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Abstract

Reduction of phosphogypsum (PG) to calcium sulfide (CaS) using thermo-

chemical methods solve the environmental problems caused by PG. However,

the commonly used reducing agents are coal and CO. The use of the above-

mentioned reducing agents is not economically efficient. In this paper, rice

husk (RH) is used as a reducing agent and sludge (SL) as an additive to reduce

PG. The effect of the two on PG decomposition and the mechanism of the syn-

ergistic effect are also investigated in combination with kinetic calculations. It

is found that decomposition rate of CaSO4 in PG is 99.99% and yield of CaS is

98.38% when 40% RH + 20% SL is used as the reducing agent at 900�C for

30 min. The combined use of RH + SL is superior to RH alone in reducing the

initial decomposition temperature and Ea. The mechanism functions of both

reduced PG are G(α) = �ln(1 � α). There is a synergistic mechanism between

RH and SL. The Fe2O3 in SL increases the cleavage of nitrogen oxide-

containing compounds and PAHs in tar to monocyclic aromatic and aliphatic

hydrocarbons while producing more CO, H2, and CH4. Meanwhile, SL ash can

promote the reaction process of carbon with CaSO4, thus increasing the

decomposition rate of PG.
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1 | INTRODUCTION

Phosphogypsum (PG) is a byproduct of phosphorus
chemical firms when producing phosphoric acid. The
production of the PG industry in China is 75.1 million
tons in 2022, and the total usage is 36 million tons. Only
47.9% of the capacity is being utilized.1 CaSO4�nH2O
(n = 0, 0.5, 1.5, 2) is the primary constituent of
PG. Additionally, it contains a variety of impurities like
Si, Fe, Mg, Al, P, and F, as well as organic debris and
trace metals like Cr and Pb.2 Due to the high number of
impurities and a certain degree of radiation, the large-
scale application of PG is severely limited. At present, PG
is mainly disposed of by stockpiling.3 In addition to

taking up a significant amount of space, piling PG also
easily results in air and groundwater pollution. There-
fore, the PG problem has become a major pain point for
wet process phosphoric acid production.4 In summary,
the treatment of PG is urgently needed.

The use of thermochemical methods to convert PG to
calcium sulfide (CaS) can effectively mitigate the envi-
ronmental problems caused by PG. CaS as an intermedi-
ate product can continue roasting with PG at high
temperatures to produce lime slag and sulfur dioxide.
First of all, it can alleviate the environmental pollution
caused by PG.5 In addition, the generated lime slag can
be used for construction materials, acidic sewage treat-
ment, calcium carbonate whiskers, and soil utilization.6
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Sulfur dioxide can be used to make organic solvents and
refrigerants. In addition, CaS can be used to prepare
fluorescent materials and insecticides, and so forth.7

The type of reducing agent and the C/Ca molar ratio
are the two most important factors influencing PG
decomposition. The common reducing agents used for
PG reduction mainly include solid reducing agents such
as lignite,8,9 anthracite,10 high sulfur coal,11 coke,12 and
gaseous reducing agents such as CO,13 H2,

14 and H2S.
15 It

is shown that pure graphite hardly reacted with CaSO4,
while coal and char could effectively decompose
PG. Moreover, when other conditions are the same, the
PG decomposition rates of coals with low degrees of
metamorphism (lignite and bituminous coal) are signifi-
cantly better than those of coals with higher degrees of
metamorphism (anthracite). This is due to the fact that
the ash in coal played a catalytic role in PG decomposi-
tion. The Fe2O3 in coal can effectively promote the
decomposition of PG. The C/Ca molar ratio not only has
an important effect on PG decomposition products
but also affects the decomposition temperature of
PG. Through experiments, Zhang et al.16 discovered that
adding lignite under CO2 lowered the breakdown tem-
perature of PG. Additionally, as the amount of lignite
increased, the decomposition temperature gradually
reduced. When nC/nCa is 2, the main product is CaS.
With the decrease of carbon injection, CaS is gradually
converted to CaO. However, the use of the above-
mentioned reducing agents is not economically efficient.
Currently, solid sites such as olive processing sitewater,17

petroleum coke,12 and coal gangue18 are used as reducing
agents, which can reduce economic costs as well as meet
“dual carbon” requirements.

