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A B S T R A C T

Coal ash fusibility plays an essential role in selecting coal and determining operation condition for different
gasifiers. To understand main factors on ash fusibility for adjustment, the synthetic ash which composed of pure
oxides is widely used in previous study instead of the real coal ash. However, the comparison on fusibility
between coal ash (CA) and synthetic ash (SA) is still unknown. In this study, four typical coals were selected to
compare fusibility between CA and SA. The results indicated that the SA is not suitable to simulate all CA for
fusibility study. For the ash with high-calcium-low-iron, SA can be used because of the same mineral transfor-
mation at high temperatures. The AFTs of the ash with high-calcium-high(medium)-iron is higher than that of
SA, resulting from difference between gehlenite and akermanite. Mullite is detected in CA with low-calcium-low-
iron, so the SA cannot replace CA to investigate fusibility for absence of mullite. Besides, fusibility of samples
with low liquid content and high viscosity of liquid cannot be simulated by synthetic ash due to different mass
transfer rate. The ashes with chemical compositions located in high-melting-temperature region shows an ob-
vious different fusibility between CA and SA because of the low liquid content.

1. Introduction

Gasification is widely recognized as an important method to achieve
the efficient and clean utilization of coal for China [1–4]. In the gasi-
fiers, organic matters transforms into syngas while mineral matters
converts into ash or slag at high temperature [5]. The molten ash tends
to cause ash-related problems, such as deposition, fouling and slagging,
which significantly influences operation of the gasifier [6–8]. Com-
pared to viscosity and rheological property of coal ash, ash fusibility is
the most basic and important parameter to investigate ash-related
problems [9]. Therefore, many investigations have studied ash fusi-
bility in coal gasification.

Ash fusibility is commonly characterized by ash fusion temperatures
(AFTs) which determined by specific physical geometry of ash cone
during heating, including deformation temperature (DT), softening
temperature (ST), hemisphere temperature (HT) and flow temperature
(FT) [10]. Ash fusion is a process of which coal ash gradually converts
from solid phase to liquid phase during heating which is mainly de-
pendent on minerals [5,11]. In addition, the content and viscosity of
liquid phase also affect ash fusion behavior via mass transfer [12–15].

Fusibility is essentially affected by the chemical and mineral

composition of coal ash, as well as the interaction between them [5,16].
According to influence on ash fusion temperatures, minerals in coal ash
are usually classified as refractory minerals and fluxing minerals. The
refractory minerals mainly include mullite (melting point: 1810 °C),
quartz (melting point: 1610 °C), and rutile (melting point: 1720 °C), and
the fluxing minerals are usually anhydrite (melting point: 1200 °C),
albite (melting point: 1100 °C), calcium silicate (melting point:
1540 °C) and anorthite (melting point: 1553 °C) [17,18]. Due to com-
plexity of minerals in coal ash, chemical composition of coal ash is
usually measured and expressed in form of oxides, such as SiO2, Al2O3,
CaO, MgO, Fe2O3, TiO2, K2O, Na2O, SO3, P2O5 [19,20]. Those oxides
can be divided into acidic oxide (SiO2, Al2O3 and TiO2) and basic oxide
(CaO, MgO, Fe2O3, K2O, Na2O, SO3) based on their roles on fusibility in
terms of ionic potential (valence divided by ionic radius) [21].

In recent years, the influence of chemical composition on the ash
fusibility has been investigated by many researchers [14,22–25]. As
four constituents (SiO2, Al2O3, Fe2O3 and CaO) usually account for
more than 80% of coal ash, some researchers considered that influence
of K2O, Na2O, TiO2, MgO and SO3 on ash fusibility can be ignored due
to their low concentrations [9,12,23]. To simplify research system of
coal ash, SiO2-Al2O3-CaO-Fe2O3 quaternary system of synthetic ash has
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been widely used to simulate coal ash to study the ash fusibility
[26–28]. Yan et al. [12] selected the synthetic ash to study ash fusion
behavior by TMA (thermal mechanical analysis), and founded that ash
fusion process consisted of three different stages, which was largely
influenced by SiO2/Al2O3. He et al. [29] established predictive models
for iron transformation based on chemical composition, temperature
and atmosphere as well as slag residence by using synthetic ash. And
the model was suitable to predict iron distribution of Yanzhou ash in
Shell gasifier. Song et al. [30] and Liu et al. [23] both studied the effect
of SiO2/Al2O3 on AFTs, but opposite results were acquired because one
sample was real coal ash and the other one was synthetic ash. Although
the chemical composition is similar between real coal ash and synthetic
ash, mineral matters differs from each other in many ways. Conse-
quently, mineral reactions of real coal ash and synthetic ash maybe
different, which will result in different fusibility. It is still a problem
that what kind of synthetic ash can be used to study fusibility of the real
coal ash. However, little research has reported on difference of fusi-
bility between the real coal ash and the synthetic ash. Hence, it is ne-
cessary to verify the synthetic ash method in ash fusibility study.

