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urrence state of main components
of phosphogypsum dihydrate and its impurity
distribution

Wanqiang Dong, a Ningjie Sun,a Xiangyi Deng,a Zhuo Chen,a Yuefei Zhang,c

Ru'an Chi*ab and Lisong Hua

The dihydrate phosphoric acid process is the mainstream technique. However, the phosphogypsum (PG)

produced contains high levels of impurities such as phosphorus and fluorine, severely constraining its

valorization. In order to elucidate the occurrence patterns of phosphorus and fluorine impurities in PG,

this study employed analytical methods including XRF, XRD, AMICS (Automated Mineralogy Integrated

with Chemistry System), XPS, and chemical element balance analysis. We investigated the occurrence

states of phosphorus, fluorine, silicon, iron, and aluminum elements in PG from wet-process phosphoric

acid production, as well as the distribution characteristics of phosphorus and fluorine impurities.

Additionally, we utilized Density Functional Theory (DFT) calculations to determine the binding energies

of major minerals with water-soluble phosphate and fluoride groups, and analyzed the zeta potentials of

gypsum and quartz mineral surfaces. The results indicate that the main mineral phases in PG are

gypsum, quartz, potassium silicate minerals, aluminosilicate minerals, and hematite, predominantly

occurring in monomineralic forms. Phosphorus impurities primarily exist in calcium silicate and hematite

minerals, while fluorine is mainly associated with gypsum and potassium silicate minerals. DFT

calculations demonstrate strong binding energies between calcium silicate and hematite minerals with

PO4
3−, as well as between gypsum and quartz minerals with F−. The acidic conditions in the separation

tank during wet-process phosphoric acid production may contribute to the distinctive distribution

characteristics of phosphorus and fluorine impurities in PG.
1. Introduction

Phosphorus is a non-renewable vital element and an economic
mineral resource that is extensively utilized in various elds such
as agriculture, chemical industry, pharmaceuticals, light
industry, and national defence.1–4 As of 2008, China has been the
world's largest producer of phosphate rock, accounting for more
than 50% of the world's total.5 A huge industrial system has been
formed for the development and utilization of phosphorus
resources in China.6 Wet process phosphoric acid (WPPA) plays
a crucial role in the phosphorus chemical industry system. More
than 90% of the total output of phosphate rock for WPPA is
utilized for the production of phosphoric acid.7,8 According to the
various process streams, the WPPA process can be divided into
the “dihydrate method”, “hemihydrate method”, and “dihydrate-
hemihydrate method”. The scope of operation and the range of
process conditions of the “dihydrate method” are wider than the
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WPPA process based on the “dihydrate method” and “dihydrate-
hemihydrate method”, and its industrial application is alsomore
extensive.9–11 Based on incomplete statistics, the capacity ratio of
WPPA factories in domestic production using the “dihydrate
method” reaches about eighty percent.12,13 However, it should be
emphasized that compared to the WPPA “hemihydrate method”
and “dihydrate-hemihydrate method”, the “dihydrate method”
process produces phosphogypsum (PG) with a higher impurity
content, in which the P2O5 content is about 1.7%, and the water-
soluble uorine reaches 1.12%.14 The water-soluble phosphorus
in PG reduces the dehydration activation energy of CaSO4 2H2O
in PG, which leads to an increase in setting time and a decrease
in the mechanical strength of PG-based gypsum products. Aer
the formation of CaF2 from F dissolved in PG, the hydration
process of PG-based materials is delayed, resulting in the dete-
rioration of its initial physical and mechanical properties, the
continuous leaching of phosphorus and uorine impurities from
PG when used as a cementitious material for mine backll may
lead to new environmental pollution issues.15,16 To some extent,
this also limits the large-scale use of phosphogypsum-based
cementitious materials,and severe limitations caused by phos-
phorus and uorine impurities in PG against the comprehensive
utilization of PG resources.17,18
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Chemical composition and content of PG