Rice husk (RH), as a by-product of rice processing
production, is discarded, composted, or burned as agri-
cultural site in large quantities, resulting in energy site as
well as environmental pollution. Since RH contains high
volatile fraction and low sulfur content,19 reducing PG to
CaS by pyrolysis of RH to produce CO, CH4, and H2 gases
not only solves the environmental pollution problem but
also produces CaS to prepare CaO. However, lignin in
RH is more difficult to decompose during pyrolysis, and
catalytic pyrolysis by adding catalysts to RH can both
promote the decomposition of lignin and produce more
reducing gases.20 Sludge (SL) is the main site material in
sitewater treatment process, which has the characteristics
of high ash and sulfur content. Using SL pyrolysis not
only can generate reducing gases to reduce PG, but also
SL contains many metal oxides such as Fe2O3, MgO,
CaO, and Al2O3, and most of these metal-based com-
pounds have a positive contribution to the effect of the
pyrolysis process because of their multivalent state and
acidic sites.21 Gao et al.22 found that the main active

components (CaO, SiO2, and Fe2O3) in SL greatly con-
tributed to the tar cracking effect, leading to a significant
increase in gas content. This suggests that SL can assist
RH pyrolysis to improve gas production.

In summary, this paper investigates the effect and
mechanism of the synergistic effect of CaS as the target
product, RH as the reducing agent and SL as the additive
on the decomposition of PG, combined with kinetic
calculations. The study provides ideas for developing
more economically and environmentally efficient reduc-
tant decomposition of PG.

2 | EXPERIMENTAL

2.1 | Raw materials

PG is from a phosphorus chemical company. It is dried
for 6 h at 105�C and then kept for backup. Chemical
composition of the dried PG is analyzed by X-ray fluores-
cence spectrometer (XRF, Shimadzu XRF-1800, Japan) as
shown in Table 1. Contents of CaO and SO3 in PG are
33.51% and 47.87%, respectively. It also contained 17.25%
SiO2 and small amounts of Fe2O3, Al2O3, P2O5, F, and
organic matter. The physical phase analysis of PG is per-
formed using X-ray diffraction (XRD) as shown in
Figure S1. The dried PG is mainly composed of CaSO4,
SiO2, and CaSO4�0.5H2O. Using a particle size analyzer
(Zetasizer Nano S90 Malvern), the average PG particle
size is found to be 40.8 μm.

RH is purchased from a grain and oil factory in
Jiangsu, China. SL is obtained from a printing and dyeing
industrial wastewater treatment plant in China. The RH
and SL are crushed and sieved to get a powder measuring
0.125–0.25 mm, which is then dried at 105�C for 6 h and
kept as a backup. Industrial analysis tests of RH and SL
are performed with GB/T 212-2008. Elemental analysis
tests of RH and SL are performed with GB/T 31391-2015.
Table 2 summarizes the findings of industrial and ele-
mental analysis of dried RH and SL. The SL is fully cal-
cined at 900�C for 6 h to prepare sludge ash (SLA). SLA
is analyzed for chemical composition with XRF, and
Table 3 summarizes the SLA composition. According to
Tables 2 and 3, the fixed carbon and volatile content of
RH is much larger than that of SL. The ash concentration
of SL can reach 54.02%, with SiO2, Fe2O3, Al2O3, and
CaO dominating.

2.2 | Experimental method

Figure S2 depicts the experimental setup, which is a rapid
warming fixed bed reactor. Experiments are carried out
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in the order shown below. First, a certain mass of reac-
tants is weighed and deposited in the quartz tube's low
temperature region. Following further warming to the
required temperature, the sample is instantly put into the
reactor's thermostatic portion to begin the reaction. In
the experiment, the flow rate of N2 is set at 200 mL/min.
The pyrolysis barren gas enters the two-stage condenser
tube, and the refrigerant in the shell layer of the cooling
tube is ethylene glycol aqueous solution, and the circulat-
ing cooling temperature is �10�C. After the cooling, the
tar-containing mist gas is absorbed by acetone in turn.
The gas is collected by gas bag. The solid product after
cooling is weighed and stored.

