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ABSTRACT: To address the environmental challenges posed by massive phosphogypsum (PG) stockpiles
and groundwater fluoride contamination, this study developed an eco-friendly strategy for synthesizing
lanthanum-doped hydroxyapatite (La-PGHAP) from PG waste via an acid precipitation-hydrothermal
method. The synthesized La-PGHAP exhibited a spherical morphology, high crystallinity, and a
significantly enhanced specific surface area of 53.11 m?/g. Batch adsorption experiments revealed that pH
critically influenced fluoride (F~) removal, with maximum adsorption capacities of 8.20 mg/g (PGHAP)
and 31.98 mg/g (La-PGHAP) at pH 4. The adsorption process followed pseudo-second-order kinetics and
the Langmuir isotherm model, indicating chemisorption-dominated monolayer adsorption. La doping
introduced Lewis acid-base interactions through La**~F~ coordination, improving both adsorption capacity
and stability across a wide pH range (2—10). Reusability tests demonstrated that La-PGHAP retained 85.4%
of its initial capacity after 4 cycles. This “waste-to-waste” approach not only repurposes PG into a high-
efficiency adsorbent but also provides a sustainable solution for mitigating fluoride pollution, showcasing
significant potential for industrial-scale water treatment applications.
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1. Introduction

Phosphogypsum (PG), a byproduct of phosphoric acid production via the wet process, contains calcium
sulfate dihydrate (CaSO4:2H20) along with impurities such as residual phosphate rock (3—8% P20:s),
fluoride (1.2—4.5%), heavy metals (e.g., Cd, As), and trace radionuclides [1]. China, the world’s largest PG
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producer, generates over 80 million tons annually, with cumulative stockpiles exceeding 800 million tons
as of 2022. As China’s leading phosphate chemical hub, Hubei holds the nation’s largest phosphate rock
reserves and fertilizer output. It generates nearly 30 million tons of phosphogypsum each year, making it
the country’s leading source of accumulated waste. The primary factors restricting the comprehensive
utilization of phosphogypsum are its high impurity content and the low economic competitiveness of its
related products. Only 50% of the PG is currently utilized, primarily in low-value applications like cement
retardants (33%) and soil amendments (2%), while the rest is landfilled, posing severe ecological risks
through acidic leachate (pH 1.5-4.5) and fluoride migration into groundwater [2,3]. Fluoride contamination
from PG stockpiles and natural sources affects 37 million people in China, particularly in Shaanxi and
Xinjiang, where groundwater F~ concentrations reach 6-30 mg/L [4]. Chronic exposure to 3—6 mg/L. F~
causes dental fluorosis (mottled enamel) and skeletal fluorosis (bone deformation), as confirmed by
epidemiological studies showing 42% prevalence in endemic areas [5].

Conventional PG recycling faces three key bottlenecks: (1) The application of building materials (such
as gypsum board) is facing market resistance due to user acceptance issues, approximately 3000 tons of
phosphogypsum are consumed annually through this pathway [6,7]; (2) Soil amendment requires costly
transportation and shows inconsistent crop yield improvement (vs. commercial fertilizers), around 600 tons
of phosphogypsum are consumed annually through this pathway [8,9]; (3) Chemical conversion to high-
value products (e.g., (NH4)2SO4) demands energy-intensive fluoride removal (>90% purity required),
approximately 400 tons of phosphogypsum are consumed annually through this pathway [10]. Despite the
above approaches, the full utilization of phosphogypsum remains challenging given its annual production
volume. In order to achieve “waste for waste” comprehensive treatment model, HAP synthesized by
chemical conversion of PG (PGHAP) to adsorb and remove F~ in water is a novel resourceful utilization.
HAP is a calcium phosphate biomaterial with the chemical formula Caio(PO4)s(OH)2. There are two
different binding sites C and P on the surface, the C site composed of Ca?" is positively charged, and the P
site composed of PO4*~ group is negatively charged [11]. The adsorption of F~ by HAP is mainly based on
its unique physicochemical properties and structural characteristics, and it has become a research hotspot
in recent years as a new type of environmentally functional material. Specifically, it can be summarized as
Ca?" in HAP reacting with F~ in solution to produce CaF> precipitation, or F~ replacing some of the hydroxyl
group (-OH) in HAP to form fluorapatite (Cas(PO4)3F), or F~ adsorbing on the surface of HAP by
electrostatic and van der Waals forces. However, pure HAP exhibits limited adsorption capacity and
selectivity for fluoride under complex aqueous conditions, necessitating structural modifications to enhance
its performance. Experimental studies reveal that unmodified HAP achieves an adsorption capacity of only
6.88-10.9 mg/g [12,13]. This constraint arises from the inherent structural limitations of pure HAP,
including its low specific surface area, limited active sites for F~ binding, and susceptibility to surface
charge reversal in acidic or alkaline media [14].

