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A B S T R A C T

Phosphogypsum (PG) is a solid waste generated by the phosphate fertilizer industry. The decomposition
of PG allows for the separate recovery of its Ca and S resources. In this work, the decomposition of PG
and formation of minerals in the preparation of sulfoaluminate cement (SAC) were studied. Thermo-
dynamics analysis reveals that the formation of SAC minerals accelerates the decomposition of PG by
incorporating CaSO4 and CaO into the reaction matrix. Experimental results revealed that the formation
of SAC minerals effectively reduces the decomposition temperature of PG and increases its decompo-
sition rate. The formation of C2S has the strongest promoting effect on the decomposition of PG. The
formation of C4A3S generally has a weaker effect in promoting PG decomposition. In contrast, the for-
mation of C4AF and composite minerals not only facilitates efficient PG decomposition but also main-
tains system stability, preventing melting. The formation of SAC minerals is affected by the
decomposition of PG, making it difficult to fully generate the target mineral. The kinetic mechanism of
PG decomposition is three-dimensional diffusion reaction, while the mechanism changes to two-
dimensional diffusion (cylindrical symmetry) reaction in mineral formation. This study presents
novel methodologies for recycling Ca and S resources from PG, paving the way for its efficient
utilization.
© 2026 The Chemical Industry and Engineering Society of China, and Chemical Industry Press Co., Ltd.
All rights are reserved, including those for text and data mining, AI training, and similar technologies.

1. Introduction

Although the phosphate fertilizer industry holds immense
economic significance, it is widely regarded as one of the most
polluting industries globally [1]. This industrial activity is char-
acterized by its diverse and hazardous emissions to air, liquids and
solid wastes [2]. Phosphogypsum (PG) is a waste byproduct
generated from the wet process of phosphoric acid in the phos-
phate fertilizer industry [3]. Producing one ton of phosphoric acid
yields approximately 4.0—5.0 tons of PG [4]. According to statistics,
approximately 300 million tons of PG are produced annually
worldwide [5]. Currently, about 15% of PG is recycled and reused,

such as for agricultural fertilizer, saline soil conditioner, road
construction, building materials, etc [6]. Most of the PG is stored as
solid waste without any treatment. This instance occupies land
and harms the environment, but also causes waste of Ca and S
resources [7]. Therefore, finding solutions for the recycling of PG
has become an urgent priority.

The main component of PG is calcium sulfate dihydrate
(CaSO4·2H2O), which is rich in Ca and S resources [8]. One of the
mainways to utilize PG is to separately recover Ca and S resources.
The SO2 obtained by the decomposition of PG can be converted
into element S or made into sulfuric acid [9]. Element S is an
important raw material for many manufacturing industries, such
as fertilizers [10], acids [11], insecticides [12], and titanium dioxide
[13]. Ca also has many uses in various industrial and commercial
applications, such as manufacturing concrete or Portland cement* Corresponding authors.

E-mail addresses: wus130708@163.com (S. Wu), rcz@qlu.edu.cn (C. Ren).

Contents lists available at ScienceDirect

Chinese Journal of Chemical Engineering

journal homepage: www.elsevier .com/locate/CJChE

https://doi.org/10.1016/j.cjche.2026.02.012
1004-9541/© 2026 The Chemical Industry and Engineering Society of China, and Chemical Industry Press Co., Ltd. All rights are reserved, including those for text and data
mining, AI training, and similar technologies.

Chinese Journal of Chemical Engineering 95 (2026) 102—112



[14], producing lime for soil stabilization [15], acid neutralization
[16], and flue gas desulfurization [17]. The decomposition process
of PG has attracted the attention of many scholars. PG can be
decomposed into CaO and SO2 through high-temperature calci-
nation, achieving its effective recovery [18]. But high-temperature
decomposition is not economical. The addition of reducing agents
can effectively reduce the decomposition temperature and
improve the decomposition efficiency of PG [19]. The mechanism
of PG reductive decomposition is currently unclear, and the reac-
tion process is difficult to control [20]. CaO, CaS, and CaSO4 are
usually mixed in the product, making it difficult to achieve high
purity of the target product [21,22]. Therefore, it is quite difficult to
effectively separate Ca and S resources through the reductive
decomposition of PG.

