
Aluminum-modified silica achieves efficient
removal of low fluoride wastewater by inducing
crystallization
Shida Zhang 

Shandong Jianzhu University
Zhen Qi 

Shandong Jianzhu University
Fengke Dou 

Shandong Coal Field Geological Survey and Research Institute
Weijie Zhong 

Shandong Coal Field Geological Survey and Research Institute
Yingqiang Li 

Shandong Jianzhu University
Zheyu Wang 

Shandong Jianzhu University
Cui Zhen Sun 

Shandong Jianzhu University
Feiyong Chen 

Shandong Jianzhu University
Xue Shen 

Shandong Jianzhu University
Rupeng Liu 

Shandong Jianzhu University

Research Article

Keywords: Seed crystal, Fluoride removal, Induced crystallization, Aluminum modification, Response
surface method

Posted Date: June 11th, 2026

DOI: https://doi.org/10.21203/rs.3.rs-9785767/v1

https://doi.org/10.21203/rs.3.rs-9785767/v1
https://doi.org/10.21203/rs.3.rs-9785767/v1
https://doi.org/10.21203/rs.3.rs-9785767/v1


License:   This work is licensed under a Creative Commons Attribution 4.0 International License.  
Read Full License

Additional Declarations: No competing interests reported.

https://creativecommons.org/licenses/by/4.0/


 

 

Aluminum-modified silica achieves efficient removal of low 1 

fluoride wastewater by inducing crystallization 2 

Shida Zhang ab, Zhen Qi ab, Fengke Dou c, Weijie Zhong c, Yingqiang Li ab, Zheyu 3 

Wang ab, Cui Zhen Sun, Feiyong Chen a, Xue Shen a*, Rupeng Liu a* 4 

a Institute of Resources and Environment Innovation, Shandong Jianzhu University, 5 

Jinan 250101, P.R. China 6 

b School of Municipal and Environmental Engineering, Shandong Jianzhu University, 7 

Jinan 250101, P.R. China 8 

c Shandong Coal Field Geological Survey and Research Institute, Jinan 250101, P.R. 9 

China 10 

* Corresponding author: 11 

Xue Shen, E-mail: shenxue20@sdjzu.edu.cn; Tel: +86-17862922336; 12 

Rupeng Liu, E-mail: liurupeng@sdjzu.edu.cn; Tel: +86-13305310386. 13 

Abstract 14 

The fluoride content in water environments has gradually increased with industrial 15 

development, and the existing technologies have limitations in treating low-fluoride 16 

wastewater. This study developed a novel aluminum-modified silica seed material 17 

(Al@SiO₂) via co-precipitation for fluoride removal through induced crystallization. 18 

The synergistic removal mechanism was systematically investigated. Characterization 19 

revealed that the Al@SiO₂ seed possessed a large pore diameter and surface aluminum 20 

hydrolysis products, which provided abundant sites for crystal growth. Hadrochemical 21 

simulation indicated that fluorapatite (Ca₅(PO₄)₃F) formation is most favorable at 22 
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neutral pH. However, the presence of bicarbonate ions (HCO₃-) can inhibit fluoride 23 

removal by competing with phosphate (PO4
3-) for calcium ions (forming CaCO₃) and 24 

consuming dihydrogen phosphate (e.g., H₂PO₄-) species. Process parameters were 25 

optimized using response surface methodology. Under the optimal conditions—a Ca: 26 

P: F molar ratio of 10:5:1, a seed dosage of 2 mg/L, and a reaction time of 60 min—27 

fluoride removal efficiency reached 85.47%, with the residual concentration stabilized 28 

below 1 mg/L. Characterization of the seeds before and after the reaction demonstrated 29 

that fluoride removal proceeds via two concurrent mechanisms: fluorapatite 30 

crystallization plays a major role, complemented by chemisorption through Al-F 31 

complexation. This work confirms that induced crystallization using Al@SiO₂ is an 32 

effective and promising strategy for treating low-fluoride wastewater. 33 

Keywords: Seed crystal, Fluoride removal, Induced crystallization, Aluminum 34 

modification, Response surface method. 35 

1. Introduction 36 

Fluorine, a non-metallic chemical element, predominantly exists in nature as fluoride 37 

compounds (R. Wang et al. 2025). Its unique physicochemical properties render it an 38 

element of significant research value within the environmental geochemical cycle (B. 39 

