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Experimental study on preparation of calcium
oxide by coal reduction of calcium sulfate in
carbon dioxide atmosphere
Dong Ma and Qinhui Wang*

Abstract

BACKGROUND: Recent studies show that CaO is being produced from CaSO4 by CO reduction using fixed-bed reactors. How-
ever, the product yield is low and the reaction time is long. Furthermore, the high cost of CO hinders its application in industrial
processes. Therefore, a new process is proposed for preparing CaO by CaSO4 decomposition using lignite under CO2. The influ-
ence of various process conditions on the production of CaO by CaSO4 decomposition is investigated by combining kinetic and
FactSage simulations. Finally, a typical industrial gypsum – phosphogypsum (PG) – is used for experimental verification.

RESULTS: The study found that adding CO2 during the coal reduction of CaSO4 increases the CaO yield. The ideal conditions are
1.75 C/Ca molar ratio, 7.5% CO2 concentration at 1100 °C with the maximum CaSO4 decomposition rate and CaO yield of
99.63% and 99.28%, respectively. CaO generation is carried out using a two-step process. Initially, CaSO4 is reduced to become
CaS and CaO, and CaS interacts with CaSO4 to produce CaO. Secondly, the reaction between CaS and CO2 produces CaO. The
nucleation and growth model with g(⊍) = −ln(1 − ⊍) is applicable to both processes. The experimental use of PG confirms
the above conclusions, but SiO2 in PG reacts with CaO to produce Ca2SiO4 and affect the CaO yield.

CONCLUSION: The addition of CO2 promotes the conversion process of CaSO4 to CaO. Increasing the temperature, C/Ca molar
ratio and CO2 concentration favor the decomposition of CaSO4 into CaO. This study offers advice for using CaSO4 products like
PG as resources.
© 2023 Society of Chemical Industry (SCI).

Supporting information may be found in the online version of this article.
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INTRODUCTION
Due to the development of various industries such as construc-
tion, agriculture and chemical manufacturing, China's industrial
gypsum production has increased in recent years. According to
statistics, China's annual industrial gypsum production is about
155 million tons, including 55 million tons of phosphogypsum
(PG) and 100 million tons of desulfurization gypsum.1 The main
component of PG and desulfurization gypsum is CaSO4.nH2O
(n = 0.5, 1, 1.5, 2).2 However, compared with desulfurization gyp-
sum, PG is more difficult to handle. Due to its radioactive ele-
ments, long-term accumulation or improper treatment of PG
can cause serious environmental pollution, so the treatment and
comprehensive utilization of PG is a very important task.3 Cur-
rently, the utilization of PG is mainly focused on traditional build-
ing materials, cement and other fields, but its comprehensive
utilization rate needs to be improved. To minimize its negative
effects on the environment and increase the value of its resources,
it is vital to create efficient usage methods.
As a significant chemical raw material, lime is an essential com-

ponent in the creation of goods such as glass, gypsum and
cement. In agriculture, lime is also used as a soil conditioner to
neutralize soil acidity and improve soil structure. Lime is used to
clean exhaust gas and wastewater in the realm of environmental

protection.4 CaO is the primary ingredient of lime. In traditional
industries, lime is primarily produced by calcining limestone at
temperatures of 800–1100 °C. The calcination of limestone pro-
duces a large amount of CO2. According to statistics, the amount
of CO2 emitted annually from the calcination of limestone in
China is approximately 10% of the global total CO2 emissions,
making it the third-largest source of CO2 emissions in China.
Among them, CO2 emissions from the calcination of industrial
limestone account for about 70% of the total emissions.5 As a
result, creating low-CO2-emission manufacturing techniques for
lime has emerged as a significant problem in the realm of environ-
mental protection in order to meet carbon neutrality objectives.
Converting CaSO4 from PG into CaO through thermochemical

methods not only achieves efficient utilization and recycling of
waste resources, avoiding long-term accumulation and potential
environmental hazards, but also fully utilizes useful elements such
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as calcium and sulfur. In addition, compared with traditional lime-
stone calcination, CO2 emissions are significantly reduced. While
CaSO4 decomposes at temperatures of up to 1400 °C, introducing
reducing agents can drastically lower this temperature.6 Common
reducing agents mainly include carbon-based (lignite,7 anthracite,8

coke,9 coal gangue,10 CO11) and sulfur-based (sulfur,12 pyrite,13

H2S
14). Therefore, the conversion of CaSO4 to CaO is completely fea-

sible in terms of process. Many studies are being done on the pro-
duction of CaO from the decomposition of CaSO4. Xia et al.15