Some studies have shown that the decomposition of PG can be
promoted by oxides such as Al2O3, Fe2O3, SiO2, etc. [23—25]. In
addition to catalytic effects, the mineral formation reaction be-
tween oxides and CaO further facilitates the decomposition of PG.
Our team successfully prepared sulfoaluminate cement (SAC) using
PG as the sole CaO source based on this phenomenon [26,27]. The
obtained SAC has good mineral formation and excellent perfor-
mance. The efficient decomposition of PG meets the demand for the
co-production of sulfuric acid with SAC [28]. During the preparation
of SAC, CaO reacts with Al2O3, SiO2, and Fe2O3 to form clinker
minerals such as ye'elimite (C4A3S), belite (C2S), and brownmillerite
(C4AF) [29]. At this point, the decomposition of PG is effectively
promoted. However, the promoting effect of different mineral for-
mations on PG decomposition is not clear. And the mineral for-
mation process involving PG decomposition is still unknown.

This work investigated the decomposition of PG and formation
of minerals in the preparation of SAC. From a thermodynamic
perspective, the decomposition reaction of PG and the formation
of clinker minerals such as C4A3S, C2S, and C4AF from PG were
analyzed. The decomposition behavior of PG and the formation of
SAC clinker minerals were explored through methods such as
thermogravimetric analysis-mass spectrometry (TG-MS) and X-
ray diffraction (XRD). And the microstructure evolution during the
decomposition of PG and minerals formation was observed using
scanning electron microscopy (SEM). The decomposition kinetics
mechanism of PG at high temperatures was revealed. This work
provides important theoretical support and insights for the inno-
vative recovery of Ca and S resources in PG.

2. Experiments

2.1. Sample preparation

The PG used in the work comes from the Shandong Huitai Co.,
Ltd., Binzhou, China. Through chemical composition analysis of PG,
it contains 36.78% (mass) CaO, 51.75% (mass) SO3, and 5.17% (mass)
SiO2, as well as a small amount of Al2O3, Fe2O3, MgO and other
components. The chemical compositions of PG are presented in
Table 1. The XRD pattern of PG is shown in Fig.1. The main mineral of
PG is CaSO4·2H2O. The Al2O3, SiO2, and Fe2O3 used in the work are
all chemically pure reagents from China National Pharmaceutical
Group Co., Ltd. The proportion of raw materials is based on the

predetermined target mineral types and contents. Al2O3 is added to
PG to prepare C4A3 S. SiO2 is added to PG to prepare C2S. Preparation
of C4AF by reaction of PG with Al2O3 and Fe2O3. The raw material
proportion and corresponding target minerals are shown in Table 2.
According to the types of raw materials, the samples are named
PGA, PGS, PGAS, and PGASF. PG serves as the reference group and is
named PG0.

The raw materials are thoroughly mixed according to the pre-
determined ratio. Then, it was compressed into a cylindrical shape
with a diameter of 50 mm under a static pressure of 15 MPa. The
uniformly mixed samples were placed at temperatures of 900 ◦C,
950 ◦C, 1000 ◦C, 1050 ◦C, 1100 ◦C, 1150 ◦C, 1200 ◦C, 1250 ◦C, 1300 ◦C
and calcined for 60 min. The calcined sample was ground to below
200 mesh for further testing.

2.2. Methods

The thermal decomposition behavior and product generation of
PG and other samples were studied using a thermogravimetric
analyzer (TGA, NETZSCH STA 449 F3 Jupiter) coupled with a mass
spectrometer (MS, QMS 403 Aeolos Quadro). The sample mass in
the alumina crucible is maintained at (5 ± 0.5) mg in each experi-
ment. Air is used as the carrier gas, with a flow rate set at
60 ml ·min-1. The sample is heated from 30 ◦C to 1200 ◦C at a
heating rate of 10 ◦C·min-1. The gas delivery device between TGA
and MS is heated to 200 ◦C to avoid condensation of gaseous
products. MS is used to study the dynamics of gas emissions (H2O,
CO2, SO2 and SO3). All experiments were conducted at least twice to
demonstrate good repeatability and reproducibility of the testing.

Elemental analysis was performed using an energy-dispersive
X-ray fluorescence spectrometer (XRF, SPECTRO XEPOS). The in-
strument was equipped with a high-resolution silicon drift detector
and operated under optimized measurement conditions for

Table 1
Chemical composition of PG, % (mass).