To address these challenges, structural modifications of HAP have emerged as a critical strategy to
enhance both adsorption capacity and selectivity. Spherical HAP achieved a synergistic improvement in
specific surface area, diffusion kinetics, and active site density through geometric morphology optimization,
and its adsorption capacity and rate were significantly better than non spherical structures [15]. In addition,
doping with multivalent cations (e.g., La*", Zn?", Mg**) has been shown to optimize the crystallinity and
surface chemistry of HAP. For example, La*"-doped HAP introduces strong Lewis acid-base interactions
between La®" and F, increasing adsorption capacity while maintaining stability across a pH range of 4-10
[16]. Based on this, this work pioneers the integration of industrial solid waste recycling with advanced
adsorbent design, offering a dual solution to fluoride pollution and phosphogypsum accumulation.
Advanced characterization techniques (XRD, XPS, and BET) are employed to elucidate the structural
evolution and fluoride binding mechanisms. The La-PGHAP composite material is expected to exhibit
excellent adsorption capacity compared to conventional HAP, while maintaining stability across a wide pH
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range. The findings are expected to advance the development of eco-friendly water treatment materials and
provide actionable insights for scaling up PG-based adsorbents in industrial applications.

2. Materials and Methods
2.1. Materials and Reagents

A chemical enterprise in Hubei Province, China supplied PG. Potassium phosphate monobasic,
hydrochloric acid, sodium hydroxide, and sodium fluoride were purchased from China National Medicines
Group Chemical Reagents Co., Ltd. (Beijing, China).

2.2. Synthesis Process of Adsorbent Materials

Raw phosphogypsum (50 g) was subjected to acid leaching by stirring with 250 mL of 2 mol/L
hydrochloric acid at 80 °C for 2 h, followed by vacuum filtration through a 0.45 pm polyethersulfone
membrane to remove insoluble impurities (e.g., silica and residual phosphate rock). The filtrate was rapidly
cooled to 25 °C in an ice-water bath to precipitate calcium-rich solids, which were collected via
centrifugation (6000 rpm, 10 min) and redispersed in deionized water to form a homogeneous Ca’*
suspension. This calcium source was combined with a 0.5 mol/L potassium dihydrogen phosphate (KH2PO4)
solution at a stoichiometric Ca:P molar ratio of 1.67, followed by sequential addition of urea (urea:Ca =
10:1 mol/mol) and EDTA (0.03 mol/L final concentration) to regulate crystal growth kinetics. The mixture
pH was adjusted to 3.0 = 0.1 using diluted HNOs3 to prevent premature hydroxyapatite nucleation [17]. For
La-doped samples, predetermined quantities of La2Os3 (corresponding to La:Ca molar ratios of 1%, 3%, and
5%) were dissolved in 5 mL concentrated HNOs before incorporation into the reaction system. The
precursor solution was transferred into a 100 mL Teflon-lined stainless steel autoclave and hydrothermally
treated at 150 °C for 8 h under autogenous pressure (0.85 bar), during which urea decomposition
(NH2CONH2 — 2NHj3 + CO2) gradually elevated the pH to ~9.5, enabling controlled crystallization. Post-
synthesis, the products were vacuum-filtered, washed alternately with deionized water and ethanol to
eliminate ionic residues and organic byproducts, and dried overnight at 60 °C in a vacuum oven to obtain
PGHAP and La-PGHAP powders (see Figure 1).

Pretreatment +La,0;

150°C
8h

Figure 1. Synthesis process of adsorbent material.