2.3 | Kinetic calculations

Thermogravimetric experiments are performed on STA
449F3 (NETZSCH). Two samples S1 (PG:RH = 2:1)
(mass ratio) and S2 (PG:RH:SL = 5:2:1) (mass ratio), each
about 10mg, are loaded into an Al2O3 crucible, respec-
tively. From around 30�C to 1200�C, heating is carried
out at 10, 15, and 20�C/min with 50 mL/min of N2. Based
on the literature, the kinetic characteristics of PG, includ-
ing the starting decomposition temperature (Ti) and the
peak temperature (Tp), are examined at 20�C/min.23

2.4 | Determination of product
composition

The barium sulfate precipitation technique (GB/T
5484-2012) is used to determine the CaSO4

concentration in PG. CaS is identified by spectrophoto-
metric method (HJ 1226-2021). PG decomposition rate
and CaS yield are calculated by Equations (1) and (2),
respectively. The composition of the physical phase is
identified by XRD. Scanning electron microscopy (SEM)
is used to determine the surface morphology of the
goods. The gas composition is determined using Agilent
7890B. Composition structure of tar is analyzed semi-
quantitatively using a 300-MS GC/MS analyzer from
VARIAN, USA, and classified into monocyclic aromatic
hydrocarbons (MAHs), aliphatic hydrocarbons (AHs),
nitrogen oxide-containing compounds (NOCs), phenols
(Phenols), and polycyclic aromatic hydrocarbons
(PAHs) based on the structural composition of each
substance.

φCaSO4
¼mo,CaSO4 -mt,CaSO4

mo,CaSO4

�100% ð1Þ

ϕCaS ¼
mt,CaS

QCaS
�100% ð2Þ

where φCaSO4
denotes the PG decomposition rate, %;

mt,CaS and mt,CaSO4 denote the quality of CaS and CaSO4

in the product, respectively, g; mo,CaSO4 denotes the qual-
ity of CaSO4 in PG, %; QCaS denotes the theoretical qual-
ity of CaSO4 converted to CaS completely, g; and ϕCaS

denotes the CaS yield, %.
The theoretical decomposition rate of CaSO4 and the

theoretical yield of CaS have been calculated by convert-
ing SL to RH when the interaction between RH and SL is
not considered. The calculation equation is as follows.
The calculation equation is as follows.

TABLE 1 Ingredients in PG (%).

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

33.51 47.87 17.25 0.54 0.51 0.23 0.25 0.58 0.20 0.30

TABLE 2 Main characteristics of

samples.
Sample

Industrial analysis, % Elemental analysis, %

Mad Aad Vad FCad Cad Had Oad Nad St,ad

RH 2.31 10.55 68.27 18.87 45.39 5.24 36.0 0.31 0.20

SL 6.36 54.02 33.13 6.49 13.49 1.55 19.61 2.04 2.93

Note: Mad, moisture (air dry basis); Aad, ash (air dry basis); Vad, volatile matter (air dry basis); FCad, fixed
carbon (air dry basis).

TABLE 3 Ash composition of SL (%).

SiO2 Fe2O3 Al2O3 CaO SO3 Na2O MgO K2O

32.39 24.12 14.50 9.37 7.25 1.53 1.51 1.29

MA ET AL. 3 of 16
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φCaSO4�Theoretical ¼φRH,CaSO4
þφSL,CaSO4

ð3Þ

ϕCaS�Theoretical ¼ϕRH,CaSþϕSL,CaS ð4Þ

where φCaSO4�Theoretical represents the theoretical PG
decomposition rate, %; φRH,CaSO4

represents the PG
decomposition rate during the reduction by RH alone, %;
φSL,CaSO4

represents the PG decomposition rate during
the reduction by SL alone, %; ϕCaS�Theoretical represents
the theoretical yield of CaS, %; ϕRH,CaS represents the
yield of CaS during the reduction by RH alone, %; and
ϕSL,CaS represents the yield of CaS during the reduction
by RH alone, %.

The char, tar, and gas yields are calculated according
to Equation (5).

Yield¼ Mx

MRH
�100% ð5Þ

The equation Mx is the yield of char, tar, and gas after
the reduction of PG by RH and SL, g; MRH is the amount
of RH and SL added, g.

The effect of RH and SL on PG decomposition behav-
ior is investigated by six sets of experiments as shown in
Table 4.

3 | RESULTS AND DISCUSSION

3.1 | Thermodynamic analysis

The main chemical reactions occurring during PG
decomposition are calculated with FactSage, as shown in
Table 5. First, CaSO4 starts to decompose spontaneously
at 1662�C with a high decomposition temperature. The
addition of reducing agent significantly reduces the
decomposition temperature of CaSO4. Second, Figure 1
shows that the reactions of R1–R6 can all occur
spontaneously, demonstrating that both gas–solid and
solid–solid processes can drive PG decomposition.

