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Abstract：Natural clay minerals demonstrate potential as phosphate adsorbents; 18 

however, their practical application is hindered by challenges in material recovery and 19 

limited adsorption capacity, resulting in increased operational costs. In this study, 20 

magnetic attapulgite (MATP) was synthesized using a co-precipitation method for 21 

simulating phosphate adsorption in wastewater treatment. The adsorbent was 22 

characterized using SEM, XRD, FT-IR and VSM. The characterization results 23 

confirmed the successful loading of nano Fe3O4 onto attapulgite (ATP). The saturation 24 

magnetization intensity of MATP achieved the threshold required for rapid solid-liquid 25 

separation and recyclability. The adsorption kinetics were best described by the pseudo-26 

second-order model, while the adsorption isotherms followed the Langmuir model. 27 

MATP exhibited a maximum phosphate adsorption capacity of 4.83 mg·g⁻¹, with an 28 

optimal dosage of 0.15 g and optimal performance under acidic pH conditions. The 29 

presence of Ca²⁺ in solution was found to significantly enhance the phosphate 30 

adsorption capacity of the magnetic clay composite. The phosphate adsorption process 31 

was found to be primarily governed by ligand exchange induced by -OH in MATP. This 32 

study demonstrated that magnetic reusable MATP composites have great promise for 33 

phosphorus removal and recycling. 34 

Keywords: attapulgite, magnetic materials, modification, nano-Fe3O4, 35 

dephosphorization 36 
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1 Introduction 38 

Excess phosphorus in aquatic systems induces eutrophication1. Algal blooms are 39 

triggered when aqueous phosphate concentrations exceed 0.02 mg·L-12. This 40 

eutrophication-driven proliferation progresses to severe aquatic ecosystem degradation 41 

3. Elevated phosphate levels in wastewater effluents contribute to heightened 42 

phosphorus concentrations in receiving waterbodies. Consequently, effective phosphate 43 

removal from wastewater prior to discharge constitutes a critical strategy for 44 

eutrophication mitigation. 45 

Current phosphorus removal technologies encompass chemical precipitation4, 46 

biological processes5, electrocoagulation6, membrane separation7 and adsorption8. 47 

Chemical precipitation operates through the addition of metal salts to generate insoluble 48 

metal phosphates, though this approach generates substantial sludge volumes and risks 49 

secondary contamination9. Biological phosphorus removal operates through cellular 50 

uptake of dissolved phosphorus for polyphosphate synthesis10, providing cost-effective 51 

operation with minimal secondary pollution, though system stability remains 52 

challenging. Electrocoagulation combines electrochemical dissolution of metal 53 

electrodes with floc formation7. The membrane separation method operates based on 54 

the selective permeability of semipermeable membranes for molecular phosphate 55 

separation7, 11, offering reduced sludge production and enhanced reaction kinetics, 56 

though its operational costs remain prohibitive12. Adsorptive phosphorus removal 57 

utilizes porous solids with high surface areas, achieving phosphate sequestration 58 

through electrostatic interactions, ion exchange, or surface precipitation mechanisms13. 59 
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Adsorptive phosphorus removal enables phosphorus recovery from aqueous solutions, 60 

facilitating resource recycling. Adsorption is recognized as a highly effective and cost-61 

efficient phosphate removal strategy14. This method employs low-cost, non-toxic, 62 

biodegradable materials with potential reusability15. Material selection critically 63 

determines adsorption efficacy, with attapulgite being prioritized due to its cost-64 

effectiveness and environmental compatibility16. Sustainable recyclability constitutes a 65 

key evaluation metric for adsorbent practicality. The integration of magnetic 66 

nanoparticles into water treatment systems has emerged as a research focus, particularly 67 

for enhanced solid-liquid separation17, 18. Fe3O4 nanoparticles have demonstrated 68 

superior phosphate adsorption capabilities, as extensively documented in recent 69 

studies19-21. However, technical complexity and elevated production costs hinder 70 

sustainable implementation at industrial scales. The incorporation of magnetic Fe3O4 71 

into natural clay matrices offers cost-effective fabrication, simplified operational 72 

protocols, and enables rapid magnetic separation post-adsorption. This synergistic 73 

design allows the synthesis of regenerable adsorbents through superparamagnetic nano-74 

