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Phosphogypsum, a large-volume phosphoric acid production by-product with significant environmental
risks, demands urgent resource and high-value utilization. Reductive decomposition to high-activity
quicklime is effective for this purpose. For high-quality products, improving CaO yield and inhibiting
CaS formation enhances added value. Based on this, this study systematically investigates the reaction
mechanism and regulation strategy of phosphogypsum decomposition to CaO under different atmo-
spheric conditions. Special focus is placed on analyzing the effects of CO concentration, CO, concen-
tration, and Pco, /Pco partial pressure ratio on the reductive decomposition pathway and the products

K ds: . . . . .
ch/)‘;v:}:osgypsum obtained from phosphogypsum. The results show that introducing CO; into the CO reducing atmosphere
Reduction can effectively promote the conversion of CaSO4-2H,0 to CaO, increasing the decomposition mass loss

rate from 43.10% to 63.83%, indicating that adding CO, to the reducing atmosphere achieves directional
regulation of CaO formation. When the Pc,/Pco partial pressure ratio increases from 0.15 to 15, the
mass loss rate of CaSO4-2H0 rises from 55.66% to 62.50%, demonstrating that a higher Pcq, /Pco ratio
not only promotes the reaction between CaSO4 and CO to form CaO but also facilitates the conversion of
generated CaS to CaO. Under the CO—CO,—N; mixed atmosphere, the initial reaction temperature of
phosphogypsum reductive decomposition decreases by approximately 300 °C, while the formation of
CaS is inhibited, significantly increasing the CaO content in the products and realizing directional
regulation of the thermal decomposition products of phosphogypsum.
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All rights are reserved, including those for text and data mining, Al training, and similar technologies.
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1. Introduction

Phosphogypsum is a bulk industrial solid waste generated
during the wet-process production of phosphoric acid in phos-
phorus chemical enterprises. Typically, 4—5 tons of phosphogyp-
sum are produced for per ton of phosphoric acid, with its main
chemical component being CaSO4-2H0 [1,2]. Currently, the pri-
mary disposal method of phosphogypsum is open-air stockpiling,
which not only occupies a large amount of land resources but also
poses environmental risks of soil and groundwater pollution by
leachate [3,4]. Extensive research on the resource utilization of
phosphogypsum has been conducted worldwide. Among various
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approaches, converting phosphogypsum into basic raw materials
such as CaO and SO, under high-temperature conditions is an
effective way to achieve its high-value utilization [5—7]. Most
existing processes use coal powder as a single reducing agent.
Although the technology is mature, it has problems such as high
decomposition temperature, coexistence of CaS and CaO in the
products, and low purity, which limit its high-value application
[8—11].

Existing studies have shown that reducing gases such as CO and
H, can promote the thermal decomposition of phosphogypsum to
a certain extent [12,13]. However, most current studies focus on
single atmospheric conditions, with shallow interpretation of the
reaction mechanism and a lack of systematic research on product
selective regulation. This leads to insufficient theoretical guidance
for process parameter optimization, making industrial application
become difficult [14—16]. In recent years, reaction systems
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Fig. 1. XRD pattern of the phosphogypsum.

involving multi-atmosphere synergy, reducing agents, and cata-
lysts have become research hot topic. Compared with single
reduction conditions, they can significantly improve the decom-
position rate of phosphogypsum and the yield of the target
product CaO [17—22]. Notably, metallurgical flue gas is rich in CO
and CO,. Using it as the atmosphere source for the reductive
decomposition of phosphogypsum not only realizes the resource
treatment of solid waste but also provides a new technical idea for
cross-industry synergistic emission reduction and resource recy-
cling between metallurgy and chemical engineering. Moreover,
compared with traditional industrial-grade CO raw materials, it
can greatly reduce costs and carbon emissions, achieving
remarkable environmental and economic benefits.

Based on aforementioned analysis, this study aims to achieve
high selectivity in the preparation of target product CaO through
the reductive decomposition of phosphogypsum. It systemati-
cally investigates the influence of different atmospheric condi-
tions on the reductive decomposition pathway and product
selection of phosphogypsum. The reaction mechanism is
revealed through thermogravimetric analysis (TGA) and X-ray
diffraction (XRD) phase characterization, and the regulation
mechanism of product selectivity is clarified. This provides a
theoretical basis for the directional conversion of phosphogyp-
sum to CaO and SO,, and lays a technical foundation for the
industrial application of collaborative treatment of solid waste
with metallurgical flue gas.

