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ABSTRACT: The presence of impurities in phosphogypsum has long impeded its effective utilization, highlighting
the need for energy-efficient and sustainable purification methods. This study proposes a novel purification strategy
that synergistically combines pH regulation and micelle-assisted treatment to create an optimized microenvironment
for impurity removal. Under mechanical grinding conditions, this approach enhances the rheological properties of the
phosphogypsum slurries and facilitates the dissolution and removal of impurity ions. Experimental results demonstrate
that the synergistic method achieves a remarkable 64.01% increase in whiteness while significantly reducing soluble
phosphorus and fluoride content in a single-step process. This technique not only achieves high purification efficiency
but also offers a practical pathway for the high-value utilization of phosphogypsum. These findings suggest that this
method has substantial potential for enhancing sustainable resource management and enabling broader industrial
applications of purified phosphogypsum.
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Highlights

• It easily refined cp-PG particles with same grinding time under EME.
• The pH regulation generated by calcium carbonate accelerated the purification of PG.
• The synergistic effect of pH regulation and micelles helped further releasing soluble phosphorus in the

lattice and interlayer of PG.
• EME significantly improved the purification effect on PG than CME and WME.

1 Introduction
As a by-product of phosphoric acid production, phosphogypsum (PG) requires purification for high-

value applications or as a pretreatment prior to safe storage or utilization [1–3]. Global cumulative stockpile
of PG was estimated to exceed 7 billion t, with an annual increment of 150 million t, based on a PG-
to-phosphoric acid ratio of 4.5–5.5:1 [4–6]. Extensive studies have established that soluble, insoluble, and
eutectic impurities in PG adversely impact its performance in construction materials and pose environment
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risks [7–9]. The most prevalent purification methods include water washing, high-temperature calcination,
and the combination of both. Wang et al. highlighted that reusing nonrenewable resources or energy in PG
production may contradict waste minimization and decarbonization objectives. To address this issue, they
proposed a method to quantify the environmental impact of emissions while accounting for resource quality,
enabling precise environmental footprint assessment of industrial production and facilitating source-level
emission control strategies for PG [10–12]. Nevertheless, the considerable water and energy consumption of
these methods significantly diminish both economic viability and environmental benefits [13–15], driving
significant research interest in developing efficient and low-cost PG purification technologies.

The room-temperature purification method for PG demonstrates strong compatibility with current
low-carbon strategies for PG treatment. Researchers utilized calcareous materials or hydrosodalite as
immobilization agents for soluble phosphorus and fluorine in PG through ball milling significantly enhanc-
ing their performance. Researchers developed an innovative PG-based passivator by mechanochemically
activating PG with calcium oxide, systematically evaluating its performance in arsenic-contaminated soil
remediation, including immobilization efficiency and microbial response [16–18]. This approach converts
soluble phosphorus and fluorine into insoluble compounds, that are subsequently stabilized within PG-
based cement materials. Also, lime, carbide slag, calcium carbonate, and polymers have been utilized to
neutralize and consolidate harmful ions in PG. Comprehensive evaluation indentified Ca(OH)2 as the
optimal dosage for lime-based PG neutralization, which improved the compressive strength of supersulfated
cement (SSC) by removing P2O5 impurities [19–21]. However, potential leaching of phosphorus and fluorine
from PG-based cement materials remained a critical unresolved issue. Mineral acid (e.g., HCl, H2SO4,
HNO3) leaching enhanced PG’s purity and whiteness. Ball milling pretreatment was routinely applied to
PG before acid treatment to ensure effective purification. Comprehensive characterization combined with
leaching kinetics studies revealed that leaching efficiency was governed by PG’s solubility limit. Chemical
modeling further confirmed that the system maintained calcium saturation [22–26]. Nevertheless, direct
acid leaching generated substantial acidic wastewater, presenting disposal challenges despite the possibility
of acid reuse. Furthermore, these methods require costly corrosion-resistant equipment, increasing both
purification costs and environmental risks. Consequently, developing a practical and economically viable
room-temperature PG purification method presented multifaceted challenges.