Fe3O4 loading for multiple operational cycles22. 75 

The integration of magnetic nanoparticles with natural clay matrices 76 

synergistically enhances adsorption capacity, optimizes subsidence rate, and improves 77 

cost-effectiveness, providing valuable insights for aquatic eutrophication mitigation 78 

strategies. In this study, attapulgite was employed to fabricate magnetic clay composites 79 

via a co-precipitation method. The surface properties were systematically investigated 80 

to evaluate phosphate adsorption performance under varied aquatic conditions, while 81 
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the adsorption mechanisms were elucidated through integrated analyses of adsorption 82 

kinetics, isotherm models, and pre-/post-adsorption characterization. 83 

2 Materials and Methods 84 

2.1 Experimental materials 85 

Attapulgite was sourced from Henan Hengyuan New Material Technology Co., 86 

Ltd. (China). All chemical reagents (analytical grade) were procured from Sinopharm 87 

Chemical Reagent Co., Ltd., China; aqueous solutions were prepared using deionized 88 

water. Potassium dihydrogen phosphate (KH2PO4) served as the precursor for stock 89 

solution, with pH adjustment conducted using NaOH and HCl aqueous solutions. 90 

2.2 Preparation of MATP 91 

Based on the method described by Chen et al 23, MATP was synthesized using a 92 

co-precipitation method. Initially, 1 g of attapulgite was added to 100 ml of pure water 93 

and ultrasonicated for 10 min to ensure complete dispersion. Subsequently, 1.96 g of 94 

FeCl3-6H2O and 0.9 g of FeCl2-4H2O were added to the suspension and allowed to 95 

dissolve completely. The pH of the solution was adjusted to 10 using NH3-H2O, 96 

followed by stirring at 60 ℃ for 3 h. The precipitated products were washed three times 97 

using ethanol and purified water and then separated using a permanent magnet. The 98 

suspension was filtered, dried at 65 ℃ for 5 h, and finally ground into a fine powder. 99 

The mass ratio of Fe3O4 to attapulgite in the synthesized magnetic composites was 1:1. 100 

2.3 Characterization of the materials 101 
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The surface elemental composition of the samples was examined using a scanning 102 

electron microscope (FlexSEM 1000, Hitachi, Japan). The chemical composition of the 103 

samples was identified using an infrared spectrometer (Thermo Nicolet Nexus 670, 104 

USA) in the range of 400 - 4000 cm-1. The crystal structure of the samples was 105 

determined by XRD (Bruker D8 Advance, Germany) with a scanning range of 10–70°. 106 

The magnetic properties were measured using a vibrating sample magnetometer (VSM 107 

7040, Lake Shore, USA) to determine the values of saturation magnetization and 108 

remanent magnetization. 109 

2.4 Batch sorption experiments 110 

Configuration of 10 mg/L phosphate with KH₂PO₄ for subsequent MATP 111 

adsorption experiments. Unless otherwise stated, all batch experiments in this study 112 

were conducted in a solution containing 25 mL of phosphate at a concentration of 10 113 

mg·L-1. To investigate the effect of adsorbent dosage on adsorption, phosphate 114 

adsorption experiments were performed by adding 0.05–0.5 g of adsorbent to the 115 

phosphorus-containing wastewater. To explore the effect of pH on adsorption, 116 

experiments were conducted at pH values ranging from 2 to 10. To evaluate the effect 117 

of different Ca2+ concentrations on adsorption, 1 mL of Ca2+ solution with 118 

concentrations ranging from 10 to 160 mg·L-1 was added to the phosphate solution. 119 

