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ABSTRACT: Phosphogypsum, as a byproduct of wet-process
phosphoric acid reaction, has caused many environmental
pollution problems. To improve the property and purity of
phosphogypsum in the wet-process phosphoric acid process, a
liquid−solid−liquid three-phase acid hydrolysis synergistic extrac-
tion reaction system was established by adding a certain amount of
extractant in the actual production process. In order to study the
extraction effect and residue of impurities in the reaction system,
the phase, morphology, and impurity occurrences of phosphogyp-
sum were systematically analyzed. The results showed that when
the reaction time was 7 h, the reaction temperature was 80 °C, the
reaction speed was 200 r/min, the volume ratio of the extractant to diluent (dilution ratio) was 1:4 and the volume ratio of the oil
phase/aqueous phase (O/A ratio) was 1:1, P2O5 conversion was the highest in phosphate rock, and the residual P2O5 content in
phosphogypsum was as low as 0.36%. The morphology of the phosphogypsum crystal was uniform and coarse long strip. The main
forms of residual impurities were silicate, aluminum fluoride with crystal water, aluminate, phosphate, and fluoride. Meanwhile, the
residual amount of main impurities in phosphogypsum was significantly reduced. Through this novel method, the property of
phosphogypsum can be improved through the generation process and is greatly beneficial for its utilization and the recycling
development of the wet-process phosphoric acid industry.

1. INTRODUCTION
Wet-process phosphoric acid (WPA) mainly refers to the
process of phosphorus ore decomposition to phosphoric acid
with sulfuric acid, and it is widely used to produce fertilizers
and other phosphorous materials.1,2 With the development of
new energy industry, the utilization of battery materials such as
lithium iron phosphate leads to the development of phosphoric
acid. However, phosphogypsum with the main phase of
calcium sulfate dihydrate (CaSO4·2H2O) is also generated in
this process as a byproduct, and 5 tons of phosphogypsum are
emitted for every 1 ton of phosphoric acid produced. At
present, phosphogypsum is growing worldwide at the rate of
200 million tons per year, and the comprehensive utilization
rate is only 10−15%. The low utilization rate and the large
stockpile of phosphogypsum lead to serious environmental
pollution,3,4 which is the core restriction for the development
of WPA.
P2O5 in phosphogypsum entrained from the WPA process,

which may release into the surroundings, is the most important
restriction for its utilization. The contents of P2O5 in
phosphogypsum may affect its crystallization. In the process
of sulfuric acid hydrolysis, large amounts of impurities in the

phosphorus ore enter into the reaction system. The existence
of the impurities may affect the crystal growth of
phosphogypsum, and the shape and size of the calcium sulfate
crystal are the key factors that directly affect the filtration
performance and residual phosphorus content of phosphogyp-
sum. To date, many scholars have investigated the effect of
impurities in phosphogypsum on the nucleation and growth of
calcium sulfate.5−7 The results show that Na+ and K+ in the
system may change the morphology of the calcium sulfate
crystal from the strip crystal to the needle crystal and decrease
the aspect ratio.8,9 Mg2+ ions enter the crystal structure and
reduce the growth rate of calcium sulfate crystals, resulting in
the increase of the aspect ratio of calcium sulfate and the
growth of slender needle crystals.10,11 Al3+ and Fe3+ can inhibit
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the growth of calcium sulfate crystals and change the crystal
size by adhering to the crystal edge during the growth of the
calcium sulfate crystal.12 Based on the investigation of the
effects of impurities on the crystal growth of phosphogypsum,
researchers also regulate the growth of calcium sulfate crystals
by adding additives.13,14 Different kinds of additives such as
CTAB,15 malic acid,16 and so forth have been used to improve
the crystal growth of calcium sulfate. Phosphate rock in China
is almost medium-sized and low grade and has a high impurity
content, which not only affects the crystallization of
phosphogypsum and the conversion rate of phosphorus but
also has a negative impact on the application performance of
phosphogypsum.17,18

