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A B S T R A C T   

To further improve the decomposition ratio and sulfur dioxide mass yield of coke-reduced solid waste phos-
phogypsum (PG), converter dust (CD) is proposed as a novel additive. The effects of raw material ratio, time and 
temperature for roasting on the decomposition process of PG were inspected by simulation calculations and 
fluidized bed experiments. It turns out that the optimized reaction conditions are Fe3O4/Ca of 0.6, C/Ca of 0.4 at 
1100 ◦C for 24 min, under which the PG decomposition ratio and SO2 mass yield are 99.56 % and 97.64 %, 
respectively. The addition of CD is able to reduce the initial reaction temperature from 975 ◦C to 914 ◦C, and 
promote the release of SO2. Kinetic analysis shows the mechanistic equation for this process is obtained as G(α) 
= [− ln(1 − α)]3/2, indicating that the decomposition reaction mechanism is a crystal nucleation and growth- 
controlled process. The chemical mechanism of the process is that coke and Fe3O4 in the CD convert CaSO4 to 
the intermediate CaS, and Fe3O4 is oxidized to Fe2O3. Then CaS and CaSO4 continue to react with Fe2O3 to form 
Ca2Fe2O5 and SO2. The presence of Fe2O3 accelerations the rate of CaS and CaSO4 roasting reaction and lowers 
the reaction temperature. Meanwhile, the self-decomposition of PG also produces CaO and SO2. Finally, a process 
for SO2 recovery from CD synergized with coke decomposition of PG is proposed.   

1. Introduction 

Phosphogypsum (PG) is a solid waste from the treatment of phos-
phate rock with sulfuric acid in the production of phosphoric acid. 
CaSO4⋅2H2O is the main ingredient in PG. Additionally, it contains im-
purities including Si, P, and F (Qi et al., 2023). The presence of con-
taminants inhibits the use of PG on a big scale. It is estimated that every 
1 ton of phosphoric acid produced will produce 5 tons of PG (Ennaciri 
and Bettach, 2018). At present, China’s PG storage capacity has excee-
ded 250 million tons, and the annual output is maintained at 75–78 
million tons, but the utilization rate of resource utilization is only about 
40 % (Chen et al., 2023). Currently, PG is mainly disposed of by 
stockpiling. However, stockpiling not only results in a large amount of 
occupied land, but also is highly susceptible to contamination of the 
atmosphere and groundwater (Silva et al., 2022). Therefore effective 
treatment of PG is urgent. 

The solution to this issue is the thermochemical reduction of PG into 
calcium oxide and sulfur dioxide at high temperatures. Calcium oxide 
can be used as a source of raw materials for building supplies and sulfur 
dioxide can be used to make sulfuric acid (Atanasova, 2010). This 

process can transform trash into treasure, reduce environmental pollu-
tion from PG, and partially replace sulfur in the process of making sul-
furic acid. Reductants are used to lower the PG initial reaction 
temperature. The reductants that have been reported so far are lignite 
(Ma and Wang, 2023), bituminous coal (Zheng et al., 2013), high-sulfur 
coal (Zheng et al., 2011), char (He et al., 2023), biomass (Ma et al., 
2023), biochar (Luo et al., 2023), sulfur (Chen et al., 2021), FeS2 (Fang 
et al., 2020), sulfurous iron ore (Liu, xxxx), H2S (Ji et al., 2023), CO (Liu 
et al., 2023) and H2 (Jia et al., 2023). Reductants reduces the self- 
decomposition temperature of PG from 1150–1200 ◦C to 850–900 ◦C. 
To further lower the reaction temperature while increasing the products 
yield, on the basis of the reductants, the researchers proposed the 
addition of suitable additives. The main additives that have been re-
ported so far include FeCl3 (Zheng et al., 2018), Fe2O3 (Yang et al., 
2019), iron-phosphorus slag (Sun et al., 2022), Al2O3 (Zhao et al., 
2015), SiO2 (Shi et al., 2016), potassium feldspar (Lu et al., 2021). The 
Fe-based additives in the PG thermal decomposition is the most widely 
used, the most intensively researched, and the most effective. However, 
the currently studied iron-based additives are mainly formed by post- 
processing, which is not economical in terms of resource utilization. 
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Therefore, the use of widely available industrial solid wastes that do not 
require post-processing instead of conventional additives that need to be 
prepared can maximize resource utilization. 

