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Abstract: Undesired solid precipitation in coal slag at high temperatures can cause serious blockages,
or even the shutdown of coal gasifiers, due to a rapid increase in slag viscosity. In this study, the solid
precipitation behaviors of coal slag from different primary phases and under different atmospheres
were both experimentally and theoretically investigated. Our results demonstrated that the viscosity
of the coal slag in the primary phase of mullite was strongly influenced by the atmosphere at
a typical tapping temperature of 1300 ◦C because of the high content of network formers. The
viscosity of the partially crystallized slag was significantly affected by solid precipitation behavior.
Iron was converted to magnetite and hematite in air and was reduced to metallic iron under a
reducing atmosphere. Increasing CaO content improved both the iron reduction reaction and the
slag crystallization behavior. Anorthite precipitation was largely inhibited under a mild reducing
atmosphere, leading to a large difference in the viscosity of coal slag under different atmospheres. In
contrast, the viscosity of the coal slag in the primary phase of mullite was slightly influenced by the
atmosphere due to the weak crystallization tendency of mullite, as well as its high slag viscosity.

Keywords: entrained-flow coal gasification; coal slag; solid precipitation; atmosphere;
thermodynamic modeling

1. Introduction

Coal gasification is the main and most reliable technology for hydrogen produc-
tion [1,2]. Entrained-flow coal gasification employs a high gasification temperature of
approximately 1300–1500 ◦C to achieve a high carbon conversion ratio and a large output.
The inorganic elements in coal are transformed to coal slag and are continuously tapped
due to the force of gravity. To ensure a smooth slag-tapping process, the slag viscosity
should be in the range of 2.5–25 Pa·s, and the tapping temperature range should be main-
tained [3–7]. However, a solid phase may precipitate from the slag and lead to a sharp
increase in its viscosity, resulting in blockage or even shutdown of the gasifier [8–10]. The
temperature at which slag viscosity is significantly influenced by solid precipitation is
called the temperature of critical viscosity (Tcv) [3,11]. Therefore, a deep understanding
of solid precipitation behavior in coal slag could inform the establishment of a smooth
tapping process using an entrained-flow coal gasifier.

Coal slag viscosity is determined by the slag structure above the liquidus temperature
(Tliq) and is governed by solid precipitation behavior at a low temperature [12–14]. The
main components (expressed as oxides) of coal slag are SiO2 (20–80 wt.%), Al2O3 (5–45 wt.%),
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Fe2O3 (0.2–30 wt.%), CaO (0.2–35 wt.%), MgO (0.1–4.0 wt.%), Na2O (0.2–20 wt.%), K2O
(0.1–4.0 wt.%), and TiO2 (0.6–3.0 wt.%) [15]. The crystallization behavior of silicate melt is
also connected with the pyrometamorphism phenomenon described in Earth science [16].
Si4+ is a major network former that connects the network structure and increases slag
viscosity. In contrast, Ca2+, Mg2+, Fe2+, Na+, and K+ are network modifiers that disrupt the
network structure and reduce slag viscosity [17,18]. Al3+ and Fe3+ are amphoteric and can
either decrease or increase slag viscosity. Based on the roles of the different components,
coal slag viscosity increases with the Si/Al ratio and decreases with increasing CaO content,
Fe2O3 content, or Na2O content. In addition, the charge compensation effect of Na+ or K+

on tetrahedrally coordinated Al3+ results in a viscosity increase in coal slag [19].
Solid precipitation behavior at a low temperature is determined by the primary phase

and slag components [7,20]. Slag viscosity decreases at high temperatures due to structure
depolymerization, but it increases at low temperatures, due to intense solid precipitation
behavior [21,22]. Mullite is a precipitated solid phase found in low-CaO coal slag, and
it is transformed into anorthite and then to gehlenite with increasing CaO content [15].
Xuan et al. found that the crystallization tendency of slag with a Si/Al ratio of 0.5 was
the weakest due to the high Al2O3 content, and that slag with a Si/Al ratio in the range
of 1.5–3.5 was the strongest [23]. However, the high Si/Al ratio of slag was sufficient
to mask the sharp viscosity increase that occurred during solid precipitation [15]. In
addition, solid precipitation behavior was also found to be influenced by the atmosphere
as iron valence was changed [24]. The Fe2+ in the reducing atmosphere rejected the
crystallization temperature of coal slag, making anorthite crystallization behavior weakest.
The presence of metallic iron was found to accelerate anorthite crystallization by acting
as a crystal seed. Furthermore, water vapor impeded crystals’ growth and reduced their
average particle size [25]. Additionally, solid precipitation behavior can be predicted
via thermodynamic modeling. The content of precipitated solid phase in quenched slag,
which was determined using EPMA, corresponded well with a thermodynamic model [15].
However, the atmosphere in a gasifier varies with the gasifier’s type and geometry. The
total content of the reducing gas in an entrained-flow coal gasifier varied from 60 vol.% to
94 vol.%, and the atmosphere around the burner even oxidized [26]. Therefore, the iron in
coal slags differed in valence. However, the precipitation behavior of typical solid phase in
coal slags with different iron valences is scarcely reported.