discovered that when reaction time was 2 h temperature was above
1000 °C, CO volume concentration exceeded 2% and CO2/CO partial
pressure ratio exceeded 8 in a vertical fixed bed, CaO might be pro-
duced entirely from CaSO4. The presence of O2 was beneficial to the
improvement of CaO yield, and the CaO prepared by this method
was superior to the CaCO3 method. According to research done by
Okumura et al.16 on the CaSO4 decomposition in a packed-bed reac-
tor, the CO/CO2 concentration ratio had a significant impact on
CaSO4 decomposed to CaO. At 1000 °C and in a gas atmosphere
of 2% CO and 30% CO2, the CaO yield was 91%. Using thermogravi-
metric isothermal experiments, Xiao et al.17 investigated the decom-
position process of CaSO4 under various CO volume fractions and
discovered that it was a parallel competitive reaction. As the CO con-
centration increased, CaO was gradually converted to CaS. Density
functional theory was used by Zhang et al.18 to investigate the pro-
cess by which CaSO4 was reduced and broken down by CO. It was
discovered that at lower reaction temperatures and higher CO and
CaSO4 molar ratios CaS was the main product. When the tempera-
ture rose and the molar ratios of CO and CaSO4 declined, CaO was
the main product. In their investigation of the reduction of PG with
high sulfur coal in a fixed bed, Zheng et al.19 discovered that the
CaO concentration was 57.13% and its highest SO2 concentration
was 7.6%, with a C/Ca molar ratio of 1.2 at 1000 °C. According to
research by Xu et al.,20 the maximum rates of PG decomposition
and desulfurization were 97.73% and 97.2%, respectively, at
1180 °C for 15 min with 4% carbon content and 6% CO concentra-
tion. Zhang et al.21 used a thermogravimetric analyzer to study the
process of coal reduction of PG in a CO2 atmosphere. It was found
that when Ca/C = 0.5, the main solid product was CaS and less
SO2 was released. When Ca/C = 2, the CaO content increased and
the SO2 concentration in the gas increased.
In summary, thermogravimetric analysis or fixed-bed reactors

are primarily used in current research on the production of CaO
by reducing CaSO4 with CO. However, the process frequently
takes a long time and has a low yield of product because fixed-
bed reactor heat and mass transport are inefficient. In addition,
the high cost of CO also hinders its practical application in indus-
trial processes. Therefore, this study proposes the use of lignite as
a reducing agent under CO2 atmosphere. By combining FactSage
thermodynamic simulation and kinetic calculation, the influence
of reaction temperature, C/Ca molar ratio and CO2 concentration
on the CaSO4 decomposition process to prepare CaO is investi-
gated to obtain optimized reaction conditions. Finally, typical
industrial waste products, PG and desilication PG, are used to

study their reaction characteristics under CO2 and coal conditions.
This study provides practical guidance for the resource utilization
of CaSO4 waste products such as PG.

EXPERIMENTAL
Experimental raw materials
Anhydrous CaSO4 of analytical grade purity and fewer than
0.075 mm-sized particles was acquired from Macklin Company.
PG was provided by a phosphorus chemical company in Yunnan,
China. Because of the high water content of the PG sample, it was
dried at 80 °C to a constant weight to remove free water, crushed
and sieved; particles smaller than 0.075 mm were selected and
stored in a sealed container. The above PG was subjected to sili-
con removal treatment by a chemical method and then stored
in a sealed container. The findings of the chemical composition
of PG and desilicated PG using X-ray fluorescence spectrometry
(XRF; Shimadzu, Kyoto, Japan) are displayed in Table 1.
The analysis results show that PG contained mainly CaO and

SO3, 1.36% SiO2, as well as small amounts of Al2O3, P2O5, F and
organic matter. The silicon content in desilicated PG was signifi-
cantly reduced. Phase analysis of PG was performed using X-ray
diffraction (XRD; Ultima IV, Rigaku, Tokyo, Japan). The spectra
are displayed in Supporting Information, Fig. S1. It has been dis-
covered that SiO2, CaSO4.2H2O and CaSO4.0.5H2O are the major
components of PG.
The coal used in the experiment was Yunnan Anning lignite,

which was first dried at 80 °C to constant weight. The lignite
was crushed and sieved to choose particles with a size of
0.075–0.15 mm for storage in order to simplify coal and product
separation. The dried coal was subjected to industrial analysis
and elemental analysis tests based on GB/T 212-2008 and GB/T
31391-2015. The results are shown in Table 2.