2.3. Static Batch Adsorption Test

In the static batch adsorption test, the control variable method was used to control only variables,
including adsorption time, F~ initial concentration, temperature, pH, and adsorbent dosing. Specifically, a
certain mass of adsorbent (10—50 mg) was added to a 50 mL conical flask, and then 20 mL of F~ solutions
(10, 20, 30, 40, and 50 mg/L) with different concentrations having different pH (2, 4, 6, 8, and 10) were
added. The static adsorption test was carried out in a thermostatic water bath shaker set at 200 rpm, and the
thermostatic oscillator was set at different temperatures (25, 30, 35, 40, and 45 °C), and the concentration



Green Chem. Technol. 2026, 3(2), 10008. doi:10.70322/gct.2026.10008 4 0f 16

of F~ in the supernatant was determined by ion chromatography. The above experiments were repeated
three times to take the average value.

2.4. Calculation and Analytical Methods

The amount of F~ adsorbed by the adsorbent at time ¢ (g, mg/g) and the amount adsorbed at the
equilibrium moment (g, mg/g) were calculated by Equation (1) and Equation (2), respectively.

(co —c)V

- 7 1

q: I (1
(cg—c )V

qe = OTE 2

where co is the initial F~ concentration, mg/L; ¢ is the concentration of F at time ¢, mg/L; ce is the F~
concentration at the equilibrium moment, mg/L; M is the adsorbent dosage, g; V'is the volume of F-solution, L.

The dynamic curves were fitted by pseudo-first-order and pseudo-second-order kinetic models, and the
kinetic parameters, such as pseudo-first-order rate constant (ki1, h™!), pseudo-second-order rate constant
(g/mg-h), the theoretical adsorption capacity (g0, mg/g), and the number of data points (n) were calculated.
The isotherm curves were fitted by the Freundlich and Langmuir model, and the thermodynamic parameters,
such as Gibbs energy (AG, kJ-mol™), enthalpy (AH, kJ-mol™!) and entropy [AS, J-(mol-K)™!] were
calculated according to Equations (3)—(5). R is the ideal-gas constant, 8.314 J-(mol-K)".
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3. Results and Discussion
3.1. Morphological and Compositional Analysis of La-PGHAP

The SEM images in Figure 2 vividly illustrate the series of dynamic morphological changes induced
by the gradual increase of La doping concentration. The undoped PGHAP (Figure 2a) serves as a reference,
exhibiting well-defined, smooth spherical particles approximately 2—3 um in diameter. Upon introducing a
low La doping level (1%, Figure 2b), the first significant morphological transition occurs. The originally
smooth surfaces of the microspheres are uniformly decorated with sub-100 nm protrusions. This
phenomenon is attributed to La**-mediated heterogeneous nucleation, marking the initial stage where La
incorporation begins to alter the crystal growth habit. As the doping concentration is raised to 3% (Figure
2c¢), a more profound transformation takes place. The primary particles lose their individual spherical
identity and aggregate into larger clusters ranging from 5 to 7 pm. This aggregation is primarily driven by
the charge imbalance created by the substitution of Ca?* with La*" (as evidenced by the decrease in Ca
content from 11.61 at.% to 8.09 at.% in Table 1), which is consistent with the charge compensation
mechanism (3Ca*" — 2La** + vacancy). Notably, at the highest doping level of 5% (Figure 2d), the
morphology undergoes a final, distinct evolution. The structure develops pronounced porosity with pore
sizes around 200 nm, and the overall particle size is reduced to 1-5 pm. This unique architecture is likely
the result of synergistic effects involving surface precipitation of La(OH)3 and significant lattice strain due
to the ionic radius mismatch between Ca>" and La®". Importantly, the highly porous and rugged morphology
observed at 3% and 5% La doping is anticipated to provide a larger specific surface area and more active



Green Chem. Technol. 2026, 3(2), 10008. doi:10.70322/gct.2026.10008 5of 16

sites, which is highly favorable for the subsequent fluoride adsorption process discussed in the following
sections [17,18].