2. Experimental
2.1. Experimental materials and equipment

The industrial solid waste phosphogypsum used in the exper-
iment was provided by Hubei Yihua Environmental Protection
Technology Co., Ltd., located in Hubei Province, China. The XRD
pattern of phosphogypsum is shown in Fig. 1, with its main
component being CaSO4-2H,0. Its main chemical and mass
composition is presented in Table 1, including CaO: 32.19%; SOs:

40.62%; SiOy: 5.18%, and small amounts of P,0s5, Al,03, Fe;03, and
F. The analytical-grade CaSO4-2H,0 used in the experiment was
purchased from Shanghai Macklin Biochemical Technology Co.,
Ltd., China, with a purity of 99%, and the graphite powder had a
purity of 99%. The reaction gases N, CO, and H, were purchased
from Wuhan Xiangyun Gas Co., Ltd., China, with a purity of
>99.999%.

2.2. Experimental methods

First, the industrial solid waste phosphogypsum sample was
placed in a blast drying oven and dried to constant mass at
(60 + 2) °C to remove free water. Subsequently, to obtain key
parameters (e.g., initial reaction temperature, reaction time, and
mass loss) via TGA, (100 + 0.5) mg of analytical grade
CaS04-2H,0 reagent or pretreated phosphogypsum was accu-
rately weighed using an electronic analytical balance (recorded as
my) and placed in a crucible of the TGA instrument. The heating
rate was set to 10 °C-min~!, and the total gas flow rate was
controlled at 100 ml-min~". The reaction atmosphere was
configured as required by the experiment, and after the gas
blending system stabilized for 5 min, the gas path was switched
to introduce the reaction gas into the TGA instrument. Literature
research indicates the solid sample is stable in the temperature
range of room temperature to 1200 °C under N, atmosphere, thus
N, was used as the protective gas to prevent unwanted reactions
of the sample from reacting during the programmed heating
process, which would affect the subsequent experimental results
[15]. After the reaction, to avoid reactions between the products
and H,0/CO; in the air which might interfere with subsequent
characterization results, the gas path was switched back to N,
atmosphere. Once the sample was naturally cooled to room
temperature. The solid product obtained from the reaction was
weighed (recorded as my) and stored in a dry container under N,
protection.

The mass loss rate w was calculated by the formula: & =
(my—my)/myx 100%

2.3. Analytical methods

The thermal decomposition behavior of samples (e.g., mass loss
rate, initial reaction temperature, and reaction duration) was
analyzed using a TGA (HJ-HCTS5S, Beijing HengJiu Instrument Co.,
Ltd., China). An electronic analytical balance (CP210, OHAUS, USA)
was employed for accurate weighing of raw materials and reaction
products (precision: +0.5 mg). A blast drying oven (DHG-9076A,
Shanghai Jinghong Experimental Equipment Co., Ltd., China) was
used to dry phosphogypsum samples at (60 + 2) °C to remove free
water.

The chemical compositions of phosphogypsum and reaction
products were determined via an X-ray fluorescence spectrometer
(XRF, ZSXPrimus 1V, Hitachi, Japan), and the reaction products
were quantified via this technique. Subsequently, the content of
CaOo in the products was accurately determined using the EDTA
titration method [23]. The crystalline phases of raw materials and
products were identified using an XRD (D/MAX 2000, Hitachi,
Japan). The microscopic morphology and elemental distribution of

Table 1

Main chemical composition of phosphogypsum.
Component Ca0 SO3 Al,03 Si0, P20s5 Fe,03 F H,0® Others
Mass content/% 32.19 40.62 0.49 5.18 0.79 0.25 0.62 19.25 0.61

© H,0 content here refers to crystal water.
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the samples were characterized by a scanning electron microscope
equipped with an energy-dispersive X-ray spectroscopy (EDS-
SEM, ApreoS, Thermo Fisher Scientific (FEI), Netherlands) detector.

2.4. Theoretical analysis

Under the condition of using N> as the carrier and introducing a
mixed atmosphere of CO and CO,, the possible reactions in the
system are as follows (unit: kJ-mol~!). The calculated variation of
AG® with temperature in different reactions are shown in Fig. 2.