Product composition determination
Solid samples were collected and stored following the experi-
ments. The barium sulfate precipitation technique (GB/T
5484-2012) was used to determine CaSO4 content. Themethylene
blue spectrophotometric technique (HJ 1226-2021) was used to
determine CaS concentration. The sucrose technique (HG/T
4205-2011) was used to determine CaO concentration. Product
composition was determined by XRD. Equations (1)–(3) show
the specific computation technique:

φCaSO4
=
mo×xo,CaSO4−mt×xt,CaSO4

mo×xo,CaSO4

×100% ð1Þ

ϕCaS=
mt×xt,CaS
QCaS

×100% ð2Þ

ϕCaS=
mt×xt,CaO
QCaO

×100%: ð3Þ

The symbols in the equations are defined as follows: φCaSO4

denotes the CaSO4 decomposition rate, %, mo and mt denote

Table 1. Chemical composition of phosphogypsum (PG) and desilicated PG (%)

Sample SiO2 SO3 CaO Fe2O3 Al2O3 MgO Na2O K2O P2O5 Total F Organic matter

PG 17.25 47.87 33.51 0.54 0.51 0.25 0.16 0.23 0.61 0.22 0.31
Desilicated PG 1.36 56.40 39.48 - 0.15 0.09 0.20 0.21 0.38 0.13 0.24

Experimental study on preparation of calcium oxide www.soci.org

J Chem Technol Biotechnol 2023; 98: 2192–2202 © 2023 Society of Chemical Industry (SCI). wileyonlinelibrary.com/jctb

2193
 10974660, 2023, 9, D

ow
nloaded from

 https://onlinelibrary.w
iley.com

/doi/10.1002/jctb.7432 by Z
hejiang U

niversity, W
iley O

nline L
ibrary on [07/11/2023]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

http://wileyonlinelibrary.com/jctb


the raw material and product masses, respectively, g, xo,CaSO4 and
xt,CaSO4 denote the proportion of CaSO4 in the raw material and
product, respectively, %, xt,CaS and xt,CaO denote the CaS and
CaO proportions in the product, respectively, %, QCaS denotes
the theoretical mass of CaS produced from the complete conver-
sion of CaSO4, g, QCaO denotes the theoretical mass of CaO pro-
duced from the complete conversion of CaSO4, g.

Small fluidized bed experiment
Figure 1 depicts the small-scale fluidized bed reactor used for the
experiment. A quartz tube with a length of 1 m and a diameter of
50 mm is arranged in the fluidized bed. A 0.45 μmaperture air dis-
tribution plate is set in the middle of the quartz tube. A valve sys-
tem is built on top of the feeding funnel to create a storage
chamber for reaction particles, preventing materials from being
transported out of the reactor. The electric furnace's temperature
control system is employed to accurately regulate the reaction's
temperature. The CO2 and N2 used in the experiment are both
99.999% high-purity gases. The mass flow meter (CS200, Beijing
Qixing, China) is used to accurately control the flow rate of the
reaction gas. The total gas flow rate is controlled at 2 L/min during
the experiment. Cold-state experiments show that the material in
the reactor could achieve uniform fluidization when the fluidiza-
tion air flow rate is 2 L/min. The concentration of SO2 is measured
using a portable infrared flue gas analyzer (MGA6plus, MRU,
Germany), with sampling and analysis conducted every 5 s.

Thermodynamic simulation
Based on the idea of lowest Gibbs free energy, the FactSage 6.0 soft-
ware calculates thermodynamic equilibrium. The thermodynamic

process is primarily examined in this paper using the PhaseDiagram
Module. The reactant types are set to solid and gas at the starting
pressure of 0.1 MPa. The product composition is investigated under
different C/(C + Ca) molar ratios, and CO2 partial pressures.

Thermogravimetric experiment
The thermogravimetric analyzer used in the experiment is
Netzsch STA 409PC fromGermany (sensitivity of 2 μg and temper-
ature accuracy of <1 °C). CaSO4 and coal powder are thoroughly
ground and used for the subsequent experiment with a C/Ca
molar ratio of 1.75. A sample weighing 10 mg is taken and the
experiment is conducted in a mixture of CO2/N2. The sweeping
gas is N2 at a flow rate of 50 mL/min, while the CO2 flow rate is
20 mL/min. The ultimate experiment temperature is 1250 °C,
and the program's heating speeds are 10, 15, and 20 °C/min.
The kinetic parameters at different heating rates are calculated
using the Flynn-Wall-Ozawa (FWO) and Kissinger-Akahira-Sunose
(KAS) methods, as described in the supporting information.