Building upon conventional water washing, researchers have developed hydrothermal methods to
purify PG, achieving high purification efficiency while recovering valuable byproducts. With the addition
of a small amount of modifier, PG was converted into different gypsum products showing improved purity
and whiteness when processed at 95○C–120○C. Under optimal hydrothermal conditions (0.3 M K2S2O8,
120○C, 12 h), the treated PG exhibited a significant increase in whiteness (from 40.9 to 97) with >76%
phosphorus removal efficiency achieving a residual phosphorus content of 0.108%, that complies with China’s
national standards for PGs (GB/T-23456-2018) [27–29]. During these processes, PG underwent continuous
dissolution-crystallization cycles under vigorous stirring, enabling impurities to gradually migrate into
the surrounding solvent, thereby achieving effective purification [30]. To advance a room-temperature
purification methods, researchers explored new techniques for separating impurities from PG and the
aqueous solution with the dual objesctives of enhancing purity and process efficiency. A key innovation
involved an electrochemical driving system, designed to actively transport impurities within the PG slurry
toward dedicated electrodes, enabling efficient purification. However, this method depended heavily on both
the electrochemical system’s initial design and the inherent properties of the PG slurry [31,32]. Additionally,
washing and microbially induced methods effectively removed impurities and heavy metals from PG, con-
verting it into usable products. However, these approaches imposed strict requirements regarding microbial
strain selection and processing environments, with additional challenges in microbial harvesting and reuse
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during later stages. Researchers investigated microbial-induced carbonate precipitation (MICP) technology
for PG bioleaching, achieving 74%–77% removal of phosphorus and fluoride impurities, while calcined
PG exhibited 45%–55% higher removal efficiency compared to raw materials [33,34]. Flotation technique
proved effective in removing insoluble impurities (e.g., silica) from PG, substantially enhancing its purity
and whiteness [35–37]. However, the flotation process’s operational requirements-including the necessity
for specific flotation reagents and repeated slurry re-processing introduced significant complxity, utimately
limiting its scalability for industrial PG purification. Thus, developing a fast, efficient, room-temperature
purification method for PG remains an unresolved challenge that warrants further scientific exploration.

In this study, we developed a single-step PG purification combining wet grinding with chemical
conditioning at room temperature, utilizing a composite additive system of acetic acid, sorbitan oleate,
calcium carbonate, gelatin, and γ-aminopropyltriethoxysilane in precisely controlled proportions during
aqueous, achieving simultaneous whiteness enhancement and impurity removal; in which the specific
additives were designed to combine wet grinding and conditioning. To reveal the accelerated refinement
effect of this combined method, particle distribution, surface charges characteristics, and morphology were
investigated using dynamic light scattering (DLS), zeta potential measurements, and scanning electron
microscopy (SEM). Using Fourier transform infrared spectroscopy (FTIR), thermogravimetric analysis
(TGA), and X-ray diffraction (XRD), we verified the presence of residual calcium carbonate, impurities
in phosphogypsum, and changes in crystal structure, collectively demonstrating the method’s stability and
efficacy. Whiteness tests, inductively coupled plasma emission spectroscopy (ICP), and X-ray fluorescence
spectroscopy (XRF) were conducted to evaluate the purification effect of PG and analyze the purification
mechanism. This work establishes a fast and energy efficient room-temperature purification protocal for
PG, achieving exceptional purification performance while laying the foundation for its future large-scale
utilization and high-value applications.

2 Raw Materials and Test Methods

2.1 Raw Materials
The PG sample used in this study, with a paticle size of 75 μm and whiteness of 32.9%, was obtained from

a phosphate fertilizer plant in Hubei Province following preliminary neutralization treatment. Sorbitan oleate
(99%), gelatin (99%), γ-aminopropyltriethoxysilane (98%), calcium carbonate (99%), and acetic acid (99%)
were purchased from Sigma-Aldrich (St. Louis, MO, USA). Deionized water was produced in the laboratory.