In this study, the precipitation behaviors of the typical solid phases of coal slag
(anorthite, mullite, and gehlenite) were investigated under different atmospheres, using
both thermodynamic modeling and experimental methods, and their corresponding effects
on slag viscosity were also estimated. This study aimed to provide some basic insights into
the viscosity of coal slag based on solid precipitation behavior.

2. Experimental Section
2.1. Preparation of the Synthetic Coal Slag

Yanzhou coal, which has high iron content, was selected in this study. The raw coal
was crushed, ground, sieved to less than 0.075 mm, and properly stored for use. To
characterize the ash composition of Yanzhou coal, Yanzhou ash was prepared at 815 ◦C, in
air, according to the Chinese standard GB/T 212-2008. The ash composition was analyzed
via XRF, according to ASTM D6349, and is shown in Table 1.

Table 1. Chemical composition (wt.%) of Yanzhou ash.

SiO2 Al2O3 Fe2O3 CaO MgO Na2O K2O SO3 TiO2 Others

34.5 18.8 16.0 17.7 1.8 0.5 0.3 7.9 0.6 1.8

The coal slag was mainly composed of SiO2, Al2O3, CaO, and Fe2O3; thus, the chemical
components of Yanzhou ash were simplified to Si-Al-Ca-Fe-O [27]. It should be noted that
the thermodynamic properties of the Si-Al-Fe-Ca-O system have been widely studied since
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1942 [28–30]. Additionally, many researchers have employed this system to model the
fusion and viscosity of coal ash or coal slag systems [27,31–35]. The simplified composition
of Yanzhou ash is denoted as S-A and is shown in Table 2. The common solid phases
in coal slag include anorthite, gehlenite, and mullite at a tapping temperature range of
1300–1500 ◦C. In order to modify the precipitated solid phase of S-A at a high temperature,
the CaO content was decreased or increased until the primary phase of the new coal slag
was mullite or gehlenite. The designed coal slags are denoted as S-M and S-G, respectively,
as shown in Table 2. To prepare the synthetic coal ash, four laboratory reagents (SiO2,
Al2O3, Fe2O3, and CaO) were treated at 815 ◦C for 2 h to remove impurities. After the
heating treatment, these four laboratory reagents were ground to less than 0.075 mm. The
synthetic coal ash was prepared by mixing the laboratory reagents SiO2, Al2O3, Fe2O3, and
CaO in an agate mortar for 24 h.

Table 2. Chemical composition of synthetic coal ash.

Sample Primary Phase
Content, wt.%

SiO2 Al2O3 Fe2O3 CaO

S-A Anorthite 49.5 27.1 18.4 5.0
S-M Mullite 39.6 21.6 18.4 20.4
S-G Gehlenite 30.1 16.5 18.4 35.0

2.2. Thermodynamic Modeling

The thermodynamic simulation software FactSage (version 7.2) represents a fusion
of two well-known software packages in computational thermochemistry: Fact-Win and
ChemSage [36]. FactSage includes a series of information, databases, calculations, and
manipulation modules that enable one to access and manipulate pure solid and solution
databases. The theoretical background of FactSage calculation is complex and can be
described using the Gibbs energy tree [37]. The basis of FactSage simulation is represented
by Gibbs energy minimization of a multicomponent system at a given temperature and
composition ranges. FactSage has been widely used to predict the phase composition of
coal slag systems at high temperatures, supporting predictions of ash fusion temperatures,
the temperature of critical viscosity (Tcv), and slag viscosity [7,15,31,38–45]. FactSage
(version 7.2) was employed to investigate the solid precipitation behavior of coal slag under
different atmospheres [36]. The “Equilib” module, along with the databases “FactPS: and
“FToxid”, was selected during modeling.

The oxides of coal slag were used as inputs during thermodynamic modeling. The
simulation temperature was set from 1000 ◦C to 1600 ◦C, with an interval of 50 ◦C. The
simulation pressure was 1 bar. The types of atmosphere employed in this study were air, a
mild reducing atmosphere (VCO:VCO2 = 60%:40%, denoted as MR), and a shell atmosphere.
The gas composition is listed in Table 3.

Table 3. The gas composition of different atmospheres.