Thermal decomposition reactions of CaSOg4:

CaS04-2H,0 — CaS04+2H,0 AG'= —0.290T+24.5 (1)
CaS04—Ca0+S0,+0.50, AG'= ~0.521T+835.4 (2)
Possible reactions of CaSO4 under carbon-containing
conditions:
CaS04+2C—CaS+2C0, AG'= —0.329T+63.9 (3)
2CaS044C—2Ca0+250,+C0; AG'= —0.506T+425.9 (4)
1000 Fa ()
L —*—Eq.(2)
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Fig. 2. Variation of AG® with temperature in different reactions.
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Possible reactions of CaSO4 under CO reducing atmosphere:

CaS04+C0— Ca0+50,+C0; AG'= —0.174T+158.7 (5)
CaS04+4C0 —CaS+4C0; AG'= +0.005T—181.0 (6)
CaS+3C0,— Ca0+50,+3C0 AG'= —0.179T+339.7 (7)
CaS+3CaS04—4Ca0-+450; AG'= —0.700T+815.8 (8)

3. Results and Discussion
3.1. Thermal decomposition process of CaSO42H>0

The thermal decomposition process of CaSO4-2H,0 was sys-
tematically studied using a thermogravimetric analyzer, based on
thermodynamic calculations and literature investigations,
CaS04-2H,0 samples exhibit stable properties within 1200 °C
under an N atmosphere. Thus, the final reaction temperature was
set at 1400 °C in the experiments to ensure the complete thermal
decomposition of CaSO4-2H,0 and the results are shown in
Fig. 3(a). From the TG-DTG curves, the thermal decomposition
process can be clearly divided into two mass loss stages with
significant differences in thermodynamic properties, and the mass
loss of each stage strictly corresponds to the reaction mechanism.
The first mass loss stage is concentrated in the range of 40—120 °C,
with an actual mass loss rate of 19.55%, which is highly consistent
with the theoretical crystal water content of CaSO4-2H;0, indi-
cating high purity of the raw material. From the DTG curve, the
temperature corresponding to the maximum mass loss rate in this
stage is approximately 85 °C, reflecting that the coordination bond
energy between crystal water and Ca®* is low, and the reaction can
occur at a relatively low temperature [24,25].

The initial temperature of the second mass loss stage is
approximately 1150 °C, and the final temperature is approximately
1350 °C. The entire reaction process lasts for about 20 min, with a
stage mass loss rate of 43.00%, which corresponds to the thermal
decomposition process of CaSO4. According to thermodynamic
calculations, the AG of the self-decomposition reaction of CaSOy4
(Eq. (2)) is close to 0 at 1150 °C, indicating that this temperature is
the critical temperature for the spontaneous occurrence of the
reaction.
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Fig. 3. Decomposition reactions of CaSO4-2H,0 under N, atmosphere: (a) non-isothermal thermal decomposition TG curve; (b) XRD pattern of the product.
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The XRD pattern of the final decomposition product is shown in
Fig. 3(b). The main phase of the decomposition product is CaO,
with sharp and high-intensity characteristic diffraction peaks,
indicating good crystallinity of the generated CaO crystals.
Meanwhile, weak characteristic diffraction peaks of CaSO4
(20= 25.4°) can still be detected in the pattern, indicating that
CaS04 is not completely decomposed. No other impurity phases
such as CaS are observed, suggesting that the thermal decompo-
sition of CaSO4 under N, atmosphere only follows the self-
decomposition reaction without other side reactions.

3.2. Decomposition process of CaSO4-2H,0 under different
reduction conditions

Given the high self-decomposition temperature of CaSO4-2H,0
under inert atmosphere, to effectively reduce the decomposition
temperature of CaSO4-2H,0, subsequent experiments used
graphite powder and CO as reducing agents respectively to sys-
tematically investigate the reductive decomposition process of
CaS04-2H>0 under two different reduction conditions.

