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High phosphorus content in sewage sludge (SS) significantly affects the ash fusion temperature during
the co-gasification of coal with SS. However, the mechanisms underlying the effects of phosphorus on
the ash melting behavior remain unclear. In particular, there is no direct evidences to confirm that
refractory mineral dissolution processes are affected by the phosphorus-bearing liquid phase formed
during the initial stage of ash melting. In this study, different amount of calcium- and iron-phosphates
were added to coal to investigate the effect of phosphorus on the coal ash fusion temperature. The
phosphorus and mineral phase transformations, as well as the dissolution processes of refractory
mullite particles in the phosphorus-bearing liquid phase, were determined using X-ray photoelectron
spectroscopy, X-ray diffraction analysis, thermodynamic equilibrium calculations, and thermal platform
microscope systems. The results indicated that the addition of 8% calcium-phosphate and iron-
phosphate reduced the ash flow temperature (FT) from above 1500 °C to 1336°C and 1261 °C, respec-
tively. The effect of iron-phosphate on the reduction of ash FT was more pronounced than that of
calcium-phosphate. The phosphorus vaporization ratio increased with the temperature. Approximately
50% of phosphorus was retained in the samples to which 8% of calcium-phosphate and iron-phosphate
were added at 1400 °C. Elevation of the temperatures promoted the conversion of PO4>~ to molten slag-
dissolved P,0s. The mechanism whereby phosphorus reduces the ash FT is primarily governed by the
dissolution of refractory minerals in the liquid phase formed during the initial heating stage. This
dissolution process was enhanced in the presence Fe compared to that in the presence of Ca.
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1. Introduction

[5—7]. Co-gasification with coal is a promising method for treating
SS cleanly and efficiently [8—10].

Sewage discharge in China has increased with the acceleration
of urbanization [1]. Sewage sludge (SS) an important byproduct of
wastewater treatment contains approximately 80% water, organic
matter, and toxic pathogens, posing a significant challenge for its
treatment [2,3]. The production of SS in China reached 11.2 Mt (dry
base) in 2022 [4]. Common treatment methods include landfilling,
composting, land application, and thermal treatment. Among
these methods, thermal treatment offers advantages such as
pathogen elimination, heat recovery, and high treatment capacity
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Entrained-flow gasification, which is used to produce various
chemicals, is a widely used technology for the clean conversion of
coal into syngas. In this process, coal is converted into syngas
within the gasifier, while the minerals in the coal transform into
molten slag at high temperatures and are discharged from the
bottom outlet of the gasifier [11—13]. The coal-ash fusion tem-
perature is a crucial indicator for assessing the smoothly discharge
of molten ash from the gasifier. Compared with coal, SS contains a
higher phosphorus content, along with silicon, aluminum, cal-
cium, iron, and other elements. These concentrations are often
10—1000 times higher than those in coal [5,7,14]. When SS is co-
gasified with coal, phosphorus enters the slag, which influences
the ash melting temperature. Numerous studies have focused on
the impact of phosphorus on the ash melting characteristics
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[15—18]. Zhang et al. [19] investigated the effects of P-based ad-
ditives (ammonium phosphate and calcium phosphate) on the
melting characteristics of high-sodium coal ash under gasification
conditions. Their results indicated that phosphorus has a high af-
finity for alkali and alkaline earth metals, resulting in the forma-
tion of high-melting-point phosphorus-containing minerals such
as CagMgNa(PO4)7 CagFe(PO4)7, and Na3Cag(PO4)s. Zhang et al. [14]
examined the influence of phosphorus on ash melting character-
istics during the co-gasification of SS with coal. They found that
the role of phosphorus in the melting temperature of coal ash
largely depends on the Al,03/(CaO + NayO + K;0) (A/CNK) molar
ratio in the coal ash. When the A/CNK ratio was <1, phosphorus
tended to react with Ca to form calcium-bearing refractory min-
erals. Conversely, when the A/CNK ratio was >1, phosphorus pri-
marily existed in the amorphous phase, which reduced the ash
fusion temperature. Wu et al. [15] investigated the effects of P,05
on the melting temperature of coal ash. They found that when the
Al,03/Ca0 ratio was low, the addition of P,0s5 initially decreased
the ash melting temperature, then increased it, and finally
decreased it. However, when the Al,03/CaO ratio increased, the
ash fusion temperature gradually decreased. Compared with silica,
P,05 has a stronger affinity for CaO and Al,03, leading to a shift in
the main minerals in coal ash from silicates to phosphates, which
are preferentially separated from silica. He et al. [ 18] examined the
sintering behavior of coal ash and phosphorus-rich biomass ash
under gasification conditions, and concluded that the formation of
Ca-Mg and K-Mg phosphates led to increased sintering tempera-
tures. Shao et al. [20] investigated the agglomeration characteris-
tics of sludge combustion in a bench-scale fluidized bed
combustor. It has been found that alkali phosphates together with
the eutectics of Fe;O3 and SiO, significantly influence bed
agglomeration during sludge combustion, by forming low-melting
point compounds.