Sample CaO SiO2 Al2O3 Fe2O3 SO3 MgO TiO2 R2Oa LOIb

PG 36.78 5.17 0.43 0.21 51.75 0.17 0.09 0.19 5.21

a Alkaline oxide (K2O and Na2O).
b Loss on ignition at 950 ◦C.

Fig. 1. XRD pattern of the PG sample.

Table 2
Raw material proportion and corresponding target minerals (% (mass)).

Sample Target minerals Raw material proportion

C4A3S C2S C4AF PG Al2O3 SiO2 Fe2O3

PGA 100 / / 66.92 33.08 / /
PGS / 100 / 83.76 / 16.24 /
PGAF / / 100 70.26 11.58 / 18.16
PGAS 70 30 / 73.28 20.58 6.13 /
PGASF 60 30 10 68.38 24.25 5.61 1.76
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precision analysis. Measurements were carried out under vacuum
conditions using an excitation voltage of 50 kV. Prior to analysis,
samples were oven-dried at 110 ◦C for 2 h. And an appropriate
amount of the sample was pressed into a round tablet (5 mm in
thickness and 25 mm in diameter) with boric acid for testing. Each
measurementwas performed in triplicate to confirmreproducibility.

The decomposition rate of PG is calculated based on the mass
and SO3 content of the sample before and after calcination, as
shown below [30].

Decomposition rate (%)=
M1 × S1 - M2 × S2

M1 × S1

here,M1 and S1 represent the mass and SO3 content of the sample
after eliminating ignition loss, respectively, and M2 and S2 corre-
spond to the mass and SO3 content of the calcined sample,
respectively.

The mineral composition of the calcined sample was analyzed
using a XRD X-ray diffraction analysis (XRD, Brucker Advance D8)
equipped with a Cu-Kα radiation source (λ = 0.15406 nm). The
sample test voltage and current of the X-ray tube were set at 40 kV
and 40 mA, respectively. The measurements are conducted within
the 2θ range of 10◦ to 80◦ with a scanning speed of 0.2(◦)·min- 1. A
LynxEye detector was used to collect the signals. Table 3 shows the
crystal structures used for analysis and corresponding Inorganic
Crystal Structure Database (ICSD) codes.

The morphology and microstructural analysis of the samples
were conducted using a scanning electron microscope (SEM, Zeiss
Supra 55) operated at an accelerating voltage of 5 kV. Prior to
imaging, the samples were sputter-coated with a thin layer of gold
to enhance conductivity and minimize charging effects. The high-
vacuum mode was employed throughout the analysis.

FactSage is a powerful thermodynamic software package used
to simulate and analyze chemical reactions [40]. To determine
whether a chemical reactionwill occur, the Gibbs free energyΔG of
the system under specific conditions such as temperature, pres-
sure, and composition is calculated. A reaction is considered
thermodynamically favorable if Gibbs free energy ΔG is negative,
indicating that the process can proceed spontaneously [41]. In this
study, the “Reaction”module of FactSage 7.1was used to obtain the
relationship between the Gibbs free energy ΔG of chemical re-
actions and temperature [42]. The evaluated reactions included
the decomposition of PG and its interactions with various oxides.
Calculations were performed over a temperature range of 400
◦C—2000 ◦C with increments of 100 ◦C. The resulting data were
subsequently organized and plotted for analysis.

3. Results and Discussion

3.1. Thermodynamic analysis

The reactions that occur during the decomposition of PG in
different systems were summarized, as shown in reactions (1—16).

In the PG0 sample, the main reactions that occur are the dehy-
dration of CaSO4·2H2O and the decomposition of CaSO4, which can
be represented by reactions (1—2).

CaSO4·2H2O (s) → CaSO4 (s) + 2H2O (g) (1)

2CaSO4 (s) → 2CaO (s) + 2SO2 (g) + O2 (g) (2)

In the PGA samples, C4A3S and CaAl2O4 (CA) are formed through
different pathways, which can be represented by reactions (3—6).

