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H I G H L I G H T S  G R A P H I C A L  A B S T R A C T  

• Oyster shell waste was used to prepare a 
green calcium-rich adsorbent. 

• It was crushed, calcined, and compos
ited with starch gel making a calcium- 
rich tablet. 

• A calcium-rich tablet (Cry− Ca− COS) 
can be used for phosphate removal and 
recovery. 

• Cry− Ca− COS can remove phosphate 
from real samples indicating great 
applicability. 

• The used material can be biodegraded 
within 24 days under soil burial 
conditions.  
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A B S T R A C T   

The recovery of phosphorus from wastewater holds promise as a sustainable source of organic phosphorus for 
agricultural use while aiding in meeting legislative discharge limits for phosphorus to control and mitigate 
eutrophication. This study introduces a novel approach in which calcium-rich calcined oyster shell (Ca–COS) is 
immobilized on a starch-based monolithic cryogel, resulting in a green tablet (Cry–Ca–COS) capable of efficiently 
recovering phosphate from water through chemisorption on the material surface and precipitation in the liquid 
phase. The formed tablet prevents sorbent loss post-adsorption, facilitating reusability. Under optimal conditions 
(i.e., three 0.83 cm thick Cry–Ca–COS tablets, an initial phosphate concentration of 12 mg L− 1 in 1 L without pH 
adjustment (pH 6.3), and a contact time of 60 minutes), a phosphate removal efficiency of 83.11% ± 0.68% and 
a maximum removal capacity of 9.97 mg g− 1 were achieved. Both the Langmuir isotherm model and pseudo- 
second-order kinetic model exhibited good fits to the experimental data, with an estimated activation energy 
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of 81.9 kJ mol− 1 and a positive enthalpy of 9.3 kJ mol− 1, indicating an endothermic chemisorption process with a 
monolayer surface coverage of phosphate on Cry–Ca–COS. In real samples, Cry–Ca–COS demonstrated a high 
removal efficiency ranging from 98.48% ± 1.87%–99.16% ± 0.72%, with the adsorbed material biodegrading 
within 24 days under soil burial conditions. A preliminary study was conducted to explore the feasibility of 
utilizing phosphate-adsorbed Cry–Ca–COS as a fertilizer for cultivating water spinach (Ipomoea aquatica Forsk.), 
and further in-depth investigation is required for a comprehensive report in the future. Thus, Cry–Ca–COS 
emerges as an environmentally friendly and effective tool for phosphate removal and recovery.   

1. Introduction 

Phosphorus is vital for food production as a primary macronutrient 
for plant growth, widely utilized in chemical fertilizers. With fertilizer 
production currently relying on nonrenewable phosphate rock (85% of 
14.2 million tons per year), primarily sourced from limited regions like 
Morocco and Western Sahara, there is a looming global challenge for 
food security [1–4]. These resources may be depleted in the next 30–200 
years [4–7]. Recovering phosphorus from wastewater, especially in 
municipal treatment, is gaining interest as it contains vital phosphorus. 
If not recovered, this phosphorus can contribute to ocean pollution and 
eutrophication, especially in the form of phosphate [8]. Elevated 
phosphate concentrations surpassing 0.02 mg L− 1 can induce eutrophi
cation, a critical environmental issue associated with adverse effects on 
mollusks, fish, and other aquatic species [9,10]. Algal growth may lead 
to pipe and turbine blockages, and the presence of toxic algae and di
noflagellates can pose health risks and disrupt economies [11,12]. 
Therefore, phosphate removal from water bodies is imperative for 
mitigating and controlling eutrophication. 

Adsorption proves to be an appealing method applicable for the 
removal of phosphorus from wastewater, offering the possibility of 
simultaneous phosphorus recovery. This method boasts simplicity in 
operation, high removal efficiency, and cost-effectiveness [9,11–14]. A 
variety of adsorbents have been employed in phosphate removal, 
including carbonaceous sorbents like biochar [11,12], calcium-based 
materials such as calcium silicate hydrate [15–17], and calcium hy
droxide [18]. Additionally, natural waste like eggshells, crab shells, and 
oyster shells [19,20], along with industrial byproducts like steel slag 
[21] and other industrial wastes [14], represent low-cost materials with 
the potential for application in the development of a cost-effective 
phosphate removal and recovery process. 