3.2 | Influence of proportioning

The effects of RH and SL addition on decomposition rate
of PG and CaS yield are investigated at 900�C for 30 min
as shown in Figure 2a. When RH alone is used as the
reducing agent, the decomposition rate increases from
25.87% to 99.99% with RH addition increasing from 10%
to 50%. Decomposition rate remains the same when the
RH content continues to be increased. This indicates that
PG has been completely decomposed when 50% RH is
added. When keeping the RH addition amount constant,
the addition of SL can significantly increase the PG
decomposition rate. For example, keeping the amount of
40% RH addition constant, the decomposition rate
increases from 85.87% to 99.99% with SL addition increas-
ing from 0% to 20%, which indicates that PG has been
completely decomposed. In addition, by comparing the
actual and theoretical decomposition rates, the predicted
decomposition rate is clearly lower than the actual value

TABLE 4 Experimental conditions for the reaction of PG with RH and SL.

Number Proportion Temperature (�C) Reaction time (min)

1 RH: PG = 10%–60% 900 30

2 RH:SL:PG = (10%–60%):(10%–20%):1 900 30

3 RH: PG = 50% 800–950 30

4 RH:SL:PG = 40%:20%:1 800–950 30

5 RH: PG = 50% 900 10–40

6 RH:SL:PG = 40%:20%:1 900 10–40

TABLE 5 Possible reactions during the reduction of PG by RH

and SL.

Number Equation

Spontaneous
reaction
temperature (�C)

R1 CaSO4 + 2C=CaS
+ 2CO2(g)

207.18

R2 CaSO4 + 5/2C=CaS
+ 3/2CO2(g) + CO(g)

304.19

R3 CaSO4 + 4C=CaS
+ 4CO(g)

451.64

R4 CaSO4 + 4CO(g)
= CaS + 4CO2(g)

0

R5 CaSO4 + CH4(g) = CaS
+ 2H2O(g) + CO2(g)

286.39

R6 CaSO4 + 4H2(g) = CaS
+ 4H2O(g)

0

R7 CaSO4 = CaO + SO2(g)
+ 1/2O2(g)

1661.92

4 of 16 MA ET AL.
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with the same SL addition. For example, the actual
decomposition rate of 10% RH + 20% SL for PG is
56.38%, while the theoretical decomposition rate is only
48.67%; 40% RH + 20% SL for PG is 99.99%, while the
theoretical decomposition rate is 94.38%. This suggests
that the presence of interaction between RH and SL
favors an increase in decomposition rate. When the addi-
tion of RH continues to increase to 50%, both the theoret-
ical and actual decomposition rates have reached 99.99%,
and PG has been completely decomposed. From
Figure 2b, the theoretical CaS yield is inferior to the
actual value under the same conditions. For example, the
yield of 10% RH + 20% SL for CaS is 52.43%, while the
theoretical decomposition rate is only 46.37%; 40% RH
+ 20% SL for CaS is 98.38%, while the theoretical decom-
position rate is 95.21%. When the RH addition is 50%, the
theoretical decomposition rate has reached 99.99%, and
the actual decomposition rate is inferior to the theoretical
value due to the measurement error. In addition, the dif-
ference between the values of CaS yield and decomposi-
tion rate is not significant, which indicates that the
reduction product of CaSO4 is CaS and almost no CaO is
generated during the reduction reaction. The products
are characterized by XRD as shown in Figure 2c. From
Figure 2c, characteristic peaks of 40% RH + 20% SL and
50% RH are consistent, CaSO4 has been completely
reduced to CaS, and no obvious characteristic peaks of
CaO, Ca2Al2SiO7, and Ca2SiO4 are seen, which may be
due to the low reaction temperature, CaSO4 does not
react with CaS to form CaO.10 This indicates that the
above CaS yield data are feasible.

PG:RH = 2:1 (S1) and PG:RH:SL = 5:2:1 (S2) are cho-
sen as the best ratios. Because decomposition rate of S1

and S2 have reached 99.99% at 900�C. In addition, the
experimental fixed PG dosage is 8 g. According to the
ratios of S1 and S2, the amount of RH added in S1 is 4 g,
and the amounts of RH and SL added in S2 are 3.2 g and
1.6 g. According to the results in Table 2, the fixed carbon
content of RH is 2.91 times that of SL, respectively, so
1.6 g of SL can be converted into 0.55 g of RH according
to the ratio of fixed carbon. So the total amount of RH
added in S2 is 3.75 g, which is slightly lower than the RH
content in S1. Despite the reduced RH content, the
decomposition rate of PG still reached 99.99%. This result
can also indicate that the interaction between SL and RH
can improve the PG decomposition rate.