Converter dust (CD) is a solid particle collected after the flue gas is 
purified by a dry de-dusting system during the steelmaking process in a 
converter. Each ton of steel produces about 20 kg of CD, and the iron and 
steel sector in China produces roughly 0.2 billion tons of CD each year 
(Zhou et al., 2022). The main constituent of CD is Fe3O4 (Da Rocha 
et al., 2013). If Fe3O4 in CD can be utilized instead of conventional Fe 
additives to promote the decomposition process of PG, this not only 
promotes the resourceful use of PG and CD, but also saves resources. 
There hasn’t been any information published on the research of CD as an 
additive to decompose PG. Therefore, in this paper, for the purpose of 
reducing PG to recover SO2, the impact of CD on the coke reduction PG is 
studied. On the process, the impacts of raw material ratios and roasting 
temperatures are examined by HSC thermodynamic equilibrium calcu-
lations combined with fluidized bed experiments and kinetic analyses in 
order to optimize the roasting conditions. 

2. Raw materials and procedure 

2.1. Materials 

CD and PG are supplied by a steel smelting industry and a phos-
phorus chemical industry respectively. The PG and CD are sieved, and 

the particles that are smaller than 0.075 mm are selected. These particles 
are then dried for 12 h at 105 ◦C to eliminate free water, sealed, and 
stored. The dried PG and CD are chemically analyzed to determine their 
components. CaO and SO3 are the primary chemical components of PG, 
in addition to impurities such as SiO2, Al2O3, P2O5 and F (Table 1). A 
comparison with previous literature reveals that the PG used in this 
paper has a lower SiO2 content and a higher CaO and SO3 content 
(Ennaciri et al., 2020). Fe2O3 and CaO with respective contents of 72.46 
% and 7.65 % are the primary chemical components of CD (Table 2). The 
mineral ingredients of dried CD and PG are examined using an X-ray 
diffractometer (XRD, Rigaku Ultimate IV) with a scanning speed of 5◦/ 
min. From Fig. 1, calcium in PG is mainly in the form of CaSO4⋅2H2O and 
CaSO4⋅0.5H2O. A small amount of SiO2 is also present. The predominant 
form of iron in CD is Fe3O4. 

The lignite is crushed and screened, and the smaller-sized particles 
are chosen and totally pyrolyzed at 1100 ◦C to create coke (in accor-
dance with the industrial coking procedure for coke production). The 
coke is crushed to particles less than 0.075 mm and then sealed and 
stored for later use. The characteristics of lignite and coke are shown in 
Table 3. Coke has a high fixed carbon content of 70.75 % and a low 
sulfur content. Coke and PG are weighed in accordance with the molar 
ratio C/Ca, and the mixes are identified as C/Ca = 0, 0.1, 0.2, 0.3, 0.4, 
and 0.5, respectively. CD and PG are weighed in accordance with the 
molar ratio Fe3O4/Ca. The mixes are characterized as the molar ratios of 
Fe3O4/Ca = 0, 0.2, 0.4, 0.6, and 0.8. 

Table 1 
Primary chemical components of PG / %.  

SO3 CaO SiO2 P2O5 MgO Fe2O3 F Na2O TiO2 K2O Al2O3 Water of crystallization  

43.12  30.28  5.42  0.87  0.21  0.17  0.16  0.09  0.08  0.01 –  12.21  

Table 2 
Primary chemical components of CD / %.  

Fe2O3 CaO K2O ZnO SiO2 Na2O Al2O3 MgO P2O5 SO3 PbO  

72.46  7.65  4.38  3.62  2.67  1.35  1.48  1.64  0.23  0.48  0.05  

Fig. 1. Mineral ingredients of raw materials: (a) PG, (b) CD.  

Table 3 
Lignite and coke characteristics / %.  

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

Lignite  5.07  34.54  46.62  18.84  0.56  4.45  1.33  54.10  20.72 
Coke  1.23  70.75  27.83  1.42  0.23  0.31  0.86  68.36  2.41 

*By difference. Mad- Air dry base moisture, FCd- dry basis fixed carbon, Ad- dry basis ash, Vd- dry basis volatiles, St,ad- air dry basis total sulfur, Had- air-drying base 
hydrogen, Nad- air-drying base nitrogen, Cad- air-drying base carbon, Oad- air drying oxygen. 
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2.2. Experimental steps 

The fluidized decomposition method is the primary experimental 
technique employed in this investigation. Fig. 2 shows the experimental 
platform. A control device, a heating device, and a gas online analysis 
equipment are the major components of the experimental system. It can 
realize the sampling of solid products and the analysis of gas products. A 
quartz tube reactor with a length of 1.5 m and an inner diameter of 50 
mm is mounted in the center of the heating unit. The experimental 
procedure is batch feeding, 2 g of PG is weighed before the start of the 
experiment, coke and CD are weighed according to the C/Ca ratio and 
Fe3O4/Ca ratio, respectively. Materials are mixed well and then placed 
in a bin with a sieve, which is then placed into the top of the reactor. The 
quartz tube reactor is heated electrically to the desired temperature, 
while air is then forced out of the tube using N2. Once the temperature is 
reached and stabilized, a feeding mechanism is used to add the sample to 
the reactor. The flue gas composition at the furnace outlet is online 
analyzed using a flue gas analyzer. The gas is then put into a gas bag for 
storage. After reaching the set thermostatic time, the reaction products 
are removed from the reactor when the temperature is reduced to room 
temperature, cooled down and packed in sealed sample bags for later 
analysis and calculation. 