3.2.1. Graphite powder as reducing agent

When graphite powder is used as the reducing agent, under the
condition of n¢/ncaso,.2n,0= 2 (where n denotes molar, and the
ratio represents the molar ratio of C to CaSO4-2H,0), the thermal
decomposition behavior of CaSO4-2H,0 changes significantly. The
thermogravimetric analysis results are shown in Fig. 4(a).
Compared with N, atmosphere, the initial reaction temperature
decreases from 1150 °C to 900 °C, indicating that graphite powder,
as a reducing agent, undergoes a redox reaction with CaSO4. Ac-
cording to thermodynamic calculations, the AG of Egs. (3) and (4)
is much less than 0 at 900 °C, while the AG of Eq. (2) is close to 0,
indicating that the decomposition of CaSOy4 at this temperature is
dominated by reduction reactions rather than self-decomposition
reactions.

From the TG curve, the entire decomposition process lasts for
about 15 min and basically ends at around 1050 °C. The second
mass loss rate is 41.98%, which is slightly less than 43.00% under N,
atmosphere. According to molar mass calculation, the theoretical
mass loss rate of CaSO4 completely decomposed into CaO is
46.51%, while the actual mass loss rate under N, atmosphere is
only 43.00%, indicating that CaSOy, is not completely decomposed
under this condition. In the carbon reduction system, CaO and CaS
are generated simultaneously. For the same molar amount of
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CaS0y, the theoretical mass loss rate when decomposed into CaS is
37.21%, which is much lower than 46.51% when decomposed into
CaO. This is because the formation of CaS in the system leads to a
decrease in the overall mass loss rate.

The XRD results of the reduced product are shown in Fig. 4(b).
Obvious characteristic peaks of CaO (26= 32.3°, 37.4°, 54.0°) and
CaS (26=31.5°,45.0°, 56.0°, 74.6°) coexist in the pattern, indicating
that there are two competitive reactions in the carbon reduction
system. From the reaction mechanism, the reaction between C and
CaSOyq first occurs at the particle contact interface. The generated
CaS has high reactivity and can further undergo a secondary re-
action with unreacted CaSOg4. The relative contents of CaO and CaS
in the product depend on the competitive balance of the above
reactions. When carbon is excessive, the rate of CaS formation via
Eq. (3) is relatively fast, leading to a high CaS content in the
product. If the carbon ratio is reduced, the proportion of CaO for-
mation via Eq. (2) will increase accordingly. This rule provides a
theoretical basis for regulating the product composition. The
decomposition process of CaSOy is carried out in a strong reducing
environment, resulting in a higher CaS content than CaO in the
product.

3.2.2. CO as reducing agent

Compared with the solid—solid reaction system of carbon
powder, CO as a gaseous reducing agent can form a gas—solid re-
action system with CaSO4-2H,0, which has the advantages of high
mass transfer efficiency and sufficient contact at the reaction
interface. Its thermal decomposition curve is shown in Fig. 5(a).
The experimental results show that the initial reaction tempera-
ture is further reduced to 800 °C, which is about 100 °C lower than
that of the carbon reduction system. This is because gaseous CO
molecules have a high diffusion coefficient and can quickly reach
the surface of CaSO4 particles, adsorb on active sites, and undergo
interface reactions with CaSOg4. Therefore, the CO reduction system
has a lower initial reaction temperature and better reaction kinetic
performance.

From the TG curve, the entire reaction process lasts for about
15 min and basically ends at around 950 °C, with the reaction
temperature about 100 °C lower than that of the carbon system.
Although low temperature will lead to a decrease in reaction rate,
the gas—solid reaction system has a higher mass transfer rate,
which can offset this impact. Therefore, the reaction completion
time is basically the same as that of the carbon reduction system.
From the mass loss data, the total mass loss rate of the reaction is
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Fig. 4. Decomposition reactions of CaSO4-2H,0 under carbon-added condition: (a) non-isothermal thermal decomposition TG curve; (b) XRD pattern of the product.
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Fig. 5. Decomposition reactions of CaS04-2H,0 under CO atmosphere: (a) non-isothermal thermal decomposition TG curve; (b) XRD pattern of the product.

about 55%, which is slightly lower than that of the carbon
reduction system. Combined with the theoretical calculation of
molar mass, it can be inferred that the reaction product is mainly
Cas.

The XRD analysis results of the reduced product are shown in
Fig. 5(b). Only obvious characteristic diffraction peaks of CaS are
detected in the product, and no characteristic peaks of CaO are
found. This indicates that the reductive decomposition of CaSO4
under pure CO atmosphere mainly follows the pathway of Eq. (6),
and the final product is dominated by CaS, which is consistent with
the analysis results of the TG curve. It shows that at 800 °C, Eq. (6)
has a stronger spontaneous tendency and is the dominant reaction
in the system.