Oyster shells are abundantly available on the seashores of many 
countries, including Thailand [22]. However, their waste production has 
increased significantly due to rising consumption and production [19], 
leading to disposal problems. These shells contain a high calcium con
tent (approximately 96% as CaCO3) [22,23] and can serve as a rich 
source of calcium carbonate adsorbent. This utilization can effectively 
alkalize wastewater, offering an economical alternative to using chem
ically produced calcium carbonate in the wastewater treatment process 
[24]. The oyster shell powder (24 g), produced using high-pressure 
steam to achieve a particle size of 200 µm and a surface area of 
237 m2 g− 1 , can reduce phosphate concentration from 50 mg L− 1 to 
7 mg L− 1 in 7.7 days within a 1 L solution [24]. Crushed oyster shells can 
also serve as adsorption and filtration media for phosphorus removal 
[25,26] and can be integrated into constructed wetlands, exhibiting a 
phosphorus adsorption capacity of 16 g kg− 1 [22,27]. However, the 
constructed wetland unit primarily contributes to the treatment per
formance [22]. Additionally, calcining oyster shells has been shown to 
enhance their efficiency in phosphorus removal [19,28,29]. 

All the above studies have used fine powder and/or particles to 
adsorb phosphate because a smaller particle size increases the active 
surface area, which results in a greater removal capacity. However, this 
comes with the tradeoff of loss of the adsorbent material during the 
removal process, which decreases its utilization efficiency and pollutes 
the environment [13,16,30]. Some studies have attempted immobilizing 
these adsorptive materials on polymeric supports such as polyvinyl 
alcohol (PVA) [13]. However, PVA is a synthetic petroleum-based 
polymer, which is not environmentally friendly. Opting for a naturally 
occurring polymer could be a more environmentally friendly choice. 
Recently, a starch-based cryogel composite incorporating calcium sili
cate hydrate (CSH) was created, showcasing notable efficiency in 
phosphate removal [16]. However, it’s worth noting that the resulting 

Fig. 1. Preparation of calcium-rich calcined oyster shell (Ca–COS) composite starch cryogel (Cry–Ca–COS).  
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material still relies on synthesized CSH. 
In this study, oyster shell waste was repurposed into a calcium-rich 

calcined biomaterial, which was then combined with a starch-based 
monolithic cryogel to create an environmentally friendly adsorbent for 
phosphate removal and recovery. Calcium-rich calcined powder derived 
from oyster shell waste (Ca–COS) has been immobilized within a starch 
cryogel network to create a novel green adsorptive tablet for phosphate 
(Cry–Ca–COS). This innovative tablet aims to minimize the loss of 
Ca–COS during the removal process and facilitate the recovery of the 
adsorbent after use. Batch experiments were conducted using both 
synthetic samples and real water samples containing phosphate to assess 
the adsorption mechanism, kinetics of the developed composite, and 
phosphate removal efficiency. The biodegradability of the novel green 
tablet after phosphate adsorption was also investigated, along with its 
potential use as fertilizer for cultivating water spinach (Ipomoea aquatica 
Forsk.). Therefore, this work not only utilizes waste to develop a novel 
green adsorbent tablet for phosphate removal to prevent water pollution 
but also aligns with the zero-waste concept, leaving no waste after use. 

2. Materials and methods 

2.1. Materials 

The description of all materials utilized in this work can be found in 
Supplementary Material S1. 

2.2. Preparation of adsorbents 

Oyster shell waste was cleaned to remove sediment and other debris 
before drying by exposure to the sun. The oyster shells were then 
crushed and sieved to obtain a particle size of ≤0.125 mm (120 mesh). 
The crushed powder was then calcined in an air atmosphere at 900◦C for 
3 hours to obtain calcium-rich calcined oyster shell (Ca–COS), which 
was stored in a desiccator for further use. A starch cryogel (Cry) was 
produced using the freeze and thaw technique, as previously reported 
[16]. Further details can be found in Supplementary Data S2. A Ca–COS 
composited starch cryogel (Cry–Ca–COS) was prepared using the same 
procedure as Cry, with the addition of Ca–COS (2.5–75 g) to the starch 
gel (500 g). The resulting Cry–Ca–COS was cut into small pieces with a 
length of 2.5 cm, dried, and stored in a zip-locked plastic bag for further 
use. Fig. 1 illustrates the preparation of Cry–Ca–COS by combining 
Ca–COS with a starch-based monolithic cryogel. 

2.3. Characterization of adsorbents 

The characterization of the adsorbent is detailed in Supplementary 
Material S3. 