Therefore, the preparation of calcium sulfate crystals with
uniform morphology and regular particle size distribution by
regulating the crystal growth process of phosphogypsum plays
an important role in improving the yield of phosphorus and
promoting the resource utilization of phosphogypsum.19−22 In
our previous research, acid hydrolysis combined with impurity
extraction has been used to remove the impurities in
phosphogypsum post treatment process,23 and purified
gypsum has been prepared with high whiteness. Considering
the characteristics of impurities dissolution in the WPA
reaction process, a novel synergistic process of in situ
impurities extraction and phophogypsum crystallization
control in the WPA process has been put forward for the
first time. Through the removal of impurities in the
crystallization process, phosphogypsum may have uniform
morphology and particle size, which is beneficial for the
reduction of the P2O5 residual in phosphogypsum.
In this work, collaborative high-efficiency extraction of

impurities and regulation of phosphogypsum crystallization in
the acid hydrolysis process of WPA were carried out. Effects of
n-octanol (NOA) addition as an extractant on the particle size,
morphology, phase, and P2O5 content of phosphogypsum have
been systematically investigated. The change of impurity
occurrence forms in phosphogypsum caused by the addition of
the extractant is also clarified. Through the research,
theoretical basis can be provided for the novel innovative
collaborative extraction process of WPA.

2. MATERIALS AND METHODS
2.1. Materials. Phosphate rock was provided by Chemical

Group Co., Ltd. (Hubei, China), and the components are
shown in Table 1. H2SO4 (Sinopharm Chemical Reagent Co.,
Ltd. ≥98 wt %), H3PO4 (Shanghai McLean Biochemical
Technology Co., Ltd. ≥85 wt %), NOA (Shanghai McLean
Biochemical Technology Co., Ltd. ≥99 wt %), and sulfonated
kerosene (Jiangyin Wuyang hydrocarbon material technology
Co., Ltd) were all of analytical grade. The experimental water
was deionized water, and all chemical reagents were used
without any further purification.

2.2. Experimental Procedure. Experiments were carried
out in a 2 L round-bottom flask. In the actual production
process, the returning acid predecomposed the phosphate rock,
which further facilitated the reaction with H2SO4. The
equations are as follows:

Ca F(PO ) 7 H PO 5 Ca(H PO ) HF5 4 3 3 4 2 4 2+ + (1)

n

n

Ca(H PO ) H O H SO H O

2H PO CaSO H O
2 4 2 2 2 4 2

3 4 4 2

· + +

+ · (2)

The reflux acid was configured according to the mass
fraction of H3PO4 of 35% and H2SO4 of 5%. Second, sulfuric
acid was added into the reactor for acidolysis of phosphate
rock, and the addition amount of sulfuric acid was determined
according to the molar ratio of Ca/S of 1:1, Mg/S of 1:1, Al/S
of 2:3, and Fe/S of 2:3. The additions of all raw materials were
divided five times. Then, NOA and sulfonated kerosene were
added with a certain dilution ratio and oil/aqueous (O/A)
ratio into the reaction slurry. The reaction began when all raw
materials were added. The reaction temperature was 80 °C,
and the system was stirred with a flat-bladed stirrer at a
constant rate of 200 rpm. When the reaction was finished, the
slurry was allowed to stand, and the upper organic phase was
poured out. Then, solid−liquid separation was carried out
immediately. The filter cake was washed with deionized water
of 80 °C, and the amount of washing water was 3 times of the
filter cake.

Table 1. Composition of Phosphate Rock

compound percent, wt % CaO P2O5 SiO2 Al2O3 MgO K2O Fe2O3 Na2O F

phosphate rock 48.48 29.41 10.57 2.93 1.09 1.31 0.93 0.40 2.97

Figure 1. Comparison of (I) whiteness and (II) mass ratio of phosphogypsum treated with different extractants. (A) No extractant added, (B) N-
butanol, (C) MIBK, (D) EAC, (E) P204, and (F) NOA.
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2.3. Analysis and Characterization. The particle size
distribution of phosphogypsum was determined by a laser
particle size analyzer (Mastersizer 2000 of Malvin Instrument
Co., Ltd. in Britain). The composition of the phosphate rock
and phosphogypsum samples was analyzed by an X-ray
fluorescence spectrometer (PANalytical AXIOS,50 kV, 60
mA). X-ray diffraction (XRD, PANalytical B.V Empyrean, 40
mA, 40 kV, λ = 1.5406 Å, 5−70°) was used to analyze the
crystal form under different experimental conditions. The

