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A B S T R A C T

Magnetic nanocomposites offer an effective strategy for phosphate removal from wastewater, preventing 
eutrophication and enabling phosphate recovery for reuse as fertilizer—supporting a zero-waste approach. In this 
study, a novel hybrid nanocomposite composed of magnetized calcined oyster shell waste and calcium silicate 
hydrate (M-COS-CSH) was synthesized through a simple process completed within 5.2 h. Response Surface 
Methodology was employed for optimization: a Central Composite Design determined the optimal FeCl₃ and COS 
ratios, while a Box–Behnken Design optimized adsorption conditions including adsorbent dose (20–100 mg), 
initial phosphate concentration (10–90 mg L− 1), contact time (15–75 min), and pH (3− 11). Under optimal 
conditions (60 mg adsorbent, 10 mg L− 1 phosphate, 45 min, pH 6.28), M-COS-CSH achieved a predicted 
maximum removal efficiency of 97.30 %. An experimental removal efficiency of 98.06 % ± 0.19 % was obtained 
under the same conditions without pH adjustment (pH 6.84), offering a cost advantage. The adsorption process 
closely followed the Langmuir isotherm model (R2 = 0.9963), with a maximum adsorption capacity of 161.29 
mg g− 1, and was best described by the pseudo-second-order kinetic model (R2 = 1.0000). Characterization 
suggested a mechanism involving surface microprecipitation and inner-sphere complexation. Thermodynamic 
analysis confirmed the process to be endothermic and spontaneous (ΔG◦: − 9.97 to − 10.84 kJ mol− 1; ΔH◦: 3.00 
kJ mol− 1; ΔS◦: 43.52 J mol− 1 K− 1). M-COS-CSH achieved phosphate removal ranging from 70.81 % ± 2.47 % to 
94.24 % ± 0.39 % in real water samples. Even in the presence of competing anions at fivefold phosphate con
centration, removal efficiency remained high (93.58 % ± 0.32 %), confirming the material's strong selectivity 
and suitability in complex matrices.

1. Introduction

Phosphorus (P) is a vital element for life, playing a crucial role in the 
growth and development of humans, ruminants, and crops [1,2]. 
Naturally abundant, phosphorus accounts for approximately 0.09 % of 
the Earth's crust by weight and is predominantly utilized in the pro
duction of phosphate fertilizers. However, global phosphorus reserves 
are increasingly threatened due to the finite availability of phosphate 
rock resources. This growing scarcity, exacerbated by political and 
economic challenges, poses serious risks to global food production and 

security [3,4]. Consequently, phosphorus recovery from phosphorus- 
contaminated sources, such as wastewater treatment plants (WWTP) 
effluent has become a critical focus of research and development efforts.

Phosphorus exists in both inorganic forms (such as orthophosphates 
and condensed phosphates) and organic forms (such as phosphate es
ters). In natural water systems, orthophosphates typically occur as 
insoluble phosphate ions (PO₄3− ) [5]. However, anthropogenic activi
ties—including agricultural runoff, aquaculture pond effluent, and 
municipal and industrial discharges—have significantly elevated phos
phorus concentrations in aquatic environments [6,7]. Phosphorus levels 
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as low as 0.02 mg L− 1 can trigger eutrophication or algal blooms [7], 
which severely impact ecosystems, degrade water quality, and threaten 
public health [8,9]. Recognized for decades as a major global environ
mental issue [10–12], phosphorus pollution demands immediate and 
sustained attention. In Thailand, eutrophication driven by plankton 
blooms remains one of the most pressing water pollution challenges. 
Total phosphorus (TP) concentrations ranging from 0.25 to 34.80 mg 
L− 1 have been reported in urban ponds [13]. Although national regu
lations have set the phosphorus discharge limit for treated effluent at 
below 2 mg L− 1 [14], excessive TP concentrations are still frequently 
detected in effluents from WWTP that discharge directly into communal 
drainage waterways [15,16], contributing to nutrient enrichment in 
coastal ecosystems. Moreover, approximately 36 % of municipal WWTP 
effluent is reused within communities for activities such as agricultural 
and green space irrigation, garbage truck washing, road cleaning, and 
livestock watering [17]. While the reuse of reclaimed water offers sig
nificant benefits for water conservation, it may also facilitate the 
broader dispersion of residual phosphorus into the environment. 
Therefore, effective phosphorus management strategies are urgently 
needed to protect environmental quality and public health. In particular, 
phosphorus should be efficiently removed from water systems and 
recovered for reuse as fertilizer to support sustainable food production.

Various biological, physicochemical, and hybrid methods have been 
employed for phosphorus removal. Common techniques include sorp
tion, photocatalysis, chlorination, ozonation, the Fenton reaction, pre
cipitation, ion exchange, enhanced biological phosphorus removal 
(EBPR) using activated sludge systems, biological trickling filters, bio
film reactors, and fungi-based treatments [18,19]. Although many of 
these methods can effectively remove phosphorus, they are often not 
well-suited for its recovery. In contrast, adsorption is particularly 
favored for both phosphorus removal and recovery due to several ad
vantages, including high efficiency—even at low phosphate concen
trations—rapid operation, and cost-effectiveness [20].

A wide range of adsorbents has been explored for phosphorus cap
ture, including nanomaterials, carbon-based materials (such as activated 
carbon and biochar), chitosan-based materials, calcium-based materials, 
zirconium-modified materials, polymer-based materials, and various 
composites [21–26]. Among these, calcium silicate hydrate (CSH) has 
gained significant attention due to its excellent phosphate adsorption 
capacity—reported as 65.45 mg g− 1 [7] and 109.4 mg g− 1 [27]—which 
is attributed to its high specific surface area (e.g., 85.22 m2 g− 1 [7]; 
148.11 m2 g− 1 [28]). CSH not only provides abundant surface sites but 
also releases Ca2+ ions, which form complexes with phosphate ions and 
OH− ions, which help regulate pH and facilitate calcium phosphate 
precipitation [29–31]. Moreover, the reaction products, mainly amor
phous calcium phosphate (ACP) and hydroxyapatite (HAP), have po
tential applications as fertilizers [7,27,29,32]. However, a notable 
limitation of CSH is its intrinsically limited pore structure, which can 
restrict the release of calcium (Ca2+) and hydroxide (OH− ) ions—both of 
which are critical for phosphate adsorption and crystallization. Addi
tionally, CSH nanoparticles tend to aggregate in aqueous environments 
due to their small particle size and high surface free energy [7,27]. This 
aggregation significantly reduces the effective surface area available for 
phosphate adsorption, thereby hindering the overall removal efficiency. 
Furthermore, the fine particle size complicates post-treatment recovery, 
leading to material loss and increased operational and maintenance 
costs [7,15,29].

To address these challenges, strategies such as surface modification, 
magnetization, and compositing CSH with other calcium-based mate
rials have been proposed. Calcium carbonate (CaCO₃)-rich waste mate
rials have recently gained significant attention as sustainable, low-cost 
sorbents for phosphate capture. Various sources have been reported, 
including cockle shells [33,34], eggshells [35,36], snail shells [37], and 
chicken bones [38]. Among these, oyster shell waste has demonstrated 
strong potential for reuse following simple treatment processes, partic
ularly as a fertilizer material [25,39]. Studies have shown that oyster 

shell waste provides comparable phosphate removal efficiency to 
reagent-grade CaCO₃ [40]. Furthermore, thermal pretreatment can 
significantly enhance its adsorption capacity [41]. Upon thermal treat
ment at 800 ◦C, CaCO₃ in oyster shells decomposes into CaO, which 
offers higher phosphate adsorption capacity due to its greater solubility 
relative to CaCO₃ [25,42,43]. The reuse of oyster shell waste also con
tributes to food waste reduction and enhances the operational efficiency 
of waste incineration plants, which often struggle with the high moisture 
and organic content of food waste. Additionally, magnetizing adsorbents 
has emerged as an effective approach to facilitate the easy separation 
and recovery of materials from aqueous systems, aligning with the zero- 
waste concept. Magnetic materials can bind target compounds and be 
rapidly separated using an external magnetic field [44–46]. This method 
reduces the loss of lightweight, non-biodegradable adsorbent particles 
that could otherwise contribute to secondary water contamination 
[47,48]. Moreover, magnetite offers the advantages of low toxicity, easy 
recovery, and favorable adsorption properties [49]. Despite these ad
vances, there remains a lack of integrated materials that combine high 
reactivity, environmental sustainability, cost-effectiveness, and facile 
recovery. Furthermore, the application of systematic optimization 
methods, such as Response Surface Methodology (RSM) to fine-tune 
both synthesis and adsorption conditions remains underexplored.

To fill this gap, the present study hypothesizes that a magnetized 
calcium silicate–oyster shell nanocomposite (M-COS-CSH), incorpo
rating a magnetite core, calcined oyster shell (COS), and CSH, can 
provide enhanced adsorption efficiency, reusability, and environmental 
compatibility for phosphate removal from wastewater. The hypothesis is 
grounded in the synergistic effects of the component materials: COS 
offers high calcium content for phosphate precipitation, CSH provides a 
reactive and high-surface-area matrix, and magnetite enables recovery 
and reuse. This study presents a novel, low-cost, and sustainable nano
composite, synthesized via a facile and time-efficient method, and sys
tematically optimized using RSM. The developed material was 
comprehensively characterized, and its adsorption behavior was inves
tigated through isotherm, kinetic, and thermodynamic analyses to 
elucidate the underlying mechanisms. In addition, the effects of coex
isting anions commonly found in natural and wastewater matrices were 
assessed to evaluate selectivity. The reusability of the nanocomposite 
was also tested to determine its stability and performance over multiple 
adsorption–desorption cycles. Finally, the practical applicability of M- 
COS-CSH was demonstrated using real water samples, highlighting its 
strong potential for sustainable phosphate management in real-world 
environmental applications. This work offers a significant advance
ment in the development of multifunctional sorbents for sustainable 
phosphorus management, bridging material innovation and environ
mental application.

2. Materials and methods

All materials used in this study are listed in Supplementary Material 
S1.

2.1. Preparation of M-COS-CSH

COS was prepared following the method of [25]. Cleaned oyster shell 
waste was crushed and sieved to obtain particles ≤0.125 mm, then 
calcined at 900 ◦C for 3 h. The resulting light grey powder was stored in 
a desiccator for future use.

M-COS-CSH was synthesized using a modified procedure based on 
established methods [7,25,46]. In a 250 mL round-bottom flask, opti
mized amounts of FeCl₃ and FeSO₄ (as determined by RSM) were dis
solved in 20 mL of ultrapure water and stirred magnetically. The mixture 
was then heated in a water bath at 80 ◦C for 30 min. Subsequently, a 
0.84 % (w/v) NaOH solution was added dropwise, immediately turning 
the solution black—indicative of magnetite (Fe₃O₄) formation. After 
cooling to room temperature, COS and Na₂O₃Si (13.78 g) were added, 
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and the mixture was stirred for 1 h. This was followed by 10 min of 
sonication, during which a 47 % (w/v) CaCl₂ solution was gradually 
added dropwise, resulting in the immediate formation of a black sol–gel. 
The resulting product was then soaked in 4 L of ultrapure water for 30 
min to remove unreacted Ca(OH)₂, filtered through a 0.45 μm mem
brane, and oven-dried at 80 ◦C. The final composite was stored in a 
desiccator until use. Detailed procedures for the preparation of Fe₃O₄, 
CSH, and COS-CSH nanocomposites used for comparison are provided in 
Supplementary Materials S2 to S4. A schematic illustration of the M- 
COS-CSH synthesis is presented in Supplementary Fig. S1.