2.5 Recyclable and regenerated performance 120 

To evaluate the recyclable and regenerative properties of the adsorbents, recycling 121 

experiments were conducted. After filtering the adsorbed material, pure water was 122 
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added, followed by 5 minutes of sonication and 5 minutes of centrifugation; the 123 

supernatant was then decanted. After repeating the above steps three times, the material 124 

was dried at 65 ℃ for subsequent experimental cycles. In this study, four consecutive 125 

adsorption-desorption cycles were performed. 126 

2.6 Analytical methods 127 

The phosphate concentration was determined using a Mo-Sb anti-128 

spectrophotometer (GB 11893-89). The phosphate removal rate (Eq. 1) and phosphate 129 

adsorption capacity (Eq. 2) were calculated24. 130 𝑅 = 0ܥ − 0ܥ1ܥ × 100％ (1) 131 ܳ௘ = 0ܥ) − ܸ݉(1ܥ (2) 132 

Where 𝑅is the phosphate removal rate (%); 0ܥ and 1ܥ are the initial concentration 133 

of the phosphate solution and the concentration after adsorption (mg·L-1), respectively; 134 ܳ௘ is the phosphate adsorption capacity (mg·g-1); ܸ is the solution volume (L) and ݉ 135 

is the adsorbent mass (g). 136 

The pseudo-first-order model (Eq. 3), pseudo-second-order model (Eq. 4), Elovich 137 

model (Eq. 5), and intraparticle diffusion model (Eq. 6) were used to fit the 138 

experimental data25, 26. 139 Pseudo‐ first‐ order model： ln(ܳ௘ − ܳ௧) = ln ܳ௘ − ݐ1݇ (3) 140 Pseudo‐ second‐ order model： ௧ݐܳ = 1݇2ܳ௘2 + ௘ݐܳ (4) 141 Elovich model：ܳ௧ = 1ܽ ln ܾܽ + 1ܽ ln ݐ (5) 142 Intraparticle diffusion model：ܳ௧ = ܿ + ௧ௗܭ0.5ݐ (6) 143 

where ܳ௘ and ܳ௧ are the amount of phosphate adsorbed (mg·g-1) at equilibrium 144 
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and at time ݐ, respectively. ݇1, ݇2, and ܭ௧ௗ are the equilibrium rate constants. 145 

To further analyze the adsorption mechanism, adsorption isotherm models, 146 

including the Langmuir model (Eq. 7), Freundlich model (Eq. 8), and Temkin model 147 

(Eq. 9)27. 148 Langmuir: ܳ௘ = ܳ௠௔௫ܭ௟ܥ௘1 + ௘ܥ௟ܭ (7) 149 

Freundlich: ܳ௘ = ௘ܥ௙ܭ 1௡ (8) 150 Temkin: ܳ௘ = ்ܤ ln ்ܣ + ்ܤ ln ௘ܥ (9) 151 

Where ܭ௟  is Langmuir's constant, L·mg-1; ܭ௙  is Freundlich's constant, which is 152 

related to the adsorption capacity and adsorption strength; T is the absolute temperature 153 

(K), R is the universal gas constant (8.314 J·mol-1·K-1), ்ܤ is the heat of adsorption, 154 

and ்ܣ  is the equilibrium binding constant (L·min-1), which corresponds to the 155 

maximum binding energy 27 .  156 

3 Results 157 

3.1 Adsorbent characterization  158 

3.1.1 SEM characterization analysis 159 

Fig. 1 showed the morphological comparison of ATP and MATP. It can be 160 

observed that ATP exhibits a typical lamellar or tubular flake morphology. In addition, 161 

it can be observed that a large number of nanoscale Fe3O4 particles are uniformly 162 

distributed on the surface of MATP. These results preliminarily demonstrate the 163 

successful synthesis of the magnetic nanomaterial in this study. 164 
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165 