3.3. Regulation of thermal decomposition products of CaSO4-2H>0
under different reducing atmospheres

Under a single CO atmosphere, the reduced product of
CaS04-2H,0 is only CaS, which is difficult to achieve high-value
utilization. To directionally regulate the yield of CaO in the prod-
uct and improve the product added value, the thermal decompo-
sition process of CaSO04-2H0 and its product regulation
mechanism under different reducing atmospheres were further
studied.

3.3.1. Influence of CO concentration on the thermal decomposition
of CaSO4-2H,0

At 1050 °C, the decomposition reaction of CaSO4-2H,0 in
CO—N, atmosphere with CO volume fraction of 5% to 50% was
studied, and the results are shown in Fig. 6(a). The results indicate
that under different CO concentrations, the decomposition rate of
CaS04-2H,0 is stably around 56%, showing that CO concentration
has no significant effect on the decomposition degree and product
at this temperature. As the CO concentration increases from 5% to
50%, the time to reach reaction equilibrium shortens, indicating
that the reaction rate increases with the increase of CO concen-
tration. This is because the adsorption amount of CO molecules on
the surface of CaSO4 particles increases with the increase of CO
concentration, thereby improving the reaction rate. However, the
TG curve shows that as the CO concentration increases, the mass
loss rate at equilibrium decreases from 56.90% to 54.66%, with an
insignificant change. This indicates that although high CO con-
centration is more conducive to CaS formation, leading to a
decrease in mass loss rate, the impact is limited. It is difficult to
effectively regulate the type of CaSO4 decomposition products only
by adjusting the CO concentration in the atmosphere.

Subsequently, CO, was introduced under the above conditions,
with the atmosphere composition controlled as 5% CO—5%
C0,—90% N, to investigate the influence of CO, on the reduced
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Fig. 6. Decomposition reactions of CaS0,4-2H,0 under different CO concentration atmospheres at 1050 °C: (a) isothermal thermal decomposition TG curve; (b) XRD pattern of the

product.
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product. The results are shown in Fig. 6(a) and (b). In comparison,
after introducing CO,, the mass loss rate of the second reaction
stage increases significantly from 56% to 62%. Combined with the
corresponding relationship between mass loss rate and product
composition mentioned above, this indicates a substantial in-
crease in the proportion of CaO in the product. The XRD analysis
results show that obvious characteristic diffraction peaks of CaO
appear in the product, while the intensity of CaS characteristic
peaks is significantly weakened, confirming the regulatory effect
of CO, on product selectivity. From the reaction mechanism, the
introduction of CO, mainly increases the yield of CaO by pro-
moting the progress of Eq. (7). The generated CaS undergoes a
secondary reaction with CO; to form CaO, thereby improving the
selectivity of CaO [26].

However, the TG curve shows that the time to reach reaction
equilibrium increases from 20 min to 40 min after introducing
CO,, indicating that CO, has an inhibitory effect on the overall
reaction rate. This is because CO, and CO have competitive
adsorption on the active sites of CaSO4 particles. The adsorption of
CO, will occupy some active sites, reducing the contact opportu-
nity between CO and active sites, thereby decreasing the rates of
Egs. (5) and (6). Meanwhile, Eq. (7) is an endothermic reaction that
consumes heat in the system, leading to a decrease in local reac-
tion temperature and further slowing down the reaction rate
[27,28]. In summary, CO;, exhibits dual effects of promoting CaO
formation and inhibiting reaction rate in this system, which pro-
vides a key basis for the subsequent optimization of atmosphere
composition.

3.3.2. Influence of CO, concentration on the thermal decomposition
of CaSO42H50

At 1050 °C with a fixed CO volume fraction of 5%, the influence
of CO; volume fraction (5% to 30%) on the decomposition behavior
of CaS04-2H,0 in CO—CO,—N; mixed atmosphere was investi-
gated, and the results are shown in Fig. 7(a). The experimental data
indicate that under different CO, concentrations, the total mass
loss rate of CaSOg4-2H50 is stably around 62%, showing that CO,
concentration has no significant effect on the reductive decom-
position degree. From the perspective of thermodynamic equilib-
rium, there is a thermodynamic equilibrium of Egs. (5)—(7) in the
system at this temperature. Although changes in CO;, concentra-
tion will cause shifts in the reaction equilibrium, a dynamic bal-
ance is achieved between the reactions, ultimately maintaining
the overall reductive decomposition degree of CaSO4-2H;0 stable.