SS has a high phosphorus content mainly because flocculants
(e.g., Fe-based flocculants) added during sewage treatment capture
orthophosphate ions and then cause their precipitation [21,22].
Furthermore, the application of quicklime for dewatering and
disinfecting of SS introduces calcium phosphate into the sludge.
Therefore, the primary inorganic phosphorus in the sludge in-
cludes calcium- and iron-phosphates. According to the above
literature review, current research efforts aim to elucidate the
mechanisms underlying the influence of phosphorus addition on
ash fusion from the perspective of mineral transformation
[17,23—26]. During the coal ash melting process, the initial for-
mation of the liquid phase and its characteristics play crucial roles
in the subsequent melting behavior of coal ash [27]. Apart from the
mineral transformation at high temperatures, the formation of the
liquid phase is likely to affect the dissolution of refractory min-
erals, changing the ash fusion fusibility. However, there is still a
lack of direct evidence to confirm that the phosphorus-bearing
liquid phase formed during the co-gasification of coal and SS can
enhance the dissolution of refractory minerals such as mullite in
the coal ash.

In this study, the fusion characteristics of coal ash with the
addition of phosphorus were systematically explored. Two types of
phosphates were used as phosphorus-bearing additives: calcium
phosphate and iron phosphate. To eliminate the effects of calcium
and iron on the ash fusion temperature, their respective oxides
(Ca0 and Fe,03) were also incorporated for comparison. The
mineral composition of the treated ash was determined using X-
ray diffraction (XRD), and the modes of occurrences of phosphorus
were analyzed using X-ray photoelectron spectroscopy (XPS).
Thermal platform microscopy was used to examine the dissolution
of mullite in the initial phosphorus-bearing liquid phases formed
during ash fusion. The findings of this study are anticipated to offer

direct evidence for clarifying the ash fusion mechanism influenced
by phosphorus in the ash.

2. Experimental
2.1. Properties of coal sample

A bituminous coal sample, designated as PXC, obtained from
the Huainan Coal Mine in China was prepared for analysis. It un-
derwent drying and subsequent pulverization to achieve a particle
size below 100 um. The proximate analysis, ultimate analysis, and
calorific value of the coal sample are presented in Table 1. Proxi-
mate analysis on an air-dried basis revealed an ash content of
24.45% and a volatile matter content of 27.54%. Ultimate analysis
on a dry basis indicated carbon and hydrogen contents of 62.61%
and 3.88%, respectively, with gross calorific value of 25.24 MJ-kg .
Coal ash composition analysis conducted via X-ray fluorescence
(XRF) spectrometer demonstrated a predominance of silica (SiO>)
and alumina (Al,03), which collectively constituted 84.08% of the
ash matrix (Table 2). The Fe;03 and CaO contents of the ash were
4.40% and 6.03%, respectively. The P,05 content was 0.13%.

The mineralogical composition of the PXC coal and its ash
(prepared at 815 °C in a muffle furnace according to GB/T
212—2008) was characterized using XRD. The results are shown in
Fig. 1. The primary minerals identified in the raw coal were quartz
(Si03), kaolinite (Al;SioO5(0OH)4), calcite (CaCOs3), and ferroan

Table 1
Proximate analysis, ultimate analysis, and calorific value of the raw coal sample.

Proximate analysis/% Calorific Value/MJ-kg !

Mad Aad Vada  FGua Ca Ha Od Na Std Qgra
1.54 24.45 27.54 46.47 62.61 3.88 7.18 1.12 0.38 25.24

Ultimate analysis/%

Table 2
Chemical composition of the coal ash (%).

A1203 Si02 Fe203 Ca0 MgO Kzo NAQO P205 503
32.67 51.41 4.40 6.03 0.78 0.79 0.67 0.13 1.67

5000
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Fig. 1. XRD patterns of the raw coal and ash.
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dolomite (Ca(Fe,Mg)(CO3);). Following ashing treatment, the
resultant ash products exhibited distinct phase transformations,
with quartz (SiOy), grossite (CaAl407), and trace hematite (Fe;03)
being detected as the dominant crystalline phases, which are
consistent with the chemical composition of the ash presented in
Table 2.