He et al. 2023). With the advancement of industries such as metal smelting, battery 40 

manufacturing, and cement production, the discharge of fluorine-containing wastewater 41 

has increased correspondingly (Alhassan et al. 2022; Huang et al. 2020). The fluoride 42 

ion (F-) concentration in such industrial effluents can reach 2000 mg/L or higher (Ayoob 43 
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et al. 2008). Excessive fluorine intake adversely affects human thyroid function and 44 

cognitive capacity; moreover, studies indicate it may lead to fluorosis, causing specific 45 

pathological changes in teeth, bones, and surrounding tissues (Chen et al. 2025; Xia et 46 

al. 2024). Consequently, the removal of fluoride from environmental media is critically 47 

urgent. 48 

Various techniques have been employed for fluoride removal, including adsorption, 49 

chemical precipitation, electrochemical methods, membrane separation, and induced 50 

crystallization (Meena et al. 2024; Jiang et al. 2025; Vasylyeva et al. 2026). For high-51 

concentration fluoride wastewater, combined processes are often necessary. However, 52 

these methods present inherent limitations: adsorption capacity is finite, chemical 53 

precipitation frequently generates substantial sludge, electrochemical systems are 54 

sensitive to water quality variations, and membrane technologies suffer from high 55 

energy consumption and module costs (Aoudj et al. 2012; Bai et al. 2019; Lim et al. 56 

2021; C. He et al. 2022).  57 

The induced crystallization method for fluoride removal represents an advancement 58 

over conventional precipitation. This technique involves introducing a crystalline 59 

carrier (seed crystal) into fluoride-containing wastewater prior to adding a precipitating 60 

agent. Upon reaching a supersaturated state, F- and the precipitant undergo a 61 

crystallization reaction on the seed surface, forming new crystals that promote particle 62 

growth, thereby achieving fluoride removal (Agrawal et al. 2018). This approach offers 63 

high treatment efficiency, low operating cost, broad applicability, and minimized 64 
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secondary pollution (Zou and Wang 2016). Research on induced crystallization has 65 

predominantly focused on high-concentration systems (F- > 100 mg/L), where the 66 

elevated initial concentration more readily achieves the supersaturation required for 67 

effective calcium fluoride (CaF2) crystallization (Li et al. 2025). In contrast, for low-68 

concentration fluoride wastewater (F- < 10 mg/L), the extremely low degree of 69 

supersaturation hinders effective nucleation, resulting in poor treatment efficacy. While 70 

excessive calcium salts addition can improve sedimentation, it leads to sharply 71 

increased water salinity and excessive impurity ions, presenting major bottlenecks for 72 

the technology’s application (R. Hu et al. 2024). Commonly used quartz sand seed 73 

crystals in current induced crystallization processes can reduce F- levels in industrial 74 

wastewater to approximately 10 mg/L, yet struggle to meet the stringent discharge limit 75 

of 1.0 mg/L (Biswas et al. 2018). Therefore, modifying silica-based seed crystals to 76 

enhance fluoride removal performance holds substantial industrial application potential. 77 

Aluminum salts are widely utilized in adsorption and material modification for 78 

fluoride removal due to their low cost and their hydrolysis product, aluminum 79 

hydroxide colloid, which captures F- through adsorption, ligand exchange, and co-80 

precipitation (Alhassan et al. 2022). Numerous studies confirm that Al - OH groups on 81 

adsorbent surfaces serve as primary active sites, capable of forming hydrogen bonds 82 

and effectively binding fluoride ions (Q. Wang et al. 2020). For instance, aluminum-83 

modified activated carbon has demonstrated enhanced adaptability to coexisting ions 84 

and a broader effective pH range  (Miao et al. 2025). Furthermore, research shows that 85 
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loading ternary metal oxides in amorphous form onto biochar creates hydroxyl-active 86 

adsorption sites and positive charges, synergistically improving fluoride removal (M. 87 

Wang et al. 2026). These findings indicate that adsorbents incorporating aluminum 88 

exhibit promising potential for aqueous fluoride removal.  89 

The objective of this study is to develop an efficient aluminum-modified silica seed 90 

crystal via a co-precipitation method. By shifting the target crystallization product from 91 

CaF2 to the less soluble calcium fluorophosphate (e.g., Ca5(PO4)3F), the efficiency of 92 

the induced crystallization process in treating low-concentration fluoride wastewater 93 

can be enhanced (Yang et al. 2025). This work systematically investigates the effects 94 

of key variables, including contact time, seed crystal dosage, precipitant ratio, mixing 95 

intensity, and coexisting ions-on the fluoride removal performance of the modified 96 

seeds. A multi-factor interaction model was constructed using response surface 97 

methodology to analyze the contribution of each variable to the removal rate and their 98 

synergistic mechanisms, thereby establishing optimized operational parameters. 99 

Furthermore, the seed crystals were characterized before and after reaction using 100 

various techniques to elucidate the induced crystallization mechanism and explore the 101 

underlying fluoride removal pathways. By precisely regulating the phosphate-to-102 

calcium ions ratio, this study achieves efficient and deep removal of low-concentration 103 

fluoride, providing technical support for the practical application of the induced 104 

crystallization method. 105 

2. Materials and methods 106 
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2.1 Materials 107 

Chemical reagents of analytical grade include HCl, NaOH, NaNO2, NaNO3, Na2SO4, 108 