Calculation Task Geometric optimization
Calculation accuracy Fine
Optimization method Conjugate gradient algorithms
Exchange correlation GGA-PBE
Energy cut-off 450 eV
Iterative convergence criteria 10−5 eV
Atomic force convergence criteria 0.01 eV Å
Pseudopotential PAW
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View Article Online
The middle and lower reaches of the Yangtze River represent
signicant bases for the exploitation of phosphate rock resources
and phosphorus chemical industries in China. 80% of phosphate
rock resources and 65% of phosphorus chemical industries are
distributed in the Yangtze River Basin.19 Therefore, the middle
and lower reaches of the Yangtze River are also the main areas of
PG production. In 2021, the production of PG in Hubei province
alone was up to 30 million tons.20,21 PG storage occupies a lot of
land resources and easily causes environmental pollution.22 The
only way to realize the sustainable development of phosphorus
chemical industries is to realize the harmless disposal of PG and
further improve the level of comprehensive utilization.23,24 Up till
now, scientic researchers have conducted a lot of research on
improving the harmless disposal source of PG and optimizing
the process to improve the quality of PG. A research achievement,
using silicon powder (SP) to enhance the uorine recovery during
the WPPA concentration process, has realized the reduction of
uorine deposit formation during the WPPA concentration
process25 Modied spirulina-activated bentonite (MSAB) was
employed as an adsorbent to adsorb and purify uranium, nickel,
lead, and other metal ion impurities present in the ionic state in
WPPA, which met the source improvement of WPPA.26

Researchers have employed the ozone–hydrogen–peroxide
advanced oxidation process to enhance the acidolysis process of
phosphate rock.27 The results revealed that the acidolysis reaction
of apatite ore in the WPPA process incorporates the reduction of
the impurity phosphorus content in PG from the source.
Although the raw material upgrading and the process strength-
ening approaches currently used can achieve the purication of
PG produced by the WPPA to some extent, with the continuous
decline of domestic phosphate rock quality, it is commonly
difficult to guarantee the quality of PG produced from the source.
An in-depth investigation of the occurrence characteristics of
impurities in PG to develop a deep purication process is one of
the feasible ways to comprehend the utilization of PG resources.28

PG has mineralogical characteristics, and mineral process-
ing technology can be effectively employed for deep purication
of PG, however, the impurities in PG are complex. In addition to
soluble phosphorus and uorine impurities with strong
migration, there are also oxide impurities and organic
substances such as silicon, iron, and aluminum. In recent years,
existing research has focused on the removal of soluble phos-
phorus and uorine impurities in PG. Insufficient investigation
on the occurrence law of impurities in PG, including uorine,
iron, aluminum, and silicon, and the lack of process mineral-
ogical data seriously have restricted the exploitation of high-
value resources in PG.29–32 Herein, the mineral phase composi-
tion of the main impurities of PG and the distribution charac-
teristics of phosphorus and uorine impurities in PG are
methodically examined by using process mineralogy and
chemical element balance analysis. The density functional
theory (DFT) and the binding energies of the main mineral
phases in PG such as gypsum and quartz minerals as well as
PO4

3− and F− were appropriately evaluated.33,34 The study
utilizes these ndings to investigate the distribution patterns of
phosphorus and uorine impurities in PG. This is carefully
performed by analyzing the variation of zeta potential in
© 2024 The Author(s). Published by the Royal Society of Chemistry
relation to the pH value on the surface of gypsum and quartz
minerals. In addition, solidication experiments using calcium
oxide as a curing agent were conducted to verify the occurrence
states of phosphorus and uorine impurities in phosphogyp-
sum. The ndings of this paper are expected to provide theo-
retical guidance for the source improvement of PG in the WPA
production process and the efficient solidication of phos-
phorus and uorine impurities in the harmless disposal of PG.
2. Experimental study
2.1. Reagents and instruments

The reagents used in the experiment were dihydrate PG ob-
tained from the “dihydrate method” in a phosphate fertilizer
production enterprise in Yichang. HNO3 and NaOH used for pH
adjustment were purchased from Sinopharm and both were
analytically pure. The surface morphology of PG was carefully
examined by Tescan Vega 3 scanning electron microscope
(SEM). Additionally, the mineral phase composition of PG was
analyzed by XRD-6000 diffractometer, the mineral surface
potential was measured by Zetasizer Nano potential analyzer,
and the XPS analysis was carried out by Thermo Scientic K-
Alpha type X-ray electron spectrometer.
2.2. Experimental method