EDS data (Table 1) quantify doping inefficiency: La atomic percentages (0.16-0.24 at.%) remain far
below theoretical values (1-5%), indicating limited lattice incorporation (<25% doping efficiency) and
preferential La*" surface enrichment. Concurrently, phosphorus depletion at 5% La (2.97 at.% vs. 6.70 at.%
in 1% La-PGHAP) suggests LaPO4 phase formation, while oxygen content stability (26.01-26.98 at.%)
confirms maintained apatitic structure. Carbon contamination (47.81-65.06 at.%) likely originates from
urea decomposition residues. These findings collectively demonstrate that La doping modifies both surface
chemistry (La—O-F coordination sites) and textural properties (mesoporosity), synergistically enhancing
fluoride adsorption potential despite suboptimal dopant integration [19,20].

Spm EHT= 2.00kV Signal A= SE2 Date: 3 Aug 2024 2pm EHT= 2.00kV Signal A= SE2
r i WD= 55mm Mag= 200KX Aperture Size = 20.00 ym r ! WD= 55mm Mag= 500KX Aperture Size = 20.00 ym

Figure 2. SEM images of PGHAP and La-PGHAP with different La contents: (a) 0%; (b) 1%; (¢) 3%; (d) 5%.

Table 1. Average atom percentage of cations of samples by EDS.

Element Content (at.%)

Doping Amount C 0) P Ca La
PGHAP 60.25 21.28 7.05 11.42 0

1% La-PGHAP 55.61 26.01 6.70 11.61 0.16

3% La-PGHAP 47.81 38.67 5.20 8.09 0.23

5% La-PGHAP 65.06 26.98 2.97 4.75 0.24

3.2. Structural and Textural Characterization of PGHAP and La-PGHAP

XRD analysis (Figure 3a) confirms the dual-phase composition of pristine PGHAP, exhibiting
characteristic diffraction peaks of both CaSO4-2H20 (26 = 11.6°, 20.7°, 23.4°) and hydroxyapatite (HAP,
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JCPDS 09-0432, 20 =25.9°,31.8°, 49.5°), demonstrating incomplete conversion of phosphogypsum during
synthesis. The coexistence of these phases suggests residual sulfate groups from the PG precursor,
consistent with its industrial origin. Upon La doping (Figure 3b), the HAP phase remains dominant across
all La-PGHAP samples (1-5% La), indicating successful La** incorporation into the HAP lattice. Notably,
the (002) peak at 25.9° progressively broadens (FWHM increases from 0.38° to 0.61°) and shifts to lower
angles (25.9° — 25.6°) with higher La loading, confirming La** substitution at Ca*" sites (ionic radius
mismatch) and resultant lattice expansion along the c-axis.

N2 adsorption-desorption isotherms (Figure 3c) reveal a systematic enhancement in textural properties
with La doping. All samples display Type IV isotherms with H3 hysteresis loops (P/Po = 0.45-0.95),
indicative of mesoporous structures formed by nanoparticle aggregation. The BET surface area (Table 2)
increases dramatically from 24.55 m%*/g (PGHAP) to 53.11 m*/g (5% La-PGHAP), while total pore volume
rises from 0.1412 cm?/g to 0.2491 cm®/g, attributable to La**-induced inhibition of HAP crystallite growth
and formation of interparticle voids. Corresponding pore size distributions (Figure 3d) demonstrate a
progressive shift from broad macroporous dominance (PGHAP: the average pore size of the mesopores is
36.59 nm) to narrower mesoporous regimes (5% La-PGHAP: the average pore size of the mesopores is
18.97 nm), corroborated by decreasing average mesopore size (22.99 — 18.76 nm) and micropore volume
reduction (0.00562 — 0.00197 cm?/g). This textural evolution (enhanced mesoporosity coupled with
reduced microporosity) optimizes mass transfer kinetics for adsorbate diffusion while maximizing

accessible active sites.
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Figure 3. (a) XRD characterization of PGHAP, CaSO4-2H>0, hydroxyapatite; (b) XRD characterization of PGHAP and 1-5%
La-PGHAP; (¢) N, adsorption-desorption diagram of PGHAP and 1-5% La-PGHAP; (d) pore size distribution of PGHAP and

1-5% La-PGHAP.
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Table 2. The specific surface area and pore structure table before and after material synthesis.