Na2CO3, NaHCO3, Na2HPO4, AlCl3·6H2O, tetraethyl orthosilicate, Ammonium 109 

hydroxide, and anhydrous ethanol. Dissolve 2.21 g of dry sodium fluoride in 1 L 110 

volumetric flask to prepare 1 g/L fluoride reserve solution. In the experiment to study 111 

the influence of coexisting ions, a stock solution of coexisting anions with a 112 

concentration of 400 mg/L is prepared by precisely weighing NaNO2, NaNO3, Na2SO4, 113 

Na2CO3, NaHCO3, Na2HPO4, and adding them respectively to 250 ml volumetric flutes. 114 

The pH value of the solution is adjusted with 0.1 mol/L HCl and NaOH. All the reagents 115 

mentioned above were of analytical pure grade, and Milli-Q water was utilized for the 116 

experiments. 117 

2.2 Preparation of modified crystal seeds 118 

2.2.1 Preparation of SiO2 119 

In a 250 mL beaker, add 50 mL of ultrapure water and 100 mL of anhydrous ethanol 120 

as solvents, and stir at 400 rpm for 5 min. Then, add 4 mL of ethyl n-silicon acetate 121 

(TEOS) to the beaker and stir for 5 min to mix evenly. Finally, add 6 mL of concentrated 122 

ammonia water. Stir at 600 rpm for 60 min. After the end of the stirring time, the 123 

mixture is allowed to stand for a period of time for centrifugal and then washed three 124 

times with ultrapure water and absolute ethanol, respectively, and dried in an oven at 125 

70 ℃. 126 

2.2.2 Preparation of Al@SiO2 127 
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The modified seed Al@SiO2 is obtained by loading aluminum onto silica by the co-128 

precipitation method. The specific steps are as follows. Put AlCl3·6H2O into a beaker 129 

and stir for 15 min to ensure it is fully dissolved and evenly distributed. Then add an 130 

appropriate amount of TEOS and stir at 400 rpm for 15 min to mix it evenly with the 131 

solution. After the stirring is completed, add concentrated ammonia water drop by drop. 132 

Adjust the speed to 600 rpm and stir for 60 min. Then let it stand. After a period of time, 133 

perform centrifugal separation. Wash twice with ultrapure water and anhydrous ethanol, 134 

respectively, and then dry in a 70 ℃ oven for later use. The preparation schematic 135 

diagram is shown in Fig. S1. 136 

2.3 Fluoride removal experiments 137 

First, measure 150 mL of raw water and put it on the First, measure 150 mL of raw 138 

water and put it on the six-joint stirrer. Add a certain amount of crystal seeds to the raw 139 

water, stir for 5 min at a speed of 200 rpm to ensure thorough mixing of the crystal 140 

seeds with the solution. Then, add a certain amount of phosphate solution, keep the 141 

speed constant, and stir for 5 min to ensure uniform mixing of the phosphate with the 142 

solution. Then add a certain amount of calcium salt solution, keep the rotational speed 143 

constant, stir for 5 min to ensure the calcium salt is evenly mixed with the solution, and 144 

continue to stir for 60 min. Set the rotational speed of the stirrer to 100 rpm. After the 145 

process is completed, conduct the measurement. Add a certain amount of crystal seeds 146 

to the raw water, stir for 5 min at a speed of 200 rpm to ensure thorough mixing of the 147 

crystal seeds with the solution. Then, add a certain amount of phosphate solution, keep 148 
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the speed constant, and stir for 5 min to ensure uniform mixing of the phosphate with 149 

the solution. Then add a certain amount of calcium salt solution, keep the rotational 150 

speed constant, stir for 5 min to ensure the calcium salt is evenly mixed with the solution, 151 

and continue to stir for 60 min. Set the rotational speed of the stirrer to 100 rpm. After 152 

the process is completed, conduct the measurement. The removal of F- is measured by 153 

using the FE20K PLUS multi-parameter analyzer.  154 

2.4 Characterization 155 

The surface morphology of different crystal seeds was observed by scanning electron 156 

microscopy (SEM; Zeiss Merlin Compact, Zeiss, Germany). Surface chemical 157 

composition analysis was detected by the energy dispersive X-ray spectroscopy (EDS; 158 

Bruker 6/30, Zeiss, Germany). The phase identification of the modified crystal seeds 159 

was carried out by X-ray diffraction (XRD, D8 Advance, Bruker, Germany) The 160 

specific surface area and pore volume of difference crystal seeds were characterized 161 

using a Specific Surface Area and Pore Volume Analyzer (BET, autosorbiQ, Quanta 162 

chrome, USA). The X-ray photoelectron spectroscopy (XPS, K-Alpha, Thermo, USA) 163 

was utilized to analyze the elemental composition and valence state changes on the 164 

surface of the seed crystal. 165 

3. Results and discussion  166 

3.1 Characterization of modified crystalline particles 167 

3.1.1 Analysis of morphology and elemental composition 168 

Fig. 1 presents the SEM images of different crystal seeds. The surface of the raw 169 
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quartz sand seeds is smooth and flat, with no distinct edges or visible porosity, 170 

exhibiting a certain gloss (Fig. 1A-C). In contrast, the synthesized SiO2 particles (Fig. 171 

