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ABSTRACT: The resource utilization of phosphogypsum (PG) is the key to
promote the green development of the phosphorus chemical industry. The
natural environment and public safety are significantly threatened by the
enormous volume of PG storage. In this study, Ca and S were successfully
recovered from the PG via a multistep precipitation in the NaOH−BaCO3
system. The alkali solution can be recycled five times, with a first recovery
ratio of about 97.9%, and the decomposition ratio of PG remained above 70%
after five cycles. In addition, the recovery ratios of Ca and S in PG are 99.9
and 82.5%, respectively. The product of BaSO4 can be used as a weighting
agent for oil and natural gas drilling mud. The BaSO4 can also be used as
wave-absorbing materials, and its reflection loss value reaches 97.8% of the
analytical purity BaSO4. This work provides a new idea for the efficient
recycling of Ca and S in PG with an outstanding application prospect.

1. INTRODUCTION
The industrial solid-waste phosphogypsum (PG) is produced
during the wet process of producing phosphoric acid by
decomposing phosphate rock with sulfuric acid.1 CaSO4·nH2O
(n = 0, 1.5, 2) is the primary constituent of PG, with F, P, Si,
organic material, and some metal impurities like Fe, Mg, and
Al.2 Some also contain naturally occurring radioactive
elements.3 The large-scale utilization of PG is seriously
restricted by its complex composition. Therefore, it is urgent
to study new methods for resource utilization of PG.
The current utilization rate of PG in China is approximately

40%. Massive amounts of PG represent a major threat to the
environment.4 At present, research on resource utilization of
PG primarily focuses on the following aspects: preparing
coproduced sulfuric acid cements,5 preparation of wall
materials,6 soil conditioner,7 and preparation of high-strength
gypsum,8 chemical raw materials,9 modified absorption
materials,10 and so on.11 In addition, it is used to absorb
CO2 in order to prepare CaCO3.

12 This approach is beneficial
for recovering Ca in PG and absorbing CO2 from the
atmosphere, but it overlooks the abundant S. The methods
used in many studies are thermal decomposition, thermal
reduction decomposition,13 dissolution recrystallization,14

hydrothermal method,15 and dehydration rehydration, and so
on.16 However, with low consumption, high costs, and high
energy consumption, the current PG utilization technology is
still too immature for industrial use, and the bulk of the
methods are still in the laboratory. So, other key technologies
to consume PG on a large scale are still needed to further
improve the resource utilization of PG.

The precipitation method has the advantages of wide
sources of chemicals, low price, simple operation, and reliable
treatment. Onoda et al.17 selectively precipitated neodymium
phosphate from an aqueous solution of iron−neodymium
mixture to separate neodymium and iron without the use of
high temperature or specialized equipment. Liu et al.18

removed and recovered fluoride and phosphate by the stepwise
precipitation method, which not only achieved the efficient
removal and recovery of F and P but also separated them. Shu
et al.19 used carbonate and struvite precipitation to separate
manganese and ammonia nitrogen from the leachate of
electrolytic manganese residue. Interestingly, the Ksp values
of CaSO4, BaCO3, Ca(OH)2, CaCO3, and BaSO4 are 4.93 ×
10−5,20 2.58 × 10−9,21 5.02 × 10−6,22 2.8 × 10−9,23 and 1.08 ×
10−10,20 respectively. According to the solubility product rule,
PG and BaCO3 can be converted into BaSO4 and CaCO3 by
multistep precipitation. Therefore, exploring processes for
preparing BaSO4 and CaCO3 by the precipitation method from
PG has become an interesting research topic.
In this study, a multistep precipitation method was proposed

to recover Ca and S from PG in the NaOH−BaCO3 system,
and Ca and S were fixed as CaCO3 and BaSO4, respectively.
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The filtrate from the final step is rich in OH− and can be
reused for further leaching. On the basis, a reaction between
PG with filtrate recycling is proposed. Meanwhile, the reaction
conditions were further optimized using the response surface
and single-factor experiments, and the effects of different
circumstances on the recovery of Ca and S were investigated.
This study can provide a new perspective and method for PG
resource development.