2.2 Purifying Process of PG through Wet-Grinding and Microenvironment Conditioning
A pre-mixed blend of 30 g dried PG and 0.2 g calcium carbonate powder was transferred into a zirconia

tank in a planetary ball mill [38,39]. Separately, 0.9 g gelatin was dissolved in 45 g deionized water with prior
dispersion. In parallel, 2.4 g acetic acid, 0.3 g sorbitan oleate, and 0.3 g γ-aminopropyltriethoxysilane were
slowly mixed into another 45 g deionized water. Finally, these mixed solutions were poured into the tank
along with 210 g agate balls and for continuous room-temperature milling (50 min). The purified PG obtained
after sieving and drying was designated as cp-PG. For the experimental comparison, two control samples
were prepared using distinct additive combinations: the raw PG ground with calcium carbonate, acetic acid,
and sorbitan oleate (c-PG); the raw PG ground with gelatin, γ-aminopropyltriethoxysilane, acetic acid, and
sorbitan oleate (g-PG).
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2.3 Test Methods
The c-PG, g-PG, and cp-PG samples were collected after preparation, washing, centrifugation, and

drying, and were subjected to additional grinding to ensure particle size uniformity. The particle size
distribution in aqueous suspension of c-PG, g-PG, and cp-PG samples was analyzed using a Mastersizer
3000 smart analyzer (Malvern Panalytical, Worcestershire, UK) in DLS mode. The net surface potential of
cp-PG was measured via a NanoBrook 90Plus high-sensitivity potential analyzer (Brookhaven Instruments,
Nashua, NH, USA). Morphologial examined was conducted upon above 3 samples using a TESCAN
MIRA field emission scanning electron microscope (TESCAN, Brno, Czech Republic) in cold mode. The
characteristic functional groups and compositions of these samples were analyzed with a Nicolet iS50
Fourier transform infrared (FTIR) spectrometer (Thermo Fisher Scientific, Waltham, MA, USA) over a
range of 400–4000 cm−1. Thermogravimetric analysis (TGA) and differential thermal analysis (DTA) of the
samples were performed using a PerkinElmer STA 6000 thermal analyzer (Waltham, MA, USA). Samples’
whiteness was determined using a WSD-3U whiteness meter (Kangguang Optical Instruments, Beijing,
China). Quantitative analysis of phosphorus content in the leachates was via a Prodigy7 plasma emission
spectrometer (Teledyne Leeman Labs, Hudson, NH, USA). Comprehensive elemental composition analysis
and solidified fluorine impurity differentiation in cp-PG were carried out by an ARL PERFORM’X X-ray
fluorescence spectrometer (Thermo Fisher Scientific, Waltham, MA, USA).

3 Results and Discussion

3.1 Size Distribution of Purified PG
During the wet-grinding process, the intergranular impurities and organic matter in the PG showed

significant particle size dependence. To enhance dissolution kinetics, a complex microenvironment (CME)
was engineered to facilitate accelerated PG refinement and purification. Through a mild, controlled reaction
between acetic acid and calcium carbonate, a wet-grinding composite microenvironment (WME) was
gradually formed. However, experimental observation revealed that the spontaneously generated bubbles
severely disrupted WME integrity, inducing excessive foam formation in the slurry that adversely affected PG
purification efficiency. To mitigate this, gelatin and γ-aminopropyltriethoxysilane were used as modifiers,
successfully suppressing foam and constructing an enhanced microenvironment (EME). The EME was
established through micro-compartmentalized chemical reactions within the micellar environment, where
CO2 generation occurred acid-base neutralization. These micro-zones, distributed around PG particles,
accelerated impurity decomposition through mechanical stirring impacts while utilizing pressure vari-
ations from resultant micro-bubbles. Such micro-reactions promoted accelerated impurity dissolution,
thus enhancing PG purification efficiency. To inhibit bubble coalescence within the micellar system,
γ-aminopropyltriethoxysilane was served as a defoaming agent, maintaining micellar stability through
suppression of excessive bubble aggregation.