2.3. Methods of analysis 

The BaSO4 gravimetric method (GB/T 5484-2012) is utilizatied for 
the determination of CaSO4 quality. Instantaneous concentration of SO2 
is determined by flue gas analyzer (MRU VARIO Plus) and the average 
concentration of SO2 is measured by sulfur content tester (GCS-80). The 
product composition is determined using XRD. Energy spectrometry 
(EDS, Oxford Xplore 50) and scanning electron microscopy (SEM, ZEISS 
Sigma 300) are employed to examine the surface morphology of PG at 
various phases of the reaction and under various reaction circumstances. 
X-ray photoelectron spectroscopy (XPS, Thermo Scientific K-Alpha) is 
employed to examine the valence of compounds. The test is repeated 
three times for each sample to minimize experimental errors. The 
computations are carried out as follows: 

φCaSO4
= 1 −

mt × xt,CaSO4

mo × xo,CaSO4

× 100% (1)  

qSO2 =
F

1000
×

ct × 64 × t
22.4

(2)  

ϕSO2
=

qSO2

QSO2

× 100% (3)  

where: φCaSO4
- decomposition ratio of PG, %. mo-the quality of raw, g. 

mt- quality of products, g. xt,CaSO4 , xo,CaSO4 - CaSO4 content of the products 
and raw materials, %. qSO2 -the production of SO2, g. F- the overall rate of 
gas flow, Nm3/min. ct- an average SO2 concentration, ppm. ϕSO2

-mass 
yield of SO2, %. QSO2 - the quality of SO2 released by the complete 
decomposition of CaSO4 of PG, g. 

2.4. Non-isothermal thermogravimetric experiment and thermodynamic 
calculations 

On a thermogravimetric analyzer (Netzsch STA 449 F3), non- 
isothermal thermogravimetric studies are conducted. The samples are 
heated to 1200 ◦C from 30 ℃ with 10, 15 and 20 ℃/min. N2 is employed 
as the protective gas with 40 mL/min. The multiple heating ratio 
method is applied to reveal kinetic mechanisms, including the activation 
energy (Ea), the finger-forward factor (lnA) and mechanism function. 
The two analytical methods is used include Kissinger-Akahira-Sunose 
(KAS) equation and Flynn-Wall-Ozawa (FWO) equation. 

Relying on Gibbs free energy minimization concept, the equilibrium 
module in the HSC Chemistry 6.0 program is used to compute the re-
action equilibrium composition. The equilibrium composition of the 
physical phase mainly depends on the input mixture system. To examine 

Fig. 2. Small bubbling fluidized bed experimental setup diagram.  

Table 4 
The working conditions for the experiment.  

Number Composition Temperature / 
℃ 

Thermostatic time / 
min 

1 Fe3O4/Ca = 0, 0.2, 0.4, 
0.6, 0.8 

1100 24 

2 C/Ca = 0, 0.1, 0.2, 0.3, 
0.4, 0.5 

1100 24 

3 Fe3O4:C:Ca = 0.6:0.4:1 950–1100 24 
4 Fe3O4:C:Ca = 0.6:0.4:1 1100 0–24  
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how temperature and composition affect the equilibrium composition, 
CaSO4 is set to be 2 kmol, pressure to be 0.1 MPa, temperature to be 
800–1100 ℃, C/Ca molar ratio to be 0–1, and Fe3O4/Ca molar ratio to 
be 0–1. Table 4 gives all the working conditions in this study. 

3. Results and discussion 

3.1. Reaction equilibrium calculations 

Reaction equilibrium calculations provides an understanding of the 
conditions under which reactions proceed spontaneously, but also the 
composition of the products at reaction equilibrium, can evaluate the 
direction and limitations of the reactions. The reactions that may occur 
during CD-assisted coke reduction of PG are categorized and examined. 
The main reactions include (1) PG dehydration reaction, (2) PG self- 
decomposition and reduction reaction and (3) products continuation 
reaction. The specific reactions are shown below: 

11) PG dehydration reactions 

CaSO4⋅2H2O = CaSO4⋅0.5H2O + 1.5H2O (4)  

2CaSO4⋅0.5H2O = 2CaSO4 + H2O (5)  

21) PG self-decomposition and reduction reactions 

2CaSO4 = 2CaO + 2SO2 + O2 (6)  

2CaSO4 + C = 2CaO + 2SO2 + CO2 (7)  

CaSO4 + C = CaO + SO2 + CO (8)  

CaSO4 + 1.5C = CaO + S + 1.5CO2 (9)  

CaSO4 + 2C = CaS + 2CO2 (10)  