BET Specific Specific Surface Extraporeal Specific Total Pore Micropore Average Average Pore Size
Samples Surface Area  Area in Micropores Surface Area Volume Volume Pore Size of Mesopores
m*/g m?*/g m?*/g cm’/g cm’/g nm nm
PGHAP 24.5501 13.4632 11.0869 0.1412  0.00562  22.9979 36.5950
1% La-PGHAP 38.6148 3.8452 34.7696 0.2412  0.00115  24.9903 26.4742
3% La-PGHAP 46.8563 4.9055 41.9507 0.2549  0.00140  21.7560 23.4647
5% La-PGHAP 53.1108 5.9231 47.1877 0.2491  0.00197  18.7590 18.9746

3.3. Multivariate Adsorption Performance of PGHAP and La-PGHAP

As evidenced by the adsorption results (Figure 4), La doping significantly enhances the fluoride (F")
uptake capacity of phosphogypsum-derived hydroxyapatite (PGHAP) in a dose-dependent but non-linear
manner. At 0% La doping (pristine PGHAP), the adsorption capacity reaches 2.10 mg/g (under non optimal
adsorption conditions), attributed to conventional mechanisms including ion exchange (OH™ — F") and
electrostatic attraction at Ca?* sites. Upon introducing 1% La, the capacity surges to 2.55 mg/g (under the
same adsorption conditions), demonstrating that La** doping creates additional Lewis acid-base interaction
sites—La*" coordinates strongly with F~ through inner-sphere complexation. This aligns with studies
showing La—O-F bond formation enhances chemisorption efficiency. The incremental gain diminishes at 3%
La doping (3.1 mg/g, +23.5% vs. 1% La-PGHAP), and the adsorption capacity for fluoride ions reaches its
maximum. Notably, the plateau at 5% La (2.9 mg/g) indicates two competing effects: (1) Excessive La
loading (>3%) may induce particle agglomeration, reducing effective surface area; (2) Formation of
La(OH)s surface precipitates at high doping levels could block mesopores, as evidenced by the unchanged
capacity despite increased La content. The observed performance hierarchy (5% ~ 3% > 1% > 0% La)
under fixed experimental conditions (10 mg/L F~, 25 °C, 50 mg adsorbent) highlights optimal doping at 3%
La. This balance maximizes La®" active site density while maintaining structural integrity. The pH-
dependent zeta potential would strengthen electrostatic F~ attraction, though competitive anion effects (e.g.,
CI") warrant further investigation. Therefore, 3% lanthanum doping was set as the optimum condition (all
subsequent references to La-PGHAP are considered to be 3% lanthanum doping).

N w et
~ (=] (OS]
1 1 1

Adsorption capacity (mg/g)
N
1

2.1

0 1 3 5
Doping concentration (%)

Figure 4. Adsorption capacity of adsorbent materials with different La doping levels for fluoride ions under the same conditions
(pH 7.0, 50 mL F~ solution at 10 mg/L, 50 mg adsorbent, 25 °C).

In order to investigate the influence of different factors on adsorption properties, the multivariate
adsorption behavior of PGHAP and La-PGHAP toward fluoride ions (F~) was systematically investigated
under six operational parameters (Figure 5), revealing fundamental divergences in adsorption mechanisms
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mediated by La*" doping. La-PGHAP exhibits significantly enhanced fluoride adsorption performance
compared to pristine PGHAP across all tested conditions, with mechanistic divergences rooted in La*"
doping effects. Adsorption kinetics (Figure 5a) show that both materials exhibit rapid initial adsorption (0—
50 min), La-PGHAP achieves a higher saturation capacity, attributed to La*"-mediated chemisorption,
reflecting optimized pore accessibility in La-doped mesostructures [21]. Adsorption capacity inversely
correlates with dosage due to particle aggregation effects. Dosage dependence (Figure 5b) demonstrates
La-PGHAP’s superior site accessibility, La-PGHAP achieves 8.10 mg/g, 3.3% higher than PGHAP’s 2.44
mg/g, demonstrating superior site availability, while its mesoporous structure mitigates aggregation-
induced capacity loss slope.