The PG samples were mixed and reduced, and the chemical
elements of the reduction samples were analyzed. The micro-
structure and surface element composition of PG crystals were
analyzed via scanning electron microscopy and energy spec-
trum analysis (SEM-EDS). The distribution ratio of impurity
elements in PG in various mineral phases was determined by
AMICS (Automatic Mineral Identication and Characterization
System). Based on the chemical element equilibrium analysis,
the characteristics and occurrence mechanisms of impurity
elements (mainly including phosphorus, uorine, silicon, iron,
aluminum, and potassium) in PG were investigated. The
mineral surface was analyzed by a Thermo Scientic K-Alpha X-
ray electron spectrometer and calibrated based on the C 1s
spectrum of 284.80 eV. The data were then appropriately tted
by Avantage soware to analyze the chemical element compo-
sition and chemical bonding form of the PG surface.
2.3. DFT calculation simulation

In this paper, the rst principle thinking soware VASP is
employed to calculate the binding energy between the main
RSC Adv., 2024, 14, 22280–22291 | 22281
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mineral phases and PO4
3− and F− in PG. The exchange corre-

lation is based on the generalized gradient approximation
(GGA) and the PBE functional.35 The energy cutoff used to
extend the Kohn–Sham electron wave function is set equal to
400 eV. The energy criterion for iterative convergence is also set
as 10−5. Let us relax all atoms in the model so that the Hell-
mann–Feynman force is less than 0.01 eV Å−1. The main
calculation parameters and convergence conditions are
provided in Table 1.
3. Analysis and discussion of the
experimental results
3.1. Sample analysis

3.1.1. Analysis of the chemical composition and micro-
scopic morphology. The PG used in this experiment was ob-
tained from a WPPA plant in Yichang, Hubei Province, does not
possess radioactivity. The chemical composition of PG was
investigated using X-ray uorescence spectrometry (XRF), and
the obtained results are provided in Table 2. As is seen, the
Table 2 Results of the chemical multielement analysis of PG (%)

Element SO3 CaO SiO2 P2O5 F
Mass fraction/% 52.63 32.70 10.38 1.72 1.

Fig. 1 SEM-mapping scanning results of PG.

22282 | RSC Adv., 2024, 14, 22280–22291
impurities in PG are mainly Si, P, F, K, Al, and Fe, and the
content of non-metallic impurities such as Si, P, and F is
substantially higher than metallic impurities such as K, Al, and
Fe. Fig. 1 illustrates the SEM-EDS image of a rhombic tabular PG
crystal. The results indicated that the crystallinity of calcium
sulfate crystal in PG was good when it was grown along (020)
planes and the crystal planes were easily disturbed by impuri-
ties during the crystal growth process.36 It is generally believed
that tabular and short rod PG crystals form under good crystal
growth conditions. The scan mapping results reveal that the
CaSO4 2H2O crystal growth in the WPPA process still has a large
number of impurities under ideal conditions. Fig. 1 shows the
surface scanning results of the main chemical elements in
phosphogypsum. As illustrated, the contents of Ca, S, and P in
phosphogypsum are signicantly higher than those of other
elements. Elements such as P, F, Si, Al, K, and Fe are clearly
enriched in some regions.

3.1.2. Mineral phase analysis of PG. Sample phase analysis
is shown in Fig. 2. The spectrum of XRD analysis shows that the
mainmineral phases in PG are gypsum, quartz, and uorapatite
K2O Al2O3 Fe2O3 BaO TiO2 SrO
12 0.58 0.50 0.34 0.15 0.10 0.05

© 2024 The Author(s). Published by the Royal Society of Chemistry

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4ra03273j


Fig. 2 XRD analysis results of PG.
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minerals and the absorption peak is a strong characteristic of
gypsum absorption peak. The characteristic absorption peaks of
quartz and uorapatite were partially covered by the strong
absorption peak of gypsum, indicating that the mineral phase
content of gypsum in PG was high and crystallinity was good.
The results of the chemical multi-element analysis show that
there are mineral phases containing iron, aluminum, and other
impurities in PG, but due to the low content, it was difficult to
analyze it by the XRD method, so it needed to be analyzed via
other test methods. The composition and content of the
mineral phase in PG were investigated based on the XRD
analysis, and the content of the main mineral phase in PG was
calculated by semi-quantitative analysis method. However, it is
worth noting that the semi-quantitative XRD analysis approach
makes it difficult to determine the mineral phase with relatively
low content in the mineral and cannot be used to determine the
intergrowth and symbiotic relationship among different
mineral phases. Therefore, it is necessary to explore the distri-
bution characteristics among various minerals in PG with the
help of other characterization analysis approaches.
3.2. Analysis of the mineral liberation degree of PG