2. MATERIALS AND METHODS
2.1. Materials. In this study, pristine PG with tabular

morphology from Hubei Province, China was used (Figure
1a), and CaSO4·2H2O is the main phase (Figure 1b). The

composition of the pristine PG is listed in Table 1 in detail,
with the constituents of CaO and SO3 were major. Prior to the
experiment, the PG was crushed to less than 75 μm. NaOH
and BaCO3 were of chemical-grade purity and purchased from
Aladdin. Deionized water was used in all experiments.
2.2. Methods. The whole reaction element migration and

reaction scheme are demonstrated in Figure 2. PG reacts with
a certain concentration of NaOH solution to obtain solid 1
(S1) and liquid 1 (L1), and then, L1 reacts with BaCO3 to
obtain precipitations solid 2 (S2) and liquid 2 (L2). Finally, L2
reacts with S1 to obtain precipitations solid 3 (S3) and liquid 3
(L3), and L3 can be recycled with the newly added PG. The
specific experimental steps are as follows:

1 Leaching with NaOH: the pretreated PG is added to the
NaOH solution according to a certain ingredient ratio
(m(NaOH):m(PG) = 0.44, 0.46, 0.48, 0.50, and 0.52 g/g)
and liquid−solid ratio (m(Hd2O):m(PG) = 3.0, 3.5, 4.0, 4.5,
and 5.0 mL/g). A magnetic stirrer was used to ensure
adequate mixing throughout the reaction. The mixture
was heated in a water bath to maintain the desired
reaction temperature. After leaching for a period of time,
the filtrate was collected by vacuum and the residue was
dried in an oven at 60 °C for further use. Indicate the
solid and liquid as S1 and L1, respectively.

2 Preparation of BaSO4: BaCO3 (determined from the
SO4

2− content in L1) was added to the L1 obtained in
step 1 under stirring condition, adjusting of different
reaction temperatures and reaction times. At the end of

the reaction, the precipitate was then filtered and
collected and subsequently dried in an oven at 60 °C.
Indicate the solid and liquid as S2 and L2, respectively.

3 Preparation of CaCO3: a certain content of S1 was added
to the L2 obtained in step 2 under stirring condition,
adjusting of different reaction temperatures and reaction
times during the reaction. At the end of the reaction, the
subsequent steps are the same as in (2) and indicate the
solid and liquid as S3 and L3, respectively. Then, the
pretreated PG is added to the L3 according to the
optimal conditions obtained in step 1. The precipitate
was then filtered and collected for demonstrating
recyclability.

2.3. Analytical Methods. The composition of the sample
was detected by X-ray fluorescence (XRF, ARL Perform’X,
Thermo Fisher Scientific CDLtd, Switzerland). Samples and
precipitates were analyzed by an X-ray diffractometer (D/
MAX-2500, Rigaku, Japan). Microscopic surface morphology
and microscale composition analyses were conducted by using
SEM (Ultra Plus, Carl Zeiss, Germany) and X-ray energy-
dispersive spectroscopy (EDS, Oxford X-MAX, Carl Zeiss,
Germany). Ion chromatography (IC, ICS6000, ThermoFisher
Scientific, Germany) and and inductively coupled plasma
atomic emission spectrometer (ICP-OES, ICAP6300, Thermo-
Fisher Scientific, Britain) were used to measure the SO4

2− and
Ca2+ concentrations. Chemical titration was used to assess the
amounts of CO3

2− and OH− in accordance with DZ/T
0064.49-2021. Chemical titration was used to assess the
amounts of Ca(OH)2 in accordance with GB/T 27815-2011,
and the CaCO3 content was assessed. The vector network
analyzer (E5071C, Agilent, America) was used to examine the
electromagnetic characteristics of the precipitations and
determine the reflection loss value.
The recovery of Ca and S was estimated according to the

concentrations of ions in the solution before and after the
reaction. Thus, the recovery ratio of Ca2+ and SO4

2− was
determined according to the following eq 1

= ×+w
C C

C
100%(Ca /SO )

0 1

0
2

4
2

(1)

where C0 (g/L) is the concentration of calcium and sulfur in
the initial PG solution and C1 (g/L) is the concentration of
Ca2+ in L3 and SO4

2− in L2.