2.4. Adsorption experiments and models 

Experiments were conducted to explore the phosphate adsorption 
capabilities of Ca–COS and Cry–Ca–COS using a modified batch 
adsorption method derived from literature procedures [9,10,16]. The 
dosages of Ca–COS and Cry–Ca–COS adsorbents were optimized and 

Fig. 2. FESEM images of (a) Ca–COS, (b) Cry–Ca–COS, (c) Cry, and (d) Cry–Ca–COS after phosphate adsorption.  
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maintained throughout the adsorption experiments. Various doses of 
Ca–COS (0.5, 1, 2.5, 5, 10, 15 g) was added to a 12 mg L− 1 phosphate 
solution without pH adjustment (1 L, pH = 6.3) shaken at 150 rpm at 
room temperature (25◦C) for 1 hour. Simultaneously, 10 g of 
Cry–Ca–COS tablet with varying amounts of Ca–COS (0.5, 1, 2.5, 5, 10, 
15% w/w) was tested under the same conditions. 

The phosphate adsorption isotherm of each material was studied by 
suspending optimal dosages of each material in a 1 L phosphate solution 
with initial concentrations ranging from 0.5 to 20 mg L− 1. The optimum 
initial concentration was then used to investigate the kinetics based on 
contact time (0–1440 minutes), pH (5–9), and temperature (by 
employing a water bath to continuously maintain the solution temper
ature 25◦C–40◦C). The solutions from each experimental condition were 
collected at predetermined intervals, filtered using a 0.20 µm cellulose 
acetate membrane, and the remaining phosphate concentrations were 
analyzed using the standard ascorbic acid–spectrophotometric method 
[31]. The amount of adsorbed phosphate at time t (Qt: mg g− 1) was 
calculated using Equation (1) (refer to supplementary data Table S1), 
while the removal efficiency (RE: %) was calculated using Equation (2). 
A blank control solution (without adsorbent) underwent the same 
treatment manner, and each experiment was conducted in triplicate 
where the average value was considered a single data point for plotting 
any relationships. A calibration curve was established by analyzing a 
series of phosphate standard solutions with concentrations ranging from 
0 to 20 mg L− 1 where the daily re-calibration was performed to ensure 
measurement accuracy. 

The adsorption data obtained from the experiments were analyzed 

and fitted to kinetic adsorption models to determine the removal ca
pacity and rate-limiting step of phosphate adsorption on Cry–Ca–COS. 
This includes the pseudo-first-order and pseudo-second-order models 
[32], employing Equations (3) to (6) explained in Table S1. The phos
phate adsorption isotherm of Cry–Ca–COS was also investigated to 
elucidate the adsorption mechanism. The analyzed experimental data 
obtained from experiments at various initial concentrations were fitted 
to widely used isotherm models, namely Langmuir (Equations (7) to (8)) 
and Freundlich (Equations (9) to (10)) isotherm models [9,10,16,33, 
34]. Thermodynamics were investigated to examine the effect of tem
perature on the adsorption of phosphate on Cry–Ca–COS. Experiments 
were conducted to estimate changes in thermodynamic factors, 
including the standard Gibbs free energy change (ΔG◦), enthalpy (ΔH◦), 
and entropy (ΔS). ΔG◦ is given by Equations (11) and (12), while ΔH◦

and ΔS◦ are calculated using Equations (13) and (14). 

3. Results and discussion 

3.1. Characterization of Cry–Ca–COS 

FESEM images of the prepared Ca–COS revealed agglomerated 
crystal particles (Fig. 2a), resembling those reported from pyrolyzed 
eggshells [20]. In Cry–Ca–COS, the Ca–COS particles were entrapped 
within the cryogel wall, leading to thicker walls and a rougher surface 
(Fig. 2b) compared to Cry alone (Fig. 2c). The morphology of 
Cry–Ca–COS comprised macropores with a large pore volume and an 
interconnected polymerization network, characteristic of cryogels [16, 

Fig. 3. (a, b) Pore size distributions and (c, d) Nitrogen adsorption isotherms of Ca–COS (top row) and Cry–Ca–COS (bottom row).  
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35–37], facilitating access by adsorbates [13]. Following phosphate 
adsorption, Cry–Ca–COS exhibited thicker walls (Fig. 2d) with small 
clusters of numerous crystals on its surface, indicating a physicochem
ical reaction with phosphate ions. 