110

W. Jie et al. / Chinese Journal of Chemical Engineering 95 (2026) 263—271

As the CO; concentration increases from 5% to 30%, the reaction
completion time prolongs from 20 min to 40 min, indicating that
the reaction rate decreases significantly with the increase of CO,
concentration. This phenomenon verifies the competitive
adsorption mechanism between CO, and CO on the active sites of
CaS04. A higher CO;, concentration makes it easier to occupy active
sites and affect the thermodynamic equilibrium of Egs. (5) and (6),
leading to a decrease in their reaction rates. Although the rate of
Eq. (7) increases with the increase of CO, concentration, it is much
lower than that of Egs. (5) and (6), so the overall reaction rate still
shows a downward trend.

The XRD analysis results of the reduced product are shown in
Fig. 7(b). It can be seen that as the CO; concentration increases
from 5% to 30%, the intensity of the characteristic diffraction peaks
of CaO increases, while the intensity of the characteristic diffrac-
tion peaks of CaS gradually weakens, indicating that increasing
CO; concentration increases the yield of CaO in the product. A high
CO, concentration provides sufficient reactants for Eq. (7), pro-
moting the conversion of CaS to Ca0, thereby increasing the pro-
portion of CaO and inhibiting the progress of Eq. (6), reducing the
yield of CaS. However, the change range of XRD peak intensity is
relatively small, and further increasing CO, concentration cannot
promote the conversion of CaS, indicating that Eq. (7) has reached
equilibrium, and the regulatory effect of CO on product selectivity
has an upper limit.

3.3.3. Influence of Pco, /Pco partial pressure ratio on the thermal
decomposition of CaSO4-2H>0

At 1050 °C with a fixed N, volume fraction of 20%, the influence
of Pco, /Pco partial pressure ratio on the decomposition process of
CaS04-2H,0 was investigated by adjusting the concentration ratio
of CO and CO;. The results are shown in Fig. 8(a). When the
Pco, /Pco ratio increases from 0.15 to 15, the mass loss rate of
CaS04-2H,0 increases significantly from 55.66% to 62.50%, indi-
cating that the yield of CaO in the product increases significantly
with the increase of the partial pressure ratio. The core reason is
that the Pco, /Pco partial pressure ratio is a key parameter affecting
the equilibrium of Egs. (5)—(7). According to the equilibrium
constant Ks=Psq, x Pco, /Pco of Eq. (5), an increase in the Pcg, /Pco
partial pressure ratio will shift Eq. (5) to the forward direction,
promoting the formation of CaO. At the same time, it promotes the
forward progress of Eq. (7), further facilitating the conversion of
CaS to CaO. In contrast, Eq. (6) will shift to the reverse direction
with the increase of the Pco,/Pco partial pressure ratio, reducing

(a) 5% CO +5% CO,+90% N, (b) A CaS CaO
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Fig. 7. Decomposition reactions of CaSO,4-2H,0 under different CO, concentration atmospheres at 1050 °C (with 5% CO): (a) isothermal thermal decomposition TG curve; (b) XRD

pattern of the product.



W. Jie et al. / Chinese Journal of Chemical Engineering 95 (2026) 263—271

110

269

a —70% CO + 10% CO, + 20% N, b A CaS CaO
(a) 2 >
100 20% CO + 60% CO, +20% N, A —— 70%CO + 10%CO, + 20%N,
0 10% CO + 70% CO, +20% N, A
i 5 % CO + 75% CO, +20% N,
A A A A
\o 80 r 4?;' A l A l A
BN 50 = 5%CO + 75%CO, + 20%N,
w2
§ 70F 5
=
60 |so = N l
A
50 55.66% * - *
58.29% CaS PDF# 03-065-0894
40 . o
40 | 60.25% CaO PDF# 01-082-1690
I . . . 62.50% |
30 130 1 140| |150 1 160 1 17? 1 1 1 1 Ll 1 | TR 1 1l T |
0 20 40 60 80 100 120 140 160 10 20 30 40 50 60 70 80 90
Time/min 26/(°)

Fig. 8. Decomposition reactions of CaSO4-2H,0 under different Pco, /Pco atmospheres at 1050 °C: (a) isothermal thermal decomposition TG curve; (b) XRD pattern of the product.

the formation of CaS. Therefore, a high Pco,/Pco partial pressure
ratio significantly increases the yield of CaO by synergistically
promoting Eqgs. (5) and (7) and inhibiting Eq. (6).