Fig. 1. SEM image of ATP and MATP  166 

(a) ATP; (b) MATP 167 

3.1.2 FTIR characterization analysis 168 

The FTIR spectra of ATP and MATP are shown in Fig. 2. In the infrared 169 

spectrum of ATP, the peak at 3635 cm-1 was attributed to the stretching vibrations of 170 

Mg–OH and Al–OH28. The band at 3442 cm-1 corresponded to physically adsorbed 171 

water, while the peak at 1631 cm-1 was ascribed to the –OH stretching vibration in 172 

attapulgite16. The peaks at 1039 cm-1 and 876 cm-1 were attributed to the stretching 173 

vibrations of Si–O–Si and Si–OH groups in ATP, whereas the peak at 792 cm-1 174 

corresponded to the bending vibration of Si–O–Si in ATP16, 29. The peak intensity in 175 

MATP was reduced; however, a characteristic peak appeared at 560 cm-1, which was 176 

attributed to the stretching mode of Fe–O in Fe3O4. This confirmed the successful 177 

deposition of Fe3O4 on ATP, consistent with the XRD results29. The characteristic 178 

peaks of ATP were retained in MATP, indicating that the modification did not alter the 179 

original structure of the material. 180 
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 181 

Fig. 2. Fourier infrared spectra of ATP and MATP 182 

3.1.3 XRD characterization analysis 183 

The XRD diffractograms of ATP and MATP are shown in Fig. 3. The XRD patterns 184 

showed that ATP exhibited predominantly SiO2 diffraction peaks (JCPDS card No. 46-185 

1045), indicating that the SiO2 in the sample had high crystallinity30. Additionally, 186 

impurity minerals such as carbonates were identified alongside quartz. The XRD 187 

pattern of MATP displayed additional characteristic peaks corresponding to Fe3O4 188 

(JCPDS card No. 19-0629), confirming the successful loading of Fe3O4 onto ATP31. In 189 

general, MATP retained the characteristic mineral composition of ATP. Furthermore, 190 

the formation of numerous nanoparticles with high specific surface area led to broader 191 

diffraction peaks. The diffraction peaks of MATP showed no significant changes 192 

compared to those of ATP, demonstrating that the Fe3O4 modification process did not 193 

alter the material's structure. 194 
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 195 

Fig. 3. XRD diffraction patterns of ATP and MATP  196 

(a) ATP;  (b) MATP 197 

3.1.4 VSM characterization analysis 198 

Fig. 4 displayed the magnetic hysteresis loop of MATP. The saturation 199 

magnetization (Ms) of MATP was measured as 9.09 emu·g-1 with a coercivity (Hc) of 200 

4.05 Oe. The S-shaped hysteresis curve originating at zero field exhibited negligible 201 

hysteresis, with both coercivity and remanent magnetization approaching zero, 202 

confirming the superparamagnetic behavior of the material32. This property ensured 203 

effective dispersion in aqueous solutions without external magnetic fields, preventing 204 

particle aggregation. The saturation magnetization value satisfied the minimum 205 

requirements for solid-liquid separation and material recovery33. 206 

 207 

Fig. 4. Magnetic hysteresis loop of MATP 208 



 12 

3.2 Factors affecting adsorption 209 

3.2.1 Adsorbent dose 210 

As depicted in Fig. 5a, the phosphate removal efficiency of MATP exhibited rapid 211 

enhancement within the low dose range (0.05–0.10 g). When the dosage exceeded 0.10 212 

g, the removal efficiency showed a reduced growth rate. At 0.05 g dosage, the 213 

adsorption capacity per unit mass decreased, suggesting that the available adsorption 214 

sites and functional groups increased proportionally with adsorbent quantity. At 0.15 g 215 

dosage, MATP achieved 95.75% phosphate removal efficiency, demonstrating effective 216 

phosphate elimination from aqueous systems. Considering both economic feasibility 217 

and removal performance, the optimal MATP dosage was determined to be 0.15 g. 218 