8CaSO4 (s) + 6Al2O3 (s) → 2Ca4Al6SO16 (s) + 6SO2 (g) + 3O2 (g)(3)

3CaO (s) + 3Al2O3 (s) + CaSO4 (s) → Ca4Al6SO16 (s) (4)

2CaSO4 (s) + 2Al2O3 (s) → 2CaAl2O4 (s) + 2SO2 (g) + O2 (g) (5)

CaO (s) + Al2O3 (s) → CaAl2O4 (s) (6)

In the PGS samples, C2S and CaSiO3 (CS) are formed, as shown in
reactions (7—10).

2CaSO4 (s) + 2SiO2 (s) → 2CaSiO3 (s) + 2SO2 (g) + O2 (g) (7)

CaO (s) + SiO2 (s) → CaSiO3 (s) (8)

4CaSO4 (s) + 2SiO2 (s) → 2Ca2SiO4 (s) + 4SO2 (g) + 2O2 (g) (9)

2CaO (s) + SiO2 (s) → Ca2SiO4 (s) (10)

In the PGAF samples, not only C4AF will form, but also C4A3S and
Ca2Fe2O5 (C2F) will form. The reactions involved can be repre-
sented by reactions (11—14).

2CaSO4 (s) + Fe2O3 (s) → Ca2Fe2O5 (s) + 2SO2 (g) + O2 (g) (11)

2CaO (s) + Fe2O3 (s) → Ca2Fe2O5 (s) (12)

4CaSO4 (s) + Al2O3 (s) + Fe2O3 (s) → Ca4Al2Fe2O10 (s) + 4SO2
(g) + 2O2 (g) (13)

4CaO (s) + Al2O3 (s) + Fe2O3 (s) → Ca4Al2Fe2O10 (s) (14)

In the PGAS samples, in addition to the formation of C4A3S and C2S,
Ca2Al2SiO7 (C2AS) is also generated, which can be represented by
reaction (15—16).

2CaSO4 (s) + Al2O3 (s) + SiO2 (s) → Ca2Al2SiO7 (s) + 2SO2 (g) + O2
(g) (15)

2CaO (s) + Al2O3 (s) + SiO2 (s) → Ca2Al2SiO7 (s) (16)

Thermodynamic analysis can not only predict whether a reac-
tion occur and the conditions required for it to occur, but also
predict the phase composition of the product at the equilibrium of
the reaction. Fig. 2 shows the Gibbs free energy ΔG of CaSO4
decomposition and minerals formation as a function of tempera-
ture. Mineral formation reactions can be divided into two cate-
gories, one is the reaction in which CaSO4 directly participates in
mineral formation, and their Gibbs free energy ΔG is shown in
Fig. 2(a). The other type is the reaction in which CaO, a product of
PG decomposition, participates in mineral formation, and their
Gibbs free energy ΔG is shown in Fig. 2(b). When the temperature
reaches 1652 ◦C, the ΔG of chemical reaction (2) is less than 0,

Table 3
Crystal structures used for analysis and ICSD codes.

Mineral name Formula ICSD codes

Anhydrite CS 15876 [31]
Silica SiO2 67121 [33]
Krotite CA 260 [35]
Wollastonite CS 26553 [37]
Brownmillerite C4AF 9197 [39]
Gehlenite C2AS 87144 [32]
Srebrodolskite C2F 15059 [34]
Ye'elimite C4A3S 9560 [36]
Belite C2S 81096 [38]
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indicating that CaSO4 can spontaneously decompose. Mineral
formation reactions involving CaO can only occur after the
decomposition of CaSO4, even though these reactions are ther-
modynamically spontaneous at relatively low temperatures. In
contrast, the mineral formation reactions involving CaSO4
decomposition can proceed directly. At 1373 ◦C, the ΔG of chemical
reaction (3) is less than 0, and C4A3S spontaneously forms,
accompanied by the decomposition of CaSO4. The temperature at
which ΔG is less than 0 in chemical reaction (15) is 1375 ◦C, and
C2AS is formed. Compared with reaction (2), the temperature at
which the Gibbs free energy ΔG of minerals formation reactions
involving CaSO4 decomposition is below 0 decrease to varying
degrees, indicating that mineral formation is more likely to occur
spontaneously. The formation of minerals is accompanied by the
decomposition of CaSO4 and promotes its decomposition.