micromorphology of phosphogypsum was observed by thermal
field emission scanning electron microscopy (SEM, JSM-
7610F). The main impurity elements in phosphogypsum were
analyzed by X-ray photoelectron spectroscopy (XPS, ESCA-
LAB 250Xi) using an Al Kα monochromated source (150 W,
20 eV pass energy, 650 μm spot size), and the binding energy
of different elements was obtained. All binding energies were
referenced to the C 1s peak at 284.8 eV of the surface
adventitious carbon to correct the shift caused by the charge

Figure 2. Effect of NOA addition on the reaction process and phosphogypsum crystallization at different reaction times. Particle size distribution of
phosphogypsum (A) without NOA and (B) NOA added. Micrograph of phosphogypsum (C) without NOA and (D) NOA added. XRD phase
composition spectrogram of phosphogypsum (E) without NOA and (F) NOA added. (G) Residual P2O5 content in phosphogypsum.
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effect. The thermogravimetric curves of phosphogypsum
samples were continuously recorded by a differential
thermal/thermogravimetric synchronous analyzer (DTG-
60H). The blue light whiteness and Hunter whiteness of
phosphogypsum samples were tested by a whiteness meter
(WSD-3C, Beijing Kangguang Optical Instrument Co., Ltd.).

3. RESULTS AND DISCUSSION
3.1. Investigation of Process Conditions. 3.1.1. Effect

of Different Extractants. In order to select a better extractant,
the commonly used extractant in WPA was used to compare
and analyze. The whiteness and impurities (Al, Fe, P, Si)/CaO
mass ratio comparison of phosphogypsum under different
extractant treatment conditions is shown in Figure 1. The blu-
ray whiteness and Hunter whiteness of untreated phospho-
gypsum were only 56.08 and 75.11%. Adding organic
substances such as N-butanol, methyl isobutyl ketone
(MIBK), ethyl acetate (EAC), bis(2-ethylhexyl) phosphate
(P204), and NOA can effectively improve the whiteness of
phosphogypsum. Among them, the NOA extractant had the
best treatment effect, which can improve the blu-ray whiteness
and Hunter whiteness of phosphogypsum to 71.57 and
84.81%. Figure 1(II) shows that the impurities/CaO mass
ratio of untreated phosphogypsum is 0.35. After adding the
organic extractant, the impurities/CaO mass ratio of
phosphogypsum was reduced. NOA treatment had the best
effect, and the ratio could be reduced to about 0.10.
Consequently, NOA extractant can effectively remove
impurities in the phosphogypsum phase and improve its
whiteness during WPA reaction.

3.1.2. Effect of NOA Addition. Compared with the original
WPA, the effect of NOA addition on the crystallization process

has been systematically investigated. The particle size
distribution and morphology changes of phosphogypsum
caused by the addition of NOA extractant at different reaction
times are shown in Figure 2. While NOA was not added in the
system, the particle size distribution of phosphogypsum was
mainly 1000 μm particle agglomeration at 3 h. As the reaction
time increased to 5 h, the agglomeration effect weakened, and
the morphologies of phosphogypsum crystals were a mixture of
short rod and long strip crystals with particle sizes of 20 and
1000 μm. The surface of some long strip crystals of calcium
sulfate was relatively smooth. When the reaction time was
further increased to 7 h, it could be found that the particle size
of phosphogypsum was mainly 1−100 μm. There were many
tiny particles on the surface of the phosphogypsum crystal, and
the crystal surface became rough. It can be seen that the phase
of phosphogypsum changed from anhydrite to dihydrate and
then to anhydrite again. At the reaction time of 3 h, the
diffraction peak of anhydrous calcium sulfate in phosphogyp-
sum was strong and that of calcium sulfate dihydrate was weak.
The morphology of phosphogypsum was mostly fine granular
crystals, and the filtration rate was related to the average
diameter of crystals.24 The content of residual P2O5 in
phosphogypsum was 2.853%. As the reaction time increased
to 5 h, the diffraction peak of calcium sulfate dihydrate was
strong, and the change of phosphogypsum morphology may be
related to the phase leading to the formation of microanhydrite
particles.25 The increase of reaction time leads to the
secondary nucleation of the crystal, and these particles may
serve as a feedstock for gypsum crystal growth by a dissolution-
reprecipitation mechanism.26 As a consequence, the change of
particle size and the generation of tiny particles increase the
washing and filtration difficulties of phosphogypsum.27