3.2 Zeta Potential of Purified PG
Under different microenvironments, PG particle size underwent significant modifications during

grinding, concurrent with mineral phases dissolution and recrystallization. As particle size progressively
decreased, deeply embedded soluble impurities were liberated from the crystal boundaries between unit
cells [40]. Particle size distribution analysis by DLS (Fig. 1) revealed comparative performance among
CME, WME, and EME, demonstrating substantial particle refinement post-treatment The prevalence of
small and intermedia-sized particles indicated that WME’s efficacy in promoting PG fragmentation and
facilitating impurity release. However, the relatively low proportion of fine particles was attributed to
elevated slurry viscosity caused by abundant bubbles generated during calcium carbonate decomposition,
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which temporarily compromised microenvironmental efficiency. This negative effect gradually diminished
with continued calcium carbonate break down during prolonged grinding. In contrast, without calcium
carbonate, EME exhibited enhanced fine particle production and reduced coarse particle retention. By
optimizing the microenvironment, slurry stability improved, accelerating particle size reduction during
continuous grinding. Building upon CME, the process enhanced the breakdown of large PG particles, as
microenvironmental stability proved critical for maintaining a consistent grinding system. The D50 values
confirmed WME’s superior refinement capability over CME. Furthermore, the progressive breakdown of
large particles increased nucleation sites, promoting agglomeration of fine particles.

Figure 1: (a) Size distribution and (b) cumulative curve of c-PG, g-PG, and cp-PG

The impurities in PG existed in various forms, including phosphate, fluoride, organic matter, and heavy
metals, each exhibiting distinct chemical characteristics that contributed to the negative surface charge of
PG. The pristine PG had highly electronegative impurities on its surface due to conventional neutralization
treatments in the traditional process. This phenomenon occurred because the organic matter and other
adsorbed impurities became significantly electronegative after treatment, based on double-layer adsorption.
Following treatment, impurities both on and within the PG were progressively removed, resulting in a
notable change in surface potential (Fig. 2). The zeta potential of c-PG was approximately −22.41 mV. This
value resulted from the combined effects of a strong driven microenvironment and weakened mechanical
activation during grinding, which likely reduced efficiency of surface impurity removal. Sorbitan oleate
facilitated rapid adsorption and dissolution of organic impurities, releasing additional ion channels and
accelerating the release of inorganic ions. Calcium carbonate induced rapid changes in the particle surface
environment through precipitates formations that significantly reduced the release of impurities and metal
ions while promoting the binding of acetate ions to the particle surfaces. Additionally, the elevated promoted
the adsorption of calcium ions and anionic groups onto the PG surface, directly raising the particle surface
potential. To mitigate pH fluctuations, gelatin-used as a micelle regulator-accelerated the removal of organic
impurities and minimized interference with ion release. As a result, the potential value of g-PG reached
+7.77 mV. Under EME, the purification efficiency of PG in the system improved substantially, removing
more impurities through synergistic effects of both pH and micelle. The potential value of cp-PG was
+3.27 mV, 57.9% lower than that of g-PG. This difference primarily resulted pH-induced removal of positively
charged impurities from PG. The zeta values indicated that micelles aided in removing organic impurities
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and releasing potential ion transport channels during grinding, with pH regulation synergistically enhancing
overall ion release efficiency.

Figure 2: Zeta potential values of c-PG, g-PG and cp-PG samples

3.3 SEM of Purified PG
From Fig. 3a, c-PG contained more large particles, along with numerous rod- and sheet-shaped particles

indicating that while PG could be refined through CME, impurities influenced the particle morphology.
Potential analysis revealed that the slow ion release rate directly correlated with reduced PG refinement
efficiency. Surface organic matter was found to affect large particle morphology and inhibit further refine-
ment. However, this refining effect remained limited, leaving the majority of large particles unrefined. During
the grinding process, PG underwent complex physical-chemical transformations including refinement,
dissolution, crystallization, and growth. Neither complete precipitation of large particles nor full impurity
removal was achieved as shown in Fig. 3b, g-PG demonstrated improved refinement of large particles and
enhanced particle dispersion. This optimized the particle refinement effect from grinding under WME
and enhanced the stability of the refined particles. Fig. 3c illustrated was more pronounced refinement of
large cp-PG particles, showing the gradual breakdown of large particles into smaller ones. However, PG’s
recrystallization led to particle growth. Thus, although micelles proved more effective than pH regulation for
wet grinding and PG purification, their inability to adjust pH and limited ion release capacity constrained
overall performance. The combination of pH regulation with micelles improved organic matter removal,
effectively opened ion release channels, and substantially particle refinement.