3.2. Thermal analysis

Fig. 3 shows the TG-MS curve of PG0 sample. According to the
TG-MS curve, the thermal decomposition of PG can be divided into
two stages [43]. The initial stage is the dehydration process of PG.
PG begins to lose bound water at 90 ◦C, and as the temperature
increases, the dehydration rate gradually increases, reaching a
peak at around 130 ◦C. Subsequently, the dehydration rate grad-
ually decreased, and the dehydration ended at approximately
170 ◦C. The dehydration of PG is the process in which CaSO4·2H2O
loses bound water and becomes CaSO4, which can be represented
by reaction (1). The second stage is the decomposition process of
PG. At 970 ◦C, the sample mass begins to decrease and CaSO4 be-
gins to decompose. As the temperature increases, the decompo-
sition rate begins to increase and reaches its maximum at 1130 ◦C.
When the temperature reaches 1200 ◦C, the weight loss caused by
CaSO4 decomposition is only 4.89% of the original material. The
decomposition process of PG involves the decomposition of CaSO4
to produce CaO, SO2, and O2, which can be described by reaction
(2). The generation of SO2 during PG decomposition process was
not observed on the MS curve, indicating that the decomposition
rate of CaSO4 is low.

The TG-MS curve of PGASF sample is shown in Fig. 4. Similar to
sample PG0, the thermal analysis process of PGASF sample can be
divided into two stages. The initial stage is the dehydration process
of PG, which begins at around 90 ◦C, reaches the maximum
dehydration rate at 150 ◦C, and ends at 180 ◦C. Subsequently, a

decrease in sample mass was observed at 879 ◦C, accompanied by
the generation of SO2 on the MS curve, indicating that CaSO4 began
to decompose. As the temperature increases, the decomposition
rate of PG increases. At 1200 ◦C, the mass loss caused by the
decomposition of CaSO4 is 13.32% of the original material.
Compared with the PG0 sample, the initial decomposition tem-
perature of PG decreased by nearly 100 ◦C, and the mass loss
caused by decomposition increased. According to previous studies

Fig. 2. Gibbs free energy of CaSO4 decomposition and minerals formation (a) mineral formation without CaSO4 decomposition; (b) mineral formation with CaSO4 decomposition.

Fig. 3. TG-MS curves of the PG0 samples.

Fig. 4. TG-MS curves of the PGASF sample.
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[24,26], this behavior was attributed to the catalytic effects of
oxides and the formation of minerals, which lower the decom-
position temperature of PG and increases its decomposition rate.

3.3. Decomposition rate

To study the effect of mineral formation on the decomposition
of PG, the samples were calcined at different temperatures, and
some samples were difficult to collect due to melting at 1300 ◦C,
such as PG0 and PGS samples. The decomposition rate of PG in
samples sintered at different temperatures is shown in Fig. 5. At
900 ◦C, the decomposition rate of PG0 sample is 7.02%. As the
temperature increases, the decomposition rate gradually rises,
reaching 30.30% at 1250 ◦C. In comparison, other samples exhibit
significantly higher decomposition rates. Among them, the PGA
sample shows the smallest improvement, with a decomposition
rate of 20.78% at 900 ◦C and 67.67% at 1300 ◦C. Conversely, the PGS
sample demonstrates the greatest improvement, achieving a
decomposition rate of 37.42% at 900 ◦C and 83.49% at 1250 ◦C.
However, at 1300 ◦C, the system begins to melt due to an increased
liquid phase at high temperatures. The PGAF sample achieves the
highest decomposition rate at 1300 ◦C, reaching 86.70%. It can be
obtained that the formation of C2S has the strongest promoting
effect on the decomposition of PG, though excessive liquid phase
at 1300 ◦C leads to system melting. The formation of
C4A3S generally has a weaker effect in promoting PG decomposi-
tion. In contrast, the formation of C4AF and composite minerals not
only facilitates efficient PG decomposition but also maintains
system stability, preventing melting.

3.4. Mineral formation

XRD analysis was performed on the calcined samples to obtain
the mineral composition. Fig. 6 shows the XRD patterns of samples
sintered at different temperatures. As shown in Fig. 6(a), the PG0
sample contains CaSO4 and SiO2 after calcination at 800 ◦C. As the
temperature increases, the intensity of the SiO2 characteristic peak
at 26.7◦ decreases, while that at 28.6◦ increases, indicating a
transformation in its crystal form [44]. However, there was no
significant change in the characteristic peak of CaSO4. The char-
acteristic peak of C2S was observed at 1250 ◦C. The formation
process of C2S can be described by reaction (9—10), where CaSO4

reacts with SiO2 to produce C2S. This means that the CaSO4 has
already decomposed to some extent.