Figure 3. Phosphogypsum crystallization under different dilution ratios. (a) Particle size distribution, (b) SEM morphology, (c) XRD diffraction
spectrum, and (d) variation of residual P2O5 content.
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Residual P2O5 content in phosphogypsum increased from
2.189 to 3.452% with the increase of reaction time from 5 to 7
h.
Under the condition of adding NOA, the particle size of

phosphogypsum was distributed in the range of 20−40 μm and
900 μm. According to the morphology of phosphogypsum, the
size of calcium sulfate crystals gradually increased, and the
surface of the crystals also changed from rough to smooth with
the prolongation of the reaction time. Small particles attached
on the long strip of calcium sulfate crystals were significantly
less, and the calcium sulfate crystals show a relatively uniform
flake crystal effect. Meanwhile, the addition of NOA also
slowed down the phase change of phosphogypsum. It can be
found that the main phase of phosphogypsum obtained under
the condition of adding extractant NOA was composed of
dihydrate and anhydrite, and the content of the both in
phosphogypsum changed with the change of reaction time.
With the increase of reaction time, the diffraction peak of
calcium sulfate dihydrate gradually increased. When the
reaction time reached 7 h, the phosphogypsum phase was
mainly calcium sulfate dihydrate. At the same time, the content
of residual P2O5 in phosphogypsum gradually decreased with
the increase of growth and smoothness of the particles. The
residual P2O5 content in phosphogypsum was as low as 0.877%
at 7 h. Compared with the result without NOA addition, the
uniform and coarse calcium sulfate dihydrate crystals improve
the washing efficiency and low down residual P2O5 content in
phosphogypsum.

3.1.3. Effect of the Dilution Ratio. The viscosity of NOA is
as high as 8.93 mPa s at 298.2 K, which limits the fluidity and
the mass transfer velocity. To improve the hydrodynamics of
the extraction, diluents of low density and viscosity and which
are miscible with the extractant were used. Because aliphatic
diluents provided higher extraction efficiencies,28 sulfonated

kerosene was selected as the diluent. Sulfonated kerosene
contains alkane and a small proportion of aromatic hydro-
carbon. It is commonly used as a nonpolar diluent in various
extraction processes. Another reason for choosing sulfonated
kerosene as the diluent was that the reaction acid of WPA
process is sulfuric acid, and sulfonated kerosene has good
stability in this system (Figure 3).
It can be seen that the particle size distribution of

phosphogypsum crystals can be divided into two peaks:large
particles with the size around 1000 μm and small particles with
the size 30 μm when the ratio of NOA:sulfonated kerosene was
1:9. When the dilution ratio was 1:4, the particle size of the
calcium sulfate crystal presented a homogeneous distribution,
and the main size of the crystal was around 25 μm. However,
the surface of the rod was very smooth according to the
morphologies of phosphogypsum. When the dilution ratio
changed to 2:3, the peak of the large particle size at around
1000 μm appeared again, but the proportion was relatively low.
Particle size distribution of phosphogypsum crystals of the
dilution ratio of 1:1 was very similar to that of the dilution ratio
of 1:9. The peak at around 1000 μm was significant, and the
morphology of the crystals was long strip and a small amount
of short rod.
The phase change with the dilution ratio has also been

investigated. It can be seen that the main phases of
phosphogypsum were calcium sulfate dihydrate. The influence
of dilution ratios on the phase was little, but the residual P2O5
content in phosphogypsum changed with the increase of
dilution ratio. When the dilution ratio of NOA:sulfonated
kerosene was 1:9, the content of residual P2O5 in
phosphogypsum was 0.418%. When the dilution ratio was
increased to 1:4, the residual P2O5 content in phosphogypsum
decreased to 0.361%. With the increase of the dilution ratio
and the decrease of NOA addition, the residual P2O5 content