RESULTS AND DISCUSSION
FactSage simulation results
Using the module of phase diagram in FactSage thermodynamic
software, the equilibrium phase diagrams of products during coal
reduction of CaSO4 are investigated, as shown in Fig. 2. Figure 2(a)
displays the influence of the reactant molar ratio C/(C + CaSO4) on
the decomposition products of CaSO4 within 800–1800 °C. The
findings show that temperature and carbon content significantly
affect the product composition. The minimum temperature for
pure CaO phase appearance in the coal reduction of CaSO4 pro-
cess is about 1120 °C, when the C/(C + CaSO4) molar ratio is
approximately 0.35. The region of pure CaO phase steadily rises
as temperature and carbon concentration rise. In the temperature
range of 800–1800 °C, Fig. 2(b) examines the impact of adding
CO2 to the reaction atmosphere on the CaSO4 decomposition
products. The area of pure CaO in the equilibrium phase diagram
is significantly expanded by the addition of CO2 in comparison to
the absence of CO2. Consequently, the manufacture of CaO by
coal reduction of CaSO4 is facilitated by the addition of CO2.
Figure 2(c,d) further explore the distribution of products in
CaSO4-C-N2 and CaSO4-C-CO2 systems at 1100 °C. The findings
demonstrate that the region of pure CaO phase rises with the
addition of CO2. This conclusion will provide theoretical guidance
for subsequent experimental verification.

Influence of temperature
Based on thermodynamic analysis, the impact of temperature
(950 ∼ 1100 °C) on the rate of CaSO4 decomposition and CaO
yield in the CaSO4-C and CaSO4-C-CO2 systems is investigated.
The C/Ca molar ratio, CO2 concentration, and reaction duration
are all kept at 1.75, 7.5%, and 1 h, respectively. The findings are
displayed in Fig. 3.

Table 2. Main characteristics of samples

Sample

Industrial analysis, wt% Elemental analysis, wt%

Mad Ad Vd FCd Cad Had Oad* Nad St,ad

Coal 5.07 18.84 46.62 34.54 54.10 4.45 20.72 1.33 0.56

*By difference.

Figure 1. Fluidized bed reactor schematic diagram.
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The rate at which CaSO4 decomposes in both the CaSO4 C and
CaSO4-C-CO2 systems is greatly increased by raising the reaction
temperature, as shown in Fig. 3(a). For instance, in the
CaSO4 C CO2 system, when the temperature climbs from
950 °C to 1100 °C, the rate of CaSO4 decomposition jumps from
75.56% to 99.63%. The CaSO4 decomposition rate rises for the
CaSO4 C system from 65.27% to 99.67%. At a temperature of
1100 °C, CaSO4 in both systems is completely decomposed. More-
over, at the same temperature, the CaSO4 C CO2 system
exhibits a greater rate of CaSO4 decomposition than the CaSO4-C
system. This might be as a result of the fact that 1 mol coal com-
bines with CO2 to produce 2 mol carbon monoxide, which then
takes part in the reaction with CaSO4 to make CaO, as stated in
Eqn (4) and (5).
The yield of CaO in two systems at various temperatures is com-

pared in Fig. 3(b). It is obvious that raising the temperature consid-
erably increases the CaO production. For instance, the CaO yield
in the CaSO4-C-CO2 system increases from 62.34% to 99.28%
when the temperature is raised from 950 °C to 1100 °C. This indi-
cates that at 1100 °C, CaSO4 has completely decomposed into
CaO. The CaO yield for the CaSO4 C system rises from 32.23%

to 64.78%. Moreover, at the same temperature, the CaO yield in
the CaSO4 C system is much lower than it is in the
CaSO4 C CO2 system. This suggests that the yield of CaO can
be increased by adding CO2.
Figure 3(c) displays the XRD spectra of the two systems' prod-

ucts at various temperatures. It is evident that CaSO4 in both sys-
tems mostly decomposes into CaS and CaO at 950 °C. With
increasing temperature, the characteristic peaks of CaSO4 and
CaS in both systems decrease, while the characteristic peak of
CaO increases. At 1100 °C, the CaSO4 in the CaSO4 C CO2 sys-
tem has completely transformed into CaO, while the product of
the CaSO4 C system still contains a significant amount of CaS.
This result explains the experimental conclusions in Fig. 3(a) and
Fig. 3(b).
Figure 3(d) depicts how the SO2 concentration changes over

time in the CaSO4 C CO2 system at various temperatures. The
process of SO2 emission is significantly influenced by tempera-
ture, as can be shown. The emission of SO2 proceeds more quickly
and SO2 peak concentration rises noticeably with rising tempera-
ture. This suggests that raising the temperature makes CaSO4