2.2. Experimental procedures

To investigate the effect of phosphorus on the melting tem-
perature of coal ash, four additives calcium phosphate (Ca3(POg4),
analytical reagent-grade purity), iron phosphate (FePO4-4H-0,
analytical reagent-grade purity), calcium oxide (CaO, analytical
reagent-grade purity), and iron oxide (Fe;0s3, analytical reagent-
grade purity) were individually mixed with the coal. The
Ca3(POg4); and FePO4-4H,0 additives were blended into the coal at
concentrations of 2%, 4%, 6%, 8%, and 10% by mass, with the
resulting samples labeled as CaP2-CaP10 and FeP2-FeP10,
respectively. Because calcium and iron significantly affect the ash
fusion temperature, CaO and Fe,03 were also added to the coal in
amounts equivalent to the calcium and iron contents present in
the corresponding phosphates. These samples were designated
Ca2—Cal0 and Fe2—Fe10, respectively. The concentrations of the
all four additives are presented in Table 3.

Coal samples mixed with additives of varying concentrations
were combusted in a muffle furnace at 815 °C. The ash fusion
characteristic temperatures, including the deformation tempera-
ture (DT), softening temperature (ST), hemisphere temperature
(HT), and flow temperature (FT) were measured using an ash
melting point analyzer (5E-AF3000, Changsha Kaiyuan, China)
under a weakly reducing atmosphere, with a maximum operational
temperature limit of 1500 °C. The samples were heated from room
temperature to 1000 °C at 10 °C-min~! and 1000—1500 °C at 5
°C-min~!. To investigate the mineral phase transformations
induced by different additives at elevated temperatures, ash sam-
ples were heat-treated in an electric furnace at temperatures
ranging from 1100°C to 1400 °C within a controlled atmosphere of
60% CO and 40% CO,. After 20 min of thermal treatment, the
resulting ash/slag was rapidly removed from the furnace, quenched
in deionized water, dried, pulverized, and then subjected to XRD
analysis.

2.3. Sample characterizations

The mineral composition of the ash/slag samples was
characterized using XRD (XD-3 model, PERSEE, China) with Cu-K-
radiation. The diffractometer was operated at 36 kV and 40 maA,
with a scan rate of 2(°)-min~". Phase identification was performed
using Jade software (version 5.0) to analyze the obtained diffraction
patterns. A chemical composition analysis was conducted using
XRF (3600 model, Thermo Fisher, USA). Phosphorus speciation in

Table 3
Contents of the four additives added to the coal sample.

Sample Composition Sample Composition
CaP2 PXC+2.00%Cas3(PO4)2 Ca2 PXC+1.09%Ca0O
CaP4 PXC-+4.00%Cas(POy), Ca4 PXC+2.17%Ca0
CaP6 PXC+6.00%Cas3(PO4), Cab PXC+3.25%Ca0
CaP8 PXC+8.00%Cas3(PO4)2 Ca8 PXC+4.34%Ca0
CaP10 PXC+10.00%Cas(PO4)2 Cal0 PXC+5.42%Ca0
FeP2 PXC+2.00%FeP0O4-4H,0 Fe2 PXC+0.72%Fe;03
FeP4 PXC+4.00%FePO4-4H,0 Fe4 PXC+1.43%Fe,05
FeP6 PXC+6.00%FePO4-4H,0 Fe6 PXC+2.15%Fe;03
FeP8 PXC+8.00%FeP0O4-4H,0 Fe8 PXC+2.87%Fe;03
FeP10 PXC+10.00%FePO,4-4H,0 Fe10 PXC+3.58%Fe,05

the ash/slag was investigated using XPS (ESCALAB Xi+, Thermo
Scientific) with an Al K, excitation source focused on the P 2p
orbital. All binding energies were calibrated against the C 1s peak at
284.0 eV.

The ash melting behavior was observed in situ using a thermal
platform microscope system. The system comprised of a thermal
platform (TS1500, Linkam, Britain), a water-cooling system, a mi-
croscope (DM 2700 P, Leica, Germany), a gas system, and an image
acquisition system. Approximately 2 mg of ash sample was loaded
into an alumina crucible and heated from the ambient tempera-
ture to 1400 °C under a nitrogen atmosphere. The thermal pro-
gram involved two stages: rapid heating at 80 °C-min~! up to 1000
°C followed by a slower ramp of 20 °C-min~! to the target tem-
perature. Real-time morphological changes during heating were
continuously recorded, and a quantitative analysis of the cross-
sectional area with respect to the temperature was performed
using Image ] software.