In this work, we selected four real coal ashes with different chemical
compositions, and prepared their synthetic ashes in SiO2-Al2O3-CaO-
MgO-Fe2O3-TiO2-K2O-Na2O-SO3 system. The AFTs of the real coal ashes
and the synthetic ashes were measured to compare their ash fusibility.
X-ray diffraction (XRD) and FactSage were used to characterize mineral
transformation of the real coal ashes and the synthetic ashes.

2. Experimental

2.1. Samples

Four typical real coal ashes were selected in this study, and prepared
following the Chinese standard GB/T1574–2007. The chemical com-
position of coal ashes was analyzed by XRF (X-ray fluorescence) ac-
cording to ASTM D6349, and the results are presented in Table 1. The
four coal ashes can be characterized by high-calcium-low-iron
(CaO = 14.33%, Fe2O3 = 6.43%) (designated as CA-1), high-calcium-
medium-iron (CaO = 37.60%, Fe2O3 = 9.80%) (designated as CA-2),
high-calcium-high-iron (CaO = 25.17%, Fe2O3 = 19.14%) (designated
as CA-3) and low-calcium-low-iron (CaO = 3.84%, Fe2O3 = 4.47%)
(designated as CA-4), respectively [31]. The A/B (acid/
base = (SiO2 + Al2O3 + TiO2)/
(Fe2O3 + CaO + MgO + Na2O + K2O + SO3)) [21,32] and Si/Al
(SiO2/Al2O3 weight ratio) are also given in Table 2.

According to chemical composition of the real coal ashes, synthetic
ashes (designated as SA-1, SA-2, SA-3, and SA-4, respectively) were
prepared with chemical reagents (SiO2, Al2O3, Fe2O3, CaO, MgO,
CaSO4, TiO2, K2CO3 and Na2CO3). P2O5 was not considered in the
synthetic ash as its concentration is lower than 0.5%. Na2O and K2O
were added in form of Na2CO3 and K2CO3, respectively [9,33,34]. Be-
sides, CaSO4 was selected to stimulate SO3 in the synthetic ash [35],
and addition of CaO in synthetic ash is equal to the content of CaO in
coal ash minus the content of CaO in CaSO4. Those chemical reagents
were ground to particle diameter less than 75 μm and calcined at 815 °C
for 1 h to be dehydrated fully separately, and then blended in an agate
mortar. Besides, in order to confirm whether the mineral phase of
synthetic ash changes when the temperature increases to 815 °C, the

synthetic ashes were also calcined according to GB/T1574–2007 and
designated as SA815.

2.2. Ash fusion temperatures test

AFTs of CA, SA and SA815 were test by 5E-AF4115 with a maximum
test temperature of 1550 °C according to the Chinese standard proce-
dure GB/T 219-2008 under reducing (CO/CO2 volume ratio = 6:4)
atmosphere [10]. Four characteristic temperatures, namely deforma-
tion temperature (DT), softening temperature (ST), hemisphere tem-
perature (HT) and flow temperature (FT) were automatically recorded
by detecting system in terms of the geometrical changes of ash cone
during heating. The heating rate was 15 °C/min from ambient tem-
perature to 900 °C, and then 5 °C/min to 1550 °C.