As shown in Fig. 6(b), the characteristic peak of C4A3S begins to
appear in the PGA sample at 1050 ◦C, meaning the formation of
C4A3S. The formation of C4A3S can be described by reaction (3—4).
This indicates that the reaction is accompanied by the decompo-
sition of CaSO4. With increasing temperature, the intensity of the
C4A3S characteristic peak gradually increases, while that of the
CaSO4 peak progressively decreases. At 1300 ◦C, the characteristic
peak of CaSO4 disappears entirely, indicating its complete
decomposition. In addition to the target product C4A3S, CA and
C2AS were formed at 1150 ◦C and 1200 ◦C, respectively, and their
formation processes are described by reactions (5—6) and (15—16).

As shown in Fig. 6(c), CaSO4 and SiO2 were observed in the PGS
sample sintered at 800 ◦C. At 1000 ◦C, the characteristic peaks of
CS appear, indicating the formation of CS and the decomposition of
CaSO4. The formation of CS can be described by reaction (7—8). At
1200 ◦C, the characteristic peak of C2S was observed, and C2S
began to form. The formation of C2S can be represented by reaction
(9—10). As the temperature increases, the characteristic peak in-
tensities of CS and C2S increase, while the characteristic peak in-
tensity of CaSO4 decreases. CaSO4 continues to decompose to form
CS and C2S. At 1300 ◦C, excessive liquid phase in the system causes
the sample to melt. The reason is that SiO2 and CaSO4 form low
melting point silicates, which lower the melting point of the sys-
tem [45]. Low melting point silicates will gradually melt into a
liquid phase with increasing temperature and envelop the re-
actants, hindering their further reaction. Although SiO2 is benefi-
cial for the decomposition of PG, it also increases the formation of
liquid phase at high temperatures, which can have adverse effects
on the further decomposition of PG and the formation of C2S [46].

In the PGAF sample (Fig. 6(d)), the characteristic peak of
C4A3S begins to appear at 1050 ◦C and gradually strengthens with
increasing temperature. C2F and C4AF begin to form at 1250 ◦C,
which can be described by reactions (11—12) and (13—14). At
1300 ◦C, CaSO4 completely decomposes, and the PGAF sample
contains C4A3S, C4AF and C2F. The formation temperature of C4AF
is significantly higher than that of C4A3S, resulting in residual
C4A3S, and incomplete formation of C4AF.

Fig. 6(e) shows XRD patterns of PGAS samples sintered at
different temperatures. At 1050 ◦C, C4A3S formed, accompanied by
the decomposition of CaSO4. As the temperature increases, the
characteristic strength of CaSO4 weakens and the degree of
decomposition increases. At 1150 ◦C, the characteristic peak of
C2AS can be observed, indicating its formation. At 1200 ◦C, C2S has
already formed. At 1300 ◦C, the characteristic peak of CaSO4 dis-
appears entirely, meaning its full decomposition. Due to the
absence of CaSO4, C2AS will not continue to be consumed and
remain in the sample [47].

Fig. 6(f) shows XRD patterns of PGASF samples sintered at
different temperatures. The mineral evolution process in PGASF
samples is similar to that in PGAS samples, with the primary
distinction being the increased formation of CS in PGASF. This may
be attributed to the promotion of CaSO4 decomposition by Fe2O3.
Due to the limited addition of Fe2O3, the formation of C4AF was not
observed in the samples.

In summary, the formation of SAC minerals promotes the
further decomposition of PG by consuming the CaSO4 and CaO
produced from it. The formation behavior of minerals reflects their
impact on the decomposition of PG. Minerals such as C4A3S, CS,
and C2AS form earlier, effectively promoting the decomposition of
PG during the initial phase. In contrast, minerals like CA, C2S, C2F,
and C4AF form later, thereby facilitating decomposition of PG inFig. 5. Decomposition rate of PG in samples sintered at different temperatures.
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the subsequent phase. The formation process of SAC minerals is
also influenced by the decomposition of PG, which hinders the
complete formation of the target minerals.