Figure 4. Phosphogypsum crystallization under different O/A ratios. (A) Particle size distribution, (B) XRD diffraction spectrum, (C) variation of
residual P2O5 content, and (D) SEM morphology.
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in phosphogypsum increased. When the dilution ratio of
NOA:sulfonated kerosene was 1:1, the P2O5 content in
phosphogypsum increased to 0.884%. In conclusion, it can
be seen that under the condition of dilution ratio of 1:4, the
obtained phosphogypsum was uniform and coarse calcium
sulfate dihydrate crystal, and the content of residual P2O5 in
phosphogypsum was as low as 0.361%.

3.1.4. Effect of the O/A Ratio. Phosphogypsum with a low
content of P2O5 and good crystal morphology were obtained in
the ratio of NOA:sulfonated kerosene at 1:4. Effect of the
change of organic phase content on the crystal growth of
phosphogypsum was further investigated as shown in Figure 4.
It can be found that when the O/A ratio was 1:1, the calcium
sulfate crystal grew evenly, the particle size of calcium sulfate
presented a normal distribution, and the main crystal size was
about 25 μm. Diffraction peak strength of calcium sulfate
dihydrate was relatively high, and the residual P2O5 content in
phosphogypsum was 0.361%. When the O/A ratio changed to
1:3, the peak at around 1000 μm appeared, and the main phase
was calcium sulfate dihydrate. However, the crystals of
phosphogypsum did not grow well, and there were many
small short rod crystals around the long strip crystals of
calcium sulfate with a rough surface. The increase of particle
size may be caused by the aggregation of small particles, which
lead to the washing difficulty and increase of residual P2O5
content. Residual content of P2O5 in phosphogypsum was
0.714%. When the O/A ratio changed to 1:5, the morphology
of the calcium sulfate crystal was mainly fine rod-shaped, and
there was no long strip-shaped massive crystal. The proportion
of anhydrous calcium sulfate in phosphogypsum grew, and the
content of residual P2O5 in phosphogypsum reached 1.424%.

According to the optimization of dilution ratio and O/A ratio,
0.412 kg of NOA and 1.594 kg of sulfonated kerosene may be
used to treat 1 kg of phosphate rock. However, the extractant
can be reused after the treatment, and the loss amount has
been discussed in the following sections.

3.1.5. Effect of the Reaction Temperature. On the basis of
the reaction time of 7 h, the dilution ratio of NOA to
sulfonated kerosene of 1:4, and the O/A ratio of organic phase
to acid solution of 1:1, the effects of different temperatures
were studied as shown in Figure 5. When the reaction system
was at a low temperature of 60 °C, the particle size of
phosphogypsum was mainly distributed at 10 μm, and the
morphology of calcium sulfate was mostly short blocky crystals,
with short rod-shaped and granular fine particles in between.
When the reaction temperature rose to 70 °C, the particle size
of phosphogypsum increased to 11 μm, but the fine particles
on the surface of calcium sulfate crystal increased, most of
which were small calcium sulfate particles of 1−2 μm. When
the reaction temperature reached 80 °C, the particle size of
phosphogypsum was distributed at 12 and 100 μm, and it can
be found that the calcium sulfate crystal was relatively uniform
and the fine particles attached to the surface of the larger
crystal were reduced by combining with the micro-topography.
When the temperature rose to 90 °C, the main particle size of
phosphogypsum decreased to 7 μm, and the morphology was
mainly fine calcium sulfate particles. According to the particle
size distribution, the particle size distribution of 110 μm was
mainly due to the agglomeration of fine calcium sulfate
particles.
Second, the phase transformation of phosphogypsum and