3.2.2 pH  219 

The phosphate removal efficiency of MATP was evaluated across varying pH 220 

conditions, along with the zeta potential values of ATP before and after modification 221 

(Fig. 5b). MATP exhibited higher zeta potential values compared to ATP, resulting in 222 

enhanced phosphate adsorption. Solution pH was found to govern the surface charge 223 

distribution of the adsorbent and the competitive adsorption between OH- and 224 

phosphate ions. Under acidic conditions (pH < 7), the adsorbent surface acquired 225 

stronger positive charges, leading to enhanced phosphate adsorption. With increasing 226 

pH (>7), the dominant phosphate species shifted from HPO4
2- to PO4

3 34. The zeta 227 

potential gradually decreased with pH elevation, reducing the adsorbent's capacity to 228 

capture phosphate ions. The phosphate removal efficiency exhibited a non-monotonic 229 
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trend, initially decreasing before showing subsequent improvement. 230 

3.2.3 Ca2+ concentration 231 

In aqueous systems, phosphate adsorption is influenced by coexisting ions that 232 

may exert synergistic or antagonistic effects35. Ca2+ promotes phosphate adsorption via 233 

formation of ternary surface complexes (metal-P-Ca)36. CaCl2 was introduced into the 234 

phosphate solution to evaluate the impact of cationic interactions on adsorption 235 

performance. The Ca2+ concentration-dependent adsorption behavior of MATP was 236 

demonstrated in Fig. 5c. Phosphate adsorption capacity showed progressive 237 

enhancement with elevated Ca2+ concentrations, reaching saturation at approximately 238 

80 mg·L-1. At saturation conditions, the adsorption capacity demonstrated a 12.87% 239 

enhancement relative to the Ca2+ free system. 240 

 241 

Fig. 5. Effect of various factors on the removal phosphate 242 

(a) Dosage. Initial phosphate concentration: 10 mg·L-1; initial pH:7; reaction time: 3 hr. (b) Initial 243 

pH. initial phosphate concentration: 10 mg·L-1; material dosage: 0.15 g; reaction time: 3 hr. (c) 244 

Ca2+ concentration. Initial phosphate concentration: 10 mg·L-1; initial pH:7; material dosage: 0.15 245 

g; reaction time: 3 hr. 246 

3.3 Adsorption kinetics 247 

The kinetic adsorption data of MATP were fitted with pseudo-first-order and 248 

pseudo-second-order models (Fig. 6), with corresponding parameters summarized in 249 
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Table 1. The pseudo-second-order model provided a superior fit (R2= 0.999) compared 250 

to the pseudo-first-order model, as evidenced by its proximity to unity. This suggests 251 

the adsorption process was predominantly chemisorption-mediated, with physical 252 

adsorption playing a secondary role, indicating surface-active site-dependent kinetics36. 253 

The Elovich model parameters revealed that diffusion contributed to the rate-254 

limiting process, while chemisorption played a dominant role in the adsorption 255 

kinetics37. The intra-particle diffusion model was employed to elucidate the rate-256 

controlling mechanisms, providing detailed insights into the adsorption process38, 39. As 257 

shown in Fig. 6d, the adsorption process exhibited two distinct phases. The first stage 258 

demonstrated a higher correlation coefficient (R2) and greater intraparticle diffusion 259 

rate constant (kp1 > kp2). This suggested rapid initial adsorption followed by decreased 260 

kinetics in the second stage, attributed to progressive saturation of active sites40. 261 

 262 

Fig. 6. Four linear kinetic models for the adsorption of phosphate on MATP. Initial phosphate 263 

concentration: 10 mg·L-1; initial pH:7; material dosage: 0.2 g; reaction time: 0-3 hr. 264 