Figure 1. (a) Scanning electron microscopy (SEM) image of PG and
(b) X-ray diffraction (XRD) pattern of PG.

Table 1. Composition of the Pristine PG (wt %)a

component CaO SO3 SiO2 P2O5 Al2O3 MgO Fe2O3 other

content 37.47 48.65 9.13 0.82 0.63 0.20 0.41 2.69

aNote: the chemical elements in the pristine PG are in the form of oxide.

Figure 2. Overall diagrammatic drawing of the phosphogypsum
recovery process.
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The ratio of the primary decomposition ratio to the
secondary decomposition ratio is used to estimate the alkaline
solution recovery. The decomposition ratio is determined by
eq 1, and the only difference is that C1 (g/L) is the
concentration of SO4

2− in L1. Thus, the recovery ratio of
alkaline solution was determined according to eq 2

= ×w
w
w

100%(alkalinesolution)
2

1 (2)

where w1 (%) is the primary decomposition ratio of PG, and w2
(%) is the secondary decomposition ratio of PG.

3. RESULTS AND DISCUSSION
3.1. Optimization of NaOH Decomposes PG by

Response Surface Methodology. Since the response

surface method has the advantages of less test time, high
precision, and good prediction performance, many researchers
have applied this method in various processes and have
achieved results.24 The central composite design model offered
by Design Expert 10.0 was used in this experiment, and the
response surface experiment was set with reaction temperature
(A), reaction time (B), and NaOH concentration (C) as
independent variables and the PG decomposition ratio as a
response value. The quadratic model is selected to fit the
obtained data, and the quadratic polynomial regression fitting

equation of the PG decomposition ratio to the coded
independent variable is obtained in eq 3

= + × + ×
× ×

× + ×

A B
C AB

AC BC A
B C

Decomposition ratio 94.29 1.56 4.05
3.75 0.087

3.87 11.14 8.31
0.052 30.16

2

2 2

(3)

According to the fitting equation, the responses of test values
were anticipated. From Figure 3a,b, it can be seen that the
normal probability distribution of the externally studentized
residuals is on a straight line, the distribution of the externally
studentized residuals and the predicted response values is
irregular, and the actual response values of the test and the
predicted response values of the model are isotropically
distributed along a 45-degree diagonal line, demonstrating the
model’s ability to accurately and fully identify the response
points.25

The ANOVA results showed that the model F-value was
65.79, indicating that the prespecified model was reliable
(Table 2). The model P-values less than 0.0001 confirmed
significant model terms. In this optimization case, several
model terms such as B, BC, A2, and C2 were in significant form
due to their less P-values. The values larger than 0.10 means
insignificant model terms. In this case, A, AB, and B2 were
insignificant model terms. The R2-value exhibited a measure of
how much variability in the observed response values could be
expressed by the experimental factors, as well as their
interactions, by establishing a relationship between predicated
and experimental consequences. R2 close to one revealed good
fitting of experimental data into predicated model equation.
The regression model produced higher R2 up to 0.9834
signifying excellent fitting between model as well as
experimental data values.
The reaction surface graph, which can intuitively and vividly

show better operating circumstances, is a very important step
in the response surface analysis process. Figure 4 shows how
temperature, time, NaOH concentration, and their interactions
affect the ratio of PG decomposition. The results of response
surface plots show that longer reaction times bring more
adverse reactions, and the PG decomposition ratio first
increases and then declines with the increase of NaOH
concentration, a plane with a bent slope is formed. The
explanation is that under strong alkali conditions, unnecessary

Figure 3. (a) Normal plot of residuals, (b) residuals vs predicted responses, and (c) predicted responses vs the actual values.