3.3 | Effect of temperature

Figure 3 depicts the effect of S1 and S2 on the PG decom-
position process at various temperatures for 30 min.
Increasing the temperature facilitates an increase in PG
decomposition rate. The reaction process benefits from
raising the temperature since the reduction of PG by RH
and SL primarily involves linked gas–solid and solid–
solid phase decompositions and is kinetically regulated.
In addition, decomposition rate of S2 is superior to that
of S1 below 900�C. For example, the decomposition rate
of S2 is 80.05% significantly higher than that of S1 at
74.77% at 800�C, which shows that the presence of inter-
action between RH and SL favors an increase in decom-
position rate. The decomposition rate of both S1 and S2
has reached 99.99% at 900�C. The decomposition rates do
not change much when the temperature continues to
increase. From Figure 3b, CaS yield increases with

FIGURE 1 (a) ΔG and (b) logK as a function of temperature for each reaction.
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increasing temperature and reaches 97.87% and 98.38% at
900�C for S1 and S2, respectively. In addition, the CaS
yield is slightly lower than the PG decomposition rate,
probably due to the measurement error, which indicates
that the main decomposition product of CaSO4 is CaS.
Previous studies showed that there is a competitive reac-
tion between CaS and CaO generation. CaS is produced
in preference to CaO at 800–900�C.24 From Figure 3c,
CaSO4 peak intensity in the products of S2 is weaker than
that of S1 at 800�C, which proves that the decomposition
rate of S2 is superior to that of S1. Furthermore, the prod-
ucts of S1 and S2 are mainly CaS, CaSO4 has been
completely consumed, and no obvious characteristic peak
of CaO is found at 900�C.

3.4 | Effect of reaction time

The effect of S1 and S2 on the PG decomposition process
is studied at different time at 900�C, as shown in
Figure 4. Prolonging the reaction time favors an increase
in the decomposition rate. Furthermore, the decomposi-
tion rate of S2 is superior to that of S1 for less than
30 min, which shows that the presence of interaction
between RH and SL favors an increase in decomposition
rate. The decomposition rate of both S1 and S2 has
reached 99.99% for 30 min. From Figure 4b, CaS yield
increases with time. CaS yield of S2 is superior to that of
S1 for less than 30 min. From the XRD results in
Figure 4c, the intensity of CaSO4 peak in S1 reaction

FIGURE 2 Effect of RH and SL addition on (a) PG decomposition rate; (b) CaS yield; (c) XRD patterns of the products.
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product at 10min is significantly stronger than that of S2,
which proves that the decomposition rate of S2 is supe-
rior to that of S1. Furthermore, solid phase products after
S1 and S2 reaction are mainly CaS and unreacted SiO2,
and CaSO4 has been completely consumed at 30 min.

3.5 | Thermogravimetric analysis

Figure 5 shows the TG-DTG curves of S1 and S2 at 20�C/
min. From Figure 5a,b, three different weight loss pro-
cesses occur at 30–200�C, 300–400�C, and 900–1000�C
during PG decomposition. The first weightlessness is the
precipitation of crystallized water in PG, RH, and SL. The
second weightlessness is the pyrolysis of RH and SL to
produce gases and tar. The third weightlessness is the
reaction of PG with carbon and CO to produce CaS and

CaO. Comparing Figure 5a,b, initial decomposition tem-
peratures of S1 and S2 are 830.07�C and 810.06�C, respec-
tively, corresponding to the third peak DTG curve
temperatures of 980.47�C and 968.16�C. This suggests
that RH and SL are more effective than RH alone in low-
ering the decomposition temperature of
PG. Furthermore, S1's residual mass is smaller than S2's.
This is due to the high SL ash content in S2.

3.6 | Calculation of kinetic parameters

Figure 6 depicts the TG-DTG curves of S1 and S2 at vari-
ous heating rates. As the heating rate rises, the TG and
DTG curves move to the right. Because increasing heat-
ing rate results in a shortening of the heat transfer time
thus alleviating the thermal delay. Furthermore, when

FIGURE 3 Effect of temperature on (a) PG decomposition rate; (b) CaS yield; (c) XRD pattern of the products.
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FIGURE 4 Effect of reaction time on (a) PG decomposition rate; (b) CaS yield; (c) XRD patterns of the products.