Atmosphere
Content, vol.%

N2 O2 CO CO2 H2 H2O

Air 78.1 21.9 - - - -
MR - - 60.0 40.0 - -

Shell - - 62.1 2.3 31.6 4.0
SR - - 97.4 2.6 - -

2.3. Viscosity Modeling of Coal Slag

There are many models for calculating the viscosity of silicate melts [46–51]. Viscosity
models are commonly built based on the specific composition of silicate melts. Therefore,
it is challenging to identify the optimal viscosity model for a specific silicate melt. In
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this study, the viscosity of coal silicate slag was calculated using the “viscosity” module
embedded in FactSage because this model was established based on slag structure (short-
range ordering), especially for the silicate melts with high iron content [36,44,45,52]. The
FLS was transformed into partially crystallized slag (PCS) below the liquidus temperature.
The viscosity (η) of the PCS was calculated based on the Einstein–Roscoe equation, as
shown in Equation (1); ηliq, φ, and Φm are the liquid viscosity, the volume fraction of
the solid phase, and the maximum amount of solid phase required for the slag viscosity
to become infinite [3]. It should be noted that Φm was influenced by the geometry of
the solid phases. A Φm of 0.74 was suitable for face-centered cubic packing, which was
selected in this study [3]. A Φm of 1.00 was applied to spheres of diverse sizes [53], and
Φm was chosen to be π/6 in cases where cubes were the same size [54]. Note that it
is difficult to determine the size and geometric distribution of solid phase in the slag.
The determination of Φm in cases of the uniform spheres cannot provide adequate or
accurate calculations of the effective viscosity for PCS [55–57]. The viscosity of ηliq was
calculated according to the chemical composition of the liquid phase, which was obtained
via thermodynamic simulation. The density (ρ, kg/m3) of the slag was calculated based
on Equation (2), with an accuracy of ±5%, where Xi was the weight fraction of species i
in the coal slag [58]. The densities of anorthite, mullite, and gehlenite were 2.61 g/cm3,
2.95 g/cm3, and 3.15 g/cm3, respectively.

η = ηliq ∗
(

1 − φ

Φm

)−2.5
(1)

ρslag = 2460 + 18 ∗ (XFeO + XFe2O3 + XMnO) (2)

2.4. DSC Analysis

The DSC was used to detect the crystallization heat of coal slag during the cooling
process. Briefly, a corundum crucible which contained an approximately 20 mg sample was
loaded in the sample chamber of a NETZSCH STA 449F5. Before conducting the experiment,
the instrument was stabilized under Ar flow for 48 h. A blank test was performed using
an empty corundum crucible. The flow rates of the Ar were 20 mL/min and 80 mL/min
for the protect gas and carrier gas, respectively. The heating rates were 20 ◦C/min from
35 ◦C to 1100 ◦C and 10 ◦C/min from 1100 ◦C to 1500 ◦C, respectively. After holding the
sample at 1500 ◦C for 1 min, the slag was cooled to 900 ◦C at a cooling rate of 3 ◦C/min.
The Ar was used as both the carrier gas and the protective gas. The exothermal behavior
of slag during cooling, caused by solid precipitation, was recorded. To better monitor the
crystallization heat of the slag, the crucible was covered with a lid during the test.

2.5. Quenching Experiment

The solid precipitation behavior was experimentally determined using the slag quench-
ing method. The corundum crucible, which was loaded with a 1.0 g sample, was placed in
a horizontal tube furnace, and then it was heated to 1300 ◦C, under specific atmospheric
conditions, at a flow rate of 120 mL/min. The temperature program of the quenching exper-
iment is shown in Figure 1. After the sample was kept at 1300 ◦C (S-A and S-G) or 1350 ◦C
(S-M) for 60 min, it was removed and quenched in ice water. The atmospheres employed
in the quenching experiment included MR and air. The corresponding gas composition
is shown in Table 3. In addition, a gas mixture (SR) of 97.4 vol.% CO and 2.6 vol.% CO2
was used to simulate the shell gasifier atmosphere. The oxygen partial pressure of SR was
close to that of the shell atmosphere. The quenched slag was dried and pulverized to less
than 0.075 mm for mineral determination. The solid species of the pulverized slag was
determined via X-ray powder diffraction (XRD), using Cu Kα radiation at 40 kV, 40 mA,
and λ = 0.154 nm. The step size was 0.02◦, and the scanning speed was 4◦/min. The
microstructure of the quenched slag was determined using a scanning electron microscope
equipped with an energy-dispersive X-ray analyzer (SEM-EDX, JSM-7001F).
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3. Results and Discussion
3.1. Distribution of Iron Valences under Different Atmospheres