BET analysis revealed that Ca–COS possessed a specific surface area 
(SBET) of 3.597 m2 g− 1, a total pore volume of 0.022 mL g− 1, and an 
average pore diameter of 24.44 nm. Notably, Ca–COS exhibited a 
greater SBET, total pore volume, and average pore diameter compared to 
pyrolyzed eggshells, which measured 2.96 m2 g− 1, 0.0076 mL g− 1, and 
10.25 nm, respectively [20]. In contrast, Cry–Ca–COS displayed a 
smaller SBET of 0.389 m2 g− 1, a pore volume of 0.001 mL g− 1, and an 
average pore diameter of 9.65 nm. These findings align closely with 
those reported in previous studies, which attribute such characteristics 
to the entrapment of fine particles within the polymer matrix [13,16]. 
The reduced average pore diameter of Cry–Ca–COS suggests potential 
disturbance in the porous structure of Ca–COS due to immobilization in 
the starch gel. However, the pore distributions of Ca–COS (Fig. 3a) and 
Cry–Ca–COS (Fig. 3b) were similar, ranging from 5–200 nm and 
9–200 nm, respectively, indicating the presence of both mesopores and 
macropores in both materials. Both Ca–COS and Cry–Ca–COS exhibited 
typical type IV isotherms with H3 hysteresis loops (Figs. 3c and 3d, 
respectively), signifying the presence of mesopores with a very wide 
pore size distribution [38]. This characteristic could facilitate the 
accessibility of phosphate to reach active sites, enhancing the materials’ 
adsorption capabilities. 

The XRD pattern of Ca–COS (Fig. 4a) exhibited sharp peaks at 23.0◦, 

29.4◦, 36.0◦, 39.4◦, 43.1◦, 47.6◦, 48.5◦, and 57.3◦ 2θ, corresponding to 
the (012), (104), (110), (113), (202), (018), (116), and (122) planes, 
respectively. These peaks are characteristic of CaCO3 (JCPDS file no. 
83–0577 [39]), as reported in the literature for both raw and pyrolyzed 
materials [16,17,39–41]. Additional peaks at 54.3◦, 64.7◦, and 65.6◦ 2θ 
correspond to the (220), (311), and (222) planes, respectively, of the 
calcium oxide phase (JCPDS file no. 78–0649) [39–41]. These findings 
indicate that Ca–COS contains various calcium species, potentially 
enhancing its phosphate removal capacity. These characteristic peaks 
persisted in Cry–Ca–COS (Fig. 4b) but at lower intensities. Additionally, 
a broad hump centered at 2θ ~20◦ was observed, indicative of the 
amorphous structure of the starch cryogel. This result suggests that the 
in-plane organization of the calcium atoms in Cry–Ca–COS remained the 
same as that in Ca–COS, implying no significant effect from the incor
poration of cryogel into Ca–COS. All characteristic peaks of Ca–COS and 
starch in Cry–Ca–COS remained in their positions after phosphate 
adsorption (Fig. 4c), similar to the results observed with phosphate 
adsorption onto pyrolyzed eggshell [20]. 

The FTIR spectrum of Ca–COS (Fig. 5a) revealed absorption bands at 
875, 1421, 1799, 2512, and 2919 cm− 1, attributed to CaCO3 molecules 
[20]. These bands were also observed in non-pyrolyzed oyster shell 
waste powder (NOS) at a higher intensity (Fig. 5b), indicating a greater 
amount of CaCO3 molecules in NOS. However, these bands shifted and 
decreased in intensity for Cry–Ca–COS (Fig. 5c) due to overlapping with 
other absorption bands from starch molecules. The peak at 712 cm− 1, 
attributed to the vibration of Ca–O bonding, was observed in both 