2.2. Experimental design

RSM was employed to optimize both the synthesis conditions of M- 
COS-CSH and the parameters for phosphate adsorption. A Central 
Composite Design (CCD) was used to optimize the preparation of M- 
COS-CSH, while a Box-Behnken Design (BBD) was applied for opti
mizing phosphate adsorption conditions. The actual and coded values of 
the independent variables are summarized in Table 1. For the CCD, two 
independent variables were evaluated at five levels, coded as − α, − 1, 0, 
+ 1, and + α, with α calculated as (2k)1/4 = 1.414, where k is the number 
of variables. In the BBD, four independent variables were tested at three 

levels (− 1, 0, and + 1). The number of experimental trials was deter
mined using the formulas 2k + 2 k + C for CCD [50], and 2 k(k − 1) + C 
for BBD [51], where C represents the number of central points. In both 
designs, the response variable (Y) was phosphate removal efficiency 
(RE, %), with values approaching 100 % considered optimal. The actual 
weights of the ingredients used for M-COS-CSH preparation are provided 
in Supplementary Table S1, and the coded experimental design for CCD 
optimization is presented in Supplementary Table S2. Experimental 
design generation and statistical analyses, including regression 
modeling, response surface plotting, and analysis of variance (ANOVA), 
were performed using STAT-EASE 360 software (USA).

2.3. Characterization of M-COS-CSH

The M-COS-CSH nanocomposite, both before and after phosphate 
adsorption, was characterized using a range of instrumental techniques. 
A high-throughput surface area and porosity analyzer (ASAP 2460, 
Micromeritics, USA) was used to determine the specific surface area, 
porosity, and pore size distribution of the samples. Nitrogen adsorp
tion–desorption isotherms were measured, and the data were analyzed 
using the Brunauer–Emmett–Teller (BET) method for surface area and 
the Barrett–Joyner–Halenda (BJH) method for pore size distribution. 

Table 1 
Variables with actual and code values for response surface experiment and the values of phosphate adsorption.

Independent variables Symbol Level C Run 
order

− α 
(− 1.414)

Low (− 1) Central (0) High (− 1) +α 
(+1.414)

i) CCD: Preparation of M-COS-CSH
FeCl3 (g) A 2.98 4.32 7.56 10.80 12.14 1 9
COS (g) B 0.53 0.90 1.80 2.70 3.07
ii) BBD: Adsorption of phosphate
Dose of adsorbent (mg) A – 20 60 100 – 3 27
Initial concentration (mg L− 1) B – 10 50 90 –
Contact time (min) C – 15 45 75 –
pH D – 3 7 11 –
Response: Removal efficiency (%) Y

Run order Actual variables Code variables Actual 
(%RE)

Predicted 
(%RE)

BBD A: Dose (mg) B: Initial Concentration (mg L⁻¹) C: Contact time (min) D: 
pH

A B C D

1 20 10 45 7 − 1 − 1 0 0 68.98 61.84
2 100 10 45 7 1 − 1 0 0 92.60 91.64
3 20 90 45 7 − 1 1 0 0 21.58 24.02
4 100 90 45 7 1 1 0 0 83.43 92.06
5 60 50 15 3 0 0 − 1 − 1 89.17 93.15
6 60 50 75 3 0 0 1 − 1 95.68 90.57
7 60 50 15 11 0 0 − 1 1 56.30 62.90
8 60 50 75 11 0 0 1 1 90.53 88.04
9 20 50 45 3 − 1 0 0 − 1 52.30 56.58
10 100 50 45 3 1 0 0 − 1 93.66 92.37
11 20 50 45 11 − 1 0 0 1 23.30 27.06
12 100 50 45 11 1 0 0 1 90.92 89.11
13 60 10 15 7 0 − 1 − 1 0 90.60 93.66
14 60 90 15 7 0 1 − 1 0 67.44 64.61
15 60 10 75 7 0 − 1 1 0 89.30 94.60
16 60 90 75 7 0 1 1 0 86.84 86.24
17 20 50 15 7 − 1 0 − 1 0 43.63 38.53
18 100 50 15 7 1 0 − 1 0 94.87 89.16
19 20 50 75 7 − 1 0 1 0 49.77 51.53
20 100 50 75 7 1 0 1 0 97.58 98.73
21 60 10 45 3 0 − 1 0 − 1 92.94 93.86
22 60 90 45 3 0 1 0 − 1 88.44 85.67
23 60 10 45 11 0 − 1 0 1 89.17 87.99
24 60 90 45 11 0 1 0 1 63.64 58.77
25 60 50 45 7 0 0 0 0 94.38 92.56
26 60 50 45 7 0 0 0 0 92.49 92.56
27 60 50 45 7 0 0 0 0 90.82 92.56
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Prior to analysis, the samples were degassed at 200 ◦C for 6 h. Nitrogen 
gas was used as the adsorbate at 77.35 K. Surface morphology was 
examined using field emission scanning electron microscopy (FE-SEM; 
FEI, Eindhoven, Netherlands), with samples sputter-coated with gold to 
minimize charging and enhance image clarity. Elemental composition 
was determined using energy-dispersive X-ray spectroscopy (EDX) in
tegrated with the FE-SEM system. Functional groups on the adsorbents 
were identified using Fourier-transform infrared (FTIR) spectroscopy 
(Nicolet iS50 FT-IR; Thermo Fisher Scientific, WI, USA), with spectra 
recorded in the range of 4000–400 cm− 1 using the KBr pellet method. 
Crystalline phases and structural composition were characterized by X- 
ray diffraction (XRD; PANalytical Empyrean, Eindhoven, Netherlands) 
using CuKα radiation (λ = 0.154 nm), scanned over a 2θ range of 5–90◦. 
X-ray photoelectron spectroscopy (XPS; ULVAC-PHI, MN, USA) was 
performed to investigate the surface chemical states and elemental 
composition. Magnetic properties were measured using a vibrating 
sample magnetometer (VSM; Lake Shore Cryotronics, OH, USA) under a 
maximum applied magnetic field of 10,000 Oe, with data collected at 
over 160 points. Additional characterization details are provided in 
Supplementary Material S5.

2.4. Phosphate adsorption experiments and application to real water 
samples

Phosphate adsorption experiments were conducted using a batch 
system, with detailed procedures provided in Supplementary Material 
S6. The adsorption mechanism, isotherm behavior, kinetics, and ther
modynamic properties were systematically investigated, as described in 
Supplementary Material S7. Real water samples were collected in 
February 2025 from municipal wastewater, effluent, and reverse 
osmosis (RO) concentrate streams in Patong, Phuket, Thailand. Addi
tional samples were randomly collected from three coastal seawater 
locations near the Vichit, Chalong, and Patong piers. Each 100 mL water 
sample was treated with 0.06 g of M-COS-CSH under magnetic stirring 
for 45 min at room temperature, without pH adjustment. Phosphate 
removal efficiency and adsorption capacity were then determined. In 
addition, chemical oxygen demand (COD) and total suspended solids 
(TSS) were measured before and after the adsorption process, with 
measurement procedures detailed in Supplementary Material S8. The 
effects of coexisting ions on phosphate removal efficiency and the 
reusability of M-COS-CSH were also evaluated, following procedures 
adapted from previous studies [15,52].

3. Results and discussion

3.1. Optimization of M-COS-CSH preparation

The experimental design for the synthesis of M-COS-CSH was per
formed using a CCD, with two independent variables: A (amount of 
FeCl₃) and B (amount of COS), while the amount of FeSO₄ was kept at a 
constant ratio relative to FeCl₃. The other components used for CSH 
preparation were also held constant. A total of nine experimental runs 
were conducted based on the coded levels of the variables, resulting in 
removal efficiencies (RE) ranging from 78.63 % to 88.44 % (Supple
mentary Table S2). The data were fitted to a two-factor interaction (2FI) 
model, resulting in the final model expressed in Eq. (1), where a positive 
coefficient indicates a synergistic effect and a negative coefficient in
dicates an antagonistic effect. The predicted RE values ranged from 
78.31 % to 88.50 %. The ANOVA showed a model p-value of 0.0065 and 
an F-value of 14.66, indicating that the model is statistically significant 
(Supplementary Table S3). The model exhibited a high coefficient of 
determination (R2 = 0.8979), indicating that approximately 89.8 % of 
the variability in the response was explained by the fitted model, thus 
demonstrating strong agreement with the experimental data. The 
adjusted R2 of 0.8367 accounts for the number of predictors in the model 
and confirmed the model's robustness by penalizing the inclusion of non- 

significant terms. Meanwhile, the predicted R2 of 0.7587 evaluates the 
model's ability to predict new observations. The relatively small differ
ence (less than 0.2) between the adjusted and predicted R2 values 
indicated good model consistency and strong predictive performance 
[53,54]. 

Removal efficiency (%) = 82.27–2.15 A+ 2.80B–1.28AB (1) 

The effects of synthesis variables at their central coded levels (coded 
value = 0) are illustrated in the perturbation plot (Supplementary 
Fig. S2) and profiler plot (Supplementary Fig. S3). The profiler plot 
showed that increasing FeCl₃ (variable A) markedly reduced phosphate 
removal efficiency (Supplementary Fig. S3a), indicating that a lower 
FeCl₃ amount—serving as the magnetite precursor—enhances adsorp
tion performance. This trend aligns with preliminary results, where RE 
dropped from 97.46 % ± 0.78 % to 95.18 % ± 1.74 % as FeCl₃ increased 
from 4.32 to 10.8 g. The decline is likely attributed to the reduced 
proportion of active components (CSH and COS) when more FeCl₃ is 
added, given the fixed total adsorbent mass. Notably, phosphate quan
tification in preliminary tests used membrane filtration rather than 
magnetic separation. When magnetic separation was applied, lower 
FeCl₃ content weakened the magnetic response due to reduced magne
tite, leading to adsorbent loss and reduced durability. Recovery 
improved significantly with higher FeCl₃, increasing from 44.86 % ±
1.46 % to 87.67 % ± 2.16 % (Supplementary Fig. S3c). The reduced RE 
at low FeCl₃ levels under magnetic separation was likely due to 
incomplete removal of suspended phosphate-loaded adsorbent, result
ing in underestimated phosphate removal. These findings underscore 
the need for sufficient magnetization to prevent adsorbent loss and 
ensure efficient removal. However, excessive magnetite raises concerns 
about Fe leaching. ICP-OES analysis showed Fe2+ concentrations rose 
from 0.075 ± 0.002 to 0.141 ± 0.053 mg L− 1 as FeCl₃ dosage increased 
from 4.32 to 10.8 g. Therefore, 7.56 g of FeCl₃ offers an optimal balance 
between magnetic recovery, phosphate removal efficiency, and minimal 
Fe leaching.

Regarding COS (variable B), the perturbation plot indicated a strong 
positive effect on phosphate removal. Both RE and adsorption capacity 
increased with higher COS amounts (Supplementary Fig. S3b), consis
tent with preliminary data (Supplementary Fig. S3d). Compared to 
FeCl₃, COS exerted a more pronounced effect, as reflected in the steeper 
perturbation slope. Based on these findings, the optimal synthesis con
ditions were 7.56 g of FeCl₃ and 2.70 g of COS. The resulting M-COS-CSH 
(50 mg) achieved a phosphate RE of 95.52 % ± 0.57 % phosphate 
removal from a 20 mg L− 1 solution in 30 min. Contour and three- 
dimensional response surface plots illustrating the effects of FeCl₃ and 
COS amounts during the synthesis of M-COS-CSH on phosphorus 
adsorption are presented in Fig. 1a.

In addition, a comparative analysis was conducted among M-COS- 
CSH and other active materials, including COS, CSH, COS-CSH, and 
magnetite (Fe₃O₄), as summarized in Supplementary Table S4. The 
incorporation of COS and CSH, combined with magnetization, not only 
enhanced the recovery of fine particles via magnetic separation but also 
moderated the final pH of the treated solution, thereby reducing the 
need for additional neutralization prior to discharge. Among the non- 
composite materials, CSH exhibited the lowest phosphate RE (83.34 % 
± 2.94 %), likely due to its relatively large particle size, which led to a 
reduced surface area. COS alone achieved higher efficiency (98.02 % ±
0.44 %) but released a greater amount of hydroxide ions, resulting in an 
elevated final pH and potentially increased neutralization costs. The 
COS-CSH composite (without magnetization) improved both RE (97.94 
% ± 0.27 %) and pH control; however, the recovery of fine particles 
remained challenging. In contrast, M-COS-CSH maintained a high 
phosphate RE (97.23 % ± 0.55 %) while enabling facile magnetic sep
aration and achieving a more balanced final pH—contributing to overall 
cost-effectiveness. Both COS and CSH were confirmed as active com
ponents for phosphate adsorption, whereas Fe₃O₄ alone demonstrated 
negligible performance, with a RE of only 3.93 % ± 0.41 %.
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3.2. Characterization of M-COS-CSH

The M-COS-CSH nanocomposites synthesized in this study appeared 
as fine, dark grey particles (Fig. 2a and Supplementary Fig. S4). While 
CSH and COS typically exhibit white to creamy coloration, the incor
poration of Fe₃O₄ for magnetization imparted a dark grey hue to the 
nanocomposite. The average particle size was 781.2 ± 12.3 nm, with a 
zeta potential of − 10.87 ± 0.52 mV at pH 10.67.

