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Abstract Phosphogypsum is a type of solid waste that
causes severe environmental damage. To utilize phospho-
gypsum more effectively, the present study investigated the
melting characteristics of the reaction between phospho-
gypsum and CaS. FactSage was used to calculate the phase
equilibrium and to predict the melting behavior at high
temperatures. The analysis comprised an ash-melting
temperature test, thermogravimetric analysis, differential
thermal analysis, and scanning electron microscopy. The
results showed that kaolinite had major effects on the ash-
melting temperature and the ash-melting behavior, where
the effects depended on the kaolinite content. The
ash-melting temperature increased with the addition of
kaolinite. With a kaolinite content of 10 %, the increases in
the deforming temperature, softening temperature, hemi-
spheric temperature, and flowing temperature were 50, 42,
49, and 65 °C, respectively. The results of the simulation
and experimental analyses were in good agreement.

Keywords FactSage - Kaolinite - Melting
characteristics - Phosphogypsum

Introduction

Phosphogypsum is a solid waste generated by the pro-
duction of phosphoric acid using the wet process, where
every 1 ton of wet phosphoric acid production typically
generates about 5 tons of phosphogypsum [1]. Currently,
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over 75 million tons of phosphogypsum are produced as
by-products of the phosphoric acid industry per annum in
China, but the utilization rate is <20 % of the annual
production [2]. Thus, large accumulations of phospho-
gypsum occupy land. These waste resources also cause
severe environmental pollution and safety hazards [3, 4],
which greatly restrict the sustainable development of the
phosphate compound fertilizer industry. Therefore, it is
essential to develop rational methods for utilizing
phosphogypsum.

At present, there are many different methods for utiliz-
ing phosphogypsum in a comprehensive manner [5-16],
but the processes that decompose phosphogypsum to pro-
duce chemical products such as sulfuric acid and cement
are the most effective [10, 15]. However, in industrial
application, this process often leads to incrusting, ringing,
bonding, and even the blockage of rotary kilns,

which may have adverse effects on the conditions of the
entire firing system, thereby limiting the popularization and
application of this process [17]. To address this problem, it
is essential to determine the melting characteristic of the
reactants. Based on various analyses of the reaction
mechanisms during phosphogypsum decomposition with
different reductants(R) [2, 11, 18, 19], it has been shown
that CaS is an important intermediate product of phos-
phogypsum decomposition. In particular, the reaction
between phosphogypsum and CaS is a vital step [20]. The
reaction equations may be expressed as follows:

CaSO, + 2R = CaS + 2RO, (1)
CaS + 3CaS0O, = 4Ca0 + 4S0, (2)

Therefore, studying the melting characteristics of the
reaction between phosphogypsum and CaS is critical for
solving the problems described above. Furthermore,
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phosphogypsum is a complex compound and the reaction
between phosphogypsum and CaS is complex and com-
petitive, mainly because kaolinite has a major effect on the
melting characteristics of the reactants. Thus, the present
study focused on the effects of kaolinite on the melting
characteristics of the reaction.

To obtain useful insights into the reaction between
phosphogypsum and CaS in the presence of kaolinite, the
FactSage model was used to evaluate the liquid amounts,
solid transformation, and multi-phase equilibrium at high
temperatures. The theoretical predictions were also tested
based on experimental investigations, which comprised
comprehensive thermal analysis, an ash-melting tempera-
ture test, and scanning electron microscopy (SEM).

Experimental and simulation information
Sample preparation

In this experiment, the raw materials comprised phospho-
gypsum, CaS, and kaolinite. The phosphogypsum samples
used in this study were provided by Hongda Ltd (Sichuan,
China). After drying for 45 min at 415 °C, the average par-
ticle size of the phosphogypsum was ca 31.75 um. The
chemical composition of the phosphogypsum is shown in
Table 1. Industrial-grade CaS was used, which was provided
by Jianchen Metals and Minerals Ltd. The average particle
size of CaS was 23.32 pum, and its composition is shown in
Table 2. Reagent-grade kaolinite was also used. After thor-
ough mixing and grinding, mixtures of phosphogypsum and
CaS were prepared with a fixed molar ratio of 1.2:3, which
were supplemented with different kaolinite contents. High-
purity-grade nitrogen was used as the inert gas.

FactSage simulation

Thermochemical models can be used to analyze the equi-
librium conditions of the reaction between phosphogypsum
and CaS, as well as providing insights into the solid
transformation and liquid formation processes. These data
are useful for predicting the melting behavior of reactions
at high temperatures.