2.4. Thermodynamic equilibrium calculation

The mineral composition of coal ash at different temperatures
was predicted using the thermodynamic equilibrium calculation
software FactSage 8.1. The calculation input conditions were based
on a 100 g ash sample, and the amount of each component was
calculated according to the ash chemical compositions presented
in Table 2. The reactant gas used for simulating a weakly reducing
atmosphere was a mixture of CO and N; at a volume ratio of 2:3.
The temperature range for the calculations was 1000—1500 °C,
with intervals of 50 °C. FactPs and Ftoxid were used for the cal-
culations. Formation of the liquid phase was predicted using the
FToxid-SLAGA and FToxide-Mull modules.

3. Results and Discussion
3.1. Effects of phosphorus on ash fusion temperatures

Because the ash FT is a crucial indicator for evaluating slag
fluidity and determining the operating temperature of gasifiers,
calcium and iron -phosphates were mixed with coal to investigate
their effects on the ash FT. To exclude the effects of Ca and Fe on
the FT, CaO and Fe,03; were also added for comparison. The
quantities of CaO and Fe;O3 added were equal to those in
Ca3(PO4)2 and FePO4-4H,0, respectively. Fig. 2 illustrates the
variation in the coal ash fusion temperatures with different addi-
tive contents. Regardless of whether the compounds contained Ca
or Fe, the FT decreased as the additive content increased. For
instance, the addition of 10% Caz(PO4); reduced the FT of the ash
from above 1500°C to 1348 °C (Fig. 2(a)), while the addition of 10%
FePO4-4H,0 caused the FT decrease from above 1500°C to 1252 °C
(Fig. 2(c)). Comparing the effects of Caz(PO4); and CaO in Fig. 2(a)
and (b), respectively, revealed that the decrease in the FT with
Cas(POg4)2 exceeded that with the addition of CaO. Similar results
were observed with the addition of FePO4-4H,0 and Fe;03, shown
in Fig. 2(c) and (d). These findings indicate that in addition to Ca
and Fe, phosphorus reduced ash FT.

To evaluate the effect of phosphorus on reducing the ash FT, AT,
which was defined as the difference in FT between the phosphate
additives and the corresponding oxide addition, was calculated.
The relationship between AT and the additive ratio is illustrated in
Fig. 2(e). As the additive content increased, AT increased consis-
tently for both Ca- and Fe-bearing additives. Notably, the AT for the
Fe,03-FePO4-4H,0 system (denoted as Fe-FeP) exceeded that for
the CaO-Ca3(POy4), system, although the phosphorus content in
FePO4-4H;0 is 16.5%, which is lower than that in Ca3(POy4); (20%).
This observation suggests that Ca and Fe not only independently
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Fig. 2. Fusion temperatures of the ash with respect to the added ratio of calcium/iron-phosphate and the corresponding oxides.

reduce the ash FT, but also modulate the effectiveness phosphorus
in reducing the FT. The Al;03/(Ca0O + Naz0 + K;0) (A/CNK) ratio
decreases with increasing Caz(PO4); content. In this case, Ca
preferentially reacted with phosphorus and iron to form refractory
minerals such as calcium iron phosphate (CagFe(PO4)7) [14], which
diminished phosphorus's impact on the ash FT. In contrast, the
addition of FePO4-4H,0 caused minimal changes to the A/CNK
ratio, maximizing phosphorus's ability to reduce the ash FT.

3.2. Dependence of mineral transformation on phosphorus
addition

Mineral transformation is a critical factor influencing the ash FT
[28—30]. To investigate the role of phosphorus in modifying the
mineral composition of coal ash, the coal was blended with
Ca3(POg4),, FePO4-4H50, and the corresponding oxides at contents
of 4% and 8%, respectively. The mixed coal samples were

Fig. 3. XRD patterns of the PXC ash treated at different temperatures.

combusted in a muffle furnace at 815 °C, and the resulting ashes
were subsequently heated to 1100, 1200, 1300, and 1400 °C,
respectively. XRD analysis was conducted to identify the crystal-
line minerals. Fig. 3 shows the XRD patterns of the PXC ash without
additives. At 815 °C, the dominant minerals detected in the ash
were quartz (SiO;) and grossite (CaAl407). With increasing tem-
perature, the primary minerals gradually transformed into anor-
thite (CaAl,Si»0g) and mullite (AlgSi»O43). Substantially, mullite
emerged as the sole crystalline mineral in the ash after treatment
at 1400 °C.