FE-SEM imaging of M-COS-CSH nanocomposites revealed a porous 
architecture with interconnected microchannels, formed by agglomer
ated spherical and irregularly shaped clusters (Fig. 2b). This morphology 
resembles that reported for calcined oyster shell waste [25], calcined 

eggshells [36,55], and calcium oxide nanoparticles [56]. At higher 
magnification (Fig. 2c), a honeycomb-like structure—characteristic of 
CSH—was clearly observed, consistent with previous studies [27,57]. In 
addition, the M-COS-CSH structure featured warped nanosheets inter
secting to form a relatively uniform nanoporous network. This warping 
likely resulted from the loss of some bridging silicates during synthesis, 
leading to the displacement, tilting, and rotation of silicate chains 
[7,27,58]. Such a structure provides a favorable surface for phosphate 
adsorption due to its high surface area and interconnected porosity. 
Morphological analysis suggests that COS domains are integrated within 
the CSH matrix, while magnetite particles form a core–shell configura
tion in the nanocomposite. This is consistent with previous transmission 

Fig. 1. Contour and three-dimensional response surface plots illustrating the effects of various parameters on phosphorus adsorption: (a) FeCl₃ and COS amounts 
during the synthesis of M-COS-CSH; (b) M-COS-CSH dose and initial phosphate concentration; (c) M-COS-CSH dose and contact time; (d) M-COS-CSH dose and 
solution pH; (e) initial phosphate concentration and contact time; (f) initial phosphate concentration and solution pH; (g) contact time and solution pH.
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electron microscopy (TEM) observations, which showed Fe₃O₄ nano
particles embedded as dark cores within a lighter CSH matrix composed 
of warped thin nanosheets [58]. Comparable core–shell structures have 
also been reported in other magnetized materials, such as Fe₃O₄/perli
te@SiO₂ [59], where Fe₃O₄ acts as the magnetic core.

After phosphate adsorption, the FE-SEM images of M-COS-CSH 
revealed denser agglomerations of spherical and faceted clusters 
(Fig. 2d–f), likely associated with the formation of Ca–P products on the 
surface and within the pores of the composite. Acicular structures 
characteristic of HAP (Ca₅(PO₄)₃OH) were observed, consistent with 
previous findings [15]. Crystallization of carbonate HAP phases was also 
evident, appearing as coalesced rhombohedral crystals [60], while some 
calcium HAP formed plate-like morphologies [61]. Typically, spherical 
amorphous calcium phosphate (ACP) is the initial Ca–P precipitate that 
forms under saturation conditions, later transforming into hydroxyap
atite (HAP) after 6–8 h of adsorption [7,27,62]. In contrast, HAP for
mation in this study was observed as early as 45 min. This rapid 
transformation aligns with previous reports of HAP formation after 2 h 
[15] and may be attributed to the elevated pH conditions, which are 
known to favor the formation of plate-like HAP structures [61].

The N₂ adsorption–desorption isotherm of M-COS-CSH exhibited a 
Type IV profile with H3 hysteresis loops (Fig. 3a), as classified by IUPAC, 
indicating a mesoporous structure composed of non-rigid aggregates of 
plate-like particles with slit-shaped pores. The presence of macropores, 
which may be inferred from the hysteresis loop, could further facilitate 

phosphate diffusion and enhance adsorption efficiency. These results are 
consistent with previous reports on magnetized CSH without COS [58], 
suggesting that COS incorporation does not alter the pore type within 
the nanocomposite. The pore size distribution (inset of Fig. 3a) ranged 
from 3 to 50 nm, with an average diameter of 4.063 nm. The BET surface 
area (SBET) was 102.594 m2 g− 1, and the total pore volume was 0.370 
cm3 g− 1. This surface area is significantly higher than magnetized CSH 
materials prepared by dynamic hydrothermal methods (66.8–77.1 m2 

g− 1) [48]. Although it is lower than the 196 m2 g− 1 reported for 
magnetized CSH prepared through a complex, multistep hydrothermal 
process involving extended reaction and drying times (~19 h) [58], the 
M-COS-CSH developed in this study was synthesized through a much 
simpler and faster route, completed in under 5.2 h. Notably, increasing 
the amount of FeCl₃ from 7.56 g to 10.8 g resulted in a slight increase in 
surface area, from 102.594 m2 g− 1 to 106.520 m2 g− 1, suggesting a 
possible trade-off between magnetite content and available surface area.

After phosphate adsorption (Fig. 3b), the M-COS-CSH nano
composite exhibited a 27 % increase in cumulative pore volume (0.510 
cm3 g− 1) and a 32.49 % increase in SBET (135.929 m2 g− 1). This increase 
in surface area and porosity may be attributed to the formation of porous 
calcium phosphate (Ca–P) products on the material's surface. The pore 
size distribution also followed a similar trend, although the average pore 
diameter slightly decreased to 3.636 nm. This reduction suggests that 
Ca–P products preferentially formed within the larger pores of M-COS- 
CSH, leading to a decrease in volume at those pore sizes. Notably, pores 

Fig. 2. (a) Photograph of the M-COS-CSH nanocomposite; (b–c) FE-SEM images of M-COS-CSH before phosphate adsorption at magnifications of 5000× and 
25,000×, respectively; (d–f) FE-SEM images after phosphate adsorption at 5000×, 25,000×, and 30,000×, respectively; and (g) Schematic illustration of the pro
posed adsorption mechanism of M-COS-CSH, involving surface microprecipitation and ligand exchange.
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in the range of 200–300 nm were no longer present after adsorption, 
which supports the interpretation that these larger pores were filled or 
blocked by Ca–P precipitates.

The X-ray powder diffraction (XRD) pattern of M-COS-CSH nano
particles is shown in Fig. 3c. Prominent diffraction peaks appeared at 
29.4◦, 30.2◦, 35.5◦, 43.1◦, 57.3◦, and 62.7◦, corresponding to charac
teristic peaks of CSH, COS, and Fe₃O₄, as detailed in Supplementary 
Fig. S5. The diffraction peak at 29.4◦ is attributed to the (104) plane of 
calcite (CaCO₃), which likely formed due to the unavoidable reaction of 
COS with atmospheric CO₂ during synthesis [7,27] or possibly due to 
incomplete calcination of oyster shells [63,64]. This peak may also 
overlap with the (220) plane of tobermorite (Ca₅Si₆O₁₆(OH)₂⋅4H₂O), 
which is typically observed around 29.3◦ in synthesized CSH [7,65]. A 
shoulder peak at 30.2◦ corresponds to the (220) reflection of Fe₃O₄, 
while the peaks at 35.5◦, 43.1◦, 57.3◦, and 62.7◦ are assigned to the 
(311), (400), (511), and (440) planes of Fe₃O₄, respectively [46,66,67]. 
It is noteworthy that the peak at 43.1◦ could also reflect the presence of 

calcite or the (036) plane of tobermorite [7,65].
Following phosphate adsorption, most diffraction peaks remained 

consistent with those of the pristine M-COS-CSH, although the in
tensities of several peaks increased, indicating the formation of calcium 
phosphate phases. A sharper peak emerged at 23.1◦, which was assigned 
to the (012) plane of calcite [39], while the intensity of the (104) peak at 
29.4◦ also increased. Additional peaks at 36.0◦, 39.4◦, 47.5◦, and 48.5◦

correspond to the characteristic reflections of CaCO₃ (JCPDS file no. 
83–0577), with specific planes indexed as 35.9◦ (110), 39.4◦ (113), 
47.6◦ (018), and 48.4◦ (116) [7,27,68–70]. Although the formation of 
ACP is typically indicated by a broad hump around 2θ ≈ 30◦ [71,72], 
this feature was not clearly distinguishable in the current XRD pattern. 
Several diffraction peaks were observed at positions consistent with 
those previously reported for brushite (CaHPO₄⋅2H₂O), including 2θ =
23.1◦, 29.4◦, 30.3◦, 35.5◦, 36.0◦, 39.4◦, 47.5◦, and 48.5◦ [32]. However, 
no characteristic peaks of crystalline hydroxyapatite (HAP), typically 
found at 2θ = 26.4◦, 31.9◦, 32.2◦, 32.9◦, or 39.9◦ [15,71], were detected, 

Fig. 3. Characterization of M-COS-CSH: (a) N₂ adsorption–desorption isotherm and pore size distribution before phosphate adsorption; (b) N₂ adsorption–desorption 
isotherm and pore size distribution after phosphate adsorption; (c) XRD pattern; (d) VSM curve; (e) FTIR spectra; and (f) EDX spectrum and elemental mapping after 
phosphate adsorption.
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even though a HAP-like morphology was observed under FESEM.
The magnetic properties of M-COS-CSH before and after phosphate 

adsorption are shown in Fig. 3d. The material exhibited typical super
paramagnetic behavior, with saturation magnetization (Mₛ) values of 
20.367 emu g− 1 before and 23.116 emu g− 1 after phosphate adsorption. 
The observed increase in magnetization may be attributed to the influ
ence of external magnetic fields or electrostatic interactions involving 
Ca–P species, which can enhance the magnetic response of the com
posite material [66]. The inset in Fig. 3d clearly demonstrates the 
magnetic separability of M-COS-CSH in aqueous solution using only a 
magnetic bar.

The functional groups of M-COS-CSH before and after phosphate 
adsorption were analyzed using FTIR spectroscopy (Fig. 3e). The spectra 
showed similar overall patterns, with notable increases in the intensities 
of several bands following phosphate adsorption. A broad absorption 
band around 3421 cm− 1 was assigned to O–H stretching vibrations. 
This band showed increased intensity after adsorption, which is 
consistent with previous reports [7,25,39] and may indicate the for
mation of HAP (Ca₅(PO₄)₃(OH)) due to its O–H moiety [73]. A new peak 
appearing at 1055 cm− 1 was attributed to the asymmetric stretching 
vibration (ν₃) of H₂PO₄− and HPO₄2− groups, confirming the presence of 
Ca–P species. This suggests that Ca(H₂PO₄)₂ and CaHPO₄ were the 
predominant phosphate forms adsorbed onto the composite. This 
observation aligns with previously reported phosphate-related bands 
observed at 1038 cm− 1 [48], 1046 cm− 1 [27], and within the general 
range of 1000–1100 cm− 1 [74,75]. Stretching vibrations of C–H in 
–CH₂ groups were identified at 2853–2926 cm− 1 [66], while a band at 
2511 cm− 1 corresponded to O–H stretching [73]. The band at ~1633 
cm− 1 was assigned to H–O–H bending vibrations from water molecules 
[7]. A strong peak at 1416 cm− 1 was assigned to the asymmetric 
stretching of CO₃2− groups [76–78], commonly present in both COS and 
CSH. The peak may also involve the C–N stretching vibration of aro
matic amines possibly originating from COS, as previously observed in 
KOH-activated crab carapace [77]. Other characteristic peaks of CaCO₃ 
were also observed at 875, 1795, and 2511 cm− 1 [25]. A sharp band at 
1083 cm− 1 in the spectrum before phosphate adsorption, assigned to 
Si–O–Si stretching [15], appeared to overlap with the phosphate peak at 
1055 cm− 1 after adsorption. Similarly, the band at ~975 cm− 1, attrib
uted to Si–O stretching [15], may overlap with P–O vibrations from 
PO₄3− groups, typically observed around 963 cm− 1 [36]. The peak at 
713 cm− 1 corresponded to Ca–O bond vibrations, confirming the 
presence of CaO in both COS and M-COS-CSH [25]. Finally, the peak at 
579 cm− 1 was attributed to Fe–O bond vibrations [66], which over
lapped with the O–P–O asymmetric deformation near 571 cm− 1 [25], 
resulting in an intensified signal observed at 581 cm− 1. The character
istic peaks of CSH, COS, and Fe₃O₄ were also analyzed and are presented 
in Supplementary Fig. S6.