3.4 Whiteness of Purified PG
The whiteness of PG critically determined its potential for high-value utilization. However, its whiteness

was generally low due to the presence of organic matter and silicon impurities [36]. Existing purification
methods prioritized PG’s whiteness, making it a key metric for evaluating purification efficacy. Our approach
achieved maximum PG purification with minimal processing time and water consumption. As shown
in Fig. 4, pH regulation alone enabled CME to increase PG’s whiteness to ≥60% in a single step. The whiteness
value of c-PG reached 61.73%, demonstrating the beneficial effect of calcium carbonate’s microenvironmental
reactions during mechanical-micelle purification. However, it remained unclear whether the observed
whiteness improvement originated from residual calcium carbonate or newly formed calcium acetate
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adhered to PG’s surface. In contrast, the whiteness of g-PG was only 59.88%, indicating that even EME could
not efficiently remove PG’s primary impurities. This further highlighted the potential superiority of WME
for purification. Meanwhile, cp-PG’s whiteness reached 64.0%, showing that the combined wet-grinding and
enhanced micelle method achieved higher whiteness than previously reported purification techniques [36].
These results confirmed improved purification efficiency and optimized effects under EME conditions.

Figure 3: SEM images of (a) c-PG, (b) g-PG and (c) cp-PG

Figure 4: The whiteness values of c-PG, g-PG and cp-PG

3.5 FTIR of Purified PG
FTIR was conducted to characterize the impurities in PG, with identification based on the functional

groups of both soluble and insoluble surface impurities (Fig. 5). The absorption peaks around 1120, 800,
and 780 cm−1 corresponded to silica and calcium hydrogen phosphate impurities in PG, respectively [34].
Spectra data revealed that silica particles remained persistent across different microenvironments due to the
stable binding between Si-O groups and calcium ions within the crystal lattice. Compared with literature,
effective silica removal impurities required complex reverse flotation processes employing organic flotation
agents [36]. Under wet grinding conditions, silica impurities did not dissolve effectively in the solution,
and micelles exhibited weak selectivity and adsorption capacity toward them. The characteristic peaks
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between 800 and 780 cm−1 corresponded to intergranular calcium hydrogen phosphate impurities, which
were resistant conventional water washing. However, mechanical enabled selective adsorption of these
impurities, significantly enhancing their removal. Compared to the peaks between 800 and 780 cm−1, c-PG,
g-PG, and cp-PG showed almost no peaks, indicating that the effective removal of intergranular surface
impurities via the combined action of mechanical grinding and micelles. This effect was further optimized
to substantially improve impurity removal efficiency. Additionally, no obvious peaks appeared at 785 and
875 cm−1, which would have indicated C-O bending vibrations from CaCO3. Whiteness measurements
confirmed that efficient removal of intergranular impurities concurrently enhanced both PG whiteness and
purification efficiency. The composite effect generated by EME were particularly effective in facilitating the
removal of intergranular PG impurities.

Figure 5: The FTIR curves of c-PG, g-PG and cp-PG (a,b)

From the FTIR fitting curves, the study analyzed the sulfur trioxide equivalent in PG and assessed the
calcium sulfate loss during the purification process (Fig. 6). The peaks around 3500 cm−1 corresponded to
the main absorption peaks of crystalline water in PG, allowing calculation of the sulfur trioxide equivalent
through stoichiometric conversion. Calcium carbonate generated a large amount of calcium ions locally,
which modified the microenvironment and suppressed the potential dissolution of PG caused by grinding
under CME conditions. Under WME conditions, selective impurity precipitation occurred while the micellar
saturation effect significantly inhibited PG components dissolution. Under these conditions, this process
not only met the PG purification requirements but also reduced its dissolution. The synergistic effect of
grinding and micelles promoted PG purification under EME, resulting in the lowest observed sulfur trioxide
equivalent (37.36%). This observation may contribute to the reduced impurity content in PG following EME
purification, though these measured variations did not affect the overall assessment of purification efficiency.
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Figure 6: FTIR Fitting curves of (a) c-PG, (b) g-PG, (c) cp-PG and (d) sulfur trioxide contents