The composition of mineral species directly affects the occur-
rence characteristics of elements in minerals.37,38 PG presents
mineralogical characteristics. Except for water-soluble phos-
phorus and uorine, other impurity elements mainly exist in
the form of mineral phases in PG. In this article, the degree of
release and intergrowth relationship of the main mineral pha-
ses in PG are also of concern. The distribution characteristics of
the main impurity elements in PG can be determined by
combining the chemical composition of the mineral phases.
For this purpose, PG was analyzed using an automatic mineral
analysis system, and the liberation degree of gypsum, quartz,
potassium silicate, calcium aluminate, rutile, biotite, pyrite,
chlorite, and wollastonite monomer, as well as the intergrowth
and symbiotic relationship among minerals were determined.
According to the analysis results in Table 3, the mineral phases
in PG are mainly in the form of monomer minerals, and the
distribution ratios of gypsum and quartz monomers in order
© 2024 The Author(s). Published by the Royal Society of Chemistry
are 92.18 and 80.84%. The proportions of occurrence and
distribution of potassium silicate, calcium aluminate, rutile,
biotite, pyrite, chlorite, and wollastonite in PG are 81.62%,
96.51%, 96.63%, 89.30%, 76.59%, 87.45%, and 85.84%,
respectively. It is worth mentioning that calcium aluminate and
rutile were almost all in the form of monomer minerals. The
intergrowth degrees of potassium silicate, calcium aluminate,
rutile, biotite, pyrite, chlorite, wollastonite, and gypsum
minerals were evident as 0.32%, 0.77%, 0.04%, 3.86%, 0.00%,
0.83%, and 0.44%, indicating an obvious intergrowth relation-
ship between gypsum and minerals including potassium sili-
cate, calcium aluminate, biotite, and wollastonite. The
intergrowth degrees of potassium silicate, calcium aluminate,
rutile, biotite, pyrite, chlorite, wollastonite, and quartz minerals
were obtained as 0.00%, 0.00%, 0.95%, 0.40%, 7.56%, 2.13%,
and 0.15%, respectively, indicating that a signicant inter-
growth relationship of quartz minerals with rutile, biotite,
pyrite, and chlorite.

According to Ennaciri et al.37 the occurrence of phosphorus,
uorine, and iron impurity elements in PG is closely related to
the characteristic impurity mineral components. The contents
of gypsum, quartz, potassium silicate, calcium silicate, rutile,
and biotite in the PG samples used in this study in order are
82.58, 8.73, 1.64, 0.62, 0.41 and 0.30%. The minerals produced
in the form of monomer minerals constitute 85.70% of the total
mass of PG. Therefore, the dissociation degree relationship of
mineral phases in PG provides basic data to analyze the distri-
bution characteristics of impurity elements in various mineral
phases.
3.3. Study on the occurrence characteristics of the main
impurity elements in PG

3.3.1. Spectroscopic analysis of the element occurrence
state. The chemical element state and composition of the PG
surface were analyzed by XPS technology. As demonstrated in
Fig. 3(a), some characteristic peaks were detected at 75.15 eV,
103.6 eV, 134.23 eV, 169.28 eV, 248.8 eV, 348.08 eV, 458.88 eV,
532.19 eV, and 711.18 eV in the XPS full spectrum of PG, cor-
responding to the elements Al 2p, Si 2p, P 2p, S 2p, C 1s, Ca 2p,
Ti 2p, O 1s, and Fe 2p, respectively. As demonstrated in Fig. 3(b),
the C1s high-resolution spectrum was split and tted into three
peaks at 284.7 eV, 285.34 eV, and 286.1 eV, corresponding to C–
C/C]C, C–O, and C]O bonds, respectively. The high-
resolution XPS P 2p spectrum is illustrated in Fig. 3(c). It can
be seen that the spectral signal is divided and ts into two
peaks. The two characteristic peaks of PO4