FIGURE 5 TG-DTG curves of (a)S1 and (b)S2 at 20�C/min.
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the heating rate increases, so does the maximum mass
change rate. Because a faster heating rate allows more
energy to be absorbed by the sample under the same cir-
cumstances, the activity of the reaction increases.25 In
addition, compared with Figure 6b,d, the third DTG peak
temperature of S1 and S2 are 960.03�C, 975.68�C,
980.47�C and 945.21�C, 959.68�C, 968.16�C at 10, 15, and
20�C/min, respectively. The results show that the com-
pound reductant is better than the single reductant in
reducing the decomposition temperature of PG.

The kinetic characteristics of the PG breakdown pro-
cess, including activation energy (Ea) and pre-exponential
factor (lnA), are computed at 800–1000�C using the
Flynn–Wall–Ozawa (FWO) and Kissinger–Akahira–
Sunose (KAS) methods. Figure 7a,c demonstrates the
association between ln(β) and 1/T with FWO for S1 and
S2, respectively. Figure 7b,d demonstrates the connection

between ln(β/T2) and 1/T with the KAS for S1 and S2,
respectively. The R2 of the two models are 0.95–0.99 and
0.97–0.99, respectively, which indicates that the fit is sat-
isfactory. In addition, calculations are performed for Ea

and lnA at each conversion rate (0.1–0.9) and the results
are shown in Table 6. Ea decreases with increasing con-
version ɑ because PG decomposition is a heat-absorbing
process that requires progressively less energy as the tem-
perature increases. Because a different approximation
formula is chosen for P(x) resulting in a slightly higher
Ea calculated by FWO than KAS.26 The Ea calculated
with FWO and KAS for S1 and S2 range from 349.33 to
540.42 kJ/mol, 340.89 to 531.21 kJ/mol and 324.33 to
515.42 kJ/mol, 315.89 to 506.21 kJ/mol, respectively.
Comparing the Ea calculated with FWO and KAS for the
reduction of PG by S1 and S2, it is found that the Ea

required for S2 is lower than that for S1 at any conversion

FIGURE 6 TG-DTG curves of (a, b)S1 and (c, d)S2 at 10�C/ min, 15�C/ min and 20�C/min.
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rate. This suggests that the interaction between RH and
SL reduces the Ea for PG decomposition at different heat-
ing rates. Furthermore, Ea for both S1 and S2 is positively
correlated with lnA. This is the result of a dynamic com-
pensation effect.27

Because Ea drops as the conversion rate (α) increases
in Table 6, α1 of 0.5 is selected as the midway. Following
the computation technique (see Supporting Information),
Ea is introduced into the equation at each step to produ-
ceG(α)/G(α1). Table S1 shows the selection of 15 typical
kinetic mechanism functions G(α).28 Figure 8 is the result
of mathematical processing. The link between mecha-
nism function G(α)/G(α1) and α is depicted on the left
axis. The fluctuation of the experimental findings P (Xα)/
P(Xα1) with α is shown on the right axis.29 The two curves
are compared at different conversion rates to determine
the most likely mechanism function G(α).

Figure 8 shows that the experimental results of S1
and S2 agree well with the mechanism function G(α)
= �ln(1 � α). This suggests that the decreased PG pro-
cesses in S1 and S2 are compatible with the nucleation
and growth paradigm. This conclusion is congruent with
those of Antar17,29and Liu.18 Based on this model, it can
be postulated that at room temperature, PG is in contact
with the reducing agent. When it reaches about 800�C,
the PG is gradually reduced. CaS nuclei are formed and
increased progressively, and the created gas diffuses from
within to outside, resulting in the construction of pore
structure on the product surface.30 From Figure 9, many

small pores appear on the surface of the PG after the
reaction, which are caused by the escape of the gas.

3.7 | Analysis of the synergistic
mechanism

From the above study, it can be found that the mineral
fraction in SL, such as Fe2O3, with significant catalytic
activity can promote the increase of PG decomposition
rate. The impact of SLA on PG decomposition is exam-
ined to better understand the mechanism, as seen in
Figure 10. According to Figure 10a, increasing the SL and
SLA additions from 0% to 10%, respectively, results in an
increase in the PG decomposition rate from 91.87% to
99.99% and from 91.87% to 97.84%. The rate of PG
decomposition after adding SLA is lower than that of SL
under the same circumstances. This is due to the fact that
SL contains volatile fraction, and SL pyrolysis can pro-
duce reducing gas, which favors to PG decomposition. In
addition, the addition of SLA also increase the decompo-
sition rate. The RH pyrolysis tar may break as a result of
reactive chemicals like Fe2O3 in the SL, increasing the
amount of reducing gas and speeding up the pace at
which PG decomposes. The findings are congruent with
those of Song et al.31 and Gao et al.22