2.3. Preparation and characterization of quenched slag

To explore the effect of mineral transformation on AFTs of CA and
SA, the ash sample (1.0 g) was placed in a corundum crucible, and
heated in horizontal furnace under reducing (CO/CO2 volume
ratio = 6:4) atmosphere. The sample was preheated in low temperature
zone (about 900 °C) for 15 s, and then moved to target temperature
zone for 15 min. Finally, the sample was pulled out and quenched into
ice-water. The target temperature was chosen by AFTs of ash sample
(around from DT to FT with an interval of 50 °C).

The quenched slag was ground to particle less than 75 μm in dia-
meter. Minerals of the ash samples was recorded by PANalytical X'Pert3
powder diffractometer at a voltage of 40 kV and a current of 40 mA
with Cu Kα radiation (1.541874 A), and the focusing (Bragg-Brentano)
optics was used. The samples were scanned with a step interval of 0.02°
at 4°/min over a 2θ of 5–80°. Mineral phase of quenched slag was
analyzed by the software package EVA.

2.4. FactSage calculations

Thermodynamic software package FactSage based on minimization
of Gibbs energy was applied to calculate multiphase equilibria, content
of solid liquid phases from ash composition [36–38]. It is worth noting
that mass transfer, heat transfer and kinetic limitation are not con-
sidered in FactSage [14,39]. In this work, FactSage 7.3 with FToxid and
FactPS was used to calculate mineral compositions and viscosity. Eight
components including SiO2, Al2O3, Fe2O3, CaO, MgO, TiO2, Na2O and
K2O were input into calculation, because the existence state of SO3 is
gas phase above 1000 °C [14]. Calculations were carried out from 800
to 1600 °C with an interval of 50 °C under the reducing atmosphere
(60% CO and 40% CO2, volume ratio). Equilib, phase Diagram and
viscosity were used to calculate phase transformation, ternary phase
diagram and viscosity of liquid phase, respectively.

Table 1
Chemical composition of the real coal ashes (wt%).

Sample SiO2 Al2O3 Fe2O3 CaO MgO SO3 TiO2 K2O Na2O P2O5 Others

CA-1 46.16 21.30 6.43 14.33 0.94 5.14 0.80 1.29 1.34 0.17 2.10
CA-2 26.28 10.06 9.80 37.60 1.24 8.59 0.52 0.37 2.68 0.02 2.84
CA-3 25.79 10.75 19.14 25.17 3.34 10.58 0.43 0.56 1.41 0.04 2.79
CA-4 58.76 24.40 4.47 3.84 1.45 1.91 1.02 1.78 0.72 0.49 1.16

Table 2
A/B and Si/Al of the real coal ashes.

Sample CA-1 CA-2 CA-3 CA-4

Si/Al 2.17 2.61 2.40 2.41
A/B 2.32 0.61 0.61 5.94
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3. Results and discussion

3.1. AFTs of CA, SA and SA815

As shown in Fig. 1, AFTs of CA-1 is similar with that of CA-2 and CA-
3, while they are lower than that of CA-4. This is attributed to Si/Al and
base-to-acid (A/B) ratio (Table 2) [21,30]. Pervious work showed that
the fusibility of coal ash increases with the increase of A/B. The four ash
samples have similar Si/Al (about 2.40), while the A/B of CA-4 (5.94) is
higher than that of other three ashes. This explains why AFTs of CA-4 is
higher than that of other three ashes. Besides, the AFTs of SA are similar
with that of CA, which demonstrates that it is reasonable to compare
difference on AFTs of coal ash by using synthetic ash.

Fig. 1 also presents the difference of AFTs between CA, SA and
SA815. The difference of AFTs between CA-1 and SA-1 is less than
10 °C. However, the AFTs of CA-2 and CA-3 are slightly higher than that
of their synthetic ash (< 75 °C). Although DT, ST and HT of CA-4 are
slightly higher than those of SA-4 (< 75 °C), the FT of CA-4 is 99 °C
lower than that of SA-4. In addition, it was found that all AFTs differ-
ence between SA and SA815 is within 20 °C, indicating that property of
the synthetic ash was not affected after 815 °C calcined. Therefore,
discussion about AFTs of SA815 was not considered in the following.

3.2. Mineral transformation of CA and SA

The AFTs of a coal is largely dependent on its mineral matter
compositions and variations therein as the temperature is increased. To
explain different fusibility between the coal ash and the synthetic ash,
mineral transformation experiment was carried out at high tempera-
ture.