3− at 134.03 eV and
134.93 eV correspond to P 2p3/2 and P 2p1/2. Relevant studies
indicate that in the binding energy range of 130.9–136 eV,
phosphorus oxides may be in a P–N or P–O environment. The
XRF multi-element analysis results of the test samples did not
detect the presence of nitrogen, so it can be determined that
this is a P–O environment.39,40 According to the statistical
research by Kim S. Siow et al.,41 phosphorus oxides in the form
of PO4

3− have a binding energy of around 134.0 eV. Therefore, it
can be further conrmed that phosphorus in phosphogypsum
mainly exists in the form of PO4

3−. The high-resolution XPS F 1s
RSC Adv., 2024, 14, 22280–22291 | 22283
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Table 3 Results of the chemical multielement analysis of PG (%)

Mineral Monomer

Connectivity/%

Quartz Biotite Calcium aluminate Potassium silicate Pore Other minerals

Gypsum 92.18 0.01 0.02 0.01 0.01 4.47 3.30

Mineral Monomer

Connectivity/%

Gypsum Rutile Pyrite Pore Other minerals

Quartz 80.84 0.11 0.09 0.21 15.09 18.74

Mineral Monomer

Connectivity/%

Wollastonite Gypsum Biotite Pore Other minerals

Potassium
silicate

81.62 0.34 0.32 0.08 5.24

12.40

Mineral Monomer

Connectivity/%

Fluorapatite Gypsum Rutile Pore Other minerals

Calcium
aluminate

96.51 0.02 0.77 0.06 2.48 0.16

Mineral Monomer

Connectivity/%

Quartz Gypsum Calcium aluminate Pore Other minerals

Rutile 96.63 0.95 0.04 0.09 2.12 0.17

Mineral Monomer

Connectivity/%

Quartz Gypsum
Calcium iron
olivine Potassium silicate Pore Other minerals

Biotite 89.3 0.4 3.86 0.37 0.38 3.15 2.54

Mineral Monomer

Connectivity/%

Quartz Pore Other minerals

Pyrite 76.59 7.56 5.59 10.25

Mineral Monomer

Connectivity/%

Quartz Gypsum Pore Other minerals

Chlorite 87.45 2.13 0.83 7.82 1.77

Mineral Monomer

Connectivity/%

Quartz Gypsum Calcite Potassium silicate Pore Other minerals

Wollastonite 85.84 0.15 0.44 1.01 2.45 7.08 3.03
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spectrum has been illustrated in Fig. 3(d). The plotted results
reveal that the spectral signal can be divided and tted into two
peaks. The two characteristic peaks of F at 685.44 eV and
687.34 eV correspond to the characteristic peaks of chemical
bonding of metal uoride and organic uoride, respectively.
From the mineralogical analysis results, it can be determined
that the two characteristic peaks of F were Ca–F and Si–F
22284 | RSC Adv., 2024, 14, 22280–22291
chemical bonds, respectively, which indicates that F is mainly
present in the form of metal uoride salts in PG, which
accounts for about 69.48%. The high-resolution XPS spectrum
of Si 2p has been presented in Fig. 3(e). The results indicate that
the spectral signal can be split and tted into three peaks, which
are located in three characteristic peaks of 102.40 eV, 103.46 eV,
and 104.04 eV. Among them, 102.40 eV corresponds to the
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Spectroscopic analysis results of the occurrence state of the PG: (a) total spectrum, (b) C, (c) P, (d) F, (e) Si, (f) Fe, (g) Al.
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characteristic peak of aluminosilicate minerals, 103.46 eV and
104.04 eV in order correspond to the 2p3/2 and Si 2p1/2 Si–O
bond states. This conrms that Si is essentially produced in the
form of quartz minerals to a certain extent. As shown in the
high-resolution spectrum of Fe 2p in Fig. 3(f), the two charac-
teristic peaks of Fe3O4 at 710.2 eV and 712.47 eV in order
correspond to Fe 2p3/2 and Fe 2p1/2, indicating the presence of
Fe2+ and Fe3+ ions to a certain extent. In addition, the Fe2+

