles or is converted
into PM1+; Step four. Most of the molten Fe-Al-Si aggregates together or agglomerates on
the surface of unreacted Al-Si, Fe2O3, or improves their cohesive ability (unreacted Al-Si,
Fe2O3) to agglomerate to the particle more than 10 µm. By changing the content of the
ash and reducing the melting point of the ash, PM2.5 accumulated into bigger particles,
increasing the production of PM2.5+, which finally reduces the emission of PM2.5.

Figure 32 is a diagram showing the morphology and the energy spectrum of particles
formed after carrying Fe. At the two points of the first spectrum, the content of Fe is
11% and 22%, respectively. The content of Fe in the second spectrum is 27% and 47%,
respectively. The main components compositions of Fe-containing particles are Fe-Al-Si,
Fe-Ca-Al-Si and so on. The flux effect of Fe2O3 is largely affected by the atmosphere because
Fe has different valence states in different atmospheres which have different effects on the
silicate. The main reason is that Fe2+ is connected with an oxygen atom through octahedral
structure, and Fe3+ is connected with oxygen through the tetrahedral structure. As a result
of the charge balance, the tetrahedral structure of Fe3+ is easy to connect with four-sided
structure of the SiO2, which makes the Si-O bond brake, and part of the three-dimensional
network structure decompose to form a new three-dimensional network structure, and the
viscosity of the silicate at high temperatures decreased on the macro performance. The
octahedral structure of Fe2+ is more likely to make the original three-dimensional network
structure loose and disintegrate which leads to a significant reduction in viscosity. Due to
the role of charge balance, Fe ions can participate in the formation of complex chelates. Fe3+

cations and O-containing anions (FeO2− and Fe2O2−
5 ) can form complex FexO2−

y anions,
and this complex structure can increase the viscosity of coal ash.
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Figure 32. Morphology and spectra of particles after adding Fe. (a) The curves of mass particle size
distribution. (b) Sectional size distribution. (c) Spectral scanning position. (d) Elements of scan position.

Fe2O3 in weak reduction or oxidation atmosphere systems can play a role in reducing
ash melting point. Especially in the weak reducing atmosphere, Fe2O3 (1560 ◦C) can exist
in the form of FeO (1420 ◦C), compared with Fe of other valence, it is easier to form low-
temperature eutectic compounds with SiO2 and other substances, which have the strongest
flux effect. In the reducing atmosphere, when the temperature is 900 ◦C, hematite (Fe2O3)
and siderite (FeCO3) can decompose to FeO when they are heated. When the temperature is
higher, 1000~1200 ◦C, FeO and other minerals began to react, such as quartz (SiO2), mullite
(3Al2O3·2SiO2, when the temperature is 1810 ◦C it decomposes to Al2O3, SiO2 of liquid
phase) and anorthite (The melting point of CaO·Al2O3·2SiO2 is 1553 ◦C). After the reaction,
iron olivine (2FeO·SiO2, The melting point is 1065 ◦C), iron spinel (FeO·Al2O3) and so on
with a lower melting point is produced. It is found that anorthite (CaO·Al2O3·2SiO2) began
to partially decompose at 1000~1100 ◦C and react with FeO to produce 2FeO·SiO2 (melting
point 1065 ◦C) with a low melting point. Studies have shown that iron-based minerals,
especially those containing Al, Si, Fe minerals generally have a relatively low melting point.
The flux effect of FeO is close to that of CaO. When the content of FeO exceeds 10%, the
fluxing effect is better than that of CaO. Zhang [54] used frontier orbital theory from the
view of quantum chemistry to show that the melting point of iron olivine (2FeO·SiO2) is
1065 ◦C lower than that of mullite (3Al2O3·2SiO2) and kaolinite (Al2O3·2SiO2·2H2O).