1D-E) display a uniform spherical morphology but lack obvious pores on their surface. 172 

After aluminum modification, the Al@SiO2 seeds (Fig. 1F-H) show a distinctly altered 173 

surface, covered with coarse deposits and exhibiting a clearly developed porous 174 

structure. This indicates that the modification process increased the seed’s porosity and 175 

expanded its specific surface area, thereby providing more attachment sites for fluoride 176 

crystal precipitation and significantly enhancing F- removal efficiency. EDS analysis 177 

(Fig. S2) reveals that the silicon content in the synthesized SiO2 slightly increased 178 

compared to the raw quartz sand. Furthermore, the primary components of Al@SiO2 179 

are Si, O and Al, with elemental mass percentages of 30.25 wt%, 44.56 wt% and 22.06 180 

wt%, respectively. The decrease in the detected Si signal can be attributed to the 181 

coverage of the seed surface by Al-containing compounds formed during modification. 182 
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 183 

Fig. 1. SEM images of quartz sand magnified 1000, 10000 and 20000 times (A-C), 184 

SiO2 magnified 8000, 20000 times (D-E), and Al@SiO2 magnified 500, 5000, 10000 185 

times (F-H) respectively. 186 

3.1.2 XRD and BET analysis 187 

The phase composition of the Al@SiO2 seed was determined by XRD, as shown in 188 

Fig. 2. The XRD pattern displays characteristic diffraction peaks at approximately 189 

20.96°, 26.64°, 36.54°, and 39.60°, which align with PDF#77-1060 (SiO2). In the 190 

meantime, the peaks at approximately 18.28°, 20.28°, 26.88°, and 37.66°, which align 191 

with PDF#74-17750, indicates the presence of Al(OH)3 in the modified seed (Lv et al. 192 

2023). This confirms the successfully loading of aluminum onto SiO2 and the formation 193 

of Al hydroxide. The resulting aluminum hydroxide colloid can capture F- through 194 

adsorption, ligand exchange, and co-precipitation, thereby improving removal 195 

efficiency. 196 
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 197 

Fig. 2. XRD patterns of the Al@SiO2. 198 

Specific surface area, pore volume and pore size are crucial parameters influencing 199 

the crystallization performance of seed materials. The N2 adsorption-desorption 200 

isotherms of quartz sand, SiO2, and Al@SiO2 are compared (Fig. 3A-C). Both quartz 201 

sand and SiO2 exhibit nearly coincident adsorption and desorption curves without a 202 

hysteresis loop. In contrast, the isotherm for Al@SiO2 is of type IV (IUPAC), with a 203 

distinct hysteresis loop, indicating the presence of a mesoporous structure. The lack of 204 

a clear saturation plateau suggests an irregular pore size distribution, consistent with 205 

SEM observations (Fig. 2F-H). The pore size distribution (Fig. 3D) further confirms 206 

that quartz sand and SiO₂ possess negligible porosity, while Al@SiO₂ is predominantly 207 

mesoporous (2–50 nm), with most pores between 5–30 nm, a structure conducive to 208 

enhanced adsorption.  209 
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 210 

Fig. 3. The adsorption and desorption curves of (A) quartz sand, (B) SiO2 and (C) 211 

Al@SiO2, (D) the pore size distribution of different seed crystal. (E) The fluoride 212 

removal effects of different crystal species and (F) the removal effect of fluoride by 213 

adsorption and induced crystallization under different molar ratios of aluminum to 214 

silicon. 215 

The specific surface area parameters are summarized in Table S1. The BET specific 216 

surface areas of quartz sand, SiO2 and Al@SiO2 are 1.3278 m2/g, 23.8486 m2/g and 217 

334.6332 m2/g, respectively. The corresponding total pore volumes are 0.003858 cm³/g, 218 

0.034372 cm³/g and 0.571080 cm³/g, and the average pore diameters are 11.6210 nm, 219 

5.7651 nm and 6.8263 nm, respectively. Notably, the specific surface area and total pore 220 

volume of Al@SiO2 are approximately 330 and 14 times greater than those of quartz 221 

sand and SiO2, respectively. The slight reduction in the average pore diameter of 222 

Al@SiO2 compared to quartz sand can be attributed to the loading and accumulation of 223 

aluminum species on the material surface, partially blocking some original pores. 224 
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Nevertheless, the substantially larger specific surface area and pore volume of Al@SiO2 225 

increase the probability of contact with F- and provide more sites for crystalline product 226 

attachment.  227 

The fluoride removal performance of the different seeds is compared in Fig. 3E. The 228 

modified seed Al@SiO2 achieves the highest F- removal efficiency (70.84%), which is 229 

approximately 7.4 times that of quartz sand (9.54%). The synthesized SiO2 shows an 230 

intermediate removal efficiency of 19.45%, about twice that of quartz sand. Fig. 3F 231 

illustrates the effect of the Al: SiO2 molar ratio on F- removal via combined 232 

crystallization and adsorption. The results indicate that removal efficiency is 233 

significantly higher when Al: SiO2 > 1 compared to ratios ≤ 1. Specifically, the 234 

efficiency at a 2:1 ratio was 9 times higher than that at a 1:3 ratio, demonstrating that 235 

higher aluminum content enhances performance, with an optimum at Al: SiO₂ = 2:1. 236 