It has been experimentally proven that the iron valence in coal slag is mainly influenced
by the atmosphere and is slightly affected by slag composition [25]. Thus, the effect of
slag composition was not considered in this study. The distribution of iron valence in
the S-A slag under different atmospheres is shown in Figure 2, which shows that iron
mainly existed as Fe2+ under an MR atmosphere and was partly exited as Fe3+ in air. Iron
was reduced to Fe2+ under an MR atmosphere due to the presence of the reducing gases,
including CO and H2. Fe2+ is more stable than Fe3+ at a high temperature, and hence,
Fe2+/Fe3+ increases with temperature in air [59]. The variation in Fe2+/Fe3+ below Tliq was
attributed to the solid crystallization reaction in the melt. Nevertheless, the iron valence
distribution was mainly influenced by the atmosphere.
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3.2. Effect of Iron Valence on the Viscosity of FLS

Slag viscosity is influenced by both the slag composition and the crystallization re-
action at a relatively low tapping temperature. To avoid the effect of solid precipitation
on slag viscosity, the coal slag was assumed to form FLS in the range of 1200–1500 ◦C.
Additionally, the iron in the slag was in the form of Fe2+ under the reducing atmosphere,
and it was in the form of Fe3+ in air during the viscosity modeling.

The viscosities of slag containing different iron valences are shown in Table 4 and
Figure 3. As shown in Figure 3, the viscosity of the slag containing Fe2+ was lower than
that of the slag containing Fe3+. Fe2+ is a network modifier that can disrupt slag’s structure
and decrease its viscosity, while Fe3+ is amphoteric and can either bond or disrupt slag
viscosity. Therefore, the viscosity of coal slag containing Fe2+ was lower. In addition, the



Processes 2023, 11, 1522 6 of 19

effect of iron valence on the viscosity of coal slag weakened with increasing CaO content,
as shown in Figure 3. The viscosity difference in slags containing different iron valences
was 17.4 Pa·s for the S-M slag and 0.12 Pa·s for the S-G slag, respectively. The viscosity of
coal slag decreased with increasing CaO content, because Ca2+ is a network modifier that
decreases the slag’s structure. However, Ca2+ may compensate for the charge deficiency of
tetrahedral-coordinated Al3+, leading to a slight viscosity increase. Therefore, the effect of
iron valence on slag viscosity weakened with increasing CaO content.

Table 4. Viscosity of slag containing different iron valences.

Temperature, ◦C

Viscosity, Pa·s
S-A S-G S-M

100% Fe2+ 100% Fe3+ 100% Fe2+ 100% Fe3+ 100% Fe2+ 100% Fe3+

1600 0.45 0.59 0.10 0.11 2.84 3.45
1550 0.61 0.84 0.12 0.14 4.29 5.24
1500 0.86 1.23 0.16 0.18 6.70 8.23
1450 1.25 1.86 0.20 0.24 10.82 13.41
1400 1.85 2.90 0.26 0.32 18.16 22.76
1350 2.83 4.70 0.35 0.43 31.80 40.44
1300 4.49 7.91 0.47 0.59 58.36 75.76
1250 7.40 13.97 0.65 0.84 112.78 150.52
1200 12.72 25.60 0.93 1.22 230.63 319.99
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Overall, the effect of iron valence distribution on viscosity is relatively weak in the
optimal slagging viscosity range of 2.5–25 Pa·s. Therefore, there is a need to investigate the
viscosity of coal slag under the conditions of solid precipitation.

3.3. Effect of Solid Precipitation on the Viscosity of PCS

The solid precipitated when the temperature was below the liquidus temperature, and
the coal slag was transformed into partially crystallized slag (PCS, a mixture of the solid
and liquid phases). Therefore, the viscosity of the PCS was influenced by both the solid
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properties and the liquid viscosity. The primary phases of S-A, S-G, and S-M are anorthite,
gehlenite, and mullite, respectively.