FactSage was introduced in 2001, and it was developed
jointly from both the FACT-Will/F*A*C*T and Chem-
Sage/SOLGASMIX thermochemical packages, which were

Table 1 Chemical composition of phosphogypsum

first produced over 28 years ago. The FactSage package
comprises a series of information, database, calculation,
and manipulation modules, which facilitate the manipula-
tion of databases of pure substances and solutions. Fact-
Sage is an extremely powerful tool, which can be used to
perform a wide range of thermochemical calculations by
chemical and physical metallurgists, chemical engineers,
inorganic chemists, geochemists, electrochemists, envi-
ronmentalists, and other users. FactSage provides infor-
mation on the phases formed, their proportions and
compositions, the activities of individual chemical com-
ponents and the thermodynamic properties of all compo-
nents, including pressures and temperatures. At present,
FactSage is the largest available thermochemical package
and database.

In the present study, FactSage 6.1 was used to predict
the multi-phase equilibrium and proportions of the liquid
and solid phases in a nitrogen atmosphere for the multi-
component system. This process was divided into equilib-
rium calculation and phase diagram calculation stages. The
initial calculation pressure in the FactSage 6.1 simulation
was 0.1 MPa, and the temperature ranged from 1,100 °C to
1,400 °C, with an interval of 25 °C. The compound species
was set to gas and solid, and the solution species selected
were Fact-Slag and Fact-FToxid.

Ash-melting temperature test

An ash melting determinator was used for the ash-melting
temperature test. As shown in Fig. 1, the structure of the
determinator comprised a tube furnace, a temperature
controller, and a computer, where a CCD was used to
monitor the changes in the ash cones with increasing
temperature. The ash cone shapes were imaged at different
temperatures and stored in the computer. The ash melting
characteristics comprised the deforming temperature (DT),
softening temperature (ST), hemispheric temperature (HT),
and flowing temperature (FT), which were determined
according to the standard ash-melting temperature test
(pyrometric cone method, Chinese standard GB219-2008).

The prepared samples were shaped into triangular cones
and placed in a furnace. Nitrogen was used to eliminate the
possible influence of the atmosphere in the furnace, and the
flow rate was controlled at 300-400 mL min~'. The
heating rate was adjusted to 15-20 °C in the temperature
range of 0-880, 1-15 °C in the temperature range of

Composition SO; CaO SiO,

ALO;

F6203 MgO P205 F

Content (%) 46.02 32.12 5.94

0.50 1.54 0.30 1.39 0.06
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Table 2 Chemical composition of CaS

Composition CaS CaSO, C SiO, Al,O3 Fe,O3 MgO P,Os5
Content (%) 78.34 6.51 4.0 1.12 0.18 0.61 0.15 0.24
Composition F Na,O K50 H,O
Content (%) 0.01 0.030 0.081 0.85

5 2
%

2 N

rrssers rranOON NN

220

Fig. 1 Schematic diagram of the ash melting determinator. / Gas cylinder, 2 flowmeter, 3 thermocouple, 4 high-temperament furnace, 5 turning
guide rail, 6 ash cone, 7 refractory bracket, 8 CCD, 9 temperature controller, and /0 computer

800-900, and 4-6 °C in the temperature range of
900-1,500 °C. After the test, the images of the sample
residues were analyzed by using a S-4800 scanning elec-
tron microscope (Japan).

Thermal analysis

A Netzsch STA449C comprehensive thermal analyzer,
which can acquire TG, DTA and DSC data simultaneously,
was used to make thermal analysis for the reaction. Samples
mixtures were prepared of phosphogypsum and CaS alone,
or with 5 % kaolinite, and all the experiments were con-
ducted in a temperature range of 200-1,400 °C. The carrier

gas was nitrogen, and the gas flow rate was 30 mL min~".

The heating rate was adjusted to 10 °C min~".

Results and discussion
FactSage calculation and analysis
Equilibrium calculation

Figure 2 shows the effects of kaolinite on the mass of slag-
liquid as the temperature increased. When the kaolinite
content was <5 %, the amount of slag-liquid decreased
gradually as the kaolinite content increased. Thus, kaolinite
can reduce the mass of liquid significantly and improve the
melting temperature. However, this phenomenon was no
longer obvious when the kaolinite content exceeded 5 %.
Therefore, the sample mixture with 5 % added kaolinite
was used to study the migration of the solid products, and
the results are shown in Fig. 3. According to Fig. 3, it can
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Fig. 2 Effects of kaolinite on the mass of slag-liquid
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Fig. 3 Effects of 5 % kaolinite on the solid product

@ Springer



2122

L. Zhao et al.

be seen that CaSO,, which is the main component of
phosphogypsum, was not consumed completely, and the
reaction gradually generated Ca,SiO,, Ca3;Al,Ogq, CarAl,.
Os, Ca3SiO0s, etc., as well as the main product CaO. The
production of feldspar had a significant effect on the
melting characteristics. It is likely that the high melting
point of the products mentioned above caused the increase
in the melting temperature of the reaction.