satellite peaks at 716.23 and 725.30 and those of Fe3+ at 722.66
and 729.84 eV further indicate that Fe exists in PG as Fe2+ and
Fe3+. Kazragis believed that insoluble FePO4 and soluble ferric
sulfate would be produced in the WPA process.42 At the same
time, according to the static leaching test analysis of the
experimental sample, in the case of pH > 4, Fe is almost insol-
uble, so we believe that Fe in the PG sample is mainly present in
© 2024 The Author(s). Published by the Royal Society of Chemistry
the form of insoluble compounds. The XPS spectrum of Al 2p
has been demonstrated in Fig. 3(g) which exhibits two peaks at
75.02 eV and 75.62 eV. These represent characteristic peaks
pertinent to the Al–O bond and suggest that the aluminum
element is mainly present in the form of aluminosilicate in the
analysis of PG. Based on the above results, analysis of Si 2p
spectrum at 103.6 eV and F 1s spectrum at 685.44 eV reveals that
F in PG exists mainly in the form of metal uoride followed by
uosilicate. Additionally, analysis of the P 2p spectrum is
indicative of the fact that phosphorus in PG is mostly present in
the form of PO4

3−, but the main mineral phase of occurrence
could not be determined.

3.3.2. Analysis of the element distribution characteristics.
The impurity mineral phase in PG is relatively complex. The
content of the target elements and the type of mineral phase of
RSC Adv., 2024, 14, 22280–22291 | 22285
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themain impurity in PG is determined by XRF analysis and XRD
analysis, but the occurrence characteristics of the target impu-
rity elements in different mineral phases of PG are not known.
To investigate the distribution characteristics of various impu-
rity elements in related mineral phases, element balance anal-
ysis was performed based on the mineral content (Fig. 4) of the
sample and the distribution ratio of P, F, Si, Fe, Al, K, and other
elements in PG in related minerals. The corresponding analysis
results are presented in Fig. 4 and 5. As is seen, element P is
mainly present in calcium silicate minerals, rutile, wollastonite,
and uorapatite with distribution ratios of 50.45, 19.46, 9.08%,
and 9.69%, respectively. The phosphorus element in uo-
rapatite is mostly insoluble, and soluble phosphorus may exist
mainly in calcium silicate and rutile mineral phases. In
combination with the above XPS analysis results, the obtained
results reveal that the phosphorus element in PG is mainly in
the form of PO4

3− and there is almost no phosphorus-
containing component in the pure mineral phases of calcium
silicate and rutile. Therefore, there may be chemisorption
among the water-soluble phosphoric acid component, calcium
silicate, and rutile, which then leads to the enrichment of
phosphorus elements in the calcium silicate and rutile. F
mainly exists in gypsum, potassium silicate, and calcium
aluminate minerals with distribution ratios of 73.94, 15.52, and
3.97%, respectively. Fluorine element is mostly insoluble in
potassium silicate and calcium aluminate minerals, and the
typical mineral is potassium uosilicate, soluble uorine may
exist mainly in the gypsum mineral phase. The results of XPS
analysis show that the content of F in PG in the form of metal
uoride is 69.48%, which is equivalent to the distribution rate
of F in gypsum obtained from process mineralogical analysis.
Relevant investigations have revealed that when the pH value in
the system is more than 2.0, F− reacts with Ca2+ and forms CaF2
precipitation. Considering that the pH value of the system in
Fig. 4 Mass proportion of the main mineral phases in PG.