3.3.1. The Viscosity of the Slag from the Primary Phase of Anorthite
Anorthite Precipitation Behavior

The viscosity of coal slag was tested from a high temperature to a low temperature.
When the solid was not precipitated, the increasing trend of slag viscosity with decreasing
temperature was mild. However, solid precipitation and the crystallization reaction led to
an abrupt increase in slag viscosity. The x-axis of Figure 4 was reversed to highlight the
temperature range at which slag viscosity was significantly influenced by solid precipitation.
As shown in Figure 4, the precipitation order of the solid phase was influenced by the
atmosphere. Anorthite was the first precipitated solid phase (also known as the primary
phase) in air and MR (Figure 4a,b), though it precipitated after the metallic iron in a shell
atmosphere (Figure 4c). In addition, the iron in the slag was reduced to metallic iron under
in a shell atmosphere. The metallic iron had a high melting point of 1537 ◦C and was
immiscible with the slag phase. Therefore, the metallic iron precipitated first. In addition,
the Fe3+-containing minerals, including corundum and andradite, were precipitated after
anorthite in air. Kong et al. found that the temperature of critical viscosity (Tcv) is closely
related to the formation rate of solid phase [43]. As shown in Figure 4d, the anorthite
precipitation rate increased first, and then it decreased with a temperature decrease. The
maximum anorthite precipitation rate was found to be between 1400 ◦C and 1350 ◦C.
Furthermore, the anorthite precipitated at a higher temperature, and the precipitation
rate of anorthite in air was higher than that under MR and shell atmospheres. With
the temperature decreasing to 1350 ◦C, the precipitation rate of anorthite under a shell
atmosphere was the highest. In addition, the precipitation rate of anorthite under an MR
atmosphere was the lowest of the three atmospheres. It should be noted that anorthite
precipitation was influenced by other solid phases. The low precipitation rate of anorthite
below 1300 ◦C was attributed to corundum crystallization in air. In contrast, metallic iron
precipitation resulted in a relative increase in Si4+ and Al3+ in the slag, improving the
anorthite crystallization under an SR atmosphere. The above results demonstrate that
anorthite precipitation was inhibited by Fe2+ but was improved by Fe3+. This is consistent
with the experimental results [25]. The increase in the anorthite precipitation rate under a
shell atmosphere was caused by metallic iron precipitation, which led to a relative increase
in CaO content in the liquid phase.

In addition, the metallic iron content was less than 2 wt.% in the S-A slag at 1400 ◦C.
According to the Einstein–Roscoe equation, the change of viscosity due to metallic iron
precipitation was within 5%, which can be ignored above 1400 ◦C, as shown in Figure 5.
Considerable precipitation of anorthite was found to occur below 1400 ◦C. Therefore, the
slag viscosity increase was related to anorthite crystallization.

Effect of Anorthite Precipitation on Slag Viscosity

As shown in Figure 6, the viscosities of S-A slag under different atmospheres were
close at temperatures above 1400 ◦C, because the solid content was low. Below 1400 ◦C,
the viscosity difference between the air and shell atmospheres was significant with the
decreasing temperature. The slag viscosity achieved its upper limit of 25 Pa s at 1300 ◦C
in the smooth slag-tapping process. In contrast, the slag viscosity increased slightly with
the decreasing temperature under an MR atmosphere, and an abrupt increase in viscosity
was found at temperatures below 1100 ◦C. Solid precipitation behavior was the main
influencing factor in the viscosity of PCS. Therefore, anorthite precipitation behavior was
strong under air and shell atmospheres, but it was weak under an MR atmosphere. The
Tcv (the temperature of critical viscosity) denotes the temperature at which the viscosity
abruptly increases. Hence, the slag-tapping temperature of the entrained-flow coal gasifier
should be above the Tcv. As shown in Figure 6, the Tcv under an MR atmosphere was
much lower than that under air and shell atmospheres. Therefore, S-A exhibited the
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best tapping performance under an MR atmosphere. The Tcv was influenced by both the
solid phase properties and liquid viscosity. The high Tcv of air was ascribed to corundum
precipitation. The content of the network modifier (Fe2+ and Ca2+) decreased with metallic
iron precipitation, leading to the high viscosity of the liquid phase. Therefore, the Tcv under
a shell atmosphere was higher than that under an MR atmosphere.
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3.3.2. The Viscosity of the Slag from the Primary Phase of Gehlenite
Gehlenite Precipitation Behavior

In Figure 7, the major solid phase that precipitated from the slag was melilite rather
than gehlenite. Note that melilite was a solid solution. For the Si-Al-Fe-Ca-O system, the
melilite was composed of iron–akermanite, gehlenite, and iron–gehlenite. As shown in
Figure 7a–c, significant precipitation of melilite was observed under the three atmospheres.
Under the shell atmosphere, metallic iron was precipitated, and the metallic iron content of
S-G slag was higher than that of S-A slag. The Ca2+ and Fe2+ competed with each other
in the slag structure [60]. The high Ca2+ in the S-G slag disrupted the bond between Fe2+

and Si4+, improving the metallic iron precipitation [60]. In addition, the melilite content
was highest under the MR atmosphere and was lowest in air. Xuan et al. also found that
melilite crystallization improved under the mild reducing atmosphere [61]. In Figure 7d,
the precipitation rate of melilite under the air and MR atmospheres was lower than that
under the shell atmosphere at temperatures above 1350 ◦C. However, the precipitation
rate of melilite increased sharply under the MR atmosphere until 1300 ◦C. In contrast,
the decrease in the melilite precipitation rate under the shell and air atmospheres was
attributed to the precipitation rate of other solid phases, including anorthite, wollastonite,
and clinpyroxene. Additionally, the effect of metallic iron precipitation on the melilite
precipitation rate was stronger than that of clinpyroxene and wollastonite because the Ca2+

content of the liquid phase was increased. Therefore, Fe2+ improved melilite crystallization,
while Fe3+ slightly inhibited it.