the change rule of residual P2O5 at different temperatures were

Figure 5. Phosphogypsum crystallization under different reaction temperatures. (A) Particle size distribution, (B) SEM morphology, (C) XRD
diffraction spectrum, and (D) variation of residual P2O5 content.
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analyzed, When the reaction temperature was 60 °C, the phase
of phosphogypsum was mainly anhydrous calcium sulfate,
accompanied by a small amount of calcium sulfate dihydrate,
and the residual P2O5 content in phosphogypsum was 0.25%.
With the increase of reaction temperature, the main phase of
phosphogypsum changed. At the temperature of 60−80 °C,
the main phase of phosphogypsum changed from anhydrous
calcium sulfate to dihydrate calcium sulfate. When the reaction
temperature reached 80 °C, the main phase of phosphogypsum
was dihydrate calcium sulfate, and the content of residual P2O5
increased slightly to 0.36%. When the temperature was further
raised to 90 °C, the phase of calcium sulfate dihydrate in
phosphogypsum disappeared, and the phosphogypsum was
mainly composed of anhydrous calcium sulfate, which was
consistent with the crystal morphology of fine particles. As a
result, the washing performance of the filter cake decreased,7

and the residual P2O5 content in phosphogypsum increased to
0.92%. The change rule of the phosphogypsum phase with
temperature is in accordance with the phase diagram29 of the
CaSO4 crystal, phosphoric acid concentration, and temper-
ature. Based on the above analysis, when the temperature was
80 °C, phosphogypsum was dominated by calcium sulfate
dihydrate, with the largest crystal size and regular morphology.
The content of residual P2O5 was relatively low, and the
reaction temperature was comprehensively recommended as
80 °C.

3.1.6. Effect of Stirring Speeds. The influence of different
stirring speeds on the particle size, morphology, phase, and
P2O5 content of phosphogypsum is shown in Figure 6.
Compared with the stirring speed of 200 r/min, too high or
too low stirring speed led to double peaks in the particle size
distribution of phosphogypsum. When the stirring speed was

100 r/min, the particle sizes of phosphogypsum were both 4
and 40 μm. At this time, the morphology of phosphogypsum
coexisted with long strip crystals and fine granular crystals. Due
to the low stirring speed, most fine calcium sulfate particles
were attached and wrapped around the strip crystals. When the
stirring speed increased to 200 r/min, calcium sulfate
presented uniform strip crystals, the main particle sizes of
phosphogypsum were distributed at 12 and 100 μm, and the
crystal surfaces with larger particle sizes did not appear to be
wrapped. However, when the stirring speed was increased to
300 r/min or 400 r/min, the phosphogypsum crystals could
not grow completely under the action of strong mechanical
stirring. The morphology of phosphogypsum was mainly fine
and messy granular crystals of calcium sulfate, with local
agglomeration. The particle size of phosphogypsum appeared
in the form of small crystals of 13 μm and large aggregates of
about 80 μm.
As different stirring speeds will lead to different crystal

appearances,30,31 the change of phase and the residual P2O5
content of phosphogypsum at different stirring speeds were
explored. Compared with the stirring speed of 200 r/min, the
phase of phosphogypsum obtained at lower or higher stirring
speed was mainly anhydrous calcium sulfate, accompanied by a
small amount of calcium sulfate dihydrate, and the content of
residual P2O5 in phosphogypsum decreased first and then
increased with the increase of stirring speed. At the stirring
speeds of 100, 300, and 400 r/min, the residual P2O5 content
in phosphogypsum was 0.87, 0.57, and 0.62%, respectively.
When the stirring speed was kept at 200 r/min, the obtained
phosphogypsum was mainly composed of calcium sulfate
dihydrate, and the residual P2O5 content of phosphogypsum
was as low as 0.36%.