The XRD patterns of the Ca4, Ca8, CaP4, and CaP8 ash samples
at different temperatures are shown in Fig. 4. Regardless of the CaO
content, the dominant mineral phases observed at 815 °C were
quartz, gehlenite (CayAl;SiO7), grossite, and lime (CaO). With
increasing temperature, the diffraction peak intensities corre-
sponding to anorthite (CaAl,Si,Og) increased, reaching maximum
values at 1300 °C. Concurrently, the peak intensities for quartz,
grossite, and lime decreased, as shown in Fig. 4(a) and (b). This
trend indicated that the formation of anorthite occurred through
chemical reactions among quartz, lime, and grossite, as expressed
by reaction (1). This process was thermodynamically favorable, as
evidenced by negative AG values at both 1100 and 1300 °C.
Remarkably, anorthite persisted in the treated ash even at 1400 °C.

4Si0, + Ca0 + CaAl407 — 2CaAl,Si, Og

(Aclloo =-24.72 k_] AG1300 =-28.29 k_]) (1)

The primary mineral phases identified in the CaP4 and CaP8
ashes at 815 °C were quartz, berlinite (AIPO4), hydroxyapatite
(Cas(P0O4)3(0OH)), and grossite, as shown in Fig. 4(c) and (d). When
the temperature ranged from 1100 to 1400 °C, anorthite crystal-
lized, with its diffraction peak intensity reaching maximum values
at 1300 °C. Concurrently, the characteristic peaks of quartz and
berlinite exhibited progressive attenuation. The formation of ber-
linite and the eutectic between AIPO4 and SiO, reduces the ash
fusion temperatures by preventing the transformation of Al,O3
into refractory aluminosilicates and corundum [15]. Notably,
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Fig. 4. XRD patterns of Ca4, Ca8, CaP4 and CaP8 treated at different temperatures.

whitlockite (Caz(POg4),) emerged in CaP4 ashes within the range of
1100-1200 °C, whereas it persisted up to 1300 °C in CaP8 ashes.
Upon further heating to 1400 °C, trace amounts of anorthite and
quartz remained detectable in both systems, although their peak
intensities were significantly diminished compared with those
observed in the Ca4 and Ca8 references, respectively. This intensity
reduction suggests that the ash FT of Ca3(PO4); was intrinsically
lower than that of the CaO additives when compared with
equivalent calcium content levels.

Fig. 5 shows the XRD patterns of the Fe4, Fe8, FeP4, and FeP8
samples subjected to different treatment temperatures. As shown
in Fig. 5(a) and (b), the ash of Fe4 and Fe8 at 815 °C primarily
consisted of quartz, grossite, and hematite (Fe;03). When the
temperature was increased to 1100 °C, mullite formation occurred,
and its diffraction peak intensity gradually decreased as the tem-
perature increased to 1400 °C. In the case of FeP4 (Fig. 5(c)), the
dominant minerals at 815 °C were quartz, grossite, aluminum
phosphate and hematite. These phases exhibited reduced peak
intensities with increasing temperature. At 1100 °C, mullite and
anorthite emerged, although their peak intensities decreased with
the increasing temperature. Complete disappearance of mineral
diffraction peaks at 1400 °C indicated an essentially molten ash
state. A distinct contrast was observed for FeP8 (Fig. 5(d)), where
only quartz persisted in the ash at 1200 °C. No crystalline mineral
peaks were present for FeP8 above 1300 °C, whereas mullite
remained present in Fe8 at 1400 °C. This indicates that FeP8 ach-
ieved full melting of the ash at lower temperatures than Fe8.
Generally, the iron in coal ash slag at high temperatures is pref-
erentially associated with aluminosilicate to form ferrosilicate,

hercynite and/or fayalite [31,32]. However, according to the XRD
results, hematite was the sole Fe-bearing crystalline mineral in
this study. The hematite in the slag likely formed a solid solution
with other minerals and maintained similar structure according to
the research results on the crystal composition of iron-rich coal
slag during continuous cooling [33]. The co-existence of aluminum
phosphate, quartz, and hematite in the FeP4 and FeP8 samples
readily formed a low-temperature eutectic, which reduced the ash
fusion temperatures.