To further investigate the changes of crystals in the
solid particles, SL, post-reaction SL, SLA, and post-
reaction SLA are characterized by XRD as shown in

FIGURE 7 (a) FWO and

(b) KAS of S1; (c) FWO and (d) KAS

of S2.
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Figure 10b. The main mineral components in the SL and
SLA are SiO2 and Fe2O3, both of which have similar com-
positions. Therefore, calcination does not change the
mineral composition of the SL. Therefore, it is feasible to
use SLA instead of SL to investigate the influence of
mineral composition in SL on PG decomposition process.
For the reacted SL and SLA, characteristic peaks of
Fe3O4, FeO, Fe2SiO4, and Fe appear in the products.
According to the XRD results, the reduction process of
iron oxides in SL can be summarized as Fe2O3 ! Fe3O4/
FeO ! Fe.32 Since the reaction temperature is 900�C,
FeO will continue to react with SiO2 at high temperature
to form Fe2SiO4. Fe2O3 reduction can be understood as
the consumption of reactive oxygen in Fe2O3. The
reactive oxygen on the surface of Fe2O3 can be divided
into lattice oxygen and chemisorbed oxygen, both of
which are capable of partial oxidation reaction with coal
tar and promote the cracking of tar to produce small
molecule gases, such as CO and H2. When the reactive
oxygen on the surface reacts with the tar molecule,
oxygen vacancies are formed on Fe2O3. The lattice
oxygen in the bulk phase of Fe2O3 migrates to the surface
to replenish the consumed reactive oxygen. As the
reaction proceeds, when the lattice oxygen in the bulk
phase is not sufficient to replenish the consumed surface
active oxygen, Fe2O3 undergoes a significant iron species
transformation and is eventually converted to Fe3O4,
FeO, and Fe.33

The gas composition after the reaction is measured as
shown in Figure 10c. The addition of SL to RH can signif-
icantly increase the content of reducing gases CO, CH4,
and H2. For example, increasing the SL addition from 0%
to 10% raises the CO content from 32.99 to 38.08 mL/g
and the H2 content from 23.49 to 32.48 mL/g.T
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conversion for different reaction models.
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Furthermore, the CO2 level rises from 385.57 to
492.24 mL/g. The increase of CO2 concentration is caused
by the reaction of R1, R2, R4, and R5. CO2 concentrations
are rising as a result of CO depletion. However, SL pyrol-
ysis produces reducing gas, which raises the overall
amount of gas since the amount produced exceeds the
amount consumed. Since SLA pyrolysis does not produce
reducing gases, the gas composition after adding SLA
reflects the process of gas participation in chemical reac-
tions. Furthermore, as SLA concentration rises from 0%
to 10%, the CO content falls from 32.99 to 26.88 mL/g,
the H2 content falls from 23.49 to 15.68 mL/g, the CH4

content falls from 14.68 to 10.08 mL/g, and the CO2 con-
centration rises from 385.57 to 405.92 mL/g. The reduc-
tion of PG to CaS by reducing gases leads to the decrease
in concentration. In addition, the reduction of Fe2O3 also
consumes part of the reducing gas.

The tar composition after the reaction is determined
by GC-MS as shown in Figure 10d. The addition of SLA
changes the tar composition. For example, when the
amount of SLA added is increased from 0% to 10%, the
MAHs content in the tar increases from 21.19% to
31.04%, the AHs content increases from 2.31% to 10.74%,
the PAHs content decreases from 11.85% to 7.23%, the
Phenols content decreases from 31.96% to 26.87%, and
the NOCs decreases from 33.19% to 24.12%. The reason is
that Fe2O3 promotes the breakage of C-O and C-C bonds,
which can convert NOCs as well as PAHs into lighter
components and promote the production of AHs and
MAHs34,35 while generating CO, H2, and CH4 gases. In
addition, Fe2O3 promotes the occurrence of dephenoliza-
tion of hydroxyl groups, leading to a decrease in the con-
tent of Phenols. It is found that Fe3+ uses some of its d-
vacancy orbitals to bind to oxygen-containing functional
groups in tar or π-bonds in unsaturated hydrocarbons,
which promotes the breakage between chemical bonds
and the decomposition of Phenols or NOCs to form
MAHs.36