3.5. Microstructure analysis

To investigate the microstructural evolution during the
decomposition of PG, SEM analysis was performed on the calcined
samples, and the results are presented in Figs. 7 and 8. Fig. 7 shows

the SEM micrographs of PG0 samples sintered at different tem-
peratures.When not calcined, the crystal size of PG is between 100
and 400 μm, and most of them are parallelogram or diamond
plate-like shapes. After magnification, it was found that the crystal
surface has obvious stacking phenomena, indicating that large
crystals are composed of small sheet-like grains stacked together.
After calcination at 200 ◦C, there was no significant change in
crystal morphology and size, but due to the loss of bound water,
there was a noticeable cracking phenomenon on the surface of the

Fig. 6. XRD patterns of samples sintered at different temperatures a) PG0 sample; (b) PGA sample; c) PGS sample; d) PGAF sample; e) PGAS sample; f) PGASF sample.
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Fig. 7. SEM micrographs of PG0 samples sintered at different temperatures (a) uncalcined; (b) 200 ◦C; (c) 800 ◦C; (d) 1200 ◦C.
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Fig. 8. SEM micrographs of PGASF samples sintered at different temperatures (a) uncalcined; (b) 200 ◦C; (c) 800 ◦C; (d) 1200 ◦C.
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crystal. After calcination at 800 ◦C, the mineral composition is
mainly CaSO4. Crystals are mostly in the form of parallelograms or
rhomboids, but the original large crystals will break into small-
sized crystals, generally between 10 and 120 μm. The surface of
the crystal shows a squamous and uneven distribution between
grains. After calcination at 1200 ◦C, the crystals are broken into
smaller sizes and exhibit obvious melting phenomena, with
rounded edges and smooth surfaces. After magnification, it can be
observed that there are no obvious boundaries between the grains,
and there are pores generated by gas escape.

Fig. 8 presents the SEM images of PGASF samples sintered at
different temperatures. As shown in Fig. 8(a), the regular crystals of
the uncalcined sample were destroyed due to pre-grinding.
Therefore, the PGASF sample crystals do not have a regular and
orderly microstructure, and the particles are mostly agglomerated.
After calcination at 200 ◦C, PG lost its bound water, but the crystal
morphology of the sample did not change significantly, and it was
still irregularly and chaotically distributed, and the particles were
agglomerated. After calcination at 800 ◦C, the crystal distribution in
the sample becomes orderly, and crystal particles with regular
morphology appear. After calcination at 1200 ◦C, well-defined
polygonal crystals of C4A3S were observed, which was confirmed
by EDS analysis, indicating the formation of the target mineral.

3.6. Kinetic analysis for PG decomposition in mineral formation

For thermal analysis of non-homogeneous and linear pro-
grammed heating, the Arrhenius equation is employed to describe
the relationship between the reaction rate constant (k) and the
thermodynamic temperature (T). The degree of reaction is
expressed in terms of conversion rate (α). Therefore, the integral
expression G(α) for reaction kinetics equations can be obtained
based on the basic principles of thermal analysis kinetics. The most
probable mechanism function can be determined using the Uni-
versal Integration Method from many mechanism functions in
thermal analysis kinetics. Meanwhile, the activation energy (E)
and pre-exponential factor (A) are also calculated [48]. Table 4 lists
the common kinetic mechanism functions for solid-phase thermal
decomposition considered in this study.

According to the experimental conditions, the heating rate (ß)
is 10 K·min-1, and the universal gas constant (R) is
8.314 J·mol-1·K-1. The initial temperature for PG decomposition
was observed at approximately 1243.15 K for the PG0 sample,
while the PGASF sample exhibited a lower decomposition initia-
tion temperature of about 1152.15 K. According to the TG data of
PG and PGASF samples, the conversion rate α can be calculated
using the following formula.

α=
W0 -Wt

W0 -W∞

where, W0 is the initial mass of the sample, Wt is the mass of the
sample at t moment, and W∞ means terminal sample weight.