3.3. Mechanisms of ash fusion temperature affected by phosphorus
addition

To further investigate the mechanism whereby the addition of
phosphorus affects the ash fusion temperature, the vaporization
ratio of phosphorus during thermal treatment was calculated ac-
cording to Eq. (2)

Vaporization ratio of P :% x 100% (2)
1

where my and m; represent the mass of phosphorus in the ash
before and after thermal treatment, respectively. The vaporization
ratios of phosphorus in CaP4, CaP8, FeP4, and FeP8 as a function of
temperature are shown in Fig. 6. Fig. 6(a) and (b) present the
experimental results for phosphorus vaporization. The vapor-
ization ratio of phosphorus increased with the temperature,
regardless of the addition of calcium or iron-phosphate. Notably,
the phosphorus vaporization ratio was higher for CaP8 and FeP8
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Fig. 5. XRD patterns of Fe4, Fe8, FeP4, and FeP8 treated at different temperatures.

than for CaP4 and FeP4. Additionally, the ash containing iron
phosphate exhibited a higher phosphorus vaporization ratio than
that with calcium phosphate, suggesting that FeP has a stronger
propensity for phosphorus volatilization than CaP at temperatures
below 1300 °C. This difference is attributed to the lower melting
point of FePO4 (1000 °C) relative to Cas(PO4)3 (1670 °C). However,
when the temperature exceeded 1300 °C, the vaporization ratios of
phosphorus in CaP8 and FeP8 became comparable, with approxi-
mately 50% of phosphorus retained in both slags.

Apart from the experimental observations, phosphorus vapor-
ization behavior was predicted via thermodynamic equilibrium
calculations using FactSage 8.1. The results are shown in Fig. 6(c)
and (d). As the temperature increased, the vaporization rate of
phosphorus in the CaP4 sample increased and then decreased,
whereas that of phosphorus in the CaP8 sample simply increased.
The declining trend of phosphorus vaporization at >1150 °C in the
CaP4 sample was caused by dissolution of phosphorus in the liquid
phase, as shown in Fig. 6(c). In the FeP4 and FeP8 samples, the
volatility of phosphorus exhibited an increasing trend (Fig. 6(d)).
Compared with the experimental results, the predicted vapor-
ization ratio of phosphorus was higher under identical conditions,
which is attributed to the kinetic limit of phosphorus vaporization
during heating.

The phosphorus speciation in the ash was characterized using
XPS. Fig. 7 presents high-resolution XPS scans of treated ash with
CaP8 and FeP8 additives at 1200 and 1400 °C, revealing two
distinct phosphorus-bearing species: P,0s5 and PO4>~. Quantita-
tive analysis through spectral deconvolution demonstrated that
P20s5 corresponds to phosphorus dissolved in the molten slag,
while PO, >~ represents phosphorus incorporated into crystalline

phosphate phases. In the case of CaP8 at 1200 °C, the P,05 content
was determined to be 24.2%, which significantly increased to 51.2%
when the temperature was elevated to 1400 °C, as shown in Fig. 7
(a) and (b). This temperature-dependent enhancement improved
the phosphorus dissolution in the molten slag. A similar trend was
observed for FeP8 (Fig. 7(c) and (d)). Notably, the FeP8 sample at
1400 °C exhibited a substantially higher P05 content of 71.4% (Fig.
7(d)) than CaP8 (51.2%) under identical conditions (Fig. 7(b)). This
result suggests that Fe promotes the dissolution of phosphorus
into the molten slag compared with Ca, potentially contributing to
a decrease in the ash fusion temperature.

Thermodynamic equilibrium calculations were conducted to
further investigate the mineral transformations and liquid phase
formation during heating with additives. The calculation results
for PXC ash without additives are presented in Fig. 8. The primary
minerals in the ash at 1000 °C included mullite, quartz, anorthite,
ferrocordierite  (FepAlsSisO1g), and magnesium cordierite
(Mg,Al4Si5018). As the temperature increases, the liquid phase
fraction gradually increases. Quartz and magnesium cordierite
melted at 1250 °C, while anorthite disappeared at 1350 °C. By 1500
°C, approximately 15% of mullite remained, resulting in the FT of
PXC ash exceeding 1500 °C, as shown in Fig. 2.

The calculation results for mineral transformation at temper-
atures ranging from 1000°C to 1500 °C with the addition of CaO
and Ca3(P0O4); are presented in Fig. 9. Fig. 9(a) shows the fraction of
the liquid phase formed as a function of temperature. Typically,
the temperature at which 90% of the liquid phase was formed was
considered to be close to the FT of ash [34]. Based on the calcula-
tion results, the temperatures required for 90% liquid formation
under the conditions of CaP4 and CaP8 were lower than those
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under the Ca4 and Ca8 conditions. This indicates that the addition
of calcium phosphate is more effective for reducing the FT than the
addition of CaO. Additionally, the temperatures corresponding to
90% liquid phase formation under the Ca4 and Ca8 conditions were
almost identical, indicating comparable FTs for ash under these
two conditions. This is consistent with the experimental results for
the ash FT shown in Fig. 2(b).