Table 2. ANOVA Results of the Response Surface Quadratic
Polynomial Mode

source sum of squares
mean
square F value P-value prob > F

model 95288.64 10587.63 105.68 <0.0001
A 16.97 16.97 0.17 0.6893
B 1270.69 1270.69 12.68 0.0052
C 43561.60 43561.60 434.81 <0.0001
AB 3746.74 3746.74 37.40 0.0001
AC 0.80 0.80 7.952E-003 0.9307
BC 1388.35 1388.35 13.86 0.0040
A2 801.26 801.26 8.00 0.0179
B2 0.76 0.76 7.571E-003 0.9324
C2 41.13 41.13 0.41 0.5361
residual 1001.85 100.19
R2 = 0.9896, Radj2 = 0.9802, pre-R2 = 0.9338
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NaOH will react with the contamination silicate in PG to
produce insoluble substances, such as CaSiO3. The substance
will not only consume more NaOH, but it will also increase
slag in the reaction cycle, which is not conducive to the
subsequent reaction. The increase in temperature will
accelerate the reaction ratio. However, the side reaction
between an enormous number of impurities and NaOH is an
endothermic reaction. The increase in temperature is
conducive to the side reaction, resulting in a decrease in the
decomposition ratio of PG and an increase in the slag sum.
The regression model described above was utilized to optimize
the experimental parameters, and the optimal reaction
condition was determined as T = 40 °C, t = 30 min,
m(NaOH)/m(PG) = 0.48:1, and m(Hd2O)/m(PG) = 4:1. The leaching
ratios of Ca and S were 99.7 and 95.0%, respectively.

3.2. Conversion of BaCO3 into BaSO4 Based on
Solubility Product Differences. According to the content
of SO4

2− in L1, the amount of BaCO3 is calculated. The
residual SO4

2− in the filtrate was used to calculate the reaction
ratio. The effects of the reaction temperature and reaction time
on the production of BaSO4 were investigated by a single-
factor experiment.
The results obtained are presented in Figure 5. According to

Figure 5a, the SO4
2− reaction ratio was 46.6% at 25 °C. The

reaction ratio gradually increased with rising temperature. The
reaction ratio of SO4

2− peaked at 67.3% at 55 °C. Then, as the
temperature continued to rise to 75 °C, the reaction ratio of
SO4

2− decreased to 59.6%. This is because, as temperature
rises, the movement of molecules intensifies and the possibility
of particle collision increases, which facilitates the combination

Figure 4. Response relationship between different factors to the PG decomposition ratio: (a) NaOH concentration and temperature, (b) time and
temperature, and (c) NaOH concentration and time.

Figure 5. (a) SO4
2− reaction ratio in different temperatures; (b) XRD pattern of S2 in different temperatures; (c) SO4

2− reaction ratio in different
times; and (d) XRD pattern of S2 in different times.
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of SO4
2− and Ba2+ to form BaSO4. The reaction ratio of SO4

2−

reduces with an increase in temperature because the solubility
of Na2SO4 increases first before decreasing. Therefore, 55 °C
was selected as the reaction temperature for producing BaSO4.
Figure 5c shows the impact of reaction time on the reaction
ratio of SO4

2− at 55 °C. As the reaction time increases, the
reaction becomes more and more complete and the SO4

2−

reaction ratio gradually increases. The SO4
2− reaction ratio was

78.3% after 90 min. The SO4
2− reaction ratio did not change

much after the reaction time. The XRD pattern of S2 at
different reaction temperatures and times revealed that BaSO4
was the major phase in S2, indicating the significant dissolution
of CO3

2− in the filtrate and laying the foundation for the
subsequent reaction of calcium particles (Figure 5b−d).
3.3. Conversion of Ca(OH)2 into CaCO3 Based on

Solubility Product Differences. The CO3
2− content present

in the filtrate is used to calculate the Ca2+ reaction ratio. Single
factor experiments were conducted to investigate the effects of

the S1 amount, reaction temperature, and reaction time on the
reaction ratio of Ca2+.
Figure 6a shows that the Ca2+ reaction ratio increased

gradually with the increasing amount of the S1 additive. The
Ca2+ reaction ratio reached 79.9% when the S1 additive
amount was 0.085 g/mL, but it decreased with higher amounts
of S1. This can mainly be attributed to the production of a
supersaturated solution. The solid is difficult to dissolve at high
Ca(OH)2 concentrations, and this stage lasts a long time,
delaying the ratio of reaction.26 Figure 6b displays the XRD
patterns of S3 with varying amounts of the S1 additive. It can be
observed that CaCO3 is the primary phase in S3. When the
amount of S1 is 0.085 g/mL, it can be seen the XRD peak of
Ca(OH)2 practically disappears and CaCO3 is the only phase.
Effects of the reaction temperature and time on the amount

of Ca2+ were discussed in Figure 6, when the amount of S1 was
0.085 g/mL. At a temperature of 25 °C, the Ca2+ reaction ratio
was 77.6%. As the temperature increased, the ratio gradually
decreased until it reached its lowest value at 45 °C, as shown in