As shown in Fig. 2(a), major minerals in CA-1 are quartz (SiO2),
lime (CaO), hematite (Fe2O3) and anhydrite (CaSO4) at 815 °C. At
1200 °C, albite (NaAlSi3O8) and potassium feldspar (KAlSi3O8) form in
ash, while the content of quartz decreases. As temperature increases,
contents of albite and potassium feldspar continuously decrease and
they disappear at 1400 °C. Hence, reactions among minerals at high
temperature are summarized below:

+ +Na O SiO Al O NaAlSi O (albite)2 2 2 3 3 8 (1)

+ +K O SiO Al O KAlSi O (potassium feldspar)2 2 2 3 3 8 (2)

As for SA-1, quartz (SiO2), lime (CaO), hematite (Fe2O3), anhydrite
(CaSO4) and corundum (Al2O3) are major minerals at 815 °C (Fig. 2(b)),
which indicates that reaction does not occur between chemical re-
agents. Albite (NaAlSi3O8), potassium feldspar (KAlSi3O8) and anorthite
(CaAl2Si2O8) were found at 1200 °C. When temperature increases from
1250 °C to 1400 °C, the content of albite decreases and potassium
feldspar reacts with anorthite to form low temperature eutectics,
forming amorphous matter. The reactions in SA-1 are summarized
below:

+ +Na O SiO Al O NaAlSi O (albite)2 2 2 3 3 8 (3)

+ +K O SiO Al O KAlSi O (potassium feldspar)2 2 2 3 3 8 (4)

+CaSO CaO SO4 3 (5)

+ +CaO SiO Al O CaAl Si O (anorthite)2 2 3 2 2 8 (6)

The intensity of quartz in SA is higher than that in CA at 815 °C.
Compared with SA, SiO2 in CA exists in form of quartz and other mi-
nerals such as albite and potassium feldspar. At high temperatures,
major minerals in both CA-1 and SA-1 are feldspar, which accounts for
small difference of their AFTs. Furthermore, the low AFTs of SA-1 is
attributed to formation of albite (melting point: 1100 °C) and low
temperature eutectics between potassium feldspar (melting point:
1290 °C) and anorthite (melting point: 1553 °C).

In Fig. 3(a), quartz (SiO2), lime (CaO), hematite (Fe2O3) and an-
hydrite (CaSO4) are identified at 815 °C. Gehlenite (Ca2Al2SiO7) and
calcium silicate (Ca2SiO4) are detected at 1150 °C while peak intensity
of quartz and anhydrite decreases [14]. This illustrates that quartz react
with anhydrite to form gehlenite and calcium silicate. As temperature
increases, contents of gehlenite and calcium silicate remain constant. At
1350 °C, a great deal of non-crystalline forms due to the formation of
low temperature eutectics which consists of gehlenite and calcium si-
licate. Therefore, the major mineral reactions in CA-2 can be sum-
marized as follows:
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Fig. 1. Ash fusion temperatures of the ashes.
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+CaSO CaO SO4 3 (7)

+ +SiO Al O 2CaO Ca Al SiO (gehlenite)2 2 3 2 2 7 (8)

+2CaO SiO Ca SiO (calcium silicate)2 2 4 (9)

Quartz (SiO2), lime (CaO), hematite (Fe2O3), anhydrite (CaSO4) and
corundum (Al2O3) are main minerals in SA-2 at 815 °C (Fig. 3(b)),
which is similar with that of CA-2 at 815 °C. At 1150 °C, the major
minerals become akermanite (Ca2MgSi2O7) and calcium silicate
(Ca2SiO4) with a decrease of quartz and anhydrite. Akermanite
(Ca2MgSi2O7) reacts with calcium silicate at 1350 °C to form low
temperature eutectics which is amorphous. Thus, reactions between
minerals in SA-2 should be:

+CaSO CaO SO4 3 (10)

+ +2SiO MgO 2CaO Ca MgSi O (akermanite)2 2 2 7 (11)

+2CaO SiO Ca SiO (calcium silicate)2 2 4 (12)