The presence of Ca–P species after phosphate adsorption was 
confirmed by EDX analysis and elemental mapping (Fig. 3f). The results 
showed that P was present in the M-COS-CSH sample after adsorption at 
0.9 ± 0.1 %, alongside other constituent elements such as Ca, O, Si, and 
Fe. Moreover, elemental mapping revealed a homogeneous distribution 
of P across the material, suggesting uniform phosphate adsorption over 
the M-COS-CSH surface.

XPS analysis of M-COS-CSH (Fig. 4) confirmed the successful 
adsorption of phosphate, as evidenced by the appearance of phosphorus- 
related peaks. The survey spectrum of M-COS-CSH before phosphate 
adsorption (Fig. 4a) revealed peaks corresponding to Si 2p (101.4 eV), C 
1s (283.8 eV), Ca 2p (346.2 eV), O 1s (531.0 eV), and Fe 2p (711.8 eV), 
with oxygen being the dominant surface element, accounting for 52.2 at. 
%. Following phosphate adsorption, the binding energies of Ca 2p and 
Fe 2p shifted slightly to 347.0 eV and 709.4 eV, respectively, while other 
elemental peaks remained relatively unchanged. Moreover, an increase 
in the atomic percentages of Ca 2p (12.1 % to 12.3 %) and O 1s (52.2 % 
to 56.7 %) was observed (Fig. 4a), whereas the intensities of other 
deconvoluted peaks decreased. These changes suggest that phosphate 

species interacted primarily with calcium and oxygen atoms on the M- 
COS-CSH surface during adsorption. Notably, a new P 2p peak appeared 
at 131.8 eV, accounting for 2.7 % atomic concentration. The deconvo
luted P 2p spectrum (Fig. 4b) showed two distinct peaks at 133.20 and 
134.18 eV. The first peak was assigned to Ca₅(OH)(PO₄)₃ (HAP) or 
CaHPO₄ [39,79], while the second peak corresponded to Ca₅(PO₄)₃Cl 
[15,79,80], further confirming the formation of Ca–P species. The O 1s 
spectrum (Fig. 4c) was deconvoluted into four components, each cor
responding to different oxygen environments. The peak at 530.91 eV 
was attributed to Fe–O or Ca–O bonds [48,79,81], while the peak at 
532.25 eV was assigned to oxygen in silanol groups (–O–Si–OH), hy
droxyl groups, or siloxane linkages (O–Si–O) [48,82]. The third 
component at 533.26 eV was attributed to C–O bonds or hydroxide 
species [79,82], and the final peak at 534.02 eV was associated with 
bound water [82]. After phosphate adsorption (Fig. 4d), the intensity of 
the 530.91 eV peak increased, which could be due to the formation of 
P–O bonds interacting with Fe–O or Ca–O bonds [79,81,83]. Two 
additional peaks emerged at 532.01 and 532.96 eV, corresponding to 
CaHPO₄ or HAP and O–P bonds, respectively [79,80,83,84]. The peak 
at 534.02 eV also showed a slight increase in intensity, possibly resulting 
from the contribution of P––O groups associated with HAP [84]. The Ca 
2p spectrum displayed two main peaks both before and after phosphate 
adsorption. Prior to adsorption (Fig. 4e), peaks at 347.57 and 351.10 eV 
were assigned to Ca 2p₃/₂ and Ca 2p₁/₂, corresponding to CaCO₃ [85] 
and Ca–O [79], respectively. After phosphate adsorption (Fig. 4f), these 
peaks shifted slightly to 347.51 and 351.04 eV, consistent with the 
formation of Ca–P species such as Ca(H₂PO₄)₂, CaHPO₄, Ca₅(PO₄)₃Cl, or 
HAP [15,79,86,87].

Fig. 4. X-ray photoelectron spectroscopy (XPS) spectra and peak deconvolution 
of M-COS-CSH: (a) survey spectrum; (b) P 2p; (c) O 1s before adsorption; (d) O 
1s after adsorption; (e) Ca 2p before adsorption; and (f) Ca 2p after adsorption.
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3.3. Influence of adsorption conditions

A BBD was employed to evaluate four independent variables: 
A—adsorbent dose (g), B—initial phosphate concentration (mg L− 1), 
C—contact time (min), and D—pH. A total of 27 experimental runs, 
including three replicates at the center point (C = 3), were conducted to 
assess the experimental error and reproducibility of the data. The 
resulting RE values ranged from 21.58 % to 97.58 %. A quadratic 
polynomial model was then fitted to the data, yielding predicted %RE 
values ranging between 24.02 % and 98.73 % (Table 1). The final model 
is expressed in Eq. (2), where positive coefficients denote synergistic 
effects and negative coefficients indicate antagonistic interactions, in 
line with observations from the CCD model discussed earlier. The cor
relation between the experimental and predicted %RE values is pre
sented in Supplementary Fig. S7a. 

Removal efficiency (%) = 92.56+24.46A–9.35B+5.64C–8.19D
+9.56AB–0.86 AC+6.56 AD
+5.18 BC–5.26BD
+6.93CD–20.23A2–4.94B2–2.85C2–6.05D2

(2) 

The model exhibited strong statistical performance with an R2 value 
of 0.9686, indicating excellent agreement between experimental and 
predicted data. The adjusted R2 of 0.9319 indicates that the model ex
plains approximately 93.19 % of the variability observed in %RE. The 
predicted R2 value of 0.8208 was reasonably close to the adjusted R2, 
with a difference below 0.2—within the generally accepted threshold for 
model consistency [53,54]. Additionally, the lack-of-fit F-value of 12.73, 
determined from ANOVA (Supplementary Table S5), was not statisti
cally significant when compared to the pure error, thereby supporting 
the adequacy of the model.

The individual effects of each variable are illustrated in Supple
mentary Fig. S8. The profiler plot for adsorbent dose (Supplementary 
Fig. S8a) showed a positive correlation between dose and RE from 20 to 
60 mg, likely due to the increased number of active sites available for 
phosphate adsorption [15,52]. However, RE reached a plateau between 
60 and 80 mg and subsequently declined beyond 80 mg. This decline 
may be attributed to mass transfer limitations within the confined vol
ume and particle agglomeration at high dosages, both of which reduce 
the effective surface area available for adsorption [36,52]. These results 
are consistent with findings from other studies that employed conven
tional optimization methods under similar experimental conditions 
[15,52].

Regarding initial phosphate concentration (Supplementary Fig. S8b), 
a gradual decrease in RE was observed with increasing phosphate levels. 
This trend is likely attributed to the saturation of available active 
adsorption sites at higher solute concentrations [88].

Contact time exhibited a modest influence on phosphate removal, 
with RE increasing slightly as contact time was extended from 15 to 75 
min (Supplementary Fig. S8c). The perturbation plot (Supplementary 
Fig. S7b) suggested that the optimal RE occurred at the central coded 
level, corresponding to 45 min. This observation was supported by 
preliminary experiments, in which a 45-min contact time yielded a high 
RE of 98.06 % ± 0.19 % and adsorption capacity (Qₑ) of 16.34 ± 0.03 
mg g− 1 at an initial phosphate concentration of 10 mg L− 1 phosphate. In 
contrast, prolonged contact (1440 min) resulted in lower RE of 57.80 % 
± 0.23 % and Qₑ of 15.69 ± 0.06 mg g− 1, potentially due to desorption 
or competition with ions released from the adsorbent over time.

The solution pH also significantly influenced phosphate adsorption. 
RSM optimization revealed that higher RE occurred at acidic to neutral 
pH values, while efficiency declined under alkaline conditions (Sup
plementary Fig. S8d). This behavior is attributed to increased electro
static repulsion between negatively charged phosphate species and the 
negatively charged M-COS-CSH surface at elevated pH. In practice, the 
pH of both synthetic and real wastewater samples ranged from 7.15 to 

8.45, while the point of zero charge (pHₚzc) for M-COS-CSH was deter
mined to be 8.75 (Supplementary Fig. S9). At pH values below pHₚzc, the 
M-COS-CSH surface becomes positively charged, facilitating electro
static attraction with phosphate anions such as H₂PO₄− and 
HPO₄2− —the dominant species at typical environmental pH values [89]. 
Maximum phosphate removal occurred within the pH range of 5 to 7. 
Calcium ions (Ca2+) present in M-COS-CSH likely contribute to initial 
electrostatic interactions with phosphate species, followed by the for
mation of calcium phosphate precipitates. The incorporation of COS into 
the CSH-based magnetic nanocomposite likely enhances the surface 
density of Ca2+, thereby increasing the positive surface charge and 
improving adsorption performance at pH < pHₚzc [90]. At pH above 
pHₚzc (pH > 8.57), the surface becomes increasingly negative, reducing 
adsorption efficiency due to enhanced electrostatic repulsion. After 45 
min of adsorption, the solution pH stabilized around 9–10, which is 
attributed to the release of OH− ions from the CSH component [7,15]. 
This pH shift may further inhibit phosphate adsorption; however, high- 
pH conditions can also promote HAP precipitation, making its formation 
plausible in the later stages of the process [31,77,91,92].

The combined effect of all four independent variables at their central 
coded levels is summarized in Supplementary Fig. S7b. Among these 
variables, adsorbent dose exhibited the greatest influence on phosphate 
removal, as indicated by the steepest response slope. Initial phosphate 
concentration and pH had moderate effects, whereas contact time 
exerted the least influence. Fig. 1b–g present contour and three- 
dimensional response surface plots illustrating the interactive effects 
of variable pairs on phosphate adsorption by M-COS-CSH. The highest 
RE was achieved under the central experimental conditions: 60 mg of M- 
COS-CSH, 10 mg L− 1 phosphate, 45 min of contact time, and pH 6.28. 
Under these optimized parameters, the model predicted a theoretical 
maximum RE of 97.30 %. It is noteworthy that the pH of real wastewater 
samples ranged from 7.15 to 8.45, and only a minimal influence of pH 
was observed within the acidic to neutral range. Therefore, pH adjust
ment is likely unnecessary for practical applications. When the opti
mized conditions were applied without pH adjustment (pH = 6.84), RE 
of 98.06 % ± 0.19 % (using cellulose acetate syringe filtration) and 
95.86 % ± 1.11 % (using magnetic separation) were obtained.

3.4. Isotherm, kinetic, and thermodynamic analysis

The adsorption isotherm was studied using initial phosphate con
centrations ranging from 5 to 100 mg L− 1. As shown in Fig. 5a, RE 
gradually declined from 94.27 % ± 0.53 % to 69.00 % ± 2.47 % with 
increasing concentration, while Qₑ increased from 7.86 ± 0.04 to 
163.86 ± 4.05 mg g− 1. These results indicate that M-COS-CSH achieves 
higher RE at lower phosphate concentrations, which is consistent with 
the RSM findings. To elucidate the adsorption mechanism, the experi
mental data were fitted to Langmuir, Freundlich, Sips, and Dubinin- 
Radushkevich (D-R) isotherm models (Figs. 5b–e). Model performance 
was assessed using R2, sum of squared errors (SSE), and residual stan
dard deviation (SD). Among the models, the Langmuir isotherm pro
vided the best fit, showing the highest R2 and lowest SSE and SD values. 
This suggests that phosphate adsorption onto M-COS-CSH follows a 
monolayer adsorption mechanism on a homogeneous surface with uni
form binding sites, which aligns with previous findings for CSH 
[15,27,29] and COS [25]. These results indicate that the nanocomposite 
largely retains the key adsorption characteristics of both active mate
rials. Furthermore, the dimensionless separation factor (RL), calculated 
according to previous literature [7], ranged from 0.05 to 0.53, con
firming that the adsorption process was favorable (0 < RL < 1). This is 
also in good agreement with previous studies on phosphate adsorption 
onto CSH- and COS-based materials [15,25].