breakdown more feasible. In addition, at 1050 and 1100 °C, two
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Figure 2. (a) Binary equilibrium phase diagram of CaSO4 C, (b) Binary equilibrium phase diagram of CaSO4 C CO2, (c) Ternary equilibrium phase dia-
gram of CaSO4 C N2, (d) Ternary equilibrium phase diagram of CaSO4 C CO2.
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obvious concentration increase processes of SO2 can be
observed, while only one obvious concentration increase process
can be observed at 950 and 1000 °C. The first increase in SO2 con-
centration is caused by reactions (5)–(7),22 and the second
increase in concentration is caused by reaction 8.23 This is because
the spontaneous reaction temperatures of reaction 5 and reaction
6 are 811 and 924 °C, respectively, and reaction 7 can occur
through the liquid phase co-melting model at 950 °C,24 while
reaction 8 can only occur spontaneously at temperatures above
1000 °C.

C+CO2=2CO ð4Þ
CaSO4+CO=CaO+CO2+SO2 ð5Þ
CaSO4+C=CaO+CO+SO2 ð6Þ

3CaSO4+CaS = 4CaO+4SO2 ð7Þ
CaS+3CO2=CaO+SO2+3CO ð8Þ

Influence of the C/Ca molar ratio
The influence of the C/Camolar ratio is next examinedwith regard
to the production of CaO and the rate at which CaSO4 decom-
poses in the CaSO4 C and CaSO4 C CO2 systems. With the

temperature of 1100 °C and CO2 concentration of 7.5%, the
experimental reaction time is regulated to 1 h. Figure 4 exhibits
the findings.
The decomposition of CaSO4 is aided by adding more coal, as

seen in Fig. 4(a). For the CaSO4 C CO2 system, the CaSO4

decomposition rate rises from 42.96% to 99.63% when the C/Ca
molar ratio increases from 0.25 to 0.75. The CaSO4 decomposition
rate increases from 38.46% to 99.67% in the CaSO4 C system. The
CaSO4 C CO2 system decomposes CaSO4 at a rate that is notice-
ably greater than the CaSO4 C system at the same C/Ca molar
ratio. Reaction (4) and (5) can explain the reason for this. Under
the same carbon content, carbon and carbon dioxide can produce
more CO gas, which is more conducive to the reduction process of
CaSO4.
As shown in Fig. 4(b), increasing the coal content has different

effects on CaO yield in the two systems. The CaO yield in the
CaSO4 C CO2 system increases from 42.37% to 99.28% when
the C/Ca molar ratio increases from 0.25 to 0.75. When compared
to the CaSO4 decomposition rate, it can be seen that the CaO yield
and CaSO4 decomposition rate are nearly identical, proving that
the decomposed CaSO4 has been nearly entirely converted into
CaO. While the C/Ca molar ratio in the CaSO4 C system increases,
the CaO yield shows an initial increase and then a decrease. The
reason may be that when the C/Ca molar ratio is relatively low,

(a) (b)

(c) (d)

Figure 3. (a) Influence of temperature on the rate of CaSO4 decomposition, (b) Influence of temperature on the CaO yield, (c) X-ray diffraction patterns of
products at different temperatures, (d) Variation curves of SO2 concentration with reaction time at different temperatures.
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CaSO4 cannot be completely decomposed into CaS and CaO,
leading to the further reaction of CaS with CaSO4 to generate
CaO at 1100 °C, resulting in an increase in CaO yield. Studies have
shown that there is a competitive reaction between CaS and CaO,
the decomposition products of CaSO4.

25 CaS is the primary
decomposition product of CaSO4 at high C/Ca molar ratios. As a
result, CaSO4 is mostly converted to CaS when the C/Ca molar
ratio rises, which lowers the CaO yield.
The XRD spectra of the products in Fig. 4(c) also support the conclu-

sions drawn above. When the C/Ca molar ratio grows for the
CaSO4 C system from 0.25 to 1.25, the distinctive peak intensity of
CaSO4 dramatically declines while CaO significantly increases, sug-
gesting that CaSO4 is continually degraded and changed into CaO.
As the C/Ca molar ratio is raised further to 1.75, a distinct CaS charac-
teristic peak appears in the product, and the CaO peak intensity
decreases significantly, indicating that CaSO4 gradually transforms
into CaS and results in a decrease in CaO yield. For the
CaSO4 C CO2 system, as the C/Ca molar ratio increases, the CaSO4