CaSO4 + 2.5C = CaS + 1.5CO2 + CO (11)  

CaSO4 + 4C = CaS + 4CO (12)  

CaSO4 + 8Fe3O4 = CaS + 12Fe2O3 (13)  

CaSO4 + 2Fe3O4 = CaO + 3Fe2O3 + SO2 (14)  

31) The products continue to react 

C + CO2 = 2CO (15)  

CaSO4 + CO = CaO + CO2 + SO2 (16)  

CaSO4 + 4CO = CaS + 4CO2 (17)  

3CaSO4 + CaS = 4CaO + 4SO2 (18)  

CaS + 2SO2 = CaSO4 + S2 (19)  

2CaS + SO2 = 2CaO + 1.5S2 (20)  

CaS + 3CaSO4 + 2Fe2O3 = 2Ca2Fe2O5 + 4SO2 (21)  

2CaO + Fe2O3 = Ca2Fe2O5 (22)  

3CaSO4 + 1.25C + Fe3O4 = 1.5Ca2Fe2O5 + 1.25CO2 + 3SO2

(23)  

3CaSO4 + 2.5C + Fe3O4 = 1.5Ca2Fe2O5 + 2.5CO + 3SO2 (24) 

The Gibbs free energies of the above reactions at 0–1200 ◦C are 
calculated using HSC. As demonstrated in Fig. 3(a), the dehydration 
process of PG begins to occur spontaneously at 108 ◦C. The loss of 1.5 
water of crystallization from CaSO4⋅2H2O typically takes place between 

Fig. 3. Gibbs free energy of the reaction.  
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Fig. 4. Equilibrium product composition under various situations: (a) Fe3O4/Ca, (b) C/Ca, (c) reaction temperature.  

Fig. 5. Influence of Fe3O4/Ca on products composition: (a) PG decomposition ratio, (b) SO2 yield, (c) SO2 concentration with time, (d) XRD patterns of products.  
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105 ℃ and 145 ℃. The loss of 0.5 water of crystallization from 
CaSO4⋅0.5H2O typically takes place between 145 ℃ and 185 ℃ (Wang 
et al., 2021). The thermodynamic analysis results are slightly lower than 
the actual occurrence temperature. From Fig. 3(b), the temperature at 
which CaSO4 self-decomposes is substantially greater than 1200 ◦C (Li 
et al., 2009). The temperature at which CaSO4 decomposes is dramati-
cally lowered by the addition of carbon. The reduction result is mostly 
CaS when the C/Ca is higher than or equal to 1.5, while it is primarily 
CaO when the C/Ca is less than or equal to 1. CaO is mostly produced at 
high temperatures (900–1200 ◦C), which is much higher than the tem-
perature at which CaS is produced (600–800 ◦C). Additionally, the ad-
ditive Fe3O4 can take part in the reduction of CaSO4, significantly 
lowering the PG initial reaction temperature. The reduction products are 
CaS, CaO, and Fe2O3. From Fig. 3(c), the reduction products can still 
participate in the process at high temperatures. As the main reaction of 
SO2 generation, the spontaneous reaction temperature of Eq. (18) is as 
high as 1200 ℃, and the addition of additive Fe3O4 significantly reduces 
the reaction temperature to 900–1100 ℃, as shown in Eqs. (22) ~ 24, so 
that more SO2 can be generated at lower temperatures. In summary, 
Fe3O4 considerably promoting the PG reduction reaction and produces 
more SO2. 

The effects of various parameters (Fe3O4/Ca, C/Ca, reaction tem-
perature) on the reduction reaction process of CaSO4 are further esti-
mated using HSC in order to further define the optimum experimental 
settings. The CaSO4 content is gradually dropping and the SO2 content is 
gradually rising as the Fe3O4/Ca rising from 0 to 0.6 at 1100 ◦C with the 
C/Ca of 0.4, as can be observed in Fig. 4(a). The declining trend of 
CaSO4 is no longer noticeable when the Fe3O4/Ca continues to increase. 
This shows that Fe3O4 can greatly speed up the process of CaSO4 
reduction reaction and favor SO2 production. The impact of increasing 
the C/Ca on the reduction reaction of CaSO4 at 1100 ◦C with Fe3O4/Ca 
of 0.6 can be seen in Fig. 4(b). Carbon has two effects on the process. 
First, when C/Ca is 0–0.4, the principal CaSO4 reduction products are 
Ca2Fe2O5, CaO, SO2, CO, and CO2. Increasing C/Ca at this point might 

dramatically raise the SO2 concentration. CaS, Ca2Fe2O5, SO2, CO, and 
CO2 are the primary reduction products of CaSO4 when C/Ca is larger 
than 0.4. At this point, boosting C/Ca causes more CaS to be produced 
while decreasing SO2 content. Therefore, C/Ca must be kept within a 
range of 0.4 to produce the desired product SO2. From Fig. 4(c), the 
temperature has a considerable impact on CaSO4 reduction process. The 
reduction of CaSO4 can be greatly acceleration by an increase in tem-
perature. In conclusion, the optimal Fe3O4/Ca, C/Ca, and reaction 
temperatures are 0.6, 0.4, and 1100 ◦C, respectively. 