It can be seen that the mineral matters of CA-2 differ from that of
SA-2. Al2O3 exists in form of aluminosilicate in CA-2 while it is cor-
undum in SA-2. Reactivity of the former is higher than that of the latter.
As a result, quartz can react with Al2O3 in form of aluminosilicate and
lime to form gehlenite (Eq. (8)) in CA-2. Table 3 lists Gibbs free energy
of reactions among minerals calculated by FactSage. Because reactions
with a low ΔG occurred easily, quartz preferred to react with MgO and
lime to produce akermanite (Eq. (11)) in SA-2 at high temperature. As
gehlenite (melting point: 1590 °C) is slightly hard to melt than aker-
manite (melting point: 1450 °C), the AFTs of CA-2 are higher (30–60 °C)

than that of SA-2.
As shown in Fig. 4(a), major minerals in CA-3 are quartz (SiO2),

lime (CaO), hematite (Fe2O3) and anhydrite (CaSO4) at 815 °C. Pre-
sence of gehlenite (Ca2Al2SiO7) and spinel (MgAl2O4) suggests that
quartz reacts with lime and corundum to generate gehlenite at 1150 °C
as well as magnesia reacts with corundum to form spinel. Content of
gehlenite decreases with increasing temperature and massive amor-
phous phase is detected at 1350 °C because of formation of low tem-
perature eutectics. Reactions among minerals at high temperature in
CA-3 are summarized below:

+CaSO CaO SO4 3 (13)

+ +SiO Al O 2CaO Ca Al SiO (gehlenite)2 2 3 2 2 7 (14)

+MgO Al O MgAl O (spinel)2 3 2 4 (15)

As for SA-3, at 815 °C major minerals are quartz (SiO2), hematite
(Fe2O3), anhydrite (CaSO4) and corundum (Al2O3) (Fig. 4(b)). At
1150 °C and 1200 °C, main minerals are akermanite (Ca2MgSi2O7) and
spinel (MgAl2O4). However, there is plenty of amorphous matter
without crystal minerals at 1250 °C, ascribing to low temperature co-
fusion of akermanite and spinel, which causes the decrease of AFTs of
SA-3. Reactions among minerals at high temperature are summarized
below:

+CaSO CaO SO4 3 (16)

+ +2SiO MgO 2CaO Ca MgSi O (akermanite)2 2 2 7 (17)

Fig. 2. XRD patterns of CA-1 (a) and SA-1(b) at different temperature.
1: quartz (SiO2); 2: lime (CaO); 3: hematite (Fe2O3); 4: anhydrite (CaSO4); 5: corundum (Al2O3); 6: albite (NaAlSi3O8); 7: potassium feldspar (KAlSi3O8); 8: anorthite
(CaAl2Si2O8); 9: gehlenite (Ca2Al2SiO7); 10: kyanite (Al2SiO5).

Fig. 3. XRD patterns of CA-2 (a) and SA-2
(b) at different temperature.
1: quartz (SiO2); 2: lime (CaO); 3: hematite
(Fe2O3); 4: anhydrite (CaSO4); 5: corundum
(Al2O3); 6: gehlenite (Ca2Al2SiO7); 7: aker-
manite (Ca2MgSi2O7); 8: calcium silicate
(Ca2SiO4); 9: arcanite (K2SO4); 10: anatase
(TiO2); 11: nepheline (NaAlSiO4); 12: wol-
lastonite (CaSiO3).

Z.-s. Yuan, et al. Fuel Processing Technology 211 (2021) 106593

4



+MgO Al O MgAl O (spinel)2 3 2 4 (18)

The mineral transformation between CA-3 and SA-3 is similar to
that between CA-2 and SA-2. Therefore, the high AFTs of CA-3 is at-
tributed to formation of gehlenite, and the low AFTs of SA-3 is due to
formation of akermanite.