22286 | RSC Adv., 2024, 14, 22280–22291
the acidolysis and ltration processes of the WPA system is less
than 2, we believe that the uorine-containing substances in the
form of metallic uoride in gypsum are mainly soluble uoride
salts such as KF and NaF. In this form, F possesses a strong
migration ability, and Fe is mainly present in pyrite, quartz,
biotite, iron olivine, andmagnetite, and their distribution ratios
are obtained as 35.94, 21.53, 12.27, 6.20, and 9.37%, respec-
tively, which are associated with the insoluble mineral phases.
Al element mainly exists in quartz, calcium aluminate, chlorite,
biotite, and anorthite minerals with distribution ratios of 29.38,
26.15, 14.68, 12.00, and 5.12%, respectively. K element is mainly
found in potassium silicate minerals, quartz, and biotite with
a distribution ratio of 86.27% in potassium silicate. Addition-
ally, according to the element balance analysis, the concentra-
tion of element P in calcium silicate and rutile of PG is
signicantly higher compared to other components. Element F,
on the other hand, is enriched in the mineral phase of gypsum,
whereas element K is predominantly present as potassium
uosilicate. Furthermore, Fe and Al elements in PG do not
exhibit substantial enrichment characteristics.
3.4. Analysis of distribution characteristics mechanism of
phosphorus and uorine impurities

The adsorption mechanism of a specic type of substance on
a specic material can be simulated by density functional theory
(DFT). The phosphorus and uorine impurities in PG exhibit
signicant distribution characteristics in various minerals. To
clarify the direct interaction mechanism between phosphorus
and uorine impurities in PG and different minerals, binding
energies of main mineral phases and PO4

3− and F− in PG are
calculated in this paper. The main calculation parameters and
convergence conditions are provided in Table 1. The calculation
results reveal that under ideal conditions, the binding energies of
quartz, gypsum, potassium silicate, calcium silicate, and rutile
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 Distribution ratio of the main impurity elements in PG in various mineral phases: (a) P, (b) F, (c) Si, (d) Fe, (e) Al, (f) K.
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with PO4
3− and F− are less than zero, which indicates that these

ve mineral phases have a strong binding ability with PO4
3− and

F−. Further, the binding energy of PO4
3− with calcium silicate

and rutile is substantially lower than that of PO4
3− with the other

three minerals, indicating that PO4
3− binds more easily with

calcium silicate and rutile. The binding energy of F− with
gypsum and quartz is signicantly lower than the binding
energies of F−with potassium silicate, calcium silicate, and rutile
minerals. As a result, F− tends to be enriched in gypsum and
quartz minerals. The DFT calculation results are indicative of the
fact that the enrichment rule of F− in gypsum minerals, but the
results obtained from the process mineralogical analysis show
that PO4

3− is only enriched in calcium aluminate and rutile. In
addition, such results indicate that the distribution of PO4

3− in
gypsum was only 0.45% and that of PO4

3− in quartz increased to
9.9%. Both gypsum and quartz crystal surfaces in
© 2024 The Author(s). Published by the Royal Society of Chemistry
phosphogypsum contain a large number of oxygen atoms. In
a weakly acidic environment, the electrokinetic potential on the
mineral surface is less than 0. At this point, there are many
negatively charged oxygen atoms on the mineral surface, signif-
icantly reducing the electrostatic adsorption capacity between
the mineral particles and F− and PO4

3−.43,44 During the produc-
tion of WPA, the pH value of the acidolysis tank was less than 1,
and the lter tank of the phosphoric acid and PG separation
section had a pH value of 1–2 in operational conditions. The
operating conditions of theWPA acidolysis reaction tank and the
lter tank were strong acidic environments with pH # 2. This
paper measured the zeta potential on the surfaces of gypsum and
quartz minerals under pH conditions of 0–6, as the test results
illustrated in Fig. 7. From the results of the zeta potential test, it
can be seen that in the case of pH # 1, the surfaces of gypsum
and quartz mineral particles have electropositivity. Additionally,
RSC Adv., 2024, 14, 22280–22291 | 22287
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Fig. 6 Binding energy values among the main mineral phases and phosphorus and fluorine.
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in the case of pH= 2, the surface of quartz mineral particles still
presented electropositivity, while the eta potential value of
gypsum was less than zero. Under such conditions, quartz and
PO4

3− groups would be prone to electrophilic adsorption, so the
distribution of PO4

3− in quartz was signicantly higher than that
of gypsum. Additionally, the DFT calculation results are consis-
tent with the results obtained from the element equilibrium
analysis (Fig. 6).