3.2. Influence of Fe3O4/Ca 

On the basis of thermodynamic calculations, a series of PG high- 
temperature reduction experiments are carried out. The effect of 
Fe3O4/Ca molar ratio on the decomposition process of PG is firstly 
investigated at 1100 ◦C with a C/Ca molar ratio of 0.4, and the results 
are shown in Fig. 5. From Fig. 5(a) and 5(b), the decomposition ratio 
rises from 75.35 % to 99.56 % and the SO2 mass yield rises from 72.45 % 
to 97.64 % with an increase in Fe3O4/Ca from 0 to 0.6. The decompo-
sition ratio at Fe3O4/Ca of 0.8 is not much different from that at 0.6. 
Fig. 5(c) shows the fluctuation in SO2 concentration with thermostatic 
time. The reaction ends at around 24 min and the SO2 concentration 
reaches its maximum value at around 8 min. The maximum SO2 con-
centration rises from 5472 ppm to 7167 ppm with Fe3O4/Ca rising from 
0 to 0.6. This result can also indicate that CD promotes PG decomposi-
tion leading to more SO2 production. Continuing to increase the Fe3O4/ 
Ca, the maximum concentration of SO2 changes less. The aforemen-
tioned findings show that increasing CD addition can effectively 
encourage the breakdown of PG to produce SO2. The optimized Fe3O4/ 
Ca molar ratio is about 0.6. The findings accord well with the thermo-
dynamic estimates. 

The products are analyzed in physical phase as shown in Fig. 5(d). 
When no CD is present, the principal decomposition products are CaS, 
CaO, and Ca2SiO4. Ca(OH)2 is formed by the reaction of CaO with 

Fig. 6. Influence of C/Ca on products composition: (a) PG decomposition ratio, (b) SO2 yield, (c) SO2 concentration with time, and (d) XRD patterns of products.  
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airborne water vapor. Ca2SiO4 is formed by the product CaO and the 
impurity SiO2 in PG (Yang et al., 2011). The addition of CD significantly 
reduces the characteristic peak intensity of CaSO4 and a new material 
Ca2Fe2O5 emerges. The CaSO4 phase has totally gone when Fe3O4/Ca is 
adjusted to 0.6, which indicates that PG has been decomposed 
completely. Continuing to increase the CD dosage, unreacted Fe3O4 
appears in the product. This result verifies the conclusions of Fig. 4(a) 
and 4(b). 

3.3. Influence of C/Ca 

Then the effect of C/Ca molar ratio on the PG decomposition process 
is investigated at 1100 ◦C with Fe3O4/Ca molar ratio of 0.6, and the 
results are shown in Fig. 6. From Fig. 6(a) and 6(b), decomposition ratio 
rises from 15.12 % to 99.56 % and the SO2 mass yield rises from 12.54 % 
to 97.64 % with a change in C/Ca from 0 to 0.4. The addition of coke 

greatly facilitates CaSO4 decomposition leading to more SO2 generation. 
However, the yield of SO2 falls to 92.12 % as C/Ca rising to 0.6. This is 
mainly caused by the generation of CaS as a by-product. This result can 
also be seen in Fig. 6(c). When no carbon is added, the highest SO2 
concentration is just 1370 ppm, but this grows dramatically when car-
bon is introduced. As C/Ca rising from 0.4 to 0.5, the maximum value of 
SO2 concentration decreases from 7167 ppm to 6712 ppm. 

The products are submitted to phase transition analysis to clarify the 
impact of carbon on the process, and the findings are presented in Fig. 6 
(d). The strength of CaSO4 peaks steadily diminish as the carbon con-
centration increases. Moreover, CaS can still be seen when no carbon is 
injected. Since CaS is produced by the PG reduction process, this in-
dicates that Fe3O4 in CD can also participate in the PG reduction process. 
This result verifies the previous thermodynamic calculations. As C/Ca 
growing from 0.1 to 0.4, the strength of the distinctive peaks of CaS in 
the intermediate product progressively diminishes, while the intensity 

Fig. 7. Influence of temperature on products composition: (a) PG decomposition ratio, (b) SO2 yield, (c) SO2 concentration with time, (d) XRD patterns of products.  

Fig. 8. Influence of thermostatic time on product composition: (a) SO2 yield and decomposition ratio, (b) XRD pattern of products.  
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of the Ca2Fe2O5 steadily increases. Continuing to increase the carbon 
content, the obvious CaS characteristic peaks appears again in the 
product. The SO2 yield is reduced due to CaS production. In summary 
the optimized C/Ca is 0.4. 