However, beyond this optimum, further increasing the aluminum content shifted the 237 

dominant mechanism from crystallization to adsorption. This shift is consistent with 238 

the BET analysis, which suggested that excessive Al loading might compromise the 239 

porous structure favorable for crystallization. Moreover, seeds with high Al content 240 

competitively adsorb not only F⁻ but also phosphate (PO₄³⁻) and calcium (Ca²⁺) ions. 241 

This reduces the ionic supersaturation in solution, hindering crystallization and 242 

ultimately compromising overall F⁻ removal. characterization and performance data 243 

confirm that Al@SiO₂ removes F- through a combined mechanism of adsorption and 244 

crystallization, with its efficiency highly dependent on the optimized Al content and 245 
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textural properties. 246 

3.1.3 The effect of seed dosage  247 

This section examines the effects of key parameters, including seed dosage, reagent 248 

dosage, reaction time, rotational speed, and initial pH on fluoride removal by Al@SiO2. 249 

The corresponding results are presented in Fig. 4. The F- removal efficiency of 250 

Al@SiO2 significantly surpassed that of raw quartz sand across all tested dosages (Fig. 251 

4A). For quartz sand, increasing the dosage did not markedly improve performance, 252 

while the F- removal rate of Al@SiO2 gradually increases and the remaining F- 253 

concentration continuously decreases. This could be explained to that with the dosage 254 

increases, the contact probability increases and Al@SiO2 has a larger specific surface 255 

area, providing more active sites for the nucleation and growth (or deposition) of 256 

fluoride-containing crystals. 257 

When the dosage exceeded 2 g/L, the residual F- concentration stabilized below 1 258 

mg/L. However, the rate of efficiency improvement diminished beyond this point. This 259 

phenomenon could be explained by that the concentration of crystal seeds keeps 260 

increasing, leading to a higher probability of collision between seed particles, which 261 

may disrupt the crystal growth process, and reduce the overall crystallization efficiency. 262 

At the same time, the increase in dosage will also increase the reaction cost. Therefore, 263 

the dosage for subsequent experiments is set at 2 g/L. 264 

3.1.4 The effect of the molar ratios of P: F 265 

As shown in Fig. 6B, Al@SiO₂ achieved superior F- removal compared to SiO₂ 266 
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across various P: F molar ratios. As the P:F ratio increased from 0 to 5, the concentration 267 

of PO₄³- in solution rose, and the F- removal efficiency increased correspondingly from 268 

38.65% to approximately 85%. Beyond a ratio of 5, further addition of PO₄³⁻ produced 269 

no significant improvement in F⁻ removal, with the residual concentration stabilizing 270 

below 1 mg/L. This indicates that the combined contamination of PO₄³- and F- can be 271 

effectively treated, while also reducing overall chemical consumption (R. Hu et al. 272 

2025). However, excessive phosphate concentrations could promote the release of 273 

fluoride from crystalline products (Christoffersen et al. 1988). Therefore, considering 274 

both process economics and the risk of fluoride re-release, a P: F molar ratio of 5 was 275 

selected for all subsequent experiments. 276 

3.1.5 The effect of the molar ratios of Ca: F 277 

As shown in Fig. 4C, the F- removal effect of Al@SiO2 is superior to that of SiO2 278 

under different molar ratios of Ca: F. As the dosage of the calcium source increased 279 

(raising the Ca²⁺ concentration), the F- removal efficiency rose from 25.25% to 84.72%, 280 

while the residual F- concentration dropped from 3.73 mg/L to below 1 mg/L. The 281 

optimal ratio was observed at Ca: F = 10:1. Beyond this point, further addition of 282 

calcium yielded no significant improvement in removal, indicating a plateau in 283 

performance. Therefore, considering removal efficiency and reagent economy, a Ca: F 284 

molar ratio of 10:1 was selected for all subsequent experiments.  285 

3.1.6 The effect of stirring speed 286 

The effect of stirring speed on fluoride removal via Al@SiO₂-induced crystallization 287 



 

16 

 

is shown in Fig. 4D. The results indicate that the F- removal efficiency improved with 288 

increasing stirring speed. This enhancement is attributed to better dispersion of the seed 289 

material. At higher speeds, seed crystals that would otherwise settle at the bottom 290 

become uniformly suspended in the solution. This increases the contact probability 291 

between the seeds and F-, providing more sites for crystal attachment and growth, 292 

thereby improving the overall removal performance.  293 

3.1.7 The effect of stirring time 294 

The effect of reaction time on fluoride removal is shown in Fig. 4E. The residual F- 295 

concentration decreased progressively over time. At 15 min (the rapid mixing stage), 296 

the removal efficiency is 47.73%, leaving 2.44 mg/L F- in solution. The efficiency 297 

increased to 51.26% shortly thereafter. With further extension of the reaction time, the 298 

residual F- decreased to 0.92 mg/L at 40 min and to 0.75 mg/L at 60 min. Beyond 60 299 

min, with the reaction time continued to increase, there is an insignificant improvement 300 

in the F- removal effect. Therefore, the reaction time for subsequent experiments was 301 

set to 60 min.  302 
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 303 

Fig. 4. The influence of different factors including (A) dosage, (B) the molar ratio of 304 