pH sensitivity (Figure 5c¢) was studied in the range of 2—-10, the adsorption of F~ by PGHAP and La-
PGHAP (collectively referred to here as HAP) reached a maximum value at pH 4. Thereafter, the adsorption
of F~ by HAP decreased as the pH continued to increase, which may be attributed to the fact that the
hydroxyl groups on the HAP surface can release hydroxide ions in acidic solution, thereby making the
surface positively charged. At this time, HAP and negatively charged F~ ions were attracted to each other
by electrostatic attraction, leading to an increase in adsorption in the solution. However, in neutral or alkaline
environments, the charge on the surface of HAP may gradually become neutral or negative, thus reducing the
adsorption of F~ due to the presence of electrostatic repulsion. Meanwhile, at low pH, F~ in solution existed
mainly as free ions, which was due to the high concentration of H" produced by the ionization of water under
acidic conditions, making F~ less likely to form complexes with other ions. At high pH, F may form HF>™
with OH™ in the water, this may also contribute to the decrease in adsorption [22,23].

F~ concentration response (Figure 5d) shows La-PGHAP’s linear capacity scaling to its maximum at
30 mg/L, outperforming PGHAP’s plateau at this point due to La*"’s multidentate binding capability [24].
Temperature activation (Figure 5e) confirms the endothermic nature of both materials. Adsorption increases
endothermically for both materials. At 40 °C, La-PGHAP achieves 29.35 mg/g (3.7 PGHAP’s 7.90 mg/g),
as thermal energy facilitates La—F inner-sphere complexation and pore expansion [25]. Ionic strength
effects (Figure 5f) reveal La-PGHAP’s exceptional NaCl tolerance, leveraging charge screening and high-
selectivity ligand exchange, whereas PGHAP plateaus at 0.15 mg/L NaCl [26]. These results collectively
demonstrate that the optimum adsorption conditions of F~ on La-PGHAP were 30 mg/L F, 0.2 g/L HAP
dosage, 0.2 mg/L NaCl, pH 4, 40 °C, 150 min, and the maximum adsorption capacity could reach up to
31.98 mg/g, which was better than the results in other reports [23,27]. La doping transforms PGHAP from
a diffusion-limited, pH-sensitive adsorbent into a robust multifunctional material with rapid kinetics, high
capacity, and exceptional environmental resilience, positioning it as a next-generation solution for industrial
fluoride remediation.
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Figure 5. Effects of different factors on the F~ adsorption: (a) adsorption time; (b) dosage of adsorbent; (¢) pH; (d) concentration
of F7; (e) temperature; (f) concentration of NaCl.

3.4. Adsorption Kinetics Analysis of PGHAP and La-PGHAP

In order to explore the adsorption mechanism of F~ on PGHAP and La-PGHAP, the adsorption kinetics
of PGHAP and La-doped PGHAP were systematically investigated using pseudo-first-order (PFO) and
pseudo-second-order (PSO) models (non-optimal conditions), as demonstrated in Figure 6 and Table 3. For
pristine PGHAP, the experimental equilibrium adsorption capacity (qe.exp) reached 2.86 mg/g, while La-
PGHAP exhibited significantly enhanced performance (qe.exp = 3.71 mg/g), confirming the critical role of
La*" doping in optimizing active sites for fluoride capture [23,28].

The PSO model demonstrated superior fitting for both adsorbents, as evidenced by higher
determination coefficients (PGHAP: R*> = 0.9923 for PSO vs. R?> = 0.8445 for PFO; La-HAP: R* = 0.9731
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for PSO vs. R> = 0.8963 for PFO). This dominance of PSO kinetics implies chemisorption-driven
mechanisms, likely involving strong La**-F~ coordination bonds and ion exchange at Ca®" vacancies
generated during La®" substitution. The PSO rate constant (K2) decreased from 0.04498 g/(mg-min) for
PGHAP t0 0.02123 g/(mg-min) for La-PGHAP, suggesting La doping slightly slowed the initial adsorption
rate due to increased surface complexity and potential pore-blocking effects. However, the 30%
enhancement in qe for La-PGHAP compensates for this kinetic trade-off, aligning with its higher density of
high-affinity La—O-F binding sites [23,28,29].