(a) Pseudo-first-order kinetic model; (b) Pseudo-second-order kinetic model; (c) Elovich 265 

model; (d) Intraparticle diffusion model.  266 
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Table 1 Adsorption kinetic parameters of phosphate on MATP 267 

Adsorbent type Parameters 

Pseudo-first-order 

Qe (mg·g-1) 0.275 

k1 0.017 

R2 0.778 

Pseudo-second-order 

kinetic model 

Qe (mg·g-1) 1.625 

k2 1.437 

R2 0.999 

Elovich model 

a 3.89 

b 1.08 

R2 0.901 

Intraparticle 

diffusion model 

c1 0.086 

Ktd1 0.256 

R12 0.905 

c2 1.321 

Ktd2 0.022 

R22 0.771 

 268 

3.4 Adsorption isotherms 269 

The isotherm fitting parameters and figure for Langmuir, Freundlich, and Temkin 270 

models were summarized in Table 2 and Fig.7,respectively. The Langmuir model 271 

achieved a higher determination coefficient (R² = 0.986) compared to the Freundlich 272 

model (R²=0.966). Visual inspection of the fitted curves confirmed the superior fitting 273 

performance of the Langmuir model. This suggested monolayer adsorption through 274 

chemisorption-driven mechanisms. The calculated maximum adsorption capacity 275 

reached 4.83 mg·g⁻¹. The Freundlich model  indicated potential multilayer adsorption 276 

on heterogeneous surfaces. This implied coexisting multilayer adsorption mechanisms, 277 
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revealing multifaceted adsorption characteristics. The Temkin model showed 278 

satisfactory fitting (R²=0.890), further validating chemisorption dominance in the 279 

magnetic composite system. 280 

 281 

Fig. 7. Three models for the adsorption of isotherms of MATP on phosphate 282 

(a) Langmuir model；(b) Freundlich model；(c) Temkin model. Initial phosphate concentration: 283 

10-50 mg·L-1; initial pH:7; material dosage: 0.15 g; reaction time: 3 hr. 284 

Table 2 The fitting results of isothermal equation of three models of MATP 285 

Adsorbent type Langmuir model Freundlich model Temkin model 

Parameters 
K1 Qmax R2 Kf n R2 R2 

0.515 4.830 0.986 1.971 3.534 0.966 0.890 

3.5 Recycling experiments 286 

Regeneration capability represents a critical indicator for evaluating adsorbent 287 

performance41. Four consecutive adsorption-desorption cycles were conducted to assess 288 

MATP's regeneration performance (Fig. 8). The observed efficiency decline was 289 

attributed to incomplete phosphate desorption, whereby residual ions occupied active 290 

sites on the magnetic composite surface, thereby impairing subsequent adsorption42, 43. 291 

After four-cycle regeneration, MATP retained 76.14% phosphate removal efficiency, 292 

demonstrating practical reusability and offering economic advantages for water 293 

treatment applications. 294 
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 295 

Fig. 8. The effect of MATP cycle times on phosphate removal efficiency. Initial phosphate 296 

concentration: 10 mg·L-1; initial pH:7; material dosage: 0.15 g; reaction time: 3 hr. 297 

4 Discussion 298 

4.1 Structure of MATP 299 

Attapulgite (ATP), a hydrated magnesium aluminum silicate mineral, features a 300 

2:1 layered structure with parallel band arrangements. Previous studies demonstrated 301 

that Ca2+ in ATP facilitates phosphorus removal through precipitation with PO4
3-35. 302 