When the Pcq, /Pco partial pressure ratio increases from 0.15 to
15, the time of the second reaction stage prolongs from 10 min to
20 min, indicating that the reaction rate decreases with the in-
crease of the partial pressure ratio. This phenomenon is consistent
with the competitive adsorption mechanism of CO», i.e., as the
Pco, /Pco partial pressure ratio increases, the adsorption propor-
tion of CO, on the active sites of CaSO4 becomes higher, and the
overall reaction rate shows a downward trend.

The XRD analysis results of the reduced product (Fig. 8(b))
show that as the Pco,/Pco partial pressure ratio increases from
0.15 to 15, the intensity of the characteristic diffraction peaks of
Cao increases significantly, while the intensity of the CaS char-
acteristic peaks decreases correspondingly. This confirms that the
Pco, /Pco partial pressure ratio is a key parameter for regulating
product selectivity. By accurately adjusting this ratio, directional
control of the product from CaS-dominated to CaO-dominated
can be achieved. This rule is of great significance for industrial
applications. Flue gas generated from different metallurgical
processes can be used as the reducing agent, and its ratio can be
adjusted to modify the atmospheric composition, thereby real-
izing the directional conversion of CaSO4-2H,0 to high-purity
Cao.

oK 54.40 47.70 50.24
CaK 44.93 52.25 49.67
SK 0.67 0.05 0.09

100.00

3.4. Analysis of the reduction process of phosphogypsum

To verify the actual regulatory effect of the mixed atmosphere
on the reductive decomposition of real phosphogypsum, a tube
furnace was used to simulate the industrial reaction environment.
Reductive experiments of phosphogypsum were conducted at
1050 °C under the atmosphere of 5% CO—75% CO,—20% N». The
microscopic morphology and phase composition of the products
were analyzed through SEM-EDS and XRD characterizations.

The SEM characterization results are shown in Fig. 9(a). The SEM
image of the phosphogypsum reduction product reveals that its
microscopic structure retains the flaky structure of raw phospho-
gypsum and consists of numerous scaly small particles. EDS point
scan analysis detected three elements: Ca, O, and S. The content of S
is close to 0, confirming that CaS in the product has been almost
completely converted without accumulation of sulfur-containing
impurities. The XRD analysis results of the reduction product,
presented in Fig. 9(b), show sharp and high-intensity characteristic
diffraction peaks of CaO. There is no obvious diffraction peaks of CaS
are detected. This indicates that under this atmosphere condition,
the core product is high-purity CaO.

In summary, the 5% CO—75% CO,—20% N, mixed atmosphere
can effectively reproduce the directional conversion law of pure
reagent CaSO4-2H,0. By inhibiting the formation of CaS and pro-
moting the conversion of CaS, it achieves the directional

®) CaO
2
Z
o
38
=
. A i ll A A
10 20 30 40 50 60 70 80 90
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Fig. 9. Decomposition reactions of phosphogypsum under 5% CO—75% CO,—20% N, atmosphere at 1050 °C: (a) SEM-EDS images; (b) XRD pattern of the product.
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Table 2
Key parameters of phosphogypsum reductive decomposition under different
conditions.

Reaction condition Temperature/°C Time/min Reaction Literature
product source

C 850 60 91.55% CaS  [8]

S 800 20 Almost CaS  [13]

H> 900 120 81.1% Ca0  [23]

CO—N, (1:99) - 60 63.43% Ca0 [27]

CO—N, (50:50) 950 15 Almost CaS  [12]

CO—CO2—N, 850 20 99.0% CaO The present

(5%:75%:20%) research

preparation of high-purity CaO from real phosphogypsum,
providing direct data support for the industrial application of
synergistic treatment of phosphogypsum with metallurgical flue
gas.