3.0 4.0
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Figure 6. The fitting curve of adsorption kinetics of (a) PGHAP; (b) La-PGHAP.
Table 3. Adsorption kinetic parameters of PGHAP and La-PGHAP.

Model Actual Adsorption Capacity Pseudo-First-Order Kinetic Pseudo-Second Order Kinetic
Samples qe (mg/g) Ki R? S K> R? S
PGHAP 2.86 0.0819 0.8445 0.1491 0.04498 0.9923 0.5249

La-PGHAP 3.71 0.05193 0.8963 0.2001 0.02123 0.9731 0.5958

3.5. Adsorption Isotherm Analysis of PGHAP and La-PGHAP

The adsorption equilibrium behavior of PGHAP and La-PGHAP was rigorously evaluated using
Langmuir and the Freundlich isotherm models, as depicted in Figure 7 and Table 4. The Langmuir model
exhibited exceptional fitting accuracy for both adsorbents across all temperatures (R* > 0.9995), suggesting
monolayer adsorption dominated by homogeneous binding sites. In contrast, the Freundlich model showed
significantly lower correlation coefficients (R> = 0.28-0.33 for La-PGHAP; R> = 0.69-0.88 for PGHAP),
indicating limited applicability for describing multilayer or heterogeneous adsorption processes. The F~ on
La-PGHAP adsorption process was more consistent with the assumption of monolayer adsorption. The
Langmuir model assumed that the adsorbent surface was homogeneous, and that only one adsorbent
molecule can be adsorbed at each adsorption site, and that cascading adsorption does not occur after
saturation. The high degree of fit suggested that the adsorption sites on the adsorbent surface were
independent and unresponsive to each other.
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Figure 7. Fitting curves of F~ adsorption isotherm of (a,b) PGHAP; (¢,d) La-PGHAP.

Remarkable gmax enhancement of La-PGHAP was observed (23.81-28.49 mg/g), with KL increasing
from 3.36 (298 K) to 4.62 (318 K). The positive temperature dependence of Kv aligns with chemisorption
mechanisms, where La*>*—F~ coordination bonds strengthen through endothermic activation. In addition, it
also implied that the adsorption energy was homogeneous rather than energetically diverse as described by
the Freundlich model. This may be related to the crystal structure and surface properties of La-PGHAP,
allowing F~ to form a uniform and energetically homogeneous monolayer adsorption on the surface [30-32].

Table 4. Adsorption isotherm model parameters of PGHAP and La-PGHAP.

Model Langmuir Isotherm Model Freundlich Isotherm Model
Sample Temperature (max KL R Kr " R
(K) (mg/g) (L/mg) (mg/g(L/mg)1/n)
298 19.22 5.56 0.9999 6.6619 67.80 0.8775
PGHAP 308 15.55 1.99 0.9998 6.5693 22.65  0.7699
318 21.53 2.69 0.9998 6.8806 25.04  0.6933
298 23.8095 3.36 0.9995 16.5196 8.3612  0.2822
La-PGHAP 308 28.4900 4.2289 0.9997 19.7379 8.0386  0.3206
318 28.4900 4.6184 0.9996 19.8518 7.9936  0.3308
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3.6. Adsorption Thermodynamics Analysis of PGHAP and La-PGHAP

The thermodynamic parameters derived from Van’t Hoff plots (Figure 8a,b) and Table 5 reveal distinct
adsorption mechanisms for PGHAP and La-PGHAP. For pristine PGHAP, the positive enthalpy change
(AH = +4.16 kJ/mol) and modest entropy gain (AS = +14.17 J/(mol-K)) indicate a weakly endothermic
process dominated by physical interactions (e.g., electrostatic attraction or ion exchange), where the slight
spontaneity (AG = —0.085 to —0.370 kJ/mol) and low equilibrium constants (InKr = 0.034—0.139) reflect
limited F~ binding affinity. In stark contrast, La-PGHAP exhibits dramatically enhanced thermodynamic
driving forces, with AH surging to +35.06 kJ/mol and AS escalating to +140.89 J/(mol-K), signifying a
chemisorption-dominated mechanism involving high-energy La’>*—F~ coordination bonds. The strongly
negative AG values (—6.96 to —9.76 kJ/mol) and the exponential InKr. dependence on temperature (2.80—
3.68) confirm that La doping transforms adsorption into a thermally activated process, in which elevated
temperatures (299-319 K) facilitate La®" site activation and F~ desolvation. The 8.4-fold AH amplification
and 9.9-fold AS enhancement upon La incorporation quantitatively validate synergistic effects of chemical
bond formation (La—F) and interfacial restructuring, establishing La-PGHAP as a temperature-responsive
adsorbent optimized for high-temperature fluoride remediation [33-38].