3.5. PG solidication test

According to XPS analysis, uorine in PG exists in the form of
alkali metal uorine salt. Combined with the distribution
characteristics of phosphorus and uorine impurities and the
DFT binding energy calculation results, it can be seen that
PO4

3− in PG is mainly present in the form of water-soluble
phosphate, which has a strong migration ability. Therefore,
for the disposal of PG by the stacking method, the appropriate
curing agent can be selected to effectively cure the impurities
of phosphorus and uorine dissolved in water in PG to realize
Fig. 7 Zeta potential analysis results of gypsum and quartz.

22288 | RSC Adv., 2024, 14, 22280–22291
the harmless disposal of PG. In this article, CaO powder has
been utilized as a curing agent. For 3.0% CaO powder under
the curing temperature of 30 °C for 150 minutes, the curing
rate of water-soluble phosphorus in PG reached 98.5%, and
the curing rate of water-soluble uorine impurities was ob-
tained more than 99.0%. The SEM-EDS analysis results of PG
samples aer the curing process have been illustrated in
Fig. 8. The SEM micrograph demonstrates that loose occu-
lent deposits are formed on the surface of the cured PG
particles. The energy spectrum analysis results indicate that
the cured PG has a signicantly increased F atom content from
0.09% to 16.78% and P atom content from 4.26% to 5.02%
compared to the original PG. This suggests that during the
calcination process, the uoride in the alkali metal uoride
salt mainly solidies with CaF2 as the primary precipitation
product. According to the analysis results, the water-soluble
uoride in PG primarily exists on the surface of PG minerals
in the form of alkali metal uoride salt. Its ability to move
around is considerably higher than that of the water-soluble
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 8 SEM-EDS analysis results of the PG samples after the curing process: (a) SEM, (b) EDS.
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phosphorus in PG. Therefore, it is a signicant pollutant that
should be prioritized in the environmental risk analysis of PG.

4. Conclusions

(1) The process mineralogical analysis reveals that gypsum has
a signicant intergrowth relationship with potassium silicate,
calcium aluminate, biotite, and wollastonite, while quartz
minerals exhibit a signicant intergrowth relationship with
rutile, biotite, pyrite, and chlorite. The distribution of phos-
phorus impurities in calcium aluminate and rutile is remark-
ably higher than the average. The distribution ratio of uorine
impurities in gypsum is obtained up to 73.94%. The distribu-
tion of iron impurities in the impurity mineral phase was
relatively balanced, and the distribution of aluminum impuri-
ties in quartz and calcium aluminate was signicantly higher
than in other components. The results of XPS valence analysis
indicate that phosphorus is mainly present in the form of PO4

3−

in PG, while uorine mainly exists in the form of metal uoride
salt in PG, followed by uoride, Fe element mainly exists in
insoluble form, and K element mainly occurs in potassium
silicate mineral.

(2) The results of the balance analysis of chemical elements
show that phosphoric acid is enriched in the mineral phase of
calcium aluminate and rutile, as well as uorine within gypsum
and potassium silicate minerals, which demonstrates signi-
cant enrichment and distribution characteristics. The results of
DFT calculations reveal that the binding energy between phos-
phate and calcium aluminate and rutile is signicantly higher
than that and other minerals. In addition, the binding energies
among the uoride, quartz, and potassium silicate minerals are
signicantly higher than in other cases. In the production
process of WPPA, PO4

3− most likely had an electrophilic
adsorption reaction with quartz under the operating conditions
of pH z 2 in the lter tank, which may be the main reason for
the distribution characteristics of phosphorus and uorine
impurities in PG.

(3) In the harmless treatment of PG via the curing method,
the use of a curing agent to neutralize the acidity of PG is able to
achieve efficient curing of water-soluble phosphorus and
© 2024 The Author(s). Published by the Royal Society of Chemistry
uorine in PG. For the dosage of curing agent of 3.0% in the
presence of the curing temperature of 30 °C for 150 min, the
curing rate of water-soluble phosphorus in PG is obtained as
98.5%, whereas the curing rate of water-soluble uorine
impurities reaches more than 99.0%. Aer the curing process,
PG exhibits good environmental friendliness. The main product
of water-soluble uoride in PG is CaF2 precipitation when using
a curing agent for harmless disposal of PG. Therefore, the
research in this paper can provide theoretical guidance for the
efficient recovery of uoride resources from PG.
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