3.4. Influence of temperature 

The thermodynamic calculations above reveals that temperature has 
a large effect on the process. Therefore the effect of temperature on the 
PG decomposition process is examined at a C/Ca molar ratio of 0.4 and 
Fe3O4/Ca molar ratio of 0.6, and the results are shown in Fig. 7. As 
shown in Fig. 7(a) and 7(b), raising the temperature greatly increases 
the decomposition ratio and SO2 mass yield. The decomposition ratio 
rises from 51.18 % to 99.56 % and the SO2 mass yield rises from 48.21 % 
to 97.64 % from 950 ◦C to 1100 ◦C. Fig. 7(c) shows the curve of SO2 
concentration throughout time. At 950 ◦C, the reaction remains unfin-
ished after 30 min. As the temperature increasing, the release time of 
SO2 becomes more advanced and the maximum concentration of SO2 is 
increasing. At the same time, the time required for the reaction is also 
scaled down. This suggests that increasing the temperature hastens the 
ratio of SO2 emission from PG degradation. The results of the physical 
phase analysis are given in Fig. 7(d). CaSO4 intensity decreases as 
temperature increasing, while the intensity of Ca2Fe2O5 and Ca(OH)2 
increasing, indicating that PG decomposition is more favorable at higher 
temperatures. In summary, the optimal reaction temperature for 
obtaining the desired product SO2 is 1100 ◦C. 

3.5. Influence of thermostatic time 

Finally, the effect of reaction time on the PG decomposition process 
is investigated at a C/Ca molar ratio of 0.4, Fe3O4/Ca molar ratio of 0.6 
at 1100 ◦C, and the results are shown in Fig. 8. From Fig. 8(a), as the 
reaction duration extending from 6 to 24 min, the decomposition ratio 

climbs from 32.47 % to 99.56 %, and the SO2 mass yield climbs from 
22.32 % to 97.64 %. From Fig. 8(b), CaSO4 in PG is decomposed into the 
intermediate product CaS, resulting in the sulfur in the CaSO4 is not 
completely converted to SO2 at 6 min. The characteristic peak of CaSO4 
disappears as the thermostatic time increases. This is due to the pro-
duction of SO2 and CaO from the roasting reaction between CaSO4 and 
CaS at high temperatures (Min et al., 2009). Furthermore, the CaSO4 
progressively oxidizes the Fe3O4 to Ca2Fe2O5, and the process releases 
SO2. In summary, the optimized thermostatic time is 24 min. 

3.6. Thermogravimetric experiments 

The thermogravimetric behaviors of PG alone (a), Fe3O4/Ca = 0.6 
(b), C/Ca = 0.4 (c) and Fe3O4/Ca = 0.6, C/Ca = 0.4 (d) are investigated 
in the range of 30–1200 ◦C by using a thermogravimetric analyzer. Fig. 9 
(a) shows the thermogravimetric curves of PG alone. It can be shown 
that the initial decomposition temperature of PG alone is about 1000 ◦C. 
It is much lower than the thermodynamic predictions, which might be 
attributed to SiO2 in PG reducing the temperature (Yan et al., 2015). The 
weight loss of PG at this stage is only 6.7 %. Fig. 9(b) shows the ther-
mogravimetric curve at Fe3O4/Ca = 0.6. There are two distinct phases of 
weight loss in this sample. The first occurs at 105–180 ◦C, which is a 
water loss reaction of CaSO4⋅2H2O. The second occurs at 970–1200 ◦C, 
which is the carbon reduction of PG to produce CaS and CaO, while SO2, 
CO2 and CO gases are released. The weight loss of this process is 16.47 
%, and the temperature associated with the greatest weight loss is 
1045 ◦C. This indicates that Fe3O4 in CD also significantly promotes the 
decomposition of PG to produce SO2. Fig. 9(c) shows the thermogravi-
metric curve at C/Ca = 0.4. The total weight loss trend of the curve does 
not change, but the weight loss at this stage is 28.45 %, which is 
significantly higher than that of 16.47 % for CD, which indicates that the 
decomposition effect of coke is significantly stronger than that of CD. 
Fig. 9(d) shows the thermogravimetric curves at Fe3O4/Ca = 0.6 and C/ 

Fig. 9. TG-DTG curves: (a) PG alone, (b) Fe3O4/Ca = 0.6, (c) C/Ca = 0.4, (d) Fe3O4/Ca = 0.6, C/Ca = 0.4.  
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Ca = 0.4. When compared to Fig. 9(c), the beginning temperature of the 
second weight loss process drops from 975 ◦C to 914 ◦C, the weight loss 
increases from 28.45 % to 36.27 %, and the highest weight loss tem-
perature drops from 1032 ◦C to 973 ◦C. This study also implies that 
Fe3O4 in CD can contribute in the decomposition reaction, decreasing 
the decomposition temperature while also boosting PG decomposition to 
create SO2. 