In addition, the yields of char in the products after
the reduction of PG by 40% RH, 10% SL and 40% RH
+ 10% SL are investigated, and the results are shown in
Figure 11e. The yield of char after reduction of PG by RH
and SL alone is 14.38% and 56.42%, respectively, and the
sum of the two is 70.80%. When the sum of char yield is
62.65% after the reduction of PG by RH and SL together,
the char yield is significantly lower. This indicates that
the ash in SL promotes the reaction process of carbon
with CaSO4. Figure 11f also supports this conclusion. The
fixed carbon content in the char is 0.42 and 0.12 g for RH
and SL reduction alone, respectively. The sum of the two
is 0.54 g. When RH and SL are reduced together, the
fixed carbon content in the char is 0.49 g, a significant
reduction in fixed carbon content. It was shown that
SiO2, Al2O3, and Fe2O3 can significantly promote the
reaction process of carbon and CaSO4 and increase the
decomposition rate of PG.8

Because the reducing gas will react with the PG to
create CO2, the gas composition in Figure 10 is unlikely
to accurately reflect the catalytic action of Fe2O3 in SLA
on the RH pyrolysis process. As a result, the link between
the yield and gas composition of each RH pyrolysis prod-
uct and the quantity of SLA added is explored by directly
adding SLA to RH at 900�C for 30 min without adding
PG, as shown in Figure 11.

Figure 11a shows that the gas yield steadily improves
from 49.6% to 57.2%, the tar yield declines from 7.2% to
1.2%, and char yield do not change much. as SLA is
increased from 0% to 10%. This suggests that the break-
ing of the tar increases the gas output.37 This indicates
that the active substances such as Fe2O3 in the SLA can
play the effect of tar cracking. From Figure 11b,c, it can
be found that increasing SLA addition can promote the
increase of CH4, CO, and H2 production. The content of
NOCs and PAHs in tar significantly decreases and the
content of light components such as MAHs and AHs
significantly increases. This is consistent with the

FIGURE 9 Surface of (a) PG; (b) postreaction product.
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findings in Figure 10. It is possible that Fe2O3 causes a
decrease in the Ea required for C-O bond breaking,
resulting in epoxy, carboxyl, and ether bond

breakage.38,39 Furthermore, Fe2O3 enhances the cleavage
reaction of PAHs, resulting in a decrease in NOC and
PAH content and an increase in MAHs and AHs, as

FIGURE 10 Effect of SL and SLA addition on (a) PG decomposition rate; (b) XRD spectra of each substance; (c) gas composition; (d) tar

composition; (e) char yield; (f) mass of fixed carbon in char (condition: 900�C, 30 min).
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well as the formation of CO, H2, and CH4. The occur-
rence of the Boudouard reaction may be responsible for
the reduction in CO2 output.

40

Finally, a synergistic reaction mechanism is proposed.
First, the rapid pyrolysis of RH and SL at high tempera-
ture produces tar and gas. Because of the high concentra-
tion of active component Fe2O3 in SL, Fe2O3 promotes
the breakdown of tar, converting NOCs and PAHs of tar
into lighter components. The production of AHs and
MAHs is promoted, while more CO, H2, and CH4 gases
are produced. At the same time, Fe2O3 is reduced to
Fe3O4, FeO, and Fe. In addition, the SLA significantly
facilitates the reaction process of carbon with PG. In the
presence of reducing gases and carbon, the PG decompo-
sition reaction begins to occur. CaS nuclei are formed
and eventually grow in size. The produced gas passes the
sample surface, causing pore structures to develop.

4 | CONCLUSIONS

To solve the environmental problems caused by solid
waste PG, SL-assisted RH reduction of PG to CaS is used.
The experimental conditions are optimized and the syn-
ergistic mechanism is investigated by experimental stud-
ies and kinetic analysis. It is found that using 40% RH
+ 20% SL as a reducing agent for 30 min at 900�C results
in a PG decomposition rate of 99.99% and a CaS yield of
98.38%. RH alone is less effective than RH + SL in lower-
ing Ea and the initial decomposition temperature. The
nucleation and growth paradigm is supported by the
mechanism functions of both reduced PG, which are G
(α) = �ln(1 � α). There is a promotion effect between
RH and SL. Fe2O3 in SL can promote the cracking of
NOCs and PAHs in the tar leading to more CO, H2, and
CH4 gas generation. Meanwhile, SLA can significantly

FIGURE 11 Effect of SLA addition on (a) RH pyrolysis products; (b) gas composition; (c) tar composition (condition: 900�C, 30 min).
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promote the reaction process of carbon and CaSO4, thus
increasing the decomposition rate of PG. This study pro-
vides an idea for developing more economical and envi-
ronmentally friendly reductant decomposition of PG.
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