Effect of Gehlenite Precipitation on Slag Viscosity

As shown in Figure 8, the low viscosity of S-G slag at temperatures above 1400 ◦C
was attributed to the high content of network modifiers (Ca2+ and Fe2+) in the slag. The
gehlenite precipitated below 1400 ◦C, leading to viscosity differences between different
atmospheres. The co-precipitation of gehlenite and metallic iron led to a sharp increase in
viscosity under the shell atmosphere. The precipitation behavior of gehlenite in air was
close to that under the MR atmosphere, and hence, the viscosity difference was similar
under these two atmospheres. Furthermore, the Tcv under the MR atmosphere was the
lowest among the three atmospheres. This was attributed to changes in the solid content
and the liquid component.
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3.3.3. The Viscosity of the Slag in the Primary Phase of Mullite
Mullite Precipitation Behavior

Mull is a solid solution of non-stoichiometric mullite with Fe2O3 that was used for
the Si-Al-Fe-Ca-O system. As was shown in Figure 9a–c, mull was the primary phase
of S-M slag, and its precipitation behavior was almost uninfluenced by the atmosphere.
Alex et al. found that mullite was crystallized in low-CaO, low-Fe2O3 slags, and this was
consistent with our simulation results. The mull content in air was higher, while the mull
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contents under MR and shell atmospheres were almost identical. Our results demonstrate
that Fe3+ can improve mull crystallization, because the Al3+ in the mull structure can be
replaced by Fe3+ [62]. In Figure 9d, the mull precipitation rate in air was relatively higher
compared with the other two atmospheres, which was attributed to the high Fe3+ content
in air. The crystallization of quartz and anorthite under the shell atmosphere led to a high
precipitation rate in mull at temperatures below 1300 ◦C. Furthermore, the precipitation
rate of mull was much lower than that of anorthite and gehlenite.
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Effect of Mullite Precipitation on Slag Viscosity

As shown in Figure 10, the viscosity of S-M slag was higher than that of S-A and S-G at
1500 ◦C because it had a higher content of network formers (Si4+ and Al3+). This viscosity
decrease was related to mullite precipitation behavior at low temperature. Fe3+ tended to
replace Al3+ in mullite’s structure, improving its crystallization. Hence, the viscosity of S-M
slag in air was relatively higher. The increased viscosity in S-M slag caused by the mullite
precipitation was masked due to the low mullite content, and the Tcv was barely detectable.
Furthermore, the viscosity increase in S-M was mild with decreasing temperature. The
slag tapping temperature was assumed to be the T25, at which the slag viscosity is 25 Pa s.
The tapping temperature of S-M under the MR and shell atmospheres was 1420 ◦C, which
was lower than that under air. Overall, the viscosity of the slag in the primary phase of
mullite was less influenced by iron valence distribution, considering that the Tcv was barely
detectable. This was related to the high viscosity of S-M slag, which masked the influence
of solid precipitation.
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3.4. Experimental Investigation of Precipitation Behavior of Solid Phases
3.4.1. DSC Results

The exothermal behavior of the slags was caused by solid precipitation during the
cooling process. As shown in Figure 11, the crystallization behavior of the S-A slag and S-G
slag was much stronger than that of the S-M slag. Xuan et al. found that the crystallization
tendency of the coal slag (Si-Al-Fe-Ca-Mg-O) system increased with CaO content, which is
consistent with our experiment results [63]. The primary phases of the S-A and S-G were
anorthite and gehlenite, and these two solid phases had much lower Gibbs free energy
than mullite [64,65]. Therefore, the crystallization behavior of S-M was relatively mild.
Furthermore, the low viscosity of S-G slag improved its crystallization behavior, and its
initial crystallization temperature (1371 ◦C) was higher than that of the S-A slag (1306 ◦C).
The slag viscosity increased with decreasing CaO content, and hence, the crystallization
temperature of the S-A slag was lower than that of the S-G slag. Mullite crystallization
was barely detectable because the crystallization heat was only 0.48 mW/mg, which was
related to the high slag viscosity.