Non-isothermal thermogravimetric studies are carried out to disclose 
the kinetic mechanism of the process. To disclose the reduction law, the 
kinetic parameters are estimated at different conversion ratios from 900 
to 1100 ◦C using the FWO and KAS, respectively. Since CD-assisted coke 
reduction of PG is a complex multiphase reaction system, which includes 
gas–solid and solid–solid reactions, several common kinetic mechanism 
functions are selected for the calculations in this paper (Liu et al., 2023). 
As shown in Table S1, the specific calculation procedures are described 
in the supporting information. Fig. 10(a) and 10(b) illustration the TG- 
DTG curves at various heating ratios. The TG curves demonstration that 
curved line changes further toward the high temperature end the faster 
the heating rate. Thermogravimetric curve has an obvious temperature 
lag effect. The DTG curve shows that the higher the heating ratio, the 
more the DTG peak of the PG breakdown process shifts to the high 

temperature end, and the greater the peak value. The fitted curves 
derived by the FWO approach are shown in Fig. 10(c). The fitted curves 
derived by the KAS approach are shown in Fig. 10(d). The Ea and lnA at 
different conversion ratios are derived after conversion, as shown in 
Fig. 10(e). Ea generation from both approaches reduces and then grows 
as the conversion ratio increases, reaching the minimum value at 0.4. 
Therefore, the conversion ratio of 0.4 is chosen as the reference point of 
the interval, and the difference between the integral curve functional 
equation and the given solid mechanism functional equation is 
compared, as shown in Fig. 10(f). By fitting, the final most-solids 
mechanism function for the CD-assisted reduction of the PG process is 
obtained as G(α) = [− ln(1− α)]3/2, indicating that the decomposition 
reaction mechanism is a crystal nucleation and growth-controlled pro-
cess (Yang et al., 2016). 

3.7. Microanalysis 

According to the results above, temperature, C/Ca and Fe3O4/Ca 
have a strong influence on the PG decomposition process. Elevating the 
temperature and Fe3O4/Ca, as well as managing the optimum C/Ca, may 
greatly speed up the decomposition reaction to produce SO2. The 

Fig. 10. Dynamics calculation.  
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Fig. 11. SEM-EDS of the samples under different conditions: (a) thermostatic time, (b) reaction temperature, (c) C/Ca, (d) Fe3O4/Ca.  
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products are evaluated by SEM-EDS to further illustration the good 
impacts. 

From Fig. 11(a), the surface of the raw material is relatively smooth 
before the reaction starts, when the reaction is 6 min, the material be-
comes rough and uneven around, and the center still consists of smooth 
surface. The surface of the material gets fully rough after 12 min. As 
thermostatic time continues to increase, the surface of the material 

shows many uniform and dense small particles. The figure show that the 
reaction begins at the border. As thermostatic time increases, the reac-
tion diffuses from outside to inside, eventually nucleating. This finding is 
consistent with the kinetic estimates shown above. In addition, the S/Ca 
atomic ratio is calculated by EDS. The S/Ca atomic ratio falls from 1.03 
to 0.01 as thermostatic time increasing, which indicates that the CaSO4 
in PG is completely decomposed into SO2. In addition, the material 

Fig. 11. (continued). 

Fig. 12. XPS profiles of products at different thermostatic times: (a) raw material, (b) 6 min, (c) 18 min.  

Fig. 13. Reaction mechanism.  
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gradually changes from black to light red, which indicates that the Fe3O4 
in CD is gradually oxidized to Ca2Fe2O5. 

Fig. 11(b) depicts the surface properties of the material at various 
temperatures. The material’s surface is quite smooth at 950 ◦C, as can be 
observed. With the increase of temperature, the material’s surface 
roughens and becomes uneven. Furthermore, this process is extended 
from the boundary to the center. Combined with the EDS plot, S/Ca 
drops from 0.55 to 0.01 with the temperature increasing, showing that 
increasing temperature enhances the breakdown of CaSO4 in PG to form 
SO2. In addition, the material undergoes transformation from dark black 
to light red, indicating that Fe3O4 in CD is oxidized to generation 
Ca2Fe2O5. 

Fig. 11(c) depicts the surface characteristics of the materials at 
various C/Ca. When the C/Ca is 0, the material’s surface is smooth. The 
surface of the material becomes honeycomb as the C/Ca increases. When 
the C/Ca is 0.4, the surface of the material becomes rough and uneven. 
Combined with EDS, S/Ca reduces from 0.92 to 0.01, demonstrating that 
increasing coke presence is beneficial to the decomposition process. 
Furthermore, the surface of the material is transformed from dark black 
to light red, indicating that the valence state transition of Fe3O4 in CD 
occurs. 