In Fig. 5(a), major minerals in CA-4 are quartz (SiO2), anhydrite
(CaSO4), hematite (Fe2O3) with small amounts of muscovite
(KAl2(Si3O10)(OH)2) at 815 °C. At 1250 °C, Quartz reacts with Al2O3 in
form of aluminosilicate to generate mullite (2Al2O3·SiO2) and kaolinite
(Al2Si2O5(OH)4) decomposed into mullite. The content of mullite re-
duces with rising temperature until mullite disappears at 1500 °C and
huge amount of amorphous matter occurs. Hence, reactions between
minerals in CA-4 should be:

+Al Si O (OH) (Kaolinite) Al O ( ) 2Al O ·SiO (mullite)2 2 5 4 2 3 2 3 2 (19)

+SiO Al O 2Al O ·SiO (mullite)2 2 3 2 3 2 (20)

At 815 °C, quartz (SiO2), anhydrite (CaSO4), hematite (Fe2O3) as
well as corundum (Al2O3) are major minerals in SA-4 (Fig. 5(b)). When
temperature increases from 1250 °C to 1500 °C, formation of amor-
phous phase is attributed to the generation of low-temperature eutectics
among the different oxides.

Due to formation of mullite (melting point: 1810 °C) in CA-4 below
1400 °C, DT, ST and HT of CA-4 are higher than that of SA-4. However,
quartz (melting point: 1610 °C) and corundum (melting point: 2050 °C)
in SA-4 above 1400 °C lead to the high FT of SA-4.

3.3. Thermal calculation of coal ash

Fig. 6 shows mineral compositions of the four ashes at high tem-
perature under reducing atmosphere (CO/CO2 volume ratio = 6:4),
based on SiO2-Al2O3-Fe2O3-CaO-MgO-TiO2-K2O-Na2O calculated by
FactSage. In Fig. 6(a), feldspar forms at high temperature in CA-1
leading to decrease of AFTs. Melilite and calcium silicate are dominant

Table 3
Gibbs free energy of reactions among minerals at high temperature.

Reaction ΔG/kJ·mol−1

1150 °C 1200 °C 1250 °C 1300 °C

SiO2 + Al2O3 + 2CaO → Ca2Al2SiO7 (gehlenite) −167.94 −169.36 −170.79 −172.23
2SiO2+ MgO + 2CaO → Ca2MgSi2O7 (akermanite) −202.48 −203.09 −203.70 −204.31

Fig. 4. XRD patterns of CA-3 (a) and SA-3 (b) at different temperature.
1: quartz (SiO2); 2: lime (CaO); 3: hematite (Fe2O3); 4: anhydrite (CaSO4); 5: corundum (Al2O3), 6: magnetite (Fe3O4); 7: gehlenite (Ca2Al2SiO7); 8: akermanite
(Ca2MgSi2O7); 9: spinel (MgAl2O4); 10: kyanite (Al2SiO5).

Fig. 5. XRD patterns of CA-4 (a) and SA-4 (b) at different temperature.
1: quartz (SiO2); 2: anhydrite (CaSO4); 3: hematite (Fe2O3); 4: corundum (Al2O3); 5: muscovite (KAl2(Si3O10)(OH)2); 6: mullite (2Al2O3·SiO2); 7: albite (NaAlSi3O8).
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minerals in CA-2 during 1150 °C to 1350 °C, which are same with the
result of XRD in Fig. 3. In case of CA-3, melilite occurs at high tem-
perature, which lowers AFTs of CA-2 and CA-3. Main mineral in CA-4 is
mullite above 1250 °C, which is consistent with Fig. 5(a). It can be
concluded that calculation results are well corresponded to experi-
mental results of CA [18]. Due to complexity of minerals existed in CA,
SA were prepared with chemical reagents, while mass transfer, heat
transfer and kinetic limitation are not considered in reactions between
the chemical oxides calculated by FactSage. Therefore, the calculation
results are inconsistent with experimental results of SA.

Mineral matters of CA differ from that of SA. According to Fig. 6,
SiO2 exists in form of quartz, feldspar and clinopyroxene in CA-1 while
only quartz in SA-1 (Fig. 2(b)), accounting for that diffraction intensity
of SA-1 is stronger than CA-1. The presence of corundum in CA-2 are
nepheline, melilite and Na2CaAl4O8 which more easily react with
quartz than corundum identified in SA-2. There is evident difference of
minerals between CA-4 and SA-4. Compared to reaction of Table 3, it is
difficult for quartz to react with corundum to form mullite in SA-4
according to Gibbs free energy of reaction (1300 °C, ΔG = −23.33 kJ/
mol) [18].