Figure 6. Phosphogypsum crystallization under different stirring speeds. (A) Particle size distribution, (B) SEM morphology, (C) XRD diffraction
spectrum, and (D) variation of residual P2O5 content.
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In conclusion, based on the above analysis of effects of
process conditions, the reaction time, the dilution ratio, the O/
A ratio, the reaction temperature, and stirring speeds are
synthetically regarded as 7 h 1:4, 1:1, 80 °C and 200 r/min,
respectively. Under optimized conditions, calcium sulfate
presented uniform strip crystals, the main particle sizes of
phosphogypsum were distributed at 12 and 100 μm, and the
crystal surfaces with larger particle sizes did not appear to be
wrapped. Meanwhile, the content of P2O5 in phosphogypsum
could be reduced to 0.36%, and the impurities content met the
China national standard Treatment and disposal specif ication for
phosphogypsum (GB/T 32124-2015).

3.2. Effect of NOA Addition on Phosphogypsum.
3.2.1. Phase and Thermal Stability Comparison. The
phosphogypsum obtained at optimized conditions with NOA
extractant has been analyzed and compared with that obtained
without NOA extractant. First, XRD Rietveld quantitative
analysis has been done to investigate the effect on the phase of
phosphogypsum, and the results can be seen in Figure 7.
It can be found that the content of phosphogypsum with

NOA extractant addition was mainly CaSO4. The content of
anhydrite and dihydrate gypsum was 76.85 and 4.52%,
respectively. Meanwhile, there also exists little amount of
bassanite (10.84%) and quartz (5.08%). When the NOA
extractant was added into the system, the change of
phosphogypsum phase from dihydrate to anhydrite was slowed
down. The main phase in phosphogypsum was also anhydrite,

but the content decreased to 55.52% and the content of
dehydrate increased to 29.01%. The content of bassanite and
quartz remained nearly the same.
The phase change can also be reflected through thermal

analysis, which can be seen in Figure 8. When phosphogypsum
was heated from 90 to 200 °C, the weight loss of
phosphogypsum was 2.8% without NOA extractant. In this
temperature range, the mass loss may be caused by the free
water volatilization and phase change of phosphogypsum.32

According to the ratio of crystallization water in gypsum and
the phase analysis results in Figure 8, the weight loss contained
the crystallization (2.2%) and free water (0.6%) volatilization
in the phosphogypsum. When the temperature reached 600
°C, the mass loss of phosphogypsum was about 2.8%. This
may be caused by the carbon volatilization, which existed in
the phosphate rock and mixed into phosphogypsum in the
acidolysis process. Meanwhile, decomposition of CaSO4 may
also occur to release SO2.

33−35 When NOA extractant was
added, the phase content of dehydrate increased. Therefore,
the mass loss was higher in the range of 90−200 °C compared
with that without NOA addition. According to the results of
XRD Rietveld quantitative analysis, the content of crystal-
lization and free water in phosphogypsum was 6.74 and 0.6%,
respectively. Under this situation, NOA extractant and
sulfonated kerosene are unavoidably entrained in phospho-
gypsum. The boiling point of extractant was 198 °C. However,
the mass loss over 200 °C is only 0.56%, which is much lower

Figure 7. XRD Rietveld quantitative analysis diagram of phosphogypsum (A) without extractant and (B) with extractant.

Figure 8. TG-DSC diagram of phosphogypsum (A) with the extractant and (B) without the extractant.
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than that without NOA. The mass loss contains the
volatilization of the extractant and the impurities. It meant
the impurities removal effect by NOA through the interaction
between oil phase and carbon36 and the entrainment of
extractant in phosphogypsum is less.

3.2.2. Impurities Amount and Occurrence in Phospho-
gypsum. Through the investigation process of NOA
extractant, it can be seen that the phase, mass loss, and
entrained P2O5 can be largely affected. Meanwhile, the
impurities affect the crystal size and morphology in the
crystallization process, which depends on the growth rate of
different crystal faces.15,37 To investigate the effect of NOA
addition on the impurity components and occurrence in
phosphogypsum, XPS analysis was done, and the results are
shown in Figure 9. It can be found that P mainly existed in the

form of insoluble calcium fluorophosphates such as Ca5(PO4)3
and Ca10(PO4)6F2. The addition of NOA caused the decrease
of entrained P2O5 amount, and it led to the intensity reduction
of the peaks related to the P element. The Si 2p spectrum of
phosphogypsum obtained without NOA can be effectually
fitted with two peaks at 687.72 and 350.85 eV, which
represented the existence of the Si−O group structure in silica
(SiO2)

38 and the Si−F group structure in fluorosilicates
(Na2SiF6).