Figure 6. (a) Ca2+ reaction ratio in different amounts of S1; (b) XRD pattern of S3 in different amounts of S1; (c) Ca2+ reaction ratio in different
temperatures; (d) XRD pattern of S3 in different temperatures; (e) Ca2+ reaction ratio in different times; and (f) XRD pattern of S3 in different
times.
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Figure 6c. The reaction ratio then steadily increased and
remained nearly unchanged after 65 °C because the solubility
of Ca(OH)2 continuously fell and its concentration steadily
decreased as the reaction temperature increased. The major
phase of the S3 was CaCO3 under different reaction

temperatures (Figure 6d). Figure 6e illustrates the impact of
the reaction time on the reaction ratio. The highest reaction
ratio of 89.2% was achieved at 25 °C for a reaction time of 60

Figure 7. (a) XRD pattern of S1, (b) SEM pattern and matching EDS data for map analysis of S1, (c) XRD pattern of S2, (d) SEM pattern and
matching EDS data for map analysis of S2, (e) XRD pattern of S3, and (f) SEM pattern and matching EDS data for map analysis of S3.

Figure 8. Reflection loss images of (a) S2 and (b) analytical purity of BaSO4.

Table 3. Contents of Part Elements from S3 (wt %)

element Ca Si Na S P Fe Al

content 48.42 4.06 12.37 1.11 0.59 0.48 0.30

Table 4. Analysis Results of Ca2+ and SO4
2− Recovery

theoretical value
(g/L) end of reaction (g/L)

recovery ratio
(%)

Ca2+ 67.0 11.6 × 10−3 99.9
SO4

2− 146 25.6 82.5
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min, when the S1 concentration was 0.085 g/mL. Similarly, the
major phase observed for S3 at different reaction times was
CaCO3, as shown in Figure 6f. CaCO3 is the sole phase that
exists under ideal conditions, and the peak of Ca(OH)2 almost
completely disappears.
3.4. Precipitation Conversion Caused by Difference

in Solubility Product. In order to better explain the reaction
process, we analyzed it based on the reaction equilibrium and
solubility constant.
NaOH decomposes PG to produce Na2SO4 and Ca(OH)2.

The reaction is driven by the difference in solubility between
CaSO4 and Ca(OH)2, proceeding toward the production of
less soluble Ca(OH)2. In Figure 7a, the main phase of the
product is Ca(OH)2. The SEM pattern and matching EDS
data for map analysis of the product are demonstrated in
Figure 7b. The reaction equation

· + = + +CaSO 2H O 2NaOH Ca(OH) Na CO 2H O4 2 2 2 3 2
(4)

Again, depending on the difference in solubility, Na2SO4 in
L1 undergoes a precipitation conversion reaction with BaCO3
to produce BaSO4 (Figure 7c). The main morphology of the
product BaSO4 is fusiform (Figure 7d), and Na2CO3 is
enriched in L2. The reaction equation

+ = +Na SO BaCO BaSO Na CO2 4 3 4 2 3 (5)

Then, the Ca(OH)2 in S1 and Na2CO3 in L2 engage in a
precipitation conversion reaction to produce CaCO3 due to
the difference in solubility, and the OH− is enriched in L3.
XRD analysis of CaCO3 showed the presence only of calcite
polymorph (Figure 7e). The polymorphic forms of CaCO3
(aragonite and vaterite) were not identified, and the main
morphology is spherical (Figure 7f). The reaction equation

+ = +Ca(OH) Na CO CaCO 2NaOH2 2 3 3 (6)

3.5. Prospect Analysis of Products Used as Wave-
Absorbing Materials. Two precipitations are obtained in the
multistep precipitation, and BaSO4 and CaCO3 are the
dominant chemical components, respectively. At present, the
material containing BaSO4 has a wave absorption property.