Phase diagram calculation

The effects of 5 % kaolinite on the phase diagram of the
CaSO,4—CaS—CaO system are presented in Fig. 4a—d, which
shows that at a temperature of 1,100 °C, the phase diagram can
be divided into three main parts (Gas—CaS—Ca,SiO4—
CazAl,05—Ca0O-CaS0y,, and Gas—CaS—Ca,Si0,4—CazAl,O5—
CaSQ,, and Gas—Ca,Si0O,—Ca3Al,04—Ca0O-CaS), where the
appearance of the main products of SO,, silicate (Ca,SiO, and

(a)

CaSi0;), aluminate (CaAl,O4 and Ca3Al,Og), and feldspar
(Ca,AlLSiO; and CaAl,Si,Og) indicate that the reaction
between CaSO, and CaS had started. As the temperature
increased, each part of the area began to change. At a temper-
ature of 1,150 °C, the area of Gas—CaS—Ca,SiO;,~CazAl,O—
Ca0—CaSO, decreased gradually, while new areas of Gas—
Ca,Si0,4,—CazAl,0—Ca0-CaSO, and Gas—Ca,SiO4—CazAl,.
0O¢—CaO-CaS were formed, where all the changes indicate that
the reaction became increasingly intense. The reaction was
almost complete when the temperature reached 1,200 °C.
However, some liquid products appeared at a temperature of
1,300 °C. Compared with the formation of the eutectic zones of
the pure CaSO,4—~CaS—CaO system at 1,000 °C [21, 22], the
appearance of liquid in the system of CaSO,—CaS—CaO-kao-
linite at 1,300 °C indicates that kaolinite can delay the liquid
phase, where a higher kaolinite content leads to greater pro-
duction of silicates, aluminates, and feldspar, which are all
typical refractory materials with high melting points.
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Fig. 4 Effects of 5 % kaolinite on the CaSO4—~CaS—CaO-Al,(Si,05)(OH), system. a 1,100 °C, b 1,150 °C, ¢ 1,200 °C, d 1,300 °C

@ Springer



The reaction between phosphogypsum and CaS

2123

| —=— DT r
1400 | o ST /
1 —a—HT ¥
—v—FT 7

1380
1360

.
1340 Fra
il

Temperature/°C

1320

1300

1280 ¥

The content of kaolinite/%

Fig. 5 Effects of adding kaolinite on the melting characteristic
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Ash-melting temperature test

Figure 5 illustrates the effects of kaolinite addition on the
characteristic melting temperatures, which shows that when
the kaolinite content was low, the temperature increases
were relatively flat, but the four characteristic melting
temperatures increased gradually as the kaolinite content

Fig. 6 SEM results for the
sample residues after the
reaction between
phosphogypsum and CaS alone
(a, x10,000), and
phosphogypsum and CaS mixed
with 5 % kaolinite (b,
x10,000), at different
temperatures. Al 1,200 °C,

A2 1,300 °C, B1 1,200 °C;

B2 1,300 °C)

became greater. When the kaolinite content reached 10 %,
the increases in the four temperatures, i.e., DT, ST, HT, and
FT, were 50, 42, 49, and 65 °C, respectively. Thus, kaolinite
increased the characteristic melting temperatures. This was
probably attributable to the triclinic structure of kaolinite.
The internal structure of kaolinite is linked by ionic bonds
and hydrogen bonds, and thus, its crystal structure is rela-
tively stable with almost no lattice substitution, which is
responsible for the strong skeleton structure and high
melting point of kaolinite. Based on the phase diagram
calculation, we found that the ratio of m (SiO,)/m (Al,O3)
decreased as the kaolinite content increased, thereby indi-
cating that there was an increase in the content of Al,O3
components, which provided the support framework that
hindered melt deformation during the reaction process,
while there was a relative reduction in the content of SiO,,
which was the glass-forming component. This phenomenon
caused the process to move gradually toward the high-
temperature zone and the temperature of the liquid zone also
continued to rise. As a result, the ash-melting temperature of
the reaction also increased. This conclusion is consistent
with Vorres’ suggestion that acidic oxides are helpful for
improving the melting temperature, thus a greater of Al,O3
content will result in a higher melting temperature [23].
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Fig. 7 TG/DTG-DSC curves
for a sample of phosphogypsum 0F or
and CaS alone (curve B), and
phosphogypsum and CaS mixed 80 -1
with 5 % kaolinite (curve A) )
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Table 3 Mass loss statistics of the TG curves with added kaolinite