However, natural clay minerals exhibit limited phosphate adsorption capacity in 303 

aqueous systems due to their inherent structural constraints31. This limitation originates 304 

from the net negative charge distribution within their crystalline frameworks. The 305 

incorporation of Fe3O4 nanoparticles enables surface charge reversal, effectively 306 

enhancing phosphate adsorption capacity in magnetic composites44.  307 

In this study, cost-effective attapulgite served as the substrate for synthesizing MATP 308 

through coprecipitation method. Comprehensive characterization analyses verified the 309 

successful integration of Fe3O4 nanoparticles onto the attapulgite matrix. The measured 310 
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saturation magnetization (9.09 emu·g-1) confirmed excellent magnetic responsiveness, 311 

enabling rapid solid-liquid separation under external magnetic fields for adsorbent 312 

recovery. 313 

4.2 Adsorption conditions impact 314 

The density of accessible adsorption sites exhibits progressive augmentation with 315 

increasing dosage within the low dosage range45. However, the specific adsorption 316 

capacity per unit mass showed a declining trend at higher dosages, attributed to 317 

overlapping effective adsorption sites46. This suggests that overdosing beyond the 318 

optimal level induces site saturation and diminished adsorption efficiency, leading to 319 

inefficient resource allocation. 320 

As shown in Fig. 5b, the inherent negative surface charge of attapulgite hinders 321 

electrostatic adsorption of anionic phosphate species. Solution pH critically influences 322 

phosphate adsorption by modulating both MATP's surface charge and phosphate 323 

speciation. Phosphate exists predominantly as H2PO4
- (pH 2-7) and HPO4

2- (pH 7-10), 324 

with divergent adsorption affinities between these species47. Under acidic conditions, 325 

MATP's positive surface charge promotes electrostatic interactions with H2PO4⁻ 326 

anions48. This charge complementarity enhances H2PO4
- adsorption through favorable 327 

electrostatic forces. Under alkaline conditions, both MATP and dominant HPO4
2- 328 

species carry negative charges48. This charge similarity induces interionic repulsion, 329 

significantly diminishing adsorption capacity. Comparable charge-dependent 330 

adsorption mechanisms are well documented in related studies49-51. At pH 8, OH- ions 331 

compete with phosphate for adsorption sites, further diminishing removal efficiency45. 332 
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The influence of Ca2+ coexisting ions on adsorption behavior was investigated. The 333 

introduction of Ca2+ augmented surface positive charge of the magnetic composite, 334 

thereby promoting electrostatic attraction with phosphate anions. Furthermore, Ca2+ 335 

facilitates the formation of CaHPO4 precipitates that subsequently adsorb onto the 336 

composite surface, thereby synergistically improving adsorption capacity. 337 

4.3 Adsorption model fit 338 

To elucidate the phosphate adsorption mechanism, kinetic and isothermal 339 

adsorption analyses were conducted. Kinetic analysis confirmed the predominance of 340 

chemisorption in MATP's phosphate adsorption mechanism. These findings align with 341 

established adsorption mechanisms reported in clay-based systems34, 52, 53. The 342 

experimental data exhibited superior alignment with the Langmuir model (R²=0.9858), 343 

indicating homogeneous monolayer adsorption with uniformly distributed active sites54. 344 

The observed correlation between kinetic parameters and regeneration efficiency 345 

suggests that incomplete regeneration compromises subsequent adsorption capacity. 346 

This phenomenon stems from the pseudo-second-order kinetic principle, where 347 

adsorption rate depends on the square of available active sites55. MATP was increased 348 

from 0.17 mg·g-1 to 4.83 mg·g-1 compared to the pre-modified ATP, demonstrating 349 

significant performance improvement56. 350 

4.4 Adsorption mechanism 351 

Fig. 9 presented comparative SEM micrographs of ATP and phosphate-laden 352 

MATP, revealing distinct surface morphology evolution. Post-adsorption 353 
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characterization revealed surface smoothening and densification, attributed to 354 

phosphate deposition and diminished interparticle porosity. These morphological 355 

transformations confirm effective phosphate immobilization through surface 356 

complexation mechanisms. 357 

FT-IR analysis was performed to investigate functional group modifications 358 

during phosphate adsorption (Fig. 10a). The characteristic FT-IR peaks of MATP 359 

remained largely unaltered post-adsorption compared to the pristine material. Emerging 360 

absorption bands at 2949 cm-1 and 2919 cm-1 (absent in pristine MATP) correspond to 361 