P: F, (C) the molar ratio of Ca: F, (D) stirring speed, (E) stirring time, and (F) diverse 305 

coexisting ions on the removal effect of fluoride. 306 

3.1.8 The effect of co-exist ions 307 

Studies proclaim that the presence of certain ions may affect the removal of target 308 

pollutants. Thus, this experiment simulates the effect of adding common pollutants on 309 

the removal of F-. The simulated concentration is 1 mmol/L, and the pollutants include 310 

SO4
2-, HCO3

-, NO3
- and NO2

- in Fig. 4F. Results show that SO4
2-, NO3

-, and NO2
- have 311 

no significant impact on the F- removal effect, but CO3
2- shows a greater influence on 312 

the F- removal effect, reducing the removal rate to 63.2%. This effect may be attributed 313 

to the competitive Ca2+ binding between HCO3
- and F-, and the CO3

2- ionised from 314 

HCO3
- combines with Ca2+ to form CaCO3 precipitate (Fu et al. 2025). This leads to the 315 

remaining PO4
3- in the solution, and the HCO3

- will also react with the H2PO4
-, reducing 316 
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the F- removal. 317 

The efficiency of fluoride removal via crystallization as Ca₅(PO₄)₃F is strongly pH-318 

dependent, as pH governs the solubility of the mineral and the speciation of key ions 319 

(Feng et al. 2025). Fig. 5A shows the removal performance across different initial pH 320 

values. The residual F- concentration was highest (2.34 mg/L) at pH 4, remained around 321 

or below 1 mg/L in the near-neutral range (pH 6-8), and increased again under alkaline 322 

conditions. Speciation modelling using Visual MINTEQ 3.1 (Fig. 5B-E) explains these 323 

trends. In acidic media (pH ~4), a significant fraction of fluoride exists as HF, and 324 

phosphate is primarily present as H₂PO₄-, both of which are less reactive in the 325 

crystallization process. The concentration of reactive Al(OH)₃ is also low. These factors 326 

collectively reduce the efficient crystallization, lowering F- removal. In the optimal pH 327 

range of 6-8, aluminum exists predominantly as Al(OH)₃, which provides effective 328 

adsorption sites, while calcium remains as free Ca²⁺ ions. The buffering capacity 329 

provided by the phosphate source (NaH₂PO₄) helps maintain this favorable condition, 330 

resulting in stable and high removal efficiency. Under highly alkaline conditions (pH 331 

10), the buffering capacity is exceeded. The formation of CaOH⁺ species reduces the 332 

concentration of free Ca²⁺, limiting precipitate formation and leading to poor F- removal. 333 

Therefore, an initial pH between 6 and 7 was selected for all subsequent experiments 334 

to ensure optimal and stable performance.  335 
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336 

Fig. 5. The influence of pH on the fluoride removal (A), water chemistry simulation 337 

diagrams of ionic forms of different ions changing with pH. 338 

3.2 Response surface analysis of F- removal and model validation 339 

3.2.1 Model validation 340 

The Box-Behnken design (BBD) was employed to investigate the influencing factors 341 

and their interactions. Four variables - seed dosage (A), P: F molar ratio (B), Ca: F 342 

molar ratio (C), and reaction time (D) were selected based on single-factor experiments 343 

(Table S1). Within the appropriate ranges determined from single-factor tests, three 344 

levels for each factor were set to design a four-factor, three-level experiment matrix. A 345 

total of 28 experiments were performed according to this design (Table S2). The 346 

relationship between the response variable (removal efficiency, %) and the four 347 

independent variables was modeled using a second-order polynomial equation (Eq. 1). 348 
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2

2 2 2

193.77594 158.32500* 9.85271*

11.56333* 0.808063* 0.868750*

2.06875* 0.014688* 0.238750*

0.024438* 0.009188* 31.66927*

0.665521* 0.294896* 0.008268*

Y A B

C D AB

AC AD BC

BD CD A

B C D

= − + + +
+ − −
+ − +

+ − −

− −

                                 (1) 349 

Analysis of Variance (ANOVA) was used to assess the model’s adequacy. The 350 

detailed ANOVA results are presented in Table S3. The model’s F- value of 70.06 and 351 

a p- value<0.0001 indicate that the regression is highly significant. It showed an 352 

excellent fit, with a coefficient of determination (R²) of 0.9869. The model's reliability 353 

was confirmed by the close agreement between the adjusted R² (0.9736) and the 354 

predicted R² (0.9595), with a difference of only 0.0141 (< 0.2). The low coefficient of 355 

variation (CV = 0.78%) demonstrated good experimental precision and reproducibility. 356 