peak intensity continuously decreases, while the CaO characteristic
peak intensity increases continuously, and no obvious CaS character-
istic peak is observed in the product, indicating that CaS is oxidized to
SO2 by CO2, producing CaO and resulting in an increase in CaO yield.
Figure 4(d) shows the variation of SO2 concentration over time

in the CaSO4 C CO2 system at different C/Ca molar ratios. It
can be observed that there are two distinct periods of SO2

concentration increase at the C/Ca molar ratio of 1.75. However,
when the C/Ca molar ratio is lower, only one period of SO2 con-
centration increase is observed. The reason is that at lower coal
content, the main decomposition products of CaSO4 are CaO
and SO2. At higher coal content, the main decomposition prod-
ucts of CaSO4 are CaS and a small amount of CaO. Subsequently,
CaS continues to react with CO2 to produce SO2 and CaO. There-
fore, at a higher C/Ca molar ratio, two distinct periods of SO2 con-
centration increase are observed.

Influence of CO2 concentration
Next, it is determined how CO2 concentration (0–10%) affects the
rate of CaSO4 decomposition and CaO yield in the CaSO4 C sys-
tem. The reaction temperature is maintained at 1100 °C, the
C/Ca molar ratio is 1.75, and the reaction time is controlled at
1 h. The findings are displayed in Fig. 5.
Figure 5(a) shows that the decomposition rate of CaSO4 has

reached 99.23% in the absence of CO2 and that the rate of decom-
position is not significantly affected by an increase in CO2 concen-
tration. However, CaO production did increase significantly with
increasing CO2 concentration. The CaO yield increases from
64.78% to 99.28% when the CO2 concentration goes from 0% to
7.5%, and further raising the CO2 concentration has no effect on
the CaO yield.

(a) (b)

(c) (d)

Figure 4. (a) Influence of C/Ca molar ratio on the rate of CaSO4 decomposition, (b) Influence of C/Ca molar ratio on the CaO yield, (c) Influence of C/Ca
molar ratio on product components, (d) Variation curve of SO2 concentration with reaction time at C/Ca molar ratio.
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The XRD patterns of the products exhibited in Fig. 5(b) further
support this conclusion. The primary breakdown products of
CaSO4 without the addition of carbon dioxide are CaS and CaO.
With increasing CO2 concentration, CaS is gradually transformed
into CaO. When the CO2 concentration reaches 7.5%, all decom-
position products of CaSO4 are CaO.
Figure 5(c) depicts the CaSO4 C system's SO2 concentration

variation over time at various CO2 concentrations. It can be
observed that without the addition of CO2, the SO2 curve exhibits
only one clear concentration increase stage. As the CO2 concen-
tration increases to 2.5%, a second concentration increase stage
appears in the SO2 curve. With further increase in CO2 concentra-
tion to 7.5%, the second concentration growth process becomes
rapid. This shows that CaS is oxidized by CO2 to CaO, which
increases the amount of SO2.

Reaction mechanism
As a result, a mechanistic analysis of the CaSO4 reduction by coal
to prepare CaO in a CO2 atmosphere is carried out. Measurements
of the product composition are made every 10 min during the
experiments, which are carried out at a reaction temperature of
1100 °C, a C/Ca molar ratio of 1.75, and a CO2 concentration of
7.5%. The findings are displayed in Fig. 6.
From Fig. 6(a), CaSO4 continuously decomposes into CaS and

CaO during the reaction. After 10 min, the proportions of CaSO4,

CaS, and CaO in the product are 43.13%, 34.53%, and 22.34%,
respectively. After 20 min, the proportions are 10.68%, 46.90%,
and 42.42%, respectively. When the reaction reaches 30 min, the
proportion of CaSO4 has decreased to 0.38%, and the proportion
of CaO has increased to 62.42%, while the proportion of CaS has
decreased to 37.20%. The proportion of CaS gradually decreases
and the proportion of CaO gradually increases as the reaction
time is extended. The XRD pattern seen in Fig. 6(b) adds the sup-
port for this finding. As response time grows, the intensity of the
typical CaSO4 peak progressively declines, the intensity of the
characteristic CaS peak fluctuats before decreasing, and the inten-
sity of the characteristic CaO peak steadily climbs. Consequently,
it may be concluded that CaS is a byproduct of the intermediate
stage of CaSO4 decomposition. As the reaction develops, CaS
keeps reacting with unreacted CaSO4 to produce CaO and SO2.
After CaSO4 is completely decomposed, CaS continues to react
with CO2 to generate CaO. This result is consistent with the trend
of the concentration curve of SO2 with time mentioned earlier.