To the best of our knowledge, the relevant studies conducted
worldwide have been reviewed. The key experimental parameters
and results pertaining to the reductive decomposition of phos-
phogypsum under single reducing atmospheres, including the
onset reaction temperature, reaction duration and product distri-
bution, are presented in Table 2. Under reduction with coke and
sulfur, CaS is consistently the dominant reaction product. Notably,
the onset reaction temperature of gaseous reducing atmospheres
is 100 °C higher than that in the reduction systems using coke and
sulfur as solid reducing agents. Furthermore, under Hy reducing
atmosphere, the maximum yield of CaO derived from the reductive
decomposition of phosphogypsum is merely 81.1%. Under a CO
reducing atmosphere, CaS becomes the dominant product when
the CO concentration exceeds 50%; at the CO concentration of 1%,
the maximum CaO yield is only 63.43%, with effective inhibition of
CaS formation proving elusive. In contrast, the CO—CO,—N; mixed
atmosphere employed in this study not only lowers the onset
temperature of phosphogypsum reductive decomposition to a
level close to that in the reduction systems using coke and sulfur,
but also elevates the CaO yield to over 99%, alongside the near-
total elimination of CaS, thereby enabling the selective prepara-
tion of high-purity CaO.

3.5. Reaction mechanism

In summary, the reaction mechanism of this process is illus-
trated in Fig. 10, consisting of three core stages: (1) In a CO

CO: can directionally
improve CaO selectivity

q CaS

@O co O'.‘O co,

© caso, 21,0 ) ca0

Fig. 10. Reaction mechanism of reductive decomposition of CaSO4-2H,0 under
CO—CO, mixed atmosphere.

atmosphere, CaSO4-2H,0 in phosphogypsum is mainly reduced to
the product CaS. (2) In the CO—CO, mixed atmosphere, CO; pro-
motes the secondary conversion of CaS to CaO, enabling the
directional transformation of CaS into the target product. (3) By
adjusting the Pcq,/Pco partial pressure ratio, the competitive
adsorption mechanism between CO and CO, is regulated, which
further suppresses CaS formation and enhances CaO selectivity.

4. Conclusions

This study systematically investigates the reductive decompo-
sition process and characteristics of CaSO4-2H;0 under various
atmospheric conditions. By comparing the mass loss rates of
samples under typical reaction conditions and combining with
XRD phase characterization, the reaction mechanism and regula-
tion strategy of preparing CaO via CaSO4-2H;0 reductive decom-
position are revealed. The main research conclusions are as
follows.

(1) The decomposition characteristics of CaSO4-2H,0 in N3 and
pure CO atmospheres are significantly different. Under Ny
atmosphere, it undergoes two-step mass loss to form CaO as
the main product. Under CO atmosphere, the initial
decomposition temperature decreases to 800 °C with CaS as
the sole product. The CO volume fraction in the range of 5%
to 50% has no significant effect on product composition.

(2) COy can directionally improve CaO selectivity but signifi-
cantly inhibits the reaction rate. The introduction of CO,
promotes the secondary reaction between CaS and CO,
thereby enabling the directional regulation of the reductive
decomposition of CaSO4-2H,0 to form CaO without
affecting the overall decomposition degree. With fixed CO
concentration, increasing CO, concentration from 5% to 30%
prolongs the reaction completion time, due to competitive
adsorption between CO, and CO on CaSOy4 active sites.

(3) The Pco, /Pco partial pressure ratio is the core parameter for
directional product regulation. Increasing the ratio from 0.15
to 15, the reductive decomposition mass loss rate of
CaS04-2H,0 rises from 55.66% to 62.50%, the CaO yield in-
creases significantly. This confirms that an increase in the
partial pressure ratio can promote the conversion of CaS to
Cao, increase the CaO content in the product, and ultimately
achieve directional product control.

(4) Under the conditions of 1050 °C and 5% CO—75% CO,—20%
N, mixed atmosphere, high-purity CaO can be directionally
prepared through phosphogypsum reduction experiments
simulated in an industrial environment using a tube
furnace. EDS analysis shows that the atomic ratio of S
element is close to 0, indicating the almost complete con-
version of CaS, and thus providing a reliable experimental
basis for the industrialization of synergistic treatment of
phosphogypsum with metallurgical flue gas.
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