With regard to the mineral transformations, the major crys-
talline minerals at 1000 °C in the case of Ca4 were anorthite and
Fe-/Mg-cordierite, as shown in Fig. 9(b). The total fraction excee-
ded 80%. As the temperature increased, cordierite was completely
melted at 1250 °C, while anorthite disappeared at 1500 °C. In Ca8
ash, the dominant minerals at 1000 °C included anorthite,
wollastonite (CaSiO3), and a small amount of diopside (CaMgSi»Og)
(Fig. 9(c)). The fraction of the liquid slag phase reached 100% at
1500 °C, which was similar to that of Ca4. In the case of CaP4, the
primary minerals at 1000 °C were quartz, mullite, and anorthite, as
shown in Fig. 9(d). The total fraction of minerals decreased with
increasing temperature. Similar results were obtained for CaP8
(Fig. 9(e)). In contrast, a small amount of potassium feldspar
(KAISi30g) was formed in CaP8, which was not observed in CaP4.

The thermodynamic calculation results for mineral trans-
formation and liquid phase formation in the Fe4, Fe8, FeP4, and
FeP8 samples at different temperatures are shown in Fig. 10. The
temperature required to achieve 90% liquid phase formation in
FeP8 was the lowest among all the samples (Fig. 10(a)), which is
consistent with the experimental results shown in Fig. 2(c).

Regarding mineral transformation, the primary minerals in the Fe4
sample were mullite, anorthite, and Fe-/Mg-cordierite, and the
total fraction of these minerals decreased as the temperature
increased (Fig. 10(b)). The mineral composition of Fe8 sample (Fig.
10(c)) was the same as that of Fe4 sample. In the case of FeP4,
mullite, quartz, anorthite, and Fe-cordierite were the dominant
minerals in the ash at 1000 °C (Fig. 10(d)). At this temperature, the
fraction of liquid slag was approximately 25%, which was higher
than that of Fe4. This suggests that the addition of FeP4 promoted
the formation of liquid slag and facilitated ash fusion. When the
iron phosphate content increased from 4% to 8%, anorthite dis-
appeared, and a small amount of potassium feldspar was formed at
1000 °C (Fig. 10(e)). Furthermore, the fraction of liquid slag
increased from 25% in FeP4% to 30% in FeP8 at 1000 °C, indicating
that the liquid slag formation was more likely to occur in the FeP8
sample.

3.4. Melting process of ash with calcium/iron phosphate and their
oxides

The melting processes of the Ca8, CaP8, Fe8, and FeP8 samples
were observed using a thermal platform microscope. The mor-
phologies of the ash at 1000—1400 °C are illustrated in Fig. 11.

To evaluate the ash melting process quantitatively, the rate of
change of the cross-sectional area of each sample as a function of
temperature was calculated according to Eq. (3).
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where, AA denotes the rate of change of the cross-sectional area,
and Ar and A1goo represent the cross-sectional areas of the ash at
temperature T and 1000 °C, respectively. These areas were deter-
mined using Image ] software.
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Fig. 8. Thermodynamic calculation results for the mineral transformation of PXC ash
at different temperatures.

The temperature-dependent variations in AA for the ash
samples are shown in Fig. 12. As illustrated in Fig. 12(a), the AA
values for both samples initially decreased and then increased,
reflecting sequential stages of shrinkage, fusion, and expansion
during the ash melting process. Both Ca8 and CaP8 samples
exhibited initial shrinkage at 1050 °C, which is attributed to liquid
phase formation. Notably, CaP8 demonstrated a higher shrinkage
rate than Ca8 at temperatures below 1250 °C, suggesting enhanced
liquid phase generation in the phosphorus-containing ash. The
minimum AA values occurred at 1250 °C for CaP8 and 1350 °C for
Ca8, respectively. Beyond these critical temperatures (1250 °C for
CaP8 and 1350 °C for Ca8), accelerated mineral melting and
dissolution processes were observed. This thermal behavior was
more pronounced in the Fe-containing samples (Fe8 and FeP8), as
shown in Fig. 12(b). In the case of FeP8, the maximum shrinkage
was observed at 1100 °C, a lower temperature compared with CaP8
(1250 °C), indicating that the addition of FeP8 was more beneficial
to the ash melting.