Fig. 9 shows the linear regression results of ln[G(α)/(T—T0)] and
1/T for PG decomposition in the PG0 sample, where the numbering
and expression of G(α) are shown in Table 4. For G(α)5, the absolute
value of the correlation coefficient (r) is the highest, which means
that the linear relationship between ln[G(α)5/(T—T0)] and 1/T is the
best. According to the slope and interception of the fitted line, the
kinetic parameters including E and A were obtained. The calcu-
lated value of E is 381.75 kJ·mol-1, and A is equivalent to
5.07 × 108 S-1. Therefore, the decomposition kinetic mechanism of
PG is three-dimensional diffusion reaction, and the expression of
G(α) is (1—2α/3)—(1—α)2/3. Fig. 10 presents the linear regression

Table 4
Common kinetic mechanism functions for solid-phase thermal decomposition [49].

No. Function name Mechanism G(α)

1 Ball contraction Phase boundary reaction: Spherical symmetry 1—(1—α)1/3

2 Shrink cylinder Phase boundary reaction: Cylindrical symmetry 1—(1—α)1/2

3 Valensi equation Two-dimensional diffusion: Cylindrical symmetry α+(1—α)ln(1—α)
4 Jander equation Three-dimensional diffusion: Spherical symmetry [1—(1—α)1/3]2

5 G—B equation (1—2α/3)—(1—α)2/3

6 Avrami—Erofeev equation Random nucleation and subsequent growth [—ln(1—α)]1/3

7 Avrami—Erofeev equation [—ln(1—α)]1/2

8 Maple single rule —ln(1—α)

Fig. 9. Decomposition kinetic mechanism function judgment of PG in the PG0 sample.

Fig. 10. Decomposition kinetic mechanism function judgment of PG in the PGASF
sample.
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results of ln[G(α)/(T—T0)] and 1/T for PG decomposition in the
PGASF sample. It can be found that the linear relationship between
ln[G(α)3/(T—T0)] and 1/T is the most well-defined. The calculated
value of E is 367.60 kJ ·mol- 1, and A is equivalent to 2.90× 1011 S- 1.
In conclusion, the decomposition kinetic mechanism of PG is two-
dimensional diffusion (cylindrical symmetry) reaction, and the
expression of f G(α) is α+(1—α)ln(1—α). Obviously, the reaction
mechanism of PG decomposition changes in mineral formation,
accompanied by a decrease in E and an increase in A, which usually
indicates that mineral formation actively promotes and acceler-
ates the decomposition of PG.

4. Conclusions

This study investigated the decomposition of PG and formation
of minerals in the preparation of SAC. Compared with the direct
decomposition of CaSO4, the mineral formation processes
involving CaSO4 decomposition in SAC are more likely to occur
spontaneously. The incorporation of CaSO4 and CaO into the for-
mation of SAC minerals accelerates the decomposition of PG. Due
to the generation of mineral phases, the decomposition temper-
ature of PG decreases by approximately 100 ◦C. Among the SAC
minerals, the formation of C2S exhibits the strongest promoting
effect on PG decomposition, although excessive liquid phase for-
mation at 1300 ◦C may lead to partial melting of the system. The
formation of C4A3S shows a weaker promoting effect. In contrast,
the formation of C4AF and complex mineral phases not only en-
hances the efficient decomposition of PG but also maintains
system stability and prevents melting. The highest PG decompo-
sition rate of 86.70% is achieved at 1300 ◦C. Minerals such as
C4A3S, CS, and C2AS form below 1150 ◦C, effectively promoting the
decomposition of PG during the initial phase. Minerals like CA,
C2S, C2F, and C4AF form above 1200 ◦C, thereby facilitating
decomposition of PG in the subsequent phase. The formation of
SAC minerals is also affected by the PG decomposition, which
makes it difficult to achieve complete conversion to the target
mineral. The kinetic mechanism of PG decomposition is three-
dimensional diffusion reaction, while the mechanism changes to
two-dimensional diffusion (cylindrical symmetry) reaction in
mineral formation.

This work reveals the promoting effect of SAC mineral forma-
tion on the decomposition of PG, providing important theoretical
support and insights for the innovative recovery of Ca and S re-
sources in PG. It remains unclear whether mineral formation
indirectly affects PG decomposition by consuming CaO or directly
promotes PG decomposition through direct reactions with CaSO4.
Therefore, further research is needed to clarify the specific reac-
tion pathways.
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