3.6 XRD of Purified PG
XRD analysis was employed to evaluate the purification effect for deep intergranular impurities in PG

(Fig. 7). Unlike FTIR, X-ray provided greater penetration depth and enhanced identification capability for
lattice impurities in PG. The characteristic peaks corresponding to major impurities like silica and calcium
hydrogen phosphate, were observed in c-PG, g-PG, and cp-PG. However, the silica peak in EME-treated cp-
PG showed the most significant reduction, suggesting that the synergistic effect of pH regulation and micelles
enhanced silica release from PG particles. Nevertheless, the fully eliminatione of silica impurities was not
achieved, likely due to the requirement of more complex procedures for deeper impurities. Calcium hydrogen
phosphate impurities were easier to remove, but FTIR data showed their persistent presence at deeper levels.
This persistence originates from the isomorphic substitution of phosphate groups for sulfate groups within
the PG crystal lattice. Complete elimination of these impurities would necessitate total crystal dissolution to
release the phosphate groups from the lattice framework. The results collectively demonstrate thatwhile the
mechanical method effectively removes surface-level impurities from PG, deeper impurities remain.
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Figure 7: XRD pattern of c-PG, g-PG and cp-PG

3.7 TG of Purified PG
The CaSO4⋅2H2O content in PG could be estimated by analyzing the TG curve and accounting for

the crystalline water shown in Fig. 8. A distinct mass loss plateau was observed in the curves between
200○C–400○C, attributable to the decomposition of crystalline water from CaSO4⋅2H2O. The measured
thermal weight losses were lower than the theoretical value for pure CaSO4⋅2H2O, owing to residual
impurities (e.g., silica) in PG samples. The thermal weight loss of c-PG was 17.01%, resulting in an estimated
CaSO4⋅2H2O content of 81.39%. For g-PG, the thermal weight loss reached 18.01%, corresponding to an
estimated CaSO4⋅2H2O content of 86.61%. In contrast, cp-PG showed a thermal weight loss of 17.8%, with
an estimated CaSO4⋅2H2O content of 85.18%. Wet grinding coupled with pH regulation showed limited
efficacy in bulk impurity removal. Notably, decomposition of calcium carbonate generated calcium ions
that preferentially complexed with acetate ions instead of precipitating and adhering to the PG surface.
Additionally, pH fluctuation destabilized the slurry system, compromising micelles performance. Based on
the thermal weight loss of g-PG, WME treatment demonstrated a significant impurity removal effect as
evidenced by the elevated CaSO4⋅2H2O content in PG. Furthermore, the synergistic combination of pH
regulation and enhanced mechanical micelles provided achieved effective purification while preserving
nearly unchanged CaSO4⋅2H2O content.

3.8 ICP of Purified PG
Based on the ICP data, the soluble phosphorus content in the upper solution of the PG slurry was

measured to evaluate phosphorus released (Fig. 9). The soluble phosphorus content in the upper solution
of c-PG reached 378.372 ppm, whereas that of g-PG slurry was only 296.824 ppm. While pH regulation
promoted phosphorus dissolution, CME showed no enhancement effect. This may be attributed to calcium
carbonate-acetic acid reactions altering the local microenvironment, with simultaneously generated carbon
dioxide providing a driving force, that accelerated phosphorus release from PG into solution—an effect
significantly enhanced purification. However, under WME conditions, the amount of soluble phosphorus
released from g-PG was only 78.45% of that from c-PG. The soluble phosphorus content in the cp-PG slurry
reached 392.549 ppm, which was 103.7% of that in c-PG. Overall, the synergistic effect of wet-grinding and
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mechanical micelles effectively released soluble impurities, accelerating PG purification and demonstrating
promising purification potential.