Dynamical analysis
Figure 7 displays the thermalgravimetric (TG)- derivative thermal-
gravimetric (DTG) curves for the CaSO4 C CO2 system at various
heating rates. Figure 7(a) demonstrates how the TG curve shifts
towards higher temperatures as the heating rate rises. The effect
of ‘thermal delay’ is somewhat mitigated by the quicker heating

(a) (b)

(c)

Figure 5. (a) Influence of CO2 concentration on the rate of CaSO4 decomposition and the production of CaO, (b) X-ray diffraction patterns of products at
different CO2 concentrations, (c) Variation curves of SO2 concentration with reaction time at different CO2 concentrations.
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rate since it reduces the time needed for heat to pass between the
sample's interior and exterior surfaces.26 Figure 7(b) demonstrates
five clear weight loss peaks that occur between 30 °C and 1250 °C.
The first weight loss peak appears in the range of 30 ∼ 200 °C, the
second appears in the range of 300 ∼ 400 °C, the third appears in
the range of 700 ∼ 800 °C, the fourth appears in the range of
800 ∼ 950 °C, and the fifth appears in the range of 1100 ∼ 1200 °C.
The coal's moisture evaporating causes the first DTG peak. The ther-
mal breakdown of coal, which results in the production of tar and
reducing gases, is primarily responsible for the second DTG peak.
The secondary reaction of coal to produce coke is the primary cause

of the third DTG peak.27 The fourth DTG peak is related to the reac-
tion between CaSO4 and carbon with CO to produce CaS and CaO.
The fifth DTG peak is attributed to the secondary reaction between
CaS and CO2, generating CaO and SO2. The TG-DTG curves of
CaSO4 C N2 system are shown in Fig. 2(s). By comparing the
always curves under both systems, it can be found that the first four
weight loss processes are the same under both systems, and the dif-
ference is that theweight loss process after 1000 °C ismissing under
N2, so it can be clearly concluded that the weight loss after 1000 °C
represents the process of releasing SO2 by the reaction between
CaS and CO2.

(a) (b)

Figure 6. (a) Composition of CaSO4 decomposition products at different reaction times, (b) CaSO4 decomposition products' X-ray diffraction patterns at
various reaction times.

(a) (b)

Figure 7. (a) Variation of mass with temperature at different heating rates, (b) Variation of derivative mass with temperature at different heating rates.

Table 3. Average activation energies and finger front factors of reactions in different temperature bands with Flynn-Wall-Ozawa (FWO) and
Kissinger-Akahira-Sunose (KAS) methods

Temperature interval (°C)

FWO KAS

Average Ea (kJ/mol) Average lnA (s−1) Average Ea (kJ/mol) Average lnA (s−1)

800 ∼ 900 394.54 39.81 393.19 39.72
950 ∼ 1200 545.87 47.42 542.55 46.98
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Using the FWO and KAS techniques at 800 ∼ 900 °C and
950 ∼ 1200 °C, respectively, the activation energy (Ea) and pre-
exponential factor (lnA) for the reduction of CaSO4 by coal to cre-
ate CaO under CO2 environment are estimated. The ln(⊎) vs. 1/T
and ln(⊎/T2) vs. 1/T curves derived using the FWO and KAS tech-
niques at 800 ∼ 900 °C and 950 ∼ 1200 °C are shown in Fig. S3.
As a result, Table 3's calculations of the typical Ea and lnA at
800 ∼ 900 °C and 950 ∼ 1200 °C are made. At 800 ∼ 900 °C, the
FWO and KAS techniques’ average activation energies are respec-
tively 394.54 kJ/mol and 393.19 kJ/mol. At temperatures between
950 and 1200 °C, the Ea for the FWO and KAS methods are
545.87 kJ/mol and 542.55 kJ/mol, respectively. In addition, Ea is
positively correlated with ln A at different heating rates, which is
caused by the dynamic compensation effect.28

The relationship between Ea and conversion rate is seen in
Fig. S4. At both temperature phases, it can be shown that the Ea
reduces as the conversion rate rises. As a result, the reference
point for the interval is chosen to be the conversion rate value
of 0.5. The most likely mechanism function g(⊍) of the coal reduc-
tion process in a CO2 atmosphere is identified using the integral
master curve method, as shown in Fig. 8. As demonstrated in

Fig. 8, the theoretical master curve A1 and the actual master
curves produced for both temperature stages in the range of
0.1 ∼ 0.9 conversion rates are compatible. The relevant mecha-
nism function is g(⊍) = −ln(1 − ⊍), which is a part of the nucle-
ation and growth model. From the model, at 800 ∼ 900 °C,
CaSO4 comes into contact with coal and begins the reduction
reaction. CaSO4 is gradually transformed into CaS, leading to an
increase in CaS nuclei.29 When the temperature reaches 950 °C,
the surface of CaS comes into contact with CO2 and the reaction
begins to generate CaO. As the reaction progresses, the CaO prod-
uct layer gradually expands inward, and the unreacted CaS is
encapsulated by CaO in the center. The process of CO2 passing
through CaO to react with the inner CaS involves overcoming a
significant energy barrier, which raises the necessary activation
energy.