39 The amounts counted for 66.23 and 33.77%,
respectively. The addition of NOA had no obviously effect on
the residual of Si. The spectrum of phosphogypsum under this
situation was similar to the above, and the amounts for two
fitting peaks were 65.79 and 34.21%, respectively.
Peaks of Na, Mg, and Al may also appear in the XPS survey

spectra of phosphogypsum obtained without NOA extractant.

Figure 9. XPS diagram of phosphogypsum with NOA added or not. (A) Si 2p scan spectra; (B) F 1s scan spectra; (C) P 2p scan spectra; (D) Mg
1s scan spectra; (E) Al 2p scan spectra; (F) Na 1s scan spectra.

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://doi.org/10.1021/acsomega.3c01168
ACS Omega 2023, 8, 28122−28132

28130

https://pubs.acs.org/doi/10.1021/acsomega.3c01168?fig=fig9&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c01168?fig=fig9&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c01168?fig=fig9&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c01168?fig=fig9&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.3c01168?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


Na mainly existed as sodium salt and forms aluminate
(1072.17 eV) and silicate (1072.12 eV). Mg existed in the
formation of magnesium silicate (1305.29 eV). Meanwhile, the
substitution of Mg on Ca can form MgF2 (1305.04 eV). Al
mainly existed in the form of fluoride or aluminum fluoride
with crystal water. The existence of F in phosphogypsum is
very complicated, and the signal can be divided into five peak
shapes. They represent the combination of S−F (689.92 eV),
Al−F (687.03 eV), Si−F (686.06 eV), Al−F−Na (685.24 eV),
and Ca−F (683.80 eV). Combined with the analysis of other
impurities, the main forms of F in phosphogypsum were
fluosilicate (Na2SiF6), aluminum fluoride with crystal water
(AlF3·3H2O), fluoroaluminate (Na3AlF6), and insoluble
Ca10(PO4)6F2.

39 When NOA extractant was added and the
spectrum had no obvious characteristic peak for Na, Mg and Al
impurities, it meant that the contents of such impurities were
very low. Fitting peaks of F also decreased. At the same time, F
only existed in residual crystal water aluminum fluoride (AlF3·
3H2O) and a small amount of fluoroaluminate (Na3AlF6). It
meant that the addition of NOA extractant can effectively
transform the impurities from phosphogypsum and reduce the
residual Na, Mg, Al, F, and other impurities in phosphogyp-
sum.40−42

In conclusion, the addition of NOA extractant can effectively
reduce the residual Na, Mg, Al, F, and other impurities in
phosphogypsum. The main impurity forms of phosphogypsum
after acid hydrolysis and NOA extraction are silicate,
aluminum fluoride with crystal water, aluminate, phosphate,
and fluoride.

4. CONCLUSIONS
Based on the novel process of phosphogypsum acidolysis with
synergistic extraction, the high-efficiency removal of impurities
and the crystallization control of phosphogypsum during the
acidolysis of WPA were studied. The results show that under
the optimum process conditions of reaction time 7 h, dilution
ratio 1:4, O/A ratio 1:1, stirring speed 200 rpm, and reaction
temperature 80 °C, phosphogypsum presented uniform strip
crystals. The main particle sizes were distributed at 12 and 100
μm, and the content of P2O5 could be reduced to 0.36%.
Besides, the results of XRD Rietveld quantitative and TG-DSC
showed that the addition of NOA promoted the crystallization
of calcium sulfate dihydrate in phosphogypsum, and the loss of
NOA was less. XPS showed that NOA extractant can
effectively reduce the residual Na, Mg, Al, F, and other
impurities in phosphogypsum, which promoted the growth of
phosphogypsum to form uniform long strip crystals, and the
main impurities of phosphogypsum after acid hydrolysis and
extraction were silicate, crystal water aluminum fluoride, and
aluminate. The results can provide a reference for impurity
removal from wet-process phosphoric acid source and
phosphogypsum crystallization control.
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