All four quadratic terms (A, B, C, D) had p-values < 0.01, indicating their significant 357 

influence on F- removal. Based on the magnitude of their effects in the model, the order 358 

of significance for the factors was: seed dosage (A) > Ca: F molar ratio (C) > reaction 359 

time (D) > P: F molar ratio (B).  360 

The diagnostic plots confirm the model's validity. The residuals closely follow a 361 

normal distribution, as evidenced by their alignment along the reference line in the 362 

normal probability plot (Fig. 6A) (Meena et al. 2024). Furthermore, the strong 363 

agreement between predicted and actual values in Fig. 6B, with experimental points 364 

evenly scattered around the ideal fit line, further confirms the model's reliability for 365 

predicting fluoride removal efficiency (Nazari et al. 2014).  366 
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 367 

Fig. 6. (A) Standard residual analysis diagram and the relationship graph between the 368 

(B) predicted value and the actual value. 369 

3.2.2 Response surface analysis 370 

The 3D response surface plots illustrate the interactions among the four factors: (A) 371 

seed dosage, (B) P: F molar ratio, (C) Ca: F molar ratio, and (D) reaction time (Fig. 7). 372 

Both the contour shapes and surface curvatures indicate that all four factors exerted 373 

significant individual positive effects on fluoride removal efficiency within the tested 374 

ranges. The interaction between factor A and factor B was particularly significant, as 375 

evidenced by the elliptical contour plot and dense contours in Fig. 7A. The response 376 

surface shows that removal efficiency increases to an optimum before declining at 377 

higher levels of both factors. This decline is consistent with the known inhibitory effect 378 

of excessive phosphate on calcium fluoride crystallization and its potential to promote 379 

fluoride release from crystal products. Similarly, the interactions between A and C (Fig. 380 

7B), B and C (Fig. 7D), and B and D (Fig. 7E) were also significant, indicated by their 381 

elliptical contours and high contour density. In contrast, the interactions for AD (Fig. 382 
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7C) and CD (Fig. 7F) were not significant, as shown by their near-circular contours 383 

with low density. This visual interpretation aligns well with the statistical conclusions 384 

from the ANOVA.  385 

The process parameters were optimized to maximize F- removal efficiency. The 386 

model predicted optimum conditions were: seed dosage = 2.08 g/L, P: F molar ratio = 387 

5.43, Ca: F molar ratio = 10.51, and reaction time = 64.22 min, corresponding to a 388 

predicted removal efficiency of 86.57%.To validate the model, three verification 389 

experiments were conducted using practical approximations of these conditions (2.1 390 

g/L, P: F = 5.4, Ca: F = 10.5, 64 min). The average experimental removal efficiency 391 

was 85.58%, with the residual F- concentration stably below 1 mg/L. The relative error 392 

between the experimental and predicted values was only 1.16%, demonstrating 393 

excellent agreement and confirming the model's high predictive accuracy. 394 

 395 

Fig. 7. 3D surface plots for fluoride removal illustrate the interaction effect of the 396 
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seed dosage, P: F, Ca: F, and reaction time. 397 

3.3 Analysis of removal mechanism 398 

SEM images reveal distinct changes in the morphology of the Al@SiO₂ seeds before 399 

and after the fluoride removal reaction Fig. 1(F-H) & Fig. 8. Before the reaction, the 400 

seed surface was rough but with only sparse, dispersed particles, leaving substantial 401 

areas exposed. After the reaction, the surface became significantly rougher and was 402 

fully covered by a dense, closely packed layer of material, with no exposed areas visible. 403 

This complete surface coverage indicates the growth and attachment of crystalline 404 

products onto the seed. EDS analysis confirmed the composition change (Fig. S2-S3). 405 

The unreacted seeds contained primarily O, Si, and Al. After the reaction, new peaks 406 

for Ca, P, and F appeared (the C signal originates from the conductive adhesive used in 407 

sample preparation). The presence of Ca, P, and F together indicates the successful 408 

formation and attachment of Ca₅(PO₄)₃F on the seed surface. The increased surface area 409 

and coverage provided by this crystalline layer likely contribute to the enhanced 410 

fluoride removal efficiency observed during the reaction.  411 

The phase composition of the reacted Al@SiO₂ seeds was analyzed by XRD (Fig. 412 

8D). The pattern confirmed the presence of SiO₂ (peaks at 20.96°, 26.64°, 36.54°, and 413 

39.60° 2θ) and Al(OH)3 (with diffraction peaks at 18.28°, 20.28°, 26.88°, and 37.66° 414 

at 2θ). Additionally, new peaks at approximately 25.86°, 31.92°, 33.10°, and 46.88° 2θ 415 

were observed, matching the standard pattern for fluorapatite, Ca₅(PO₄)₃F (PDF#15-416 