The maximum adsorption capacity (Qₘ) of M-COS-CSH was deter
mined to be 161.29 mg g− 1, demonstrating its excellent potential for 
phosphate adsorption. This performance surpasses that of many previ
ously reported materials, including those derived from shell waste 
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(0.8–66.7 mg g− 1), CSH (53.1–109.4 mg g− 1), and their composites 
(18–146.3 mg g− 1), as summarized in Table 2. In addition to its high 
adsorption capacity, M-COS-CSH offers advantages in both synthesis 
and kinetics. The material requires only 5.2 h to synthesize, compared to 
1.2 h to 2 days for similar adsorbents, and reaches adsorption equilib
rium within 45 min significantly faster than the 20 min to 144 h reported 

for other materials. These features make M-COS-CSH a highly promising 
candidate for efficient phosphate removal and recovery in practical 
water treatment applications.

Kinetic studies were performed over contact times ranging from 5 to 
60 min and temperatures from 298 to 318 K (Supplementary Fig. S10). 
The adsorption process was rapid, achieving 82.26 % ± 3.42 % removal 

Fig. 5. (a) Effect of initial phosphate concentration on removal efficiency and adsorption capacity of M-COS-CSH. Adsorption isotherm plots fitted with (b) 
Langmuir, (c) Freundlich, (d) Sips, and (e) Dubinin–Radushkevich models. Experimental conditions: 0.06 g M-COS-CSH in 100 mL phosphate solution (5–100 mg 
L− 1), without pH adjustment; contact time: 45 min; temperature: 25 ◦C.

Table 2 
Maximum phosphate adsorption capacities and preparation times of various materials based on shell waste and calcium silicate hydrate.

Adsorbent Preparation time Contact time Temperature (K) Qmax (mg g− 1) Ref.

Shell materials
Mussel shells 2 days 144 h 298 0.8 [102]
Calcined oyster shells 2.5 h 240 min 298 5.3 [41]
Biochar composite oyster shells 26.5 h 200 min 298 146.3 [103]
Snail shells 2 days 60 min 303 62.5–66.7 [37]
Whelk and scallop shells 3 h 420 min 298 8.8–9.5 [33]
Fe and La co-modified clam shells 3.1 h 20 min 298 43.6 [104]

CSH materials
CSH composite from waste glass and scallop shell 24 h 120 h 298 73.0 [105]
CSH from blast furnace slag 8.2 h 24 h 298 53.1 [106]
Fe3O4@CSH 15.9 h 24 h 298 55.8 [48]
CSH from electrolytic manganese residue 12 h 465 min 298–308 65.8–85.5 [107]
CSH prepared under ultrasound 1.2 h 120 min 298 109.4 [27]
CSH from solid waste residue 26 h 90 min 318 82.6 [108]
CSH composite from CaO and Polonite under hydrothermal 16 h 60 min 308 >18 [109]
M-COS-CSH 5.2 h 45 min 298 161.3 This work
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within the first 5 min at 298 K, likely due to the high availability of 
active adsorption sites and strong electrostatic interactions between 
calcium and phosphate ions. The RE continued to increase, reaching 
94.18 % ± 0.14 % at 45 min, before slightly declining to 93.93 % ±
0.53 % at 60 min. A similar trend was observed in Qₑ, which increased 
from 13.71 ± 0.57 to 15.70 ± 0.02 mg g− 1 between 5 and 45 min, then 
plateaued at 15.66 ± 0.09 mg g− 1 at 60 min. These results align well 
with the RSM findings. The kinetic data were fitted to pseudo-first-order, 
pseudo-second-order, and intra-particle diffusion models (Table 3). 
Among these, the pseudo-second-order model provided the best fit, with 
R2 values ranging from 0.9997 to 1.0000 across the studied tempera
tures This suggests that phosphate adsorption onto M-COS-CSH closely 
follows pseudo-second-order kinetics. Moreover, the estimated Qₑ value 
from the pseudo-second-order model at 298 K (15.873 mg g− 1) closely 
matched the experimental Qₑ (15.70 ± 0.02 mg g− 1), further confirming 
the model's suitability for describing the adsorption kinetics. These re
sults are consistent with previous studies involving CSH nanoparticles 
[25,27,29], PVA-CSH composites [15,29], and COS-based materials 
[25], which also reported phosphate removal behavior well described by 
the pseudo-second-order model. The rate constant (k₂) increased from 
0.087 to 0.142 g mg− 1 min− 1, and the Qₑ rose from 15.873 to 16.077 mg 
g− 1 as the temperature increased from 298 to 308 K, indicating an 
endothermic adsorption process.

Thermodynamic parameters were also evaluated to further elucidate 
the nature of the adsorption process. The Gibbs free energy change 
(ΔG◦) ranged from − 9.97 to − 10.84 kJ mol− 1, confirming the sponta
neous nature of phosphate adsorption onto M-COS-CSH. The enthalpy 
change (ΔH◦) was 3.00 kJ mol− 1 and the entropy change (ΔS◦) was 
43.52 J mol− 1 K− 1, indicating that the process is endothermic and be
comes more favorable at higher temperatures [7,29,48]. The positive 
ΔS◦ value also suggests increased randomness at the solid–liquid inter
face during adsorption, likely due to the release of ions from the surface 
sites.

3.5. Effect of coexisting ions on phosphate adsorption

To evaluate the effect of potential coexisting ions—NO₃− , NO₂− , 
SO₄2− , CO₃2− , HCO₃− , F− , and Cl− —on phosphate adsorption by M-COS- 

CSH, competitive adsorption experiments were conducted. The results 
(Table 4) demonstrated that even when coexisting anions were present 
at concentrations 50 times higher than that of phosphate, the change in 
phosphate RE was less than 5 %, indicating minimal interference with 
adsorption performance. Specifically, NO₃− , NO₂− , and Cl− had negli
gible effects, likely due to their tendency to be non-specifically adsorbed 
via outer-sphere surface complexation, as previously observed in KOH- 
activated crab carapace materials [25,77]. Among the tested ions, 
CO₃2− and HCO₃− exhibited the most significant impact on phosphate 
adsorption, particularly when their concentrations were fivefold higher 
than that of phosphate. This effect is attributed to the pH increase 
induced by CO₃2− , which negatively affects phosphate adsorption, as 
previously discussed and reported [15,93]. A similar trend was observed 
with HCO₃− , the hydrolyzed form of CO₃2− . These anions may compete 
with phosphate for active sorption sites and may also interact with 
phosphate to form inner-sphere complexes, thereby reducing phosphate 
uptake [15,92,94].

In a mixed-ion system where all coexisting anions were present at 
fivefold concentrations relative to phosphate, the removal efficiency 
remained high at 93.58 % ± 0.32 %, with only a − 3.39 % ± 0.53 % 
change. These results highlight the excellent selectivity and robustness 
of M-COS-CSH for phosphate removal, even in complex water matrices. 
It is also noteworthy that in actual WWTP effluents, the concentrations 
of these competing anions are typically much lower than those used in 
this study, and therefore are unlikely to significantly affect phosphate 
adsorption efficiency.

3.6. Phosphate adsorption mechanism on M-COS-CSH

The phosphate adsorption mechanism onto M-COS-CSH was eluci
dated through a combination of characterization techniques. EDX 
analysis confirmed the presence of P on the M-COS-CSH surface after 
adsorption, while elemental mapping revealed a uniform P distribution 
throughout the material, indicating effective surface coverage. XPS 
analysis further supported these findings, with the emergence of a new P 
2p peak at 131.8 eV and an atomic concentration of 2.7 %, confirming 
phosphate incorporation. Deconvolution of the P 2p spectrum revealed 
two distinct peaks at 133.20 eV and 134.18 eV, corresponding to cal
cium phosphate species such as Ca₅(OH)(PO₄)₃ (HAP), CaHPO₄, and Ca₅ 
(PO₄)₃Cl [15,39,79,80]. In the O 1s region, two new peaks at 532.01 eV 
and 532.96 eV were observed after adsorption, attributed to P–O bonds 
and phosphate-containing phases, respectively [80,83,84]. These XPS 
results are consistent with the post-adsorption XRD pattern, where 
diffraction peaks at 2θ = 23.1◦, 29.4◦, 30.3◦, 35.5◦, 36.0◦, 39.4◦, 47.5◦, 
and 48.5◦ matched those of brushite (CaHPO₄⋅2H₂O) [32]. FTIR spectra 
further confirmed the formation of phosphate species, with the emer
gence of a distinct peak at 1055 cm− 1, attributed to the asymmetric 
stretching vibration (ν₃) of H₂PO₄− and HPO₄2− , suggesting the presence 
of Ca(H₂PO₄)₂ and CaHPO₄ on the material surface [27,48,75,95]. 
Additionally, FESEM imaging revealed the development of needle-like 
(acicular) structures typically associated with HAP (Ca₅(PO₄)₃OH), 
coalesced rhombohedral crystals of carbonated HAP, and plate-like 
morphologies of various calcium phosphate phases [60,61].

Table 3 
Kinetic model parameters for phosphate adsorption onto M-COS-CSH.

Model Temperature (K) Parameter M-COS-CSH

Pseudo-first-order 298 Qe (mg g− 1) 1.626
k1 (min− 1) 0.049
R2 0.5421

308 Qe (mg g− 1) 0.429
k1 (min− 1) 0.011
R2 0.0298

318 Qe (mg g− 1) 0.111
k1 (min− 1) 0.003
R2 0.0012

Pseudo-second-order 298 Qe (mg g− 1) 15.873
k2 (g mg− 1 min− 1) 0.087
R2 1

308 Qe (mg g− 1) 16.026
k2 (g mg− 1 min− 1) 0.122
R2 0.9999

318 Qe (mg g− 1) 16.077
k2 (g mg− 1 min− 1) 0.142
R2 0.9997

Intra-particle diffusion 298 kp (mg g− 1 min-1/2) 0.308
C (mg g− 1) 13.597
R2 0.758

308 kp (mg g− 1 min-1/2) 0.223
C (mg g− 1) 14.381
R2 0.6724

318 kp (mg g− 1 min-1/2) 0.221
C (mg g− 1) 14.341
R2 0.8445

Table 4 
Effect of coexisting anions on phosphate removal efficiency.

Anion Concentration (mg L− 1) pH initial %Change in RE

NO₃− 2500 7.15 − 3.66 ± 0.81
NO₂− 1000 7.46 5.38 ± 0.00
Cl− 1000 7.60 − 1.53 ± 0.27
SO₄2− 500 7.56 − 3.03 ± 1.01
F− 500 7.34 5.06 ± 0.03
CO₃2− 50 10.73 − 2.82 ± 0.37
HCO₃− 50 8.34 − 1.22 ± 0.47
Mix anions 50 10.27 − 3.39 ± 0.53

(phosphate concentration: 10 mg L− 1)
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These morphological features, along with the observed spectral and 
crystallographic changes, indicate that surface microprecipitation was 
the dominant mechanism for phosphate removal. Phosphate removal 
likely proceeded via the following reactions involving calcium (Ca2+) 
and hydroxide (OH− ) ions released from the COS and CSH components, 
leading to the formation of various calcium phosphate precipitates, as 
illustrated in Eqs. (3)–(5) [15,29,39,79,96,97]. 

Ca2+ +HPO2−
4 →CaHPO4 (Brushite) (3) 

Ca2+ +H2PO−
4 →Ca(H2PO4)2 (4) 

5Ca2+ + 3HPO2−
4 + 4OH− →Ca5(PO4)3OH (HAP) + 3H2O (5) 

5Ca2+ +3HPO2−
4 +OH− +Cl− →Ca5(PO4)3Cl (6) 

The formation of Ca₅(PO₄)₃Cl is particularly notable, as the CSH in M- 
COS-CSH was synthesized via co-precipitation under ultrasonic irradi
ation—a process in which Cl− , likely originating from NaCl by-products, 
are present in the reaction medium [15]. These Cl− ions may interact 
with Ca2+ and phosphate species to facilitate Ca₅(PO₄)₃Cl formation, 
further supported by the P 2p XPS peak at 134.18 eV [15,79,80].