Samples TG First mass loss  Second mass loss
0 % kaolinite 7/ °C 849-1,119 -
Mass loss/ % 38.15 -
5 % kaolinite 7/ °C 829-1,121 1,129-1,261
Mass loss/ % 34.58 3.12

After the ash-melting temperature test, the residue
samples were characterized based on SEM images (Fig. 6).
The SEM images of phosphogypsum and CaS alone were
compared with that of the sample mixed with 5 % kao-
linite, which showed that the samples of phosphogypsum
and CaS alone had sintered and melted slightly even at a
temperature of 1,200 °C, whereas the image of the sample
mixed with 5 % kaolinite at a temperature of 1,200 °C
included some acicular and long columnar crystals, which

Table 4 Thermal analysis results of DSC curves by adding kaolinite

were probably the end-products obtained after heating
kaolinite at high temperature. During melting, scaly worm-
like particles were bonded together at up to 1,300 °C, as
shown in Fig. 6b, which may support the conclusion that
the presence of kaolinite can retard the emergence of
liquid, and this was in good agreement with the FactSage
results.

Comprehensive thermal analysis

The reaction of phosphogypsum and CasS in the presence of
kaolinite was conducted using a comprehensive thermal
analyzer. Figure 7 shows the results obtained for the
reaction of phosphogypsum and CaS alone, and for the
reaction of phosphogypsum and CaS mixed with 5 %
kaolinite, where the corresponding data are listed in
Tables 3 and 4. For the reactions of phosphogypsum and
CaS alone, the mass loss and the corresponding thermal

Peak 1
T/ °C, T,/ °C

Samples Peak 2

T/ °C, T,/ °C

Peak 3
T/ °C, T,/ °C

Peak 4
T/ °C, T,/ °C

0 % kaolinite
5 % kaolinite

969-1,052, 1,031
928-1,031, 1,006

1,314-1,353, 1,326
1,135-1,221, 1,206

1,220-1,274, 1,236

1,316-1,390, 1,364
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effect in the reaction between phosphogypsum and CaS to
obtain SO, and CaO occurred in a temperature range of
849-1,119 °C. However, the second thermal effect
appeared in a temperature range of 1,314-1,353 °C, which
may represent the occurrence of melting because there was
no significant change in quality.

For the reaction of phosphogypsum and calcium with 5 %
kaolinite, the first mass loss represents the decomposition of
phosphogypsum and CaS, but the lower mass loss compared
with the thermogravimetric curves of phosphogypsum and
CaS alone was due mainly to the incomplete consumption of
CaSO, and the generation of composite oxides (calcium
silicate, calcium aluminate, calciclase, feldspar, etc.).
However, as the temperature increased, the second mass loss
appeared at a temperature of 1,129-1,261 °C, and the cor-
responding thermal effect was reflected in the form of two
small endothermic peaks in the differential scanning calo-
rimetry curve. Based on the migration process of the solid
products in the simulation, the second mass loss may rep-
resent the decomposition of calciclase and feldspar. In
addition, an exothermic peak appeared at 1,316-1,390 °C,
which may represent crystal transformation or recrystalli-
zation. Therefore, there was no sign of melting in the thermal
analysis of the sample of phosphogypsum and CaS with 5 %
kaolinite. This showed that the presence of kaolinite can
improve the melting temperature to some extent.

Conclusions

This study investigated the effects of kaolinite on the
melting characteristics of the reaction between phospho-
gypsum and CaS based on FactSage simulations and
experiments. The results indicate that FactSage is a useful
tool for predicting the phase equilibrium and melting
behavior at high temperatures. The experimental findings
agreed with the FactSage calculations and they indicate
that the addition of kaolinite can improve the melting
temperature, which was verified by the thermal analysis.
Furthermore, as the kaolinite content became greater, the
four characteristic melting temperatures all increased by
different rates. The most obvious effect occurred when the
kaolinite content reached 10 %, where the increases in the
four characteristic melting temperatures, i.e., DT, ST, HT,
and FT, were 50, 42, 49, and 65 °C, respectively. These
results are attributable to the specific structure of kaolinite.
However, a careful analysis of Fig. 2 shows that when the
kaolinite content exceeded 5 %, the influence on the mass
of liquid was no longer obvious, which did not correspond
to the results obtained in the ash-melting temperature test.
This difference is probably due to the reaction environment
used in FactSage, which is not as complex as the real

experimental environment. Despite this, our results provide
a theoretical basis that could facilitate the solution of
problems that occur in industrial applications, which may
be of great importance for relevant industrial processes.
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