0.15 3.9
a b
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7 0.09 T
= % 331
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T T T T T . T T T T T T
0.0031 0.0032 0.0033 0.0034 0.0031 0.0032 0.0033 0.0034
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Figure 8. Linear regression of the thermodynamics of F~ adsorption of (a) PGHAP; (b) La-PGHAP.

Table 5. Thermodynamic parameters of adsorption onto PGHAP and La-PGHAP at different temperatures.

Sample T/K InKy, R? AG/kJ-mol™! AS/J-(mol-K)™! AH/KJ-mol!
299 0.0343 —0.0852
PGHAP 309 0.0785 0.9879 —0.2016 14.1687 4.1592
319 0.1394 —0.3697
299 2.799891 —6.9602
La-PGHAP 309 3.385237 0.9719 —8.6967 140.889 35.0610
319 3.681351 —9.7635

3.7. Reusability Analysis of PGHAP and La-PGHAP

Reusability was an important performance parameter of adsorbents, and multiple reuse can reduce the
cost of industrial applications [39]. The reusability evaluation over 10 adsorption-desorption cycles was
shown in Figure 9. For pristine PGHAP, the adsorption capacity exhibited a continuous decline from 7.89
mg/g (Cycle 1) to 6.68 (Cycle 4) and 3.41 mg/g (Cycle 10), retaining 84.6% and 43.2% of its initial capacity.
La-PGHAP demonstrated markedly enhanced cyclic stability, with capacity decreasing from 29.48 mg/g to
25.17 (Cycle 4) and 14.15 mg/g (Cycle 10), retaining 85.4% and 48.0% of its initial capacity, despite its
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higher initial adsorption performance [40,41]. The divergence in decay patterns (PGHAP’s rapid linear
decline versus La-PGHAP’s biphasic decay) reveals La*"’s dual role in enhancing durability: (1) La—O
bonds resist acid corrosion more effectively than Ca—O bonds, reducing active site loss; (2) La** doping
introduces lattice distortions that inhibit hydroxyapatite recrystallization during regeneration, preserving
mesoporous structures. While La-PGHAP’s absolute capacity loss exceeds PGHAP’s, its residual capacity
remains higher than PGHAP’s, demonstrating the critical trade-off between initial performance and long-
term usability [42,43].
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Figure 9. Reusability of PGHAP and La-PGHAP.

4. Conclusions

This study successfully synthesized lanthanum-doped hydroxyapatite (La-PGHAP) from
phosphogypsum (PG) waste, demonstrating its efficacy as a high-performance adsorbent for fluoride
removal. Key findings include the acid precipitation-hydrothermal method enabled the conversion of PG
into La-PGHAP with a well-defined spherical structure, high crystallinity, and a mesoporous architecture.
La*" doping enhanced surface reactivity and introduced additional adsorption sites via strong La*"—F~
interactions. Maximum F~ adsorption capacity reached 31.98 mg/g under optimal conditions (pH 4, 40 °C),
outperforming conventional hydroxyapatite. Adsorption mechanisms were dominated by chemisorption, as
evidenced by the fits to pseudo-second-order kinetics and the Langmuir isotherm model. In addition, La-
PGHAP exhibited robust performance over a broad pH range (2—10) and maintained 85.4% of its adsorption
capacity after 4 regeneration cycles, highlighting its stability and reusability. The “waste-to-waste” strategy
not only addresses PG disposal challenges but also provides a cost-effective solution for remediation of
fluoride-contaminated water. The integration of industrial waste recycling with advanced adsorbent design
positions La-PGHAP as a promising candidate for large-scale environmental applications, aligning with
the Sustainable Development Goals.
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