Figure 8: Thermogravimetric analysis of (a) c-PG, (b) g-PG, and (c) cp-PG, and (d) their theoretical contents of
CaSO4⋅2H2O

Figure 9: The phosphorus content in the upper solutions of c-PG, g-PG and cp-PG
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3.9 XRF of Purified PG
The XRF test results for fluorine and silica content in c-PG, g-PG, and cp-PG are shown in Fig. 10.

Compared with g-PG, c-PG exhibited marginally better fluoride removal efficiency, with fluorine contents
of 0.031% and 0.034%, respectively. In terms of fluoride removal from PG, both pH regulation and micelles
showed comparable effectiveness. Notably, calcium carbonate released substantial calcium ions into the
microenvironment, which helped inhibit calcium ion loss and maintain PG purity. Additionally, substantial
gas generation altered the solution pH, facilitating silica impurity release. An environment relying solely on
EME was ineffective in promoting the efficient release of both silica and fluorine. The data for cp-PG showed
that its fluorine content (0.023%) was lower than that of c-PG, demonstrating the synergistic effect of the two
factors in accelerating impurity separation from PG and improving silica removal. These findings confirm
that EME substantially improves PG purification efficiency.

Figure 10: The (a) fluorine and (b) silica contents of c-PG, g-PG and cp-PG

4 Conclusions
This study employed pH regulation and micelles during the wet grinding process to establish an

enhanced micellar environment (EME), achieving highly efficient one-step purification of PG. Compre-
hensive analysis revealed that, EME provided greater improvements in PG whiteness and more effective
removal of phosphorus and fluorine compared to individual application of either pH regulation or micelles.
Particle size distribution analysis confirmed successful particle refinement and purification under EME
conditions, while zeta potential measurements indicated progressive elimination of both surface and internal
impurities. SEM images revealed that impurity release during wet grinding enhanced PG refinement, leading
to significant whiteness enhancement. FTIR analysis showed that persistent presence of silica particles across
different microenvironments, due to the stable binding of Si-O groups with calcium ions in the crystal
lattice. TG curves demonstrated that wet grinding with pH regulation alone struggled to eliminate many
impurities, particularly calcium carbonate, which decomposed into calcium ions that interacted with acetate
ions rather than precipitating on PG surfaces. ICP and XRF data collectively verified that the synergistic
effect between wet grinding and mechanical micelles effectively liberated soluble impurities, accelerating
purification and highlighting EME’s potential for efficient PG purification. For large-scale application, two
critical challenges must be addressed: development of specialized grinding equipment to maintain a stable
micellar environment, and precise control of PG is required for feed and discharge rates. Although the
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additives used in this experiment are recyclable, systematic process optimization is required before reuse.
Nevertheless, this approach offers a practical solution for future low-carbon, high-efficiency PG purification.
The conclusions were as follows.

1. Particle size and morphology analysis indicated that EME’ s superior refinement of cp-PG particles
compared to conventional methods under equivalent grinding duration.

2. pH regulation via calcium carbonate accelerated the release of interlayer and intergranular impurities
in cp-PG.

3. Under EME, soluble phosphorus in the cp-PG slurry reached 392.549 ppm, 103.7% higher than in
the control micellar environment (CME). The synergistic effect between pH regulation and micelles
during wet grinding facilitated the release of soluble phosphorus impurities, thereby improving
purification efficiency.

4. Compared to conventional PG (c-PG), the fluoride content in cp-PG was reduced to 74.2% of its
original value, confirming that EME significantly improved purification over CME and wet micellar
environment (WME).
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Abbreviations
PG Phosphogypsum
c-PG Purified PG with calcium carbonate, and etc.
g-PG Purified PG with gelatin, γ-aminopropyltriethoxysilane, and etc.
cp-PG Purified PG with gelatin, calcium carbonate, γ-aminopropyltriethoxysilane, and etc.
DLS Dynamic light scattering
SEM Scanning electron microscopy
FTIR Fourier transform infrared spectrum
TG Thermogravimetric analysis
XRD X-ray diffraction
ICP Inductively coupled plasma emission spectroscopy
XRF X-ray fluorescence spectroscopy
CME Complex micellar environment
WME Wet-grinding composite micellar environment
EME Enhanced micellar environment
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