The surface characteristics of the materials at various Fe3O4/Ca are 
shown in Fig. 11(d). When no CD is added, the material is composed of a 
honeycomb surface. With the addition of CD, the surface of the material 
changes dramatically, and a small uniform particle begins to protrude, 
which indicates that the Fe3O4 in CD has a role in the PG reaction 
pathway. Combined with the EDS plot, S/Ca declines from 0.87 to 0.01 
as Fe3O4/Ca increasing, indicating that an increase in Fe3O4 is beneficial 
to the decomposition process. 

The products are then subjected to XPS analysis. The fitting of 
unreacted CaSO4 to S 2p is shown in Fig. 12(a). S 2p3/2 has the binding 
energy of 169.22 eV, which relates to SO4

2- in CaSO4 (Ghahremani-
nezhad et al., 2013). Fig. 12(b) shows fitting of the product of S 2p after 
6 min. A new double state occurs on the spectrum with the binding 
energy of 160.33 eV, which relates to S2–. (Yang et al., 2018) Fig. 12(c) 
shows the fit to the product of S 2p after 18 min. It can be seen that S2- 

disappears from the spectrum and only SO4
2– remains. This suggests that 

CaS is a reaction intermediate. 

3.8. Reaction mechanism 

In summary, the reaction mechanism for the process is proposed as 
shown in Fig. 13. The process is composed of four parts. (1) CaSO4 in PG 
is first reduced to the intermediate product CaS by Fe3O4 in CD, while 
Fe3O4 is oxidized to Fe2O3. (2) At high temperature, CaS and CaSO4 is 
still reacting with Fe2O3 to form Ca2Fe2O5 and SO2. The addition of 
Fe2O3 hastens the roasting process of CaS and CaSO4 and lowers the 
reaction temperature. (3) Coke reduces CaSO4 to CaS, which then reacts 
with CaSO4 to form SO2 and CaO. (4) CaSO4 in PG partially decomposes 
to form SO2 and CaO. 

Finally, a process for producing SO2 utilizing CD breakdown of PG is 
developed, which may remove PG pollution while producing chemical 
products such as SO2, Ca2SiO4, and Ca2Fe2O5. The process is illustrated 
in Fig. 14. The process consists of three main steps, which are raw ma-
terial proportioning, high temperature roasting and products separation. 
(1) Material proportion. Based on the results of the above experiments, 
Fe3O4/Ca of 0.6, C/Ca of 0.4 is the optimized ratio. (2) High temperature 
roasting. PG could be completely decomposed and SO2 is obtained in 
97.64 % yield at 1100 ◦C for 24 min. In addition, the by-products 
Ca2SiO4 and Ca2Fe2O5 could be produced. (3) Products separation. 
Ca2Fe2O5 and Ca2SiO4 can be used as building materials. Some well- 
established catalysts, such as V2O5 (Ma et al., 2008), are used to 
convert SO2 to SO3, which is used to continue the production of sulfuric 
acid. This allows the separation of SO2 from CO2. CO2 can be used as a 
refrigerant. 

4. Conclusion 

In this paper, a process for the preparation of SO2 from solid waste 
CD as a novel additive to assist coke reduction of PG was proposed. To 
optimize process conditions, the impacts of raw material ratios, roasting 
time and temperature on the process were explored using fluidized bed 
tests. It turns out that the optimized reaction conditions for obtaining the 
target product SO2 are Fe3O4/Ca of 0.6, C/Ca of 0.4 at 1100 ◦C for 24 
min, under which the PG decomposition ratio and SO2 mass yield are 
99.56 % and 97.64 %, respectively. The incorporation of CD is able to 
lower the initial reaction of PG-coke system temperature from 975 ◦C to 
914 ◦C and facilitates CaSO4 decomposition to produce SO2. Kinetic 
analysis shows the mechanistic equation for this process is obtained as G 
(α) = [− ln(1− α)]3/2, indicating that the decomposition reaction mech-
anism is a crystal nucleation and growth-controlled process. The 
mechanism of the process is that CaSO4 is converted to the intermediate 
product CaS by Fe3O4 and coke. Meanwhile, Fe3O4 is oxidized to Fe2O3. 
At high temperatures, CaS and CaSO4 is stilling reacting with Fe2O3 to 
form Ca2Fe2O5 and SO2. The presence of Fe2O3 accelerations the rate of 
CaS and CaSO4 roasting reaction and reduces the reaction temperature. 
At the same time, CaSO4 in PG will decompose to a certain extent to 

Fig. 14. Process flow diagram for SO2 production from CD synergistic coke 
decomposition PG. 
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produce CaO and SO2 at high temperature. Finally, a process for SO2 
production from converter ash synergized with coke decomposition of 
PG is proposed. 
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