27

Tasnim et al.28 developed the high-density shielding materials
containing higher percentage (>80%) of BaSO4 and their
gamma-ray attenuation parameters have been investigated. The
above research provides a possibility for the preparation of
wave absorbances by using S2.
The precipitations wave-absorption of S2 qualities were

evaluated. Figure 8a demonstrates the change in reflection loss
value with frequency for various thicknesses (d = 1, 2, 3, 4, and

5 mm). The material’s absorbing ability becomes stronger as
the reflection loss value decreases. As the thickness reaches 5
mm, the reflection loss spectrum exhibits two peaks (5.00 and
15.00 GHz). The low-frequency peaks in the two peaks are
connected to the displacement of the domain wall, and the
high-frequency peaks are connected to the rotation of the
magnetic domain, based on the understanding of magnetic
physics. As the reflection loss value of the material reaches
−10.00 dB, the attenuation of the absorbing material to the
electromagnetic wave reaches 90%.29 The minimum reflection
loss value of S2 is −10.53 dB. This demonstrates that S2
precipitates, after further processing, exhibit good absorption
characteristics and can be used as a radiation protective
material. Furthermore, the reflection loss value of S2 reaches
97.8% compared to the analytical purity of BaSO4 (Figure 8b).
CaCO3 is widely used in rubber, building materials, coatings,

and other fields because of its unique physical and chemical
features.30 CaCO3 is the primary phase of precipitations S3,
and the purity of the S3 was measured to be 76.1%. The main
elements in S3 are Ca, Si, Na, and O (Table 3), which can be
further used to prepare ceramics,31 glass-ceramics,32 or other
construction industry, and further research is still underway.
3.6. Recovery of Ca and S and Alkaline Solution

Recycle. The contents of residual Ca2+ and SO4
2− in the

filtrate after the reaction were measured by ICP and IC. The
experimental results are displayed in Table 4. Individually, the
recoveries for Ca2+ and SO4

2− were 99.9 and 82.5%.
In order to evaluate whether the filtrate could be recovered,

we conducted experiments on the recovered filtrate. Figure 9
shows the leaching ratio of SO4

2− and the XRD patterns of the
products for different filtrate cycle numbers. As the number of
filtrate cycles increased, the leaching ratio of SO4

2− gradually
decreased (Figure 9a). The leaching ratio of SO4

2− was 95.0%
for the first cycle. After five cycles, the leaching ratio of SO4

2−

was 73.3%, and the alkali recovery ratio reduced from 97.9 to
77.1%. This may occur because the concentration of OH−

decreased as the cycle number increased. As demonstrated in
Figure 9b, the phase of the obtained product was Ca(OH)2,
and as the cycle number increased, the diffraction peak
corresponding to Ca(OH)2 gradually weakened. After five
cycles, the diffraction peak corresponding to CaSO4·2H2O
appeared in the product.

4. CONCLUSIONS
This work successfully realized recycling Ca and S from PG in
the NaOH−BaCO3 system. The leaching ratio of Ca2+ and
SO4

2− in PG was 99.7 and 95.0%, respectively, under the
optimized conditions (T = 40 °C, t = 30 min, m(NaOH)/m(PG) =

Figure 9. (a) Leaching ratio. (b) XRD pattern of the product with various cycle numbers.
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0.48:1, and m(Hd2O)/m(PG) = 4:1). The recovery of S was 82.5%
at 55 °C with a reaction time of 90 min. The recovery of Ca
was 99.9% with the amount of S1 is 0.085 g/mL, the reaction
temperature is 25 °C, and a reaction time is 60 min. The
product BaSO4 can be used to produce wave-absorbing
materials, and its reflection loss value reaches 97.8% of the
analytical purity BaSO4. Another product is CaCO3 containing
Si, Na, and O, after further treatment, which can be used in
building materials industries. The alkali solution can be
recycled five times, the first recovery ratio is about 97.9%,
and the decomposition ratio of PG remained above 70% after
five cycles. We convince that the method for PG utilization
may have potential application prospect.
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