3.4.2. Mineral Species Analysis

The crystallization behavior of coal slag was investigated via XRD. As shown in
Figure 12a, anorthite was crystallized in the S-A slag under the three atmospheres, which
was consistent with the thermodynamic modeling results. In addition, metallic iron precip-
itation was found to occur under the SR atmosphere, while hematite and hercynite were
generated in air. Additionally, the diffraction peak intensity of anorthite in the S-A slag
at 28◦ was strongest under the SR atmosphere, which indicated higher anorthite content,
as shown in Table 5. As shown in Figure 12b, gehlenite crystallization was identified in
the S-G slag. Wollastonite, hedenbergite, and magnetite were crystallized in the S-G slag
in air. Furthermore, the gehlenite content was highest under the MR atmosphere because
the diffraction peak of gehlenite at 31◦ was strongest under this atmosphere. This was
in accord with the thermodynamic results. Mullite crystallization was identified in the
S-M slag. The diffraction intensity of mullite was much weaker than that of anorthite and
gehlenite, demonstrating that the crystallization content of mullite was much lower, even
at higher temperatures. This was consistent with the DSC results. The diffraction peak
of mullite at 16◦ was strongest in air, indicating high mullite content. Furthermore, the
diffraction peak of metallic iron at 44◦ was highest in the S-G slag, which is in line with the
thermodynamic results.
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Figure 12. Solid precipitation behavior in coal slag under different atmospheres: (a) S-A slag quenched
at 1300 ◦C, (b) S-G slag quenched at 1300 ◦C, (c) S-M slag quenched at 1350 ◦C. W = wollastonite;
M = mullite; 1 = anorthite; 2 = hematite; 3 = hercynite; 4 = metallic iron; 5 = larnite; 6 = gehlenite;
7 = hedenbergite; 8 = corundum; 9 = quartz; 10 = magnetite; 11 = cristobalite.

3.4.3. Microstructure Analysis

The microstructure of quenched slag was analyzed via SEM-EDS. The phase in the
quenched slag was determined based on the element distribution of the EDS mapping
results and XRD results. As shown in Figure 13a, Si, Al, Fe, and Ca were uniformly
distributed, indicating an abundance of the slag phase. Anorthite crystal was determined
to occur in the zone with low Ca content. In Figure 13b, S-G slag shows a uniform element
distribution which is similar to that of the S-A slag under MR. Therefore, the high CaO
content improved slag formation. In contrast, Si and Al were bonded together in the S-M
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slag under the MR atmosphere to form mullite, as shown in Figure 13c. Metallic iron and
quartz were determined in S-G slag under the SR atmosphere, as shown in Figure 13d.
Quartz was bonded with metallic iron, indicating a strong connection between Si and Fe.
Magnetite was easily identified in the S-M slag in air, as shown in Figure 13e. Additionally,
quartz and mullite were also found.

Table 5. The 2θ and intensity of minerals detected via XRD.

Sample 2θ (Intensity in cps)

S-A

Air
Anorthite: 18.99 (648), 22.09 (1117), 23.71 (979), 24.75 (933), 27.38 (1117), 28.07 (2356)
Hematite: 33.36 (1125)
Hercynite: 30.38 (907), 35.77 (1163)

MR
Anorthite: 18.99 (711), 22.09 (1264), 23.71 (1038), 24.75 (1444), 27.38 (1117), 28.07 (2356); 35.26 (799), 36.64
(1017), 42.26 (707), 43.42 (594)
Larnite: 30.89(1255)

SR
Anorthite: 18.99 (739), 22.09 (1485), 23.71 (1200), 24.75 (1175), 27.38(1556), 28.07 (3185), 30.38 (1100), 31.93
(1046), 35.26 (753), 36.64 (1129), 42.26 (647), 43.42 (610), 49.92 (660)
Metallic iron: 44.87 (467)

S-G

Air

Wollastonite: 11.25 (787), 13.43 (907), 22.98 (1020), 25.11 (880), 26.60 (1092), 29.79 (2834), 38.96 (829.60)
Gehlenite: 16.00 (628), 17.25 (782), 23.74 (926), 28.72 (1190), 31.48 (3216), 35.68 (731), 37.10 (700), 44.01 (752),
51.70 (1014)
Hedenbergite: 29.46 (2726), 34.26 (900), 35.02 (1546)
Magnetite: 31.08 (3206)

MR

Gehlenite: 17.25 (885), 23.74 (1532), 28.72 (1453), 31.48 (3574), 35.68(1281), 37.10 (868), 39.38 (635), 44.45
(916), 52.15 (1186)
Corundum: 25.71 (1072), 35.32 (1412), 43.47 (1345), 52.69 (814), 57.06 (1180), 66.64 (615), 68.37 (814)
Quartz: 27.66 (1460)

SR

Anorthite: 23.37 (578), 27.71 (1466)
Gehlenite: 31.59 (1865), 46.06 (996)
Quartz: 23.37 (577), 27.66 (1717)
Metallic iron: 44.87 (2104)