Ash fusion is a process that coal ash gradually converts from solid
phase to liquid phase [14]. Mineral species is the dominant factor
which affects mineral transformation behavior, while liquid viscosity
and content also play an important role in formation of the initial liquid
phase and melting of the residual solid phase [12,14]. Essentially, the
viscosity and content of the liquid phase are also dependent on minerals
and phases in ash. Their fusion processes of CA and SA are consistent in
terms of thermodynamics. However, the mineral matters of CA and SA
are different. For kinetics, if the viscosity of liquid phase is high or the
content of liquid phase is low, the mineral transformation could be
dominated by mass transfer. As a result, the difference of fusibility
between CA and SA would be enlarged. The viscosity and content of
liquid phase of coal ash at DT are shown in Fig. 7. During ash fusion

process, the liquid viscosity was calculated according to composition of
slag at DT. Small difference of fusibility between CA-1 and SA-1 is due
to low viscosity (38 Pa·s) and high liquid content (56%). The viscosity
of liquid phase of CA-2 and CA-3 is lower than 1 Pa·s and the liquid
content is from 40% to 50%. Therefore, in terms of mass transfer, there
is no obvious effect on the different fusibility between the CA and SA.
However, the viscosity of liquid phase of CA-4 is 3778 Pa·s and the
liquid contents is 86%, which shows significant influence on formation
of melt in ash fusion stage.

In order to better account for the fusibility difference between CA
and SA, four ash samples were compared in same ternary phase dia-
gram, in which different fields surrounded by black lines represent
different primary mineral phases disappearing lastly at Tliq (the tem-
perature at which the last solid phase disappears). In Fig. 8, fusibility of
CA-1 is same with that of SA-1 located in anorthite (melting point:

Fig. 6. FactSage calculation of the four ashes.
(a): ash-1; (b): ash-2; (c): ash-3; (d): ash-4.
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Fig. 7. The viscosity and content of liquid phase of ashes at DT.

Z.-s. Yuan, et al. Fuel Processing Technology 211 (2021) 106593

6



1553 °C) primary field, which is reasonable to use synthetic ash to si-
mulate the fusibility of coal ash. And there are small differences of the
fusibility between CA-2, CA-3 and their synthetic ash, of which che-
mical compositions located in melilite (melting point: about 1600 °C)
primary field. Fusibility of CA-4 is different from that of SA-4, of which
chemical composition located in mullite (melting point: 1810 °C) pri-
mary field. The liquid content is low for high melting point mineral at
certain temperature, which is disadvantageous for mass transfer related
to mineral reaction, resulting in different fusibility of coal ash and
synthetic ash. Therefore, it can be concluded that a high mineral
melting point in the corresponding field in the ternary phase diagram
correlates with greater fusibility difference between coal ash and syn-
thetic ash.

4. Conclusion

In this study, four ash samples were selected to compare of fusibility
between coal ash and synthetic ash. The main conclusions are sum-
marized as follow:

(1) AFTs of ash with high-calcium-low-iron is similar (< 10 °C) with
that of the synthetic one. In case of high-calcium-high (medium)-
iron ash, the AFTs of CA-2 and CA-3 are slightly higher (< 75 °C)
than that of their synthetic ashes. However, DT, ST and HT of the
ash with low-calcium-low-iron are higher (< 75 °C) than that of the
synthetic one, while the FT of coal ash is 99 °C lower than that of
the synthetic one.

(2) For the ash with high-calcium-low-iron, feldspar is the main mi-
neral in both the coal ash and synthetic one. Formation of gehlenite
and akermanite leads to the different fusibility of the ashes with
high-calcium-high(medium)-iron. Difference of fusibility of the ash
with low-calcium-low-iron is due to formation of mullite, and
quartz and corundum.

(3) When liquid viscosity is high or liquid content is low, mineral mass
transfer rates of different forms of mineral are different, enlarging
different fusibility between coal ash and synthetic ash. The syn-
thetic ash is not suitable to simulate coal ash with low-calcium-low-
iron for studying fusibility. The ashes with chemical compositions
located in high-melting-temperature region showed an obvious
different fusibility between CA and SA.
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