After the addition of the Fe compound, the following main reaction can reduce the
formation of fine particles:

Fe(NO3)3 → Fe2O3 + 12NO2 + 3O2 (11)

Fe2O3 → FeO + O2 (12)
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SiO2 + FeO→ FeO SiO2 (13)

FeO + Al2O3 → Fe2Al2O4 (14)

FeO·SiO2 + FeO→ 2FeO·SiO2 (15)

3Al2O3·2SiO2 + FeO→ 2FeO·SiO2 + FeO·Al2O3 (16)

CaO·Al2O3·2SiO2 + FeO→ 2FeO·SiO2 + FeO·Al2O3 + 3FeO·Al2O3·3SiO2 (17)

From these chemical reactions we can see that after the addition of Fe, the generated
sub-micron particles aggregated and bonded to form big particles, thereby reducing the
amount of submicron particulate matter.

3.4. Comparison of the Effect on Adding Several Inorganic Compounds

The addition of three minerals had some similarity to the control mechanism of the
formation of submicron particles. Aiming to the control of PM1, the amount of produced
PM1 was 0.63 mg/g coal. After adding Mg, Ca and Fe, the amount of PM1 was 0.51 mg/g
coal, 0.41 mg/g coal and 0.53 mg/g coal, respectively. The amount of PM1 was reduced by
19%, 35% and 16%, respectively, when the raw coal was loaded with Mg, Ca and Fe. The
effect of the three mineral elements in the control of PM1 is Ca > Mg > Fe. Aiming to the
control of PM2.5, the amount of PM1 was reduced by 19%, 35% and 16%, respectively, when
the raw coal was loaded with Mg, Ca and Fe. The effect of the three mineral elements in
the control of PM2.5 is Ca > Fe > Mg, this is mainly due to Fe in the control of PM1–2.5 is
slightly better than the effect of Mg. After the addition of Mg, the amount of PM10 was
almost unchanged, and the amount of PM10 decreased 17.7% and 5% after the addition of
Ca and Fe, respectively, compared with the raw coal. These three kinds of minerals can
make coal-generated PM1 to some extent in the combustion process by aggregating and
bonding ways to form bigger particles.

The amount of PM1 generated by coal adding the mineral element is reduced, the main
reason is that in the initial stage of pulverized coal combustion, the intrinsic minerals (car-
rying compounds containing Mg, Ca, Fe) in coal are decomposed into fine MgO, CaO and
Fe2O3 particles. The aluminosilicates, fine MgO, CaO and Fe2O3 particles released from the
coal combustion stage underwent a series of chemical reactions to form the corresponding
aluminosilicates or complex materials containing the above three compounds, collide and
bond to form a low melting point material, aggregate into aluminosilicate containing Mg,
Ca and Fe.

The added minerals can react with the fine particles to form molten ash particles
which can agglomerate into bigger aluminosilicates. The whole process is as follows: Step
one. After the loading of mineral elements, the coal decompose combustion to release fine
particles of MgO, CaO and Fe2O3 during combustion process; these substances collide
under gaseous conditions to form the widely distribution of molten droplets. Step two. The
burning coke releases fine particles containing Al-Si and so on. Step three. Mg-Ca-Al-Si,
Ca-Al-Si and Fe-Al-Si in the molten state are formed by the reaction of MgO, CaO and
Fe2O3 with the released fine particles of Al-Si, which either agglomerate into fine particles
or convert to PM1+.Step four. Most of the molten Mg-Ca-Al-Si, Ca-Al-Si and Fe-Al-Si
aggregate together or aggregate on the surface of the unreacted Al-Si and oxide fine particles
or improve their cohesive ability to make them condense into bigger particles. Therefore,
by adding minerals to change the ash composition, reducing the ash melting point makes
the sub-micron particles accumulate into larger particles, increasing the amount of ultra-
microns and effectively reducing sub-micron particulate matter emissions.