0876). This proved that there is Ca₅(PO₄)₃F exists in the crystal seed surface. 417 
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 418 

Fig. 8. The SEM image of Al@SiO2 crystal seeds after the reaction magnified (A) 419 

500, (B) 5000, (C) 10000 times and (D) XRD patterns of the Al@SiO2. 420 

XPS was employed to analyze the surface chemical states of the Al@SiO₂ seed after 421 

the fluoride removal reaction, with the results presented in Fig. 9. The characteristic 422 

peaks of C, O, Si, Al, Ca, F, and P were detected on the full spectrum of the XPS scan 423 

after the reaction in Fig. 9A compared to the full spectrum of the XPS scan before the 424 

reaction (Fig. S4). The appearance of Ca, P, and F signals, consistent with the EDS 425 

results (Fig. S3), indicates that the Ca₅(PO₄)₃F is formed on the surface of Al@SiO2. 426 

The detected carbon is attributed to common adventitious hydrocarbon contamination. 427 

In the high-resolution C1s spectrum (Fig. 9B), three peaks at 284.8 eV, 286.4 eV, and 428 

289.15 eV correspond to C-C/C-H, C-O, and O-C=O bonds, respectively (Liu et al. 429 

2022). In the O1s spectrum (Fig. 9C), the peaks located in 531.6 eV and 532.8 eV could 430 

be assigned to hydroxyl groups and adsorption water. In Fig. 9D, the peaks at 101.7 eV 431 
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(Aluminosilicate) and 102.6 eV (Si-F-O) suggest an interaction between Si and F- 432 

during the adsorption process. For Al2p (Fig. 9E), the characteristic peaks at 73.61 eV 433 

and 74.43 eV could be regarded as the Al-O and Al-OH. Moreover, the peak at 75.15 434 

eV (Al-F) confirms fluoride chemisorption via complex formation (H et al. 2024; W. 435 

Hu et al. 2025). The Ca2p spectrum (Fig. 9F) showed a doublet at 347.94 eV and 351.54 436 

eV with a spin-orbit splitting of 3.6 eV, characteristic of calcium in a phosphate 437 

environment such as Ca₅(PO₄)₃F (Zhang et al. 2025). Combined with the P2p and F1s 438 

spectra, the characteristic peaks in 685.34 eV, 133.60 eV, and 135.44 eV could prove 439 

that F- are removed by forming calcium fluorophosphate(Fig. 9G-H) (Deng et al. 2021).  440 

Fig. 9. XPS spectra of Al@SiO2 after reaction: (A) the full spectrum, (B) C1s, (C) 441 

O1s, (D) Si2p, (E) Al2p, (F) Ca2p, (G) F1s and (H) P2p. 442 

The combined evidence from XPS, XRD, and EDS conclusively demonstrates that 443 

fluoride removal by the Al@SiO₂ seed proceeds through two concurrent mechanisms. 444 

Specifically, fluorapatite crystallization serves as the primary pathway, which is 445 
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complemented by chemisorption via aluminum-fluoride complexation. This dual 446 

mechanism is further enhanced by the seed’s modified structure: its developed porosity 447 

provides abundant nucleation sites, while the surface-bound aluminum (hydroxide) 448 

species offer effective adsorption sites for fluoride. To clarify this process, a schematic 449 

illustration of the dual removal mechanism is presented in Fig. 10.  450 

 451 

Fig. 13. Schematic diagram of fluoride removal mechanism. 452 

4. Conclusion 453 

In this study, aluminum-modified silica seed crystals were successfully synthesized 454 

via a co-precipitation method, significantly enhanced fluoride removal performance 455 

compared to unmodified quartz sand and pure SiO2. The specific conclusions are as 456 

follows:  457 

(1) The modification process substantially increased the specific surface area and pore 458 

volume of the seed material, providing abundant attachment sites for crystalline 459 
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products and thereby greatly improving the F- removal efficiency. 460 

(2) Single-factor experiments and response surface methodology were employed to 461 

investigate the effects and interactions of key operational parameters. The optimal 462 

conditions for F- removal using Al@SiO2 were determined as follows: seed dosage = 463 

2.0 g/L, Ca: P: F molar ratio = 10:5:1, reaction time = 60 min, and stirring speed = 100 464 

rpm. Under these conditions, the residual F- concentration was stably reduced below 465 

1.0 mg/L. 466 

(3) Solution pH significantly influenced the removal process. Stable and efficient F- 467 

removal was achieved within a pH 6-8. However, the presence of HCO3
- markedly 468 

inhibited removal efficiency. 469 

(4) Post-reaction characterization confirmed the formation of calcium fluorophosphate 470 

on the seed surface. The primary mechanism for F- removal was identified as induced 471 

crystallization, with adsorption playing a synergistic role in the overall process. 472 

This study demonstrates that aluminum-modified silica is a highly effective seed 473 

material for the induced crystallization removal of low-concentration fluoride, offering 474 

a promising approach for treating fluoride-contaminated wastewater.   475 
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