S-M

Air

Anorthite: 22.09 (997), 23.74 (1022), 28.07 (2223)
Mullite: 16.42 (1373), 25.98 (1798), 33.16 (1203), 35.28 (1276), 38.98 (631), 40.81 (683), 57.10 (465), 60.73 (512)
Magnetite: 30.21 (1082), 35.51 (2286)
Cristobalite: 21.53 (3853)

MR Mullite: 16.42 (895), 21.82 (1138), 25.98 (1381), 33.16 (736), 35.28 (823), 38.98 (631), 40.81 (1082), 42.22 (716),
57.10 (791), 60.73 (694), 62.76 (706);

SR
Anorthite: 22.09 (1552), 23.74 (1027), 28.07 (1544)
Mullite: 16.42 (1271), 25.98 (1567), 30.98 (888), 33.16 (1035), 35.28 (1094), 40.81 (1087), 60.73 (674)
Quartz: 27.66 (74.02)
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Figure 13. Microstructure of quenched slags: (a) S-A slag under the MR atmosphere, (b) S-G slag 
under the MR atmosphere, (c) S-M slag under the MR atmosphere, (d) S-G slag under the SR atmos-
phere, and (e) S-M slag in air. 

4. Conclusions 
The solid precipitation behaviors of coal slags under different atmospheres were re-

vealed using thermodynamic modeling and experimental methods. Our main conclusions 
are as follows: 

(1) Iron valence had limited influence on the viscosity of the coal slags of S-A and S-
G because these two slags had a high content of network modifiers (Ca2+ and Fe2+). Nev-
ertheless, the viscosity of S-M slag was strongly influenced by iron valence because the 
slag structure was more polymerized due to the high content of network formers (Si4+ and 
Al3+). 

(2) The viscosity of the partially crystallized slag was governed by the solid precipi-
tation behavior and liquid viscosity. The anorthite precipitation rate was largely improved 
by both metallic iron and corundum crystallization. Therefore, the viscosities of the S-A 
slag in the primary phase of anorthite under the air and shell atmospheres were relatively 
higher. In contrast, the viscosity of slags in the primary phases of gehlenite and mullite 
was less influenced by the atmosphere because the solid precipitation behavior was hardly 
influenced by iron valence. In addition, the high viscosity of the S-M slag masked the vis-
cosity increase caused by solid precipitation. 

(3) The iron distribution of slag was affected by the atmosphere. Iron occurred in the 
form of magnetite and hematite in air and was reduced to metallic iron under the strongly 
reducing atmosphere (SR). Furthermore, the metallic iron formation reaction was im-
proved in high-CaO coal slag (S-G slag) under the SR atmosphere because Ca2+ competed 
with Fe2+ or Fe3+ in the slag structure. 

(4) The experimental results demonstrated that the crystallization tendency of coal 
slag was promoted by the increasing CaO content, and mullite showed the lowest crystal-
lization rate among the three primary phases. The low crystallization rate of mullite also 
contributed to a mild increase in slag viscosity with decreasing temperature. To some ex-
tent, our thermodynamic modeling corresponded well with our experiment results. 
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4. Conclusions

The solid precipitation behaviors of coal slags under different atmospheres were
revealed using thermodynamic modeling and experimental methods. Our main conclusions
are as follows:

(1) Iron valence had limited influence on the viscosity of the coal slags of S-A and S-G
because these two slags had a high content of network modifiers (Ca2+ and Fe2+).
Nevertheless, the viscosity of S-M slag was strongly influenced by iron valence because
the slag structure was more polymerized due to the high content of network formers
(Si4+ and Al3+).

(2) The viscosity of the partially crystallized slag was governed by the solid precipitation
behavior and liquid viscosity. The anorthite precipitation rate was largely improved
by both metallic iron and corundum crystallization. Therefore, the viscosities of the
S-A slag in the primary phase of anorthite under the air and shell atmospheres were
relatively higher. In contrast, the viscosity of slags in the primary phases of gehlenite
and mullite was less influenced by the atmosphere because the solid precipitation
behavior was hardly influenced by iron valence. In addition, the high viscosity of the
S-M slag masked the viscosity increase caused by solid precipitation.

(3) The iron distribution of slag was affected by the atmosphere. Iron occurred in the
form of magnetite and hematite in air and was reduced to metallic iron under the
strongly reducing atmosphere (SR). Furthermore, the metallic iron formation reaction
was improved in high-CaO coal slag (S-G slag) under the SR atmosphere because Ca2+

competed with Fe2+ or Fe3+ in the slag structure.
(4) The experimental results demonstrated that the crystallization tendency of coal slag

was promoted by the increasing CaO content, and mullite showed the lowest crystal-
lization rate among the three primary phases. The low crystallization rate of mullite
also contributed to a mild increase in slag viscosity with decreasing temperature. To
some extent, our thermodynamic modeling corresponded well with our experiment
results.
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