These three mineral elements, Mg, Ca and Fe, can reduce the formation of submicron
particles, mainly due to the decrease in the ash melting point [55] and contribute to the
formation of low-temperature eutectic material which can bond the sub-micron particles
or fine particles together to form coarse mode particulates. Scholars usually describe the
composition of ash as 11 kinds of oxides: SiO2, Al2O3, Fe2O3, CaO, MgO, TiO2, Na2O, K2O,
SO3, MnO2 and P2O5. In the study of the effect of ash composition on the melting point,
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the former several oxides are generally considered. These oxides are generally divided into
two categories, one can increase the ash melting point of the acidic oxides, including SiO2,
Al2O3, TiO2, etc., whereas the other can reduce the ash melting point of alkaline oxides,
including Fe2O3, CaO, MgO, Na2O, K2O and so on.

It was proposed that the behavior of acidic and alkaline components is mainly affected
by the chemical structure of ions [56]. The concept of “ion potential” is proposed. The
ion potential is the ratio of ion valence to ionic radius. The ion potential of Mg2+, Fe2+,
Ca2+, Na+ and K+ are 3.0, 2.7, 2.0, 1.1 and 0.75, respectively. The ion potentials of Si4+, Al3+,
Ti4+and Fe3+ are 9.5, 5.9, 5.9 and 4.7, respectively. The ionic potential of the acidic oxide
is high and the ionic potential of the basic oxide is low. Cations with high ionic potential
are easily bound to O and form complexes or complex ions, and acidic components form a
polymer in the ash. Alkaline components can prevent the formation of polymer, which play
a role in reducing ash melting point. Ion potential of Na+, K+, Ca2+, Mg2+ are the lowest,
which can destroy the formation of polymer, which can help the role of melting. Some
studies have shown that the total alkali content and ash fusion temperature have a good
correlation (r = 0.84).When the content of Fe2O3 in coal ash is less than 20%, the average
melting point of ash decreases by 18 ◦C for every 1% increase in Fe2O3 [56]. From the point
of ionic potential, the ion potential of Fe3+ is 4.7 and the ion potential of Fe2+ is 2.7; Fe2+ is
more effective than Fe3+ in reducing ash fusion temperature.

4. Conclusions

The production of PM1 is mainly affected by the evaporation of mineral elements in
the coal combustion process, which reduces the evaporation of the mineral elements or
the generated PM1, aggregating to form PM1–10 or particles bigger than 10 µm which can
reduce the emission of PM1.

(1) The amount of PM0.2, PM0.2–1 and PM1–2.5 produced by the raw coal-carrying Mg are
reduced by 36.7%, 17.4% and 24.6%, respectively, and the amount of PM2.5 is reduced
by 21.6%. The amount of PM10 is almost unchanged. Adding Mg can effectively
increase the viscosity of submicron particles, making it easier to aggregate and bond
together to form ultra-micron particles.

(2) The amount of PM0.2, PM0.2–1 and PM1–2.5 produced by the raw coal-carrying Ca
are reduced by 36.3%, 33.0% and 42.8%, respectively, and the amount of PM2.5 is
reduced by 38%. The production of PM10 is reduced by 17.7%. The effect of adding
Ca compounds on the particles is better than that of Mg.

(3) The amount of PM0.2, PM0.2–1 and PM1–2.5 produced by the raw coal-carrying Fe are
reduced by 15.6%, 16.2% and 31.1%, respectively, and the amount of PM2.5 is reduced
by 22.4%. While the production of PM2.5–10 increased from 0.17 mg/g to 0.34 mg/g,
the production of PM10 is reduced by 5%. It is clear that a significant fraction of the
submicron particles produced during the combustion of the raw coal are transformed
into ultra-micron particles after the addition of Fe minerals.

(4) After comparing the particulate matter produced by raw coal after carrying Mg, Ca
and Fe, it can be found that the addition of these three mineral elements can effectively
reduce the ash melting point, so that part of the sub-microns generated during the
process of coal combustion can be aggregated, bonded or adhered to other particles to
form ultra-micron particles.

(5) In the process of coal combustion, some submicron particles form submicron particles,
which are easy to be removed by dust removal equipment, which is conducive to
simplifying the control process of coal-fired particles and reducing the cost of particle
control. At the same time, compared with many particle removal technologies, the
cost of mineral-element-modified coal is lower, the dedusting equipment is simpler
and the dedusting efficiency is higher, which has a broader application prospect.
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