3.5. Dissolution behavior of mullite in P-containing liquid phase

The ash fusion behavior is ascribed to two mechanisms:
softening-melting and melting-dissolution [27,35]. The softening-
melting mechanism is related to the formation of minerals with
low melting point, while the melting-dissolution mechanism re-
fers to the formation of an active liquid phase in the initial stage of
coal ash, which has a good dissolving capacity for refractory
minerals such as mullite. The melting point of mullite is approxi-
mately 1870 °C, and its presence affects the ash melting behavior.
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According to the XRD analysis shown in Figs. 4 and 5, besides the
formation of AIPO4, no new P-bearing compounds are detected.
Therefore, according to the XRD analysis and thermodynamic
equilibrium calculations shown in Figs. 9 and 10, the softening-
melting mechanism does not affect the ash fusion temperature.
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The melting-dissolution mechanism is likely to govern the ash
melting behavior with the addition of calcium/iron phosphates.
To confirm this assumption, the dissolution of mullite in
phosphorus-containing liquids was investigated using a thermal
platform microscope. Ash samples from Ca8, CaP8, Fe8, and FeP8
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Fig. 11. Morphologies of the Ca8, CaP8, Fe8, and FeP8 ash samples at 1000—1400 °C.
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Fig. 12. A A values of the ash samples as a function of temperature.

were spread on corundum plates with mullite particles on their
surfaces. Sequential images of mullite dissolution in the Ca8, CaP8,
Fe8, and FeP8 ash during heating are shown in Fig. 13. In these
micrographs, the white mullite particles contrast the grey/black
background of the ash containing different additives. During
heating, the ashes underwent preferential melting to form a
phosphorus-enriched liquid phase because their fusion tempera-
ture was substantially lower than that of mullite. The dissolution
behavior of the mullite particles in this phosphorus-containing
liquid phase was recorded.

To quantify the dissolution of mullite in the liquid phase, the
relative change in the cross-sectional area of the mullite particles
was calculated according to Eq. (4).

My

AM =
Mio00

x 100% (4)

Where, AM represents the rate of change of the mullite particle
cross-sectional area, and Mrand Miggg denote the mullite particle
cross-sectional areas at temperature T and 1000 °C, respectively.
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Fig. 13. Dissolution of mullite particles in the ash with the addition of Ca8, CaP8, Fe8,
and FeP8.

The temperature-dependent variation of A M for mullite under
different conditions is depicted in Fig. 14.

Regardless of the additive type, AM exhibited a slight
decrease during the initial fusion stage, followed by a rapid
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decline at elevated temperatures. For instance, in the case of
CaP8, AM decreased from 100% at 1000 °C to 91.8% at 1200 °C and
further dropped to 0% (indicating complete melting) at 1400 °C
(Fig. 14(a)). In contrast, AM was 61.9% at 1400 °C in the case of
Ca8. This suggests that the liquid phase in CaP8 has a stronger
capacity for dissolving mullite compared with Ca8. Similar re-
sults were observed for Fe8 and FeP8, as shown in Fig. 14(b). The
dissolving ratio of mullite particles in FeP8 liquids was higher
than that in Fe8, as the mullite in FeP8 was completely molten at
1300 °C, while the corresponding temperature was 1400 °C in
Fe8. Moreover, the dissolving ability of the liquid phase from FeP8
for mullite particles was superior to that of the liquid phase from
CaP8. This was evidenced by the fact that A M was 0% at 1400 °C
for CaP8 but at 1300 °C for FeP8, indicating that FeP8 was more
effective in reducing the ash FT than CaP8. Combining this
observation with the XPS results shown in Fig. 7, it is suggested
that upon the addition of phosphorus to the coal ash, the ash
fusion temperatures were reduced through the dissolution of
refractory minerals into the phosphorus-containing liquid phase
formed in the initial ash melting stage, which was enhanced by
the presence of Fe.

4. Conclusions

The effects of phosphorus on the coal ash fusion temperature
were systematically investigated. Mineral transformation and re-
fractory mineral dissolution during heating were investigated. The
following conclusions are drawn.

(1) The addition of calcium or iron phosphate significantly
reduced the FT of coal ash, leading to higher reduction rates
compared with those obtained upon the addition of the
corresponding oxides. Iron phosphate exhibited superior FT-
lowering effectiveness to calcium phosphate at an equiva-
lent additive content.

(2) The phosphorus vaporization ratio increased with the
temperature. Approximately 50% of phosphorus was
retained in both CaP8 and FeP8 ashes at 1400 °C. Phosphorus
speciation in ash comprised P,05 and POz”(, with thermal
elevation promoting conversion of PO7~ into molten slag-
dissolved P,0s.

(3) The phosphorus-containing liquid phase formed during the
initial ash melting demonstrated an enhanced mullite
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Fig. 14. AM values of mullite particles as a function of temperature.
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dissolution capability compared with oxide additive sys-
tems, thereby reducing the ash FT. This dissolution capacity
was further enhanced by the presence of iron.
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