In addition to precipitation, ligand exchange via inner-sphere 
complexation also contributed to phosphate adsorption. This mecha
nism is supported by the presence of CaCO₃ in the adsorbent, as evi
denced by a distinct peak at 2θ = 29.4◦ in the XRD pattern, 
corresponding to the (104) plane of calcite, and prominent FTIR bands at 
875, 1416, 1795, and 2511 cm− 1 [25,76–78]. These findings suggest 
that CaCO₃ originated from residual uncalcined oyster shells or from 
carbonation occurring during synthesis [7,27,63,64]. XPS analysis also 
confirmed the presence of CaCO₃, with Ca 2p peaks at 347.57 and 
351.10 eV, corresponding to CaCO₃ and Ca–O bonds, respectively 
[15,79].

Phosphate ions likely underwent ligand exchange with surface 
≡Ca–CO₃ groups, forming inner-sphere surface complexes through 
Lewis acid–base interactions, as illustrated in Eqs. (7) and (8) [15,25]: 

≡ Ca − CO3 +H2PO−
4 +H2O→ ≡ Ca − H2PO4 +HCO−

3 +OH− (7) 

≡ Ca − CO3 + HPO2−
4 + H2O→ ≡ Ca − HPO4 + HCO−

3 + OH− (8) 

These interactions may result in the formation of mononuclear 
monodentate or bidentate surface complexes, result in phosphate spe
cies bind to one or two calcium centers, respectively [15,85,96,97].

Additionally, previous studies have suggested that high desorption 
efficiencies using 0.5 M HCl indicate that inner-sphere complexation 
and surface precipitation are the dominant adsorption mechanisms [77]. 
In this study, desorption experiments with 0.1 M and 0.5 M HCl yielded 
excellent phosphate RE of 95.75 % ± 0.62 % and 106.42 % ± 2.91 %, 
respectively, suggesting near-complete desorption of adsorbed phos
phate. These findings further support the conclusion that inner-sphere 

complexation and surface precipitation are the primary mechanisms 
governing phosphate adsorption onto M-COS-CSH. The proposed 
adsorption mechanisms are schematically illustrated in Fig. 2g.

3.7. Real sample applications

The M-COS-CSH adsorbent was applied to remove phosphate from 
10 real water samples collected from Phuket, Thailand. The initial 
phosphate concentrations in these samples, measured by spectropho
tometry, ranged from 0.02 to 32.96 mg L− 1 (Table 5). Five samples 
(Sample 6 to 10) with low phosphate levels (< 0.5 mg L− 1) were spiked 
with a phosphate standard prior to treatment with M-COS-CSH. The RE 
ranged from 70.81 % ± 2.47 % to 94.24 % ± 0.39 %, demonstrating the 
strong potential of M-COS-CSH for real-world applications. Seawater 
samples exhibited relatively lower RE than wastewater, likely due to the 
presence of high chloride concentrations (up to 19,350 mg L− 1 [98]) 
which can interfere with phosphate adsorption on M-COS-CSH. 
Furthermore, the treated water met Thailand's discharge effluent stan
dards, with COD and TSS values of 13.46 mg L− 1 and 32.00 mg L− 1, 
respectively [14]. These results confirm the effectiveness of M-COS-CSH 
in removing phosphate and mitigating nutrient pollution in aquatic 
environments.

Additionally, the potential leaching of Fe2+ and Ca2+ ions from the 
adsorbent into the treated solution was evaluated, and the results are 
presented in Supplementary Table S6. The Fe2+ concentration showed 
minimal change compared to the initial solution (< +0.075 ± 0.10 mg 
L− 1), indicating negligible leaching across the tested pH range. In 
contrast, Ca2+ was released in the range of +37.693 ± 0.022 to +39.440 
± 0.137 mg L− 1. This behavior is consistent with previous studies on 
calcium-rich materials such as CSH and COS, where Ca2+ ions are known 
to leach into solution and subsequently form complexes with phosphate. 
In the present study, the relatively high Ca2+ concentrations observ
ed—particularly in samples with low phosphate levels—suggest that 
limited ion–phosphate complexation occurred, resulting in the accu
mulation of free Ca2+ in the solution.

3.8. Reusability and stability of M-COS-CSH

The reusability of M-COS-CSH was evaluated using ultrapure water, 
HCl, and NaOH as regeneration solutions (Supplementary Fig. S11). The 
results indicated that both HCl and NaOH led to a significant reduction 
in adsorption efficiency in the second cycle, particularly at high NaOH 
concentration. This decline is likely due to the detrimental effects of 
these chemical agents on the adsorbent surface during the desorption 
process. Previous studies have reported that HCl disrupts ionic and 
hydrogen bonding interactions between oxygen atoms in H₂PO₄− and 
reactive metal and oxygen atoms on the adsorbent surface [99]. Such 
disruption weakens van der Waals forces, accelerates phosphorus 
desorption, and ultimately reduces adsorption capacity. Similarly, high 
concentrations of NaOH have been shown to degrade the structure of 

Table 5 
Phosphate removal efficiency and adsorption capacity of M-COS-CSH in real water samples.

Sample Type Concentration* (mg L− 1) pH initial pH final Removal efficiency (%) Adsorption capacity 
(mg g− 1)

1 Effluent from WWTP 17.44 7.42 9.63 91.79 ± 0.87 26.68 ± 0.25
2 Effluent from WWTP 7.47 8.19 9.70 90.72 ± 0.62 11.29 ± 0.08
3 RO concentrate 32.96 7.60 9.21 94.24 ± 0.39 51.77 ± 0.21
4 Wastewater 11.28 7.15 9.54 88.25 ± 0.76 16.59 ± 0.14
5 Wastewater 10.10 7.58 9.10 76.15 ± 0.66 12.82 ± 0.11
6 Coastal seawater 0.44 8.11 9.56 70.81 ± 2.47 18.46 ± 0.64
7 Coastal seawater 0.32 8.34 9.55 72.99 ± 1.75 19.41 ± 0.47
8 Coastal seawater 0.10 8.45 9.58 74.95 ± 1.80 19.13 ± 0.46
9 Open seawater 0.02 8.20 9.54 88.25 ± 0.76 16.59 ± 0.14
10 Coastal seawater 0.04 8.21 9.53 74.99 ± 3.22 17.64 ± 0.76

* Initial phosphate concentration. Experimental conditions: 100 mL water sample, 0.06 g M-COS-CSH, contact time of 45 min, room temperature, and no pH 
adjustment.
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metal–organic frameworks (MOFs) by hydrolyzing metal–ligand bonds 
[100]. This process can result in structural collapse, loss of porosity, and 
altered surface chemistry, further diminishing adsorption performance. 
Among the tested regenerants, ultrapure water yielded the best regen
eration performance. However, the removal efficiency decreased to 
61.24 % ± 4.47 % in the second cycle. This decline may be attributed to 
incomplete phosphate desorption—with only 77.57 % of the adsorbed 
phosphate being recovered—partial saturation of active sites, or irre
versible surface precipitation of calcium phosphate, which may block 
adsorption sites and hinder further uptake. Additionally, the third 
adsorption–desorption cycle exhibited a dramatic reduction in phos
phate RE, further indicating a loss of active adsorption capacity. Despite 
the performance decline, the spent adsorbent retained its strong mag
netic properties, allowing for easy recovery and handling. This magnetic 
recoverability is advantageous for practical applications, as it facilitates 
repeated use, reduces operational costs, and minimizes secondary waste 
generation. Future work may focus on optimizing mild and efficient 
regeneration strategies to enhance reusability without compromising 
structural stability.

Additionally, 0.1 and 0.5 M HCl—extractants previously reported for 
assessing plant-available phosphorus [101]—were applied to 
phosphate-loaded M-COS-CSH. The desorption efficiencies were 95.75 
± 0.62 % and 106.42 ± 2.91 %, respectively, indicating near-complete 
phosphate recovery. These findings suggest that the adsorbed phosphate 
is readily bioavailable, indicating that M-COS-CSH could be repurposed 
as a slow-release fertilizer. Therefore, phosphate-loaded M-COS-CSH 
holds promise for reuse in agriculture, supporting a zero-waste and 
circular-economy approach. This multifunctional performance un
derscores the material's potential for large-scale applications in eutro
phication control while aligning with sustainable practices aimed at 
enhancing food and environmental security.

Furthermore, M-COS-CSH exhibited good storage stability when 
stored in a desiccator at room temperature. The phosphate RE declined 
by only 1.27 % and 2.49 % after two and five months of storage, 
respectively, compared to the freshly synthesized material. This excel
lent stability, combined with the material's strong magnetic properties 
and high phosphate recovery efficiency, underscores the potential of M- 
COS-CSH as a practical adsorbent for wastewater treatment and resource 
recovery applications.

3.9. Feasibility for practical applications based on continuous-flow system

To assess the practical applicability of M-COS-CSH, a preliminary 
continuous-flow experiment was conducted using a plastic column (1.0 
cm inner diameter × 9.5 cm length), packed with approximately 1.4 g of 
M-COS-CSH powder to achieve a material bed height of 2.5 cm. A sup
port layer consisting of gravel and wool was placed at both the top and 
bottom of the adsorbent bed (Supplementary Fig. S12a). Prior to phos
phate loading, ultrapure water was passed through the column at a flow 
rate of 1 mL min− 1 for 1 h to equilibrate the system and remove any 
potential impurities. Subsequently, a 10 mg L− 1 phosphate solution was 
introduced in up-flow mode at the same flow rate (Supplementary 
Fig. S12c). A neodymium magnet was placed at the column outlet to 
prevent loss of M-COS-CSH particles (Supplementary Fig. S12b). The 
resulting breakthrough curve (Supplementary Fig. S13) demonstrated a 
phosphate RE of 98.91 % and an estimated adsorption capacity of 
106.82 mg g− 1. The breakthrough time (tb), defined as the time at which 
the effluent concentration reached 10 % of the influent concentration 
(Ct/C0 = 0.1), was 6480 min, while the exhaustion time (te), corre
sponding to 90 % of the influent concentration (Ct/C0 = 0.9), was 
13,800 min. The mass transfer zone (MTZ) was estimated to be 1.33 cm, 
and the total volume of treated effluent (Veff) was 15.12 L.

These findings demonstrate that M-COS-CSH exhibits excellent po
tential for implementation in continuous treatment processes, support
ing its scalability and feasibility for practical water purification and 
phosphate recovery applications.

4. Conclusions

A magnetic nanocomposite (M-COS-CSH) was successfully devel
oped from calcined oyster shell waste and calcium silicate hydrate via a 
simple, rapid synthesis process completed in just 5.2 h. The incorpora
tion of magnetic properties enabled easy recovery of the adsorbent, 
while the material's intrinsic alkalinity minimized the need for post- 
treatment pH adjustment. Optimization using Response Surface Meth
odology (RSM) ensured high performance under practical conditions, 
achieving a maximum phosphate removal efficiency of 98.06 % ± 0.19 
% and an adsorption capacity of 161.29 mg g− 1 under neutral pH, 
indicating monolayer adsorption on a homogeneous surface. The 
adsorption behavior followed the Langmuir isotherm and pseudo- 
second-order kinetics. Comprehensive characterization and desorption 
experiments using strong acid revealed that surface microprecipitation 
and inner-sphere complexation were the predominant adsorption 
mechanisms. Importantly, M-COS-CSH demonstrated high selectivity 
and robustness in real water samples, with removal efficiencies ranging 
from 70.81 % ± 2.47 % to 94.24 % ± 0.39 %, and maintained perfor
mance in the presence of competing anions. Although regeneration ef
ficiency declined gradually over multiple cycles, the material retained 
good magnetic recoverability, and the phosphate-loaded adsorbent 
showed promising potential for reuse as fertilizer—supporting sustain
able resource recovery and a circular-economy approach.

From a technical and economic perspective, the use of low-cost 
oyster shell waste as a raw material significantly reduces the produc
tion cost of the adsorbent, while the material's high removal efficiency 
and stability in continuous-flow systems underscore its feasibility for 
scale-up and long-term application. The dual functionality of phosphate 
removal and nutrient recovery offers a cost-effective solution for 
wastewater treatment while simultaneously supporting agricultural 
resource recycling. In addition, the mitigation of eutrophication via this 
approach provides considerable environmental and economic benefits 
by protecting aquatic ecosystems and reducing downstream water 
treatment expenses.