Preparation of CaO from coal and CO2-reduced PG
Finally, industrial typical pollutants, PG and desilication PG are
chosen as the research objects to investigate their reaction char-
acteristics under the optimized conditions (1100 °C, C/Ca = 1.75,
CO2 concentration 7.5%). Previous studies have shown that cool-
ing rate has a significant impact on the activity of CaO.30 There-
fore, this study compared the effects of rapid cooling of
phosphogypsum (PRC), slow cooling of phosphogypsum (PSC),
and desilication phosphogypsum with rapid cooling (DPRC) on
the yield of CaO. The findings are displayed in Fig. 9. SiO2 in PG
interacts with CaO to create Ca2SiO4, as seen in Fig. 9(a), which
lowers the yield of CaO. The yield of CaO produced by PRC decom-
position under these circumstances is 87.32%, but the yield of
CaO produced by DPRC is 96.78%. In addition, under slow cooling,
CaO continues to react with SiO2 to form Ca2SiO4, which further
reduces the yield of CaO, as can be seen from the XRD pattern
of the products in Fig. 9(b). Compared with slow cooling, the
CaO peak under rapid cooling is significantly higher. Therefore,
choosing rapid cooling is necessary to improve the yield of CaO.
Table 4 displays the findings of the BET analysis used to describe
the outputs of the two procedures in order to further confirm this.
The specific surface area of CaO under PRC conditions rose from
1.24 m2/g to 1.58 m2/g, the pore volume grows from
0.0023 cm3/g to 0.0064 cm3/g, and the average pore size
increases from 18.07 nm to 20.76 nm, as can be observed in com-
parison to PSC. This is due to the fact that under slow cooling

Figure 8. Comparison of theoretical and experimental curves of different
reaction models.

(a) (b)

Figure 9. (a) CaO yields of phosphogypsum (PRC), desilication phosphogypsum (DPRC) and cooling of phosphogypsum (PSC) under optimized condi-
tions, (b) X-ray diffraction patterns of the products.
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circumstances, CaO interacts with SiO2, resulting in the collapse of
the pore structure, and Ca2SiO4 aggregates on the reactant's sur-
face, resulting in a reduction in pore size and specific surface
area.31

CONCLUSION
In this study, lignite was used as a reducing agent under CO2

atmosphere to explore the influences of reaction temperature,
C/Ca molar ratio, and CO2 concentration on the decomposition
of CaSO4 and preparation of CaO, using FactSage thermodynamic
simulation and kinetic calculations to obtain the optimal reaction
conditions. Finally, typical industrial gypsums, PG and desilico-
nized PG, were used for experimental verification. The study
found that adding CO2 during the coal reduction of CaSO4 signif-
icantly increased the CaO content in the product. Increasing the
reaction temperature, C/Ca molar ratio, and CO2 concentration
all favored the decomposition of CaSO4 into CaO. The ideal reac-
tion conditions were 1100 °C, 1.75 C/Ca molar ratio, and 7.5%
CO2 concentration, which resulted in a maximum CaSO4 decom-
position rate of 99.63% and a maximum CaO yield of 99.28%.
The generation of CaO occurred mainly through a two-step pro-
cess, wherein coal reduction of CaSO4 produced some CaS and
CaO, and CaS continued to react with CaSO4 to generate CaO.
Moreover, CaS and CO2 would react to produce CaO and SO2 in
the process. The nucleation and growth model was used for both
phases, with a kinetic mechanism function of g(⊍) = −ln(1 − ⊍).
Finally, PG experiments verified the above conclusions, but SiO2

in PG would react with CaO to produce a byproduct Ca2SiO4

and affect the CaO yield. The decomposition of PG produced
87.32% CaO under ideal experimental conditions, compared to
96.78% for desiliconized PG. Slow cooling also reduced the CaO
yield and the specific surface area of the product. This study will
offer helpful advice for using CaSO4 waste products like PG as
resources.
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