C-H stretching vibrations of -CH3 and -CH2 groups57. A new vibrational mode appeared 362 

at 626 cm-1, assigned to O-P-O bending vibrations, confirming inner-sphere 363 

complexation through ligand exchange mechanisms58. 364 

XPS analysis was performed to investigate the phosphate adsorption mechanism 365 

through comparative spectral analysis. As shown in Fig. 10b, the XPS results reveal a 366 

clear P 2p peak at a binding energy of 132.32 eV, confirming the effective adsorption 367 

of phosphate onto the material. Fig. 10c showed that the Fe 2p spectrum exhibited 368 

characteristic doublets at 710.6 eV (Fe 2p1/2) and 724.6 eV (Fe 2p3/2). Post-adsorption 369 

Fe 2p peaks underwent positive binding energy shifts, suggesting Fe–O–P bond 370 

formation through electron transfer (Fig. 10d) 59. These results demonstrate that the 371 

chemical binding between iron and phosphate plays an important role in the adsorption 372 

process. 373 

After adsorption, the percentage of Fe-O peak area decreased from 7.94% to 374 

6.17%, which may be due to the formation of Fe-P compounds leading to the occupation 375 
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of metal binding site by P. The adsorption of phosphorus on the surface was also 376 

observed in the presence of hydroxyl oxygen, which is the most important component 377 

of phosphorus. The hydroxyl oxygen content on the surface decreased from 43.34% to 378 

39.37% after adsorption, which proved that hydroxyl oxygen was involved in the 379 

adsorption of phosphorus and may form Fe-O-P coordination complexes with 380 

phosphate exchange ligands in water12. 381 

Fig. 11 schematically illustrates the dominant phosphate adsorption mechanisms 382 

of MATP. The -OH induced ligand exchange in MATP dominates phosphate adsorption 383 

and gives rise to complexation phenomena. In particular, the protonated metal hydroxyl 384 

groups adsorbed phosphate by electrostatic attraction when the pH was acidic. 385 

 386 

Fig. 9. SEM images of MATP before and after adsorption phosphate  387 

(a) before adsorption; (b) after adsorption 388 



 22 

 389 

Fig. 10. (a) FT-IR spectra, (b) XPS spectra of Full spectrum, (c) Fe 2p and (d) O 1s for MATP 390 

before and after phosphate adsorption. 391 

 392 

Fig. 11. Main mechanisms for phosphate adsorption by MATP 393 

5 Conclusions 394 

To address phosphate-induced eutrophication, magnetic attapulgite composites 395 

(MATP) were successfully synthesized via co-precipitation. Systematic investigations 396 

encompassing material characterization, adsorption optimization, and mechanistic 397 

analysis yielded the following key findings: 398 

(1) MATP was successfully synthesized via co-precipitation, with SEM, FTIR, and 399 
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XRD confirming homogeneous dispersion of Fe3O4 nanoparticles on attapulgite 400 

surfaces while preserving its native mineral structure. Magnetic hysteresis loops 401 

confirmed superparamagnetic behavior (S-type loops), enabling rapid solid-liquid 402 

separation under external magnetic fields. 403 

(2) Batch experiments identified optimal parameters: 0.15 g adsorbent dosage and 404 

acidic pH conditions. Calcium ion co-presence enhanced adsorption capacity through 405 

synergistic effects. MATP demonstrated notable regenerability, maintaining 76.14% 406 

phosphate removal efficiency after four adsorption-desorption cycles.  407 

(3) The adsorption process was consistent the Langmuir model with a maximum 408 

adsorption capacity of 4.83 mg·g-1. Remarkably, the adsorption of phosphate by MATP 409 

can be attributed to ligand exchange, inner-sphere complexation and electrostatic 410 

attraction. 411 

  412 
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