To fully realize the practical implementation of M-COS-CSH, future 
research should focus on enhancing regeneration efficiency—potentially 
through surface modification strategies or the use of milder desorbing 
agents—and conducting pilot-scale investigations to evaluate long-term 
performance, scalability, and cost-effectiveness under diverse environ
mental conditions. Additionally, assessing the release kinetics of phos
phate from spent adsorbent in soil environments will further support its 
application as a sustainable, slow-release fertilizer.

Overall, the findings highlight M-COS-CSH as a promising, cost- 
effective, and environmentally sustainable candidate for practical 
phosphate removal and recovery, aligning with the principles of circular 
economy and integrated water–agriculture resource management.
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[84] V. Uskoković, X-ray photoelectron and ion scattering spectroscopic surface 
analyses of amorphous and crystalline calcium phosphate nanoparticles with 
different chemical histories, Physical Chemistry Chemical Physics 22 (10) (2020) 
5531–5547, https://doi.org/10.1039/C9CP06529F.

[85] S. Pap, H. Zhang, A. Bogdan, D.T. Elsby, S.W. Gib, B. Bremmer, M.A. Taggart, 
Pilot-scale phosphate recovery from wastewater to create a fertiliser product: an 
integrated assessment of adsorbent performance and quality, Water Res. 228 (Pt 
B) (2023) 119369.

[86] C.C. Chusuei, D.W. Goodman, M.J. Van Stipdonk, D.R. Justes, E.A. Schweikert, 
Calcium phosphate phase identification using XPS and time-of-flight cluster SIMS, 
Anal. Chem. 71 (1) (1999) 149–153.

[87] D. Fang, L. Huang, F. Zhuoyao, Q. Zhang, Q. Shen, Y. Li, X. Xu, F. Ji, Evaluation of 
porous calcium silicate hydrate derived from carbide slag for removing phosphate 
from wastewater, Chem. Eng. J. 354 (2018) 1–11.

[88] A. Choodum, K. Mahama, P. Ramsiri, W. Wongniramaikul, Synergistic nitrate 
removal: enhanced efficiency with zinc-immobilized calcium cross-linked 
polyvinyl alcohol film, Environ. Technol. Innov. 37 (2025) 103946.

[89] K.N. Han, Characteristics of precipitation of rare earth elements with various 
precipitants, Minerals 10 (2) (2020) 178.

[90] P.S. Kumar, W.W. Ejerssa, C.C. Wegener, L. Korving, A.L. Dugulan, H. Temmink, 
M.C.M. van Loosdrecht, G.J. Witkamp, Understanding and improving the 
reusability of phosphate adsorbents for wastewater effluent polishing, Water Res. 
145 (2018) 365–374.

[91] K. Okano, M. Uemoto, J. Kagami, K. Miura, T. Aketo, M. Toda, K. Honda, 
H. Ohtaka, Novel technique for phosphorus recovery from aqueous solutions 
using amorphous calcium silicate hydrates (A-CSHs), Water Res. 47 (7) (2013) 
2251–2259.

[92] Y. Zhang, K. Yang, Y. Fang, J. Ding, H. Zhang, Removal of phosphate from 
wastewater with a recyclable La-based particulate adsorbent in a small-scale 
reactor, Water 14 (15) (2022) 2326.

[93] S.Y. Lee, J.-W. Choi, K.G. Song, K. Choi, Y.J. Lee, K.-W. Jung, Adsorption and 
mechanistic study for phosphate removal by rice husk-derived biochar 
functionalized with Mg/Al-calcined layered double hydroxides via co-pyrolysis, 
Compos. B Eng. 176 (2019) 107209.

[94] Y. Yao, B. Gao, M. Inyang, A.R. Zimmerman, X. Cao, P. Pullammanappallil, 
L. Yang, Removal of phosphate from aqueous solution by biochar derived from 
anaerobically digested sugar beet tailings, J. Hazard. Mater. 190 (1–3) (2011) 
501–507.

[95] B.-C. Liga, B. Natalija, “Research of Calcium Phosphates Using Fourier Transform 
Infrared Spectroscopy,” in Infrared Spectroscopy - Materials Science, Engineering and 
Technology, T, Theophanides ed., Rijeka, IntechOpen, 2012.

[96] X. Liu, F. Shen, R.L. Smith, X. Qi, Black liquor-derived calcium-activated biochar 
for recovery of phosphate from aqueous solutions, Bioresour. Technol. 294 
(2019) 122198.

[97] D. Mitrogiannis, M. Psychoyou, I. Baziotis, V.J. Inglezakis, N. Koukouzas, 
N. Tsoukalas, D. Palles, E. Kamitsos, G. Oikonomou, G. Markou, Removal of 
phosphate from aqueous solutions by adsorption onto ca(OH)2 treated natural 
clinoptilolite, Chem. Eng. J. 320 (2017) 510–522.

[98] B. Anes, Cristina Oliveira, R.J.N.B. da Silva, M.F. Camões, Characterization of 
seawaters by ion chromatography – Comparison of ionic patterns and balances, 
in: Presented at the IMEKO TC-19 International Workshop on Metrology for the 
Sea, 2019. Genoa, Italy, 3-5 October 2019.

[99] L. Li, Z. Yang, Y. Qiu, Y. Wang, Phosphorus adsorbed by HCl desorption–activated 
red mud adsorbents: a molecular dynamics studys, Mater Res Express 11 (4) 
(2024) 045507.

[100] M.N. Afridi, S. Adil, B. Byambaa, M. Sohail, A.U.R. Bacha, J. Wang, C. Li, 
Progress, challenges, and prospects of MOF-based adsorbents for phosphate 
recovery from wastewater, J Water Process Eng 63 (2024) 105530.

[101] R. Wuenscher, H. Unterfrauner, R. Peticzka, F. Zehetner, A comparison of 14 soil 
phosphorus extraction methods applied to 50 agricultural soils from Central 
Europe, plant, soil and mad, Environment 61 (2015) 86–96.

C. Boonkanon et al.                                                                                                                                                                                                                            Journal of Water Process Engineering 77 (2025) 108421 

15 

http://refhub.elsevier.com/S2214-7144(25)01494-1/rf0250
http://refhub.elsevier.com/S2214-7144(25)01494-1/rf0250
http://refhub.elsevier.com/S2214-7144(25)01494-1/rf0250
http://refhub.elsevier.com/S2214-7144(25)01494-1/rf0255
http://refhub.elsevier.com/S2214-7144(25)01494-1/rf0255
http://refhub.elsevier.com/S2214-7144(25)01494-1/rf0255
http://refhub.elsevier.com/S2214-7144(25)01494-1/rf0255
http://refhub.elsevier.com/S2214-7144(25)01494-1/rf0260
http://refhub.elsevier.com/S2214-7144(25)01494-1/rf0260
http://refhub.elsevier.com/S2214-7144(25)01494-1/rf0260
http://refhub.elsevier.com/S2214-7144(25)01494-1/rf0260
http://refhub.elsevier.com/S2214-7144(25)01494-1/rf0265
http://refhub.elsevier.com/S2214-7144(25)01494-1/rf0265
http://refhub.elsevier.com/S2214-7144(25)01494-1/rf0265
http://refhub.elsevier.com/S2214-7144(25)01494-1/rf0265
http://refhub.elsevier.com/S2214-7144(25)01494-1/rf0270
http://refhub.elsevier.com/S2214-7144(25)01494-1/rf0270
http://refhub.elsevier.com/S2214-7144(25)01494-1/rf0270
http://refhub.elsevier.com/S2214-7144(25)01494-1/rf0270
http://refhub.elsevier.com/S2214-7144(25)01494-1/rf0275
http://refhub.elsevier.com/S2214-7144(25)01494-1/rf0275
http://refhub.elsevier.com/S2214-7144(25)01494-1/rf0275
http://refhub.elsevier.com/S2214-7144(25)01494-1/rf0280
http://refhub.elsevier.com/S2214-7144(25)01494-1/rf0280
http://refhub.elsevier.com/S2214-7144(25)01494-1/rf0280
http://refhub.elsevier.com/S2214-7144(25)01494-1/rf0285
http://refhub.elsevier.com/S2214-7144(25)01494-1/rf0285
http://refhub.elsevier.com/S2214-7144(25)01494-1/rf0285
https://doi.org/10.1039/C4RA08678C
https://doi.org/10.1039/C4RA08678C
http://refhub.elsevier.com/S2214-7144(25)01494-1/rf0295
http://refhub.elsevier.com/S2214-7144(25)01494-1/rf0295
http://refhub.elsevier.com/S2214-7144(25)01494-1/rf0295
http://refhub.elsevier.com/S2214-7144(25)01494-1/rf0300
http://refhub.elsevier.com/S2214-7144(25)01494-1/rf0300
http://refhub.elsevier.com/S2214-7144(25)01494-1/rf0300
http://refhub.elsevier.com/S2214-7144(25)01494-1/rf0300
http://refhub.elsevier.com/S2214-7144(25)01494-1/rf0305
http://refhub.elsevier.com/S2214-7144(25)01494-1/rf0305
http://refhub.elsevier.com/S2214-7144(25)01494-1/rf0305
http://refhub.elsevier.com/S2214-7144(25)01494-1/rf0310
http://refhub.elsevier.com/S2214-7144(25)01494-1/rf0310
http://refhub.elsevier.com/S2214-7144(25)01494-1/rf0310
http://refhub.elsevier.com/S2214-7144(25)01494-1/rf0310
http://refhub.elsevier.com/S2214-7144(25)01494-1/rf0315
http://refhub.elsevier.com/S2214-7144(25)01494-1/rf0315
http://refhub.elsevier.com/S2214-7144(25)01494-1/rf0315
http://refhub.elsevier.com/S2214-7144(25)01494-1/rf0320
http://refhub.elsevier.com/S2214-7144(25)01494-1/rf0320
http://refhub.elsevier.com/S2214-7144(25)01494-1/rf0320
http://refhub.elsevier.com/S2214-7144(25)01494-1/rf0325
http://refhub.elsevier.com/S2214-7144(25)01494-1/rf0325
http://refhub.elsevier.com/S2214-7144(25)01494-1/rf0330
http://refhub.elsevier.com/S2214-7144(25)01494-1/rf0330
http://refhub.elsevier.com/S2214-7144(25)01494-1/rf0330
http://refhub.elsevier.com/S2214-7144(25)01494-1/rf0330
http://refhub.elsevier.com/S2214-7144(25)01494-1/rf0335
http://refhub.elsevier.com/S2214-7144(25)01494-1/rf0335
http://refhub.elsevier.com/S2214-7144(25)01494-1/rf0335
http://refhub.elsevier.com/S2214-7144(25)01494-1/rf0335
http://refhub.elsevier.com/S2214-7144(25)01494-1/rf0340
http://refhub.elsevier.com/S2214-7144(25)01494-1/rf0340
http://refhub.elsevier.com/S2214-7144(25)01494-1/rf0340
http://refhub.elsevier.com/S2214-7144(25)01494-1/rf0345
http://refhub.elsevier.com/S2214-7144(25)01494-1/rf0345
http://refhub.elsevier.com/S2214-7144(25)01494-1/rf0345
http://refhub.elsevier.com/S2214-7144(25)01494-1/rf0350
http://refhub.elsevier.com/S2214-7144(25)01494-1/rf0350
http://refhub.elsevier.com/S2214-7144(25)01494-1/rf0355
http://refhub.elsevier.com/S2214-7144(25)01494-1/rf0355
http://refhub.elsevier.com/S2214-7144(25)01494-1/rf0355
http://refhub.elsevier.com/S2214-7144(25)01494-1/rf0360
http://refhub.elsevier.com/S2214-7144(25)01494-1/rf0360
http://refhub.elsevier.com/S2214-7144(25)01494-1/rf0360
http://refhub.elsevier.com/S2214-7144(25)01494-1/rf0365
http://refhub.elsevier.com/S2214-7144(25)01494-1/rf0365
http://refhub.elsevier.com/S2214-7144(25)01494-1/rf0365
http://refhub.elsevier.com/S2214-7144(25)01494-1/rf0370
http://refhub.elsevier.com/S2214-7144(25)01494-1/rf0370
http://refhub.elsevier.com/S2214-7144(25)01494-1/rf0370
http://refhub.elsevier.com/S2214-7144(25)01494-1/rf0370
http://refhub.elsevier.com/S2214-7144(25)01494-1/rf0375
http://refhub.elsevier.com/S2214-7144(25)01494-1/rf0375
http://refhub.elsevier.com/S2214-7144(25)01494-1/rf0375
http://refhub.elsevier.com/S2214-7144(25)01494-1/rf0380
http://refhub.elsevier.com/S2214-7144(25)01494-1/rf0380
http://refhub.elsevier.com/S2214-7144(25)01494-1/rf0380
http://refhub.elsevier.com/S2214-7144(25)01494-1/rf0385
http://refhub.elsevier.com/S2214-7144(25)01494-1/rf0385
http://refhub.elsevier.com/S2214-7144(25)01494-1/rf0385
http://refhub.elsevier.com/S2214-7144(25)01494-1/rf0390
http://refhub.elsevier.com/S2214-7144(25)01494-1/rf0390
http://refhub.elsevier.com/S2214-7144(25)01494-1/rf0390
http://refhub.elsevier.com/S2214-7144(25)01494-1/rf0395
http://refhub.elsevier.com/S2214-7144(25)01494-1/rf0395
http://refhub.elsevier.com/S2214-7144(25)01494-1/rf0395
http://refhub.elsevier.com/S2214-7144(25)01494-1/rf0395
http://refhub.elsevier.com/S2214-7144(25)01494-1/rf0400
http://refhub.elsevier.com/S2214-7144(25)01494-1/rf0400
http://refhub.elsevier.com/S2214-7144(25)01494-1/rf0405
http://refhub.elsevier.com/S2214-7144(25)01494-1/rf0405
http://refhub.elsevier.com/S2214-7144(25)01494-1/rf0405
http://refhub.elsevier.com/S2214-7144(25)01494-1/rf0410
http://refhub.elsevier.com/S2214-7144(25)01494-1/rf0410
http://refhub.elsevier.com/S2214-7144(25)01494-1/rf0410
http://refhub.elsevier.com/S2214-7144(25)01494-1/rf0415
http://refhub.elsevier.com/S2214-7144(25)01494-1/rf0415
http://refhub.elsevier.com/S2214-7144(25)01494-1/rf0415
https://doi.org/10.1039/C9CP06529F
http://refhub.elsevier.com/S2214-7144(25)01494-1/rf0425
http://refhub.elsevier.com/S2214-7144(25)01494-1/rf0425
http://refhub.elsevier.com/S2214-7144(25)01494-1/rf0425
http://refhub.elsevier.com/S2214-7144(25)01494-1/rf0425
http://refhub.elsevier.com/S2214-7144(25)01494-1/rf0430
http://refhub.elsevier.com/S2214-7144(25)01494-1/rf0430
http://refhub.elsevier.com/S2214-7144(25)01494-1/rf0430
http://refhub.elsevier.com/S2214-7144(25)01494-1/rf0435
http://refhub.elsevier.com/S2214-7144(25)01494-1/rf0435
http://refhub.elsevier.com/S2214-7144(25)01494-1/rf0435
http://refhub.elsevier.com/S2214-7144(25)01494-1/rf0440
http://refhub.elsevier.com/S2214-7144(25)01494-1/rf0440
http://refhub.elsevier.com/S2214-7144(25)01494-1/rf0440
http://refhub.elsevier.com/S2214-7144(25)01494-1/rf0445
http://refhub.elsevier.com/S2214-7144(25)01494-1/rf0445
http://refhub.elsevier.com/S2214-7144(25)01494-1/rf0450
http://refhub.elsevier.com/S2214-7144(25)01494-1/rf0450
http://refhub.elsevier.com/S2214-7144(25)01494-1/rf0450
http://refhub.elsevier.com/S2214-7144(25)01494-1/rf0450
http://refhub.elsevier.com/S2214-7144(25)01494-1/rf0455
http://refhub.elsevier.com/S2214-7144(25)01494-1/rf0455
http://refhub.elsevier.com/S2214-7144(25)01494-1/rf0455
http://refhub.elsevier.com/S2214-7144(25)01494-1/rf0455
http://refhub.elsevier.com/S2214-7144(25)01494-1/rf0460
http://refhub.elsevier.com/S2214-7144(25)01494-1/rf0460
http://refhub.elsevier.com/S2214-7144(25)01494-1/rf0460
http://refhub.elsevier.com/S2214-7144(25)01494-1/rf0465
http://refhub.elsevier.com/S2214-7144(25)01494-1/rf0465
http://refhub.elsevier.com/S2214-7144(25)01494-1/rf0465
http://refhub.elsevier.com/S2214-7144(25)01494-1/rf0465
http://refhub.elsevier.com/S2214-7144(25)01494-1/rf0470
http://refhub.elsevier.com/S2214-7144(25)01494-1/rf0470
http://refhub.elsevier.com/S2214-7144(25)01494-1/rf0470
http://refhub.elsevier.com/S2214-7144(25)01494-1/rf0470
http://refhub.elsevier.com/S2214-7144(25)01494-1/rf0475
http://refhub.elsevier.com/S2214-7144(25)01494-1/rf0475
http://refhub.elsevier.com/S2214-7144(25)01494-1/rf0475
http://refhub.elsevier.com/S2214-7144(25)01494-1/rf0480
http://refhub.elsevier.com/S2214-7144(25)01494-1/rf0480
http://refhub.elsevier.com/S2214-7144(25)01494-1/rf0480
http://refhub.elsevier.com/S2214-7144(25)01494-1/rf0485
http://refhub.elsevier.com/S2214-7144(25)01494-1/rf0485
http://refhub.elsevier.com/S2214-7144(25)01494-1/rf0485
http://refhub.elsevier.com/S2214-7144(25)01494-1/rf0485
http://refhub.elsevier.com/S2214-7144(25)01494-1/rf0490
http://refhub.elsevier.com/S2214-7144(25)01494-1/rf0490
http://refhub.elsevier.com/S2214-7144(25)01494-1/rf0490
http://refhub.elsevier.com/S2214-7144(25)01494-1/rf0490
http://refhub.elsevier.com/S2214-7144(25)01494-1/rf0495
http://refhub.elsevier.com/S2214-7144(25)01494-1/rf0495
http://refhub.elsevier.com/S2214-7144(25)01494-1/rf0495
http://refhub.elsevier.com/S2214-7144(25)01494-1/rf0500
http://refhub.elsevier.com/S2214-7144(25)01494-1/rf0500
http://refhub.elsevier.com/S2214-7144(25)01494-1/rf0500
http://refhub.elsevier.com/S2214-7144(25)01494-1/rf0505
http://refhub.elsevier.com/S2214-7144(25)01494-1/rf0505
http://refhub.elsevier.com/S2214-7144(25)01494-1/rf0505


[102] N. Salim, M.A. Fulazzaky, M.H. Puteh, M.H. Khamidum, A.R.M. Yusoff, N. 
H. Abdullah, N. Ahmad, Z.M. Lazim, M. Nuid, Adsorption of phosphate from 
aqueous solutions using waste mussel shell, MATEC Web Conf. 250 (2018) 06013.

[103] Y. Feng, D. Zhao, S. Qiu, Q. He, Y. Lau, K. Zhang, S. Shen, F. Wang, Adsorption of 
phosphate in aqueous phase by biochar prepared from sheep manure and 
modified by oyster shells, ACS Omega 6 (48) (2021) 33046–33056.

[104] H. Wang, H. Luo, T. Qin, J. Yang, L. Chen, M. Liu, M. Tang, B.J. He, Z. Jing, 
Recyclable adsorbents of Fe and La co-modified clam shells for phosphorus 
removal from domestic sewage: Characterization and mechanisms, iScience 28 
(2) (2025) 111762.

[105] D. Jiang, Y. Amano, M. Machida, Removal and recovery of phosphate from water 
by calcium-silicate composites-novel adsorbents made from waste glass and 
shells, Environ. Sci. Pollut. Res. Int. 24 (9) (2017) 8210–8218.

[106] Y. Kuwahara, H. Yamashita, Phosphate removal from aqueous solutions using 
calcium silicate hydrate prepared from blast furnace slag, ISIJ Int. 57 (9) (2017) 
1657–1664.

[107] C. Li, Y. Yu, Q. Li, H. Zhong, S. Wang, Kinetics and equilibrium studies of 
phosphate removal from aqueous solution by calcium silicate hydrate synthesized 
from electrolytic manganese residue, Adsorpt. Sci. Technol. 37 (2019) 547–565, 
7–8.

[108] A. Gizaw, Z. Feleke, C. Yonas, T. Melakuu, A. Mekonnen, Phosphate abatement 
using calcium silicate hydrate synthesized from alum factory solid waste residue, 
Sep. Sci. Technol. 57 (11) (2022) 1669–1687.

[109] E. Svedaite, T. Dambrauskas, A. Renman, G. Renman, K. Baltakys, Adsorption 
kinetics of phosphorus on a calcium silicate hydrate based adsorbent, Ceram. Int. 
51 (5) (2025) 5557–5566.

C. Boonkanon et al.                                                                                                                                                                                                                            Journal of Water Process Engineering 77 (2025) 108421 

16 

http://refhub.elsevier.com/S2214-7144(25)01494-1/rf0510
http://refhub.elsevier.com/S2214-7144(25)01494-1/rf0510
http://refhub.elsevier.com/S2214-7144(25)01494-1/rf0510
http://refhub.elsevier.com/S2214-7144(25)01494-1/rf0515
http://refhub.elsevier.com/S2214-7144(25)01494-1/rf0515
http://refhub.elsevier.com/S2214-7144(25)01494-1/rf0515
http://refhub.elsevier.com/S2214-7144(25)01494-1/rf0520
http://refhub.elsevier.com/S2214-7144(25)01494-1/rf0520
http://refhub.elsevier.com/S2214-7144(25)01494-1/rf0520
http://refhub.elsevier.com/S2214-7144(25)01494-1/rf0520
http://refhub.elsevier.com/S2214-7144(25)01494-1/rf0525
http://refhub.elsevier.com/S2214-7144(25)01494-1/rf0525
http://refhub.elsevier.com/S2214-7144(25)01494-1/rf0525
http://refhub.elsevier.com/S2214-7144(25)01494-1/rf0530
http://refhub.elsevier.com/S2214-7144(25)01494-1/rf0530
http://refhub.elsevier.com/S2214-7144(25)01494-1/rf0530
http://refhub.elsevier.com/S2214-7144(25)01494-1/rf0535
http://refhub.elsevier.com/S2214-7144(25)01494-1/rf0535
http://refhub.elsevier.com/S2214-7144(25)01494-1/rf0535
http://refhub.elsevier.com/S2214-7144(25)01494-1/rf0535
http://refhub.elsevier.com/S2214-7144(25)01494-1/rf0540
http://refhub.elsevier.com/S2214-7144(25)01494-1/rf0540
http://refhub.elsevier.com/S2214-7144(25)01494-1/rf0540
http://refhub.elsevier.com/S2214-7144(25)01494-1/rf0545
http://refhub.elsevier.com/S2214-7144(25)01494-1/rf0545
http://refhub.elsevier.com/S2214-7144(25)01494-1/rf0545

	Magnetic calcium silicate hydrate–oyster shell waste nanocomposite for phosphate removal and recovery: RSM-based optimizati ...
	1 Introduction
	2 Materials and methods
	2.1 Preparation of M-COS-CSH
	2.2 Experimental design
	2.3 Characterization of M-COS-CSH
	2.4 Phosphate adsorption experiments and application to real water samples

	3 Results and discussion
	3.1 Optimization of M-COS-CSH preparation
	3.2 Characterization of M-COS-CSH
	3.3 Influence of adsorption conditions
	3.4 Isotherm, kinetic, and thermodynamic analysis
	3.5 Effect of coexisting ions on phosphate adsorption
	3.6 Phosphate adsorption mechanism on M-COS-CSH
	3.7 Real sample applications
	3.8 Reusability and stability of M-COS-CSH
	3.9 Feasibility for practical applications based on continuous-flow system

	4 Conclusions
	CRediT authorship contribution statement
	Declaration of competing interest
	Acknowledgements
	Appendix A Supplementary data
	Data availability
	References