Fig. 4. XRD patterns of (a) Ca–COS and (b) Cry–Ca–COS (c) Cry–Ca–COS after phosphate adsorption.  
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Ca–COS and NOS. Although commonly observed after heating CaCO3-
containing materials such as eggshells [20] and lime sludge [42], this 
band slightly shift for Cry–Ca–COS, indicating the presence of Ca–O 
bonding. The absorption band at 3644 cm− 1 in Ca–COS was attributed 
to Ca(OH)2 [20], potentially formed from the adsorption of CaO with 
H2O. However, this compound was absent in NOS and Cry–Ca–COS. 
Since lime water was used as the cross-linker for cryogel preparation, the 
formed Ca(OH)2 in Ca-COS may cross-link with starch molecules, 
resulting in the disappearance of this peak in Cry–Ca–COS. In the 
Cry–Ca–COS spectrum, a broad absorption band ~3300 cm− 1 was 
attributed to O–H stretching from hydroxyl groups in starch molecules 
[16,35], overlapping with hydroxyl groups from Ca–COS at 3453 cm− 1. 
The absorption band at 1645 cm− 1 in Cry–Ca–COS was attributed to 
C–O bending in amylopectin of starch molecules [16,35,43], which may 
overlap with the O–H bending vibrations of adsorbed water [44]. The 
absorption peaks at 2920 cm− 1 and 1150 cm− 1 in Cry–Ca–COS were 
attributed to C–H stretching and C–O–C vibrations in glycosidic linkage 
in starch molecules, respectively [16,35,43]. The vibration of C–O 
bonding in amylopectin, commonly present in starch cryogels [16,35, 
43], was also observed as intense peaks from 1078 cm− 1 to 931 cm− 1 in 
the Cry–Ca–COS spectrum, with the maximum absorbance at 
~1000 cm− 1. This peak may overlap with the vibration of the CO3

2− and 
PO4

3− groups from the natural base composition of the bio-shell adsor
bent. The stretching vibration of CO3

2− has been reportedly observed at 
1063 cm− 1 in eggshell adsorbent [20], while the P–O vibration is 
observed at 963 cm− 1 and within the range of 1000–1100 cm− 1 [45,46]. 

The presence of absorption peaks at 483 cm− 1 (corresponding to O–P–O 
bending), 573 cm− 1 and 606 cm− 1 (related to O–P–O asymmetric and 
symmetric deformation, respectively) indicates the presence of phos
phate vibration [45–48] within Cry–Ca–COS. These findings suggest the 
potential existence of a small amount of phosphate, likely originating 
from the oyster shell material. After phosphate adsorption, all vibration 
peaks of Cry–Ca–COS remained in their positions with some changes in 
intensity (Fig. 5c-red line). A significant increase in the intensity of the 
O–H stretching from hydroxyl groups around 3300 cm− 1 may be 
attributed to the additional vibration from the O–H group of the 
adsorbed phosphate product, such as hydroxyapatite 
(Ca10(PO4)6(OH)2)), which has been reportedly observed between 3570 
and 3420 cm− 1 [49]. Similar to the peak at 872 cm− 1, which is 
commonly attributed to the C–O stretching from the CO3

2− group [45] 
contained in Cry–Ca–COS, the increase in its intensity may be attributed 
to the additional vibration of the hydrogenophosphate (HPO4

2− ) groups 
adsorbed on the material [45,46]. It has been reported that the presence 
of HPO4

2− groups can indicate the formation of calcium-deficient apatite 
phases (Ca10− x(HPO4)x(PO4)6− x(OH)2− x) [46]. The increasing in the 
CO3

2− absorption band at 1414 cm− 1 in the material after phosphate 
adsorption may contribute to the occurring of carbonate substitute hy
droxyapatite [45,47,48] due to the dissolved carbon dioxide in the so
lution [47]. However, discussing the form of the phosphate product after 
adsorption on Cry–Ca–COS is challenging due to the presence of strong 
absorption peaks from the starch molecules at the same wavenumber as 
phosphate, as well as some bio-phosphate contained in the oyster shell. 

Fig. 5. FTIR spectra of (a) Ca–COS, (b) non-pyrolyzed oyster shell waste powder (NOS), and (c) Cry–Ca–COS before and after phosphate adsorption.  
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The materials before and after phosphate adsorption were analyzed 
by X-ray Fluorescence (XRF) to confirm the presence of the phosphate 
product post-adsorption. The significant increase in the amount of P2O5 
in the material after phosphate adsorption (from 0.083% to 0.335% w/ 
w, 4-fold as shown in Table S2) confirms the adsorption of phosphate 
onto the Cry–Ca–COS. It’s noteworthy that there is a small amount of 

P2O5 present in Cry–Ca–COS before adsorption (0.083% w/w), indi
cating the initial presence of phosphate. This result aligns well with the 
presence of phosphate vibration peaks (at 483 cm− 1, 573 cm− 1, and 
606 cm− 1) observed in the FTIR results. Additionally, the XRF results 
confirm the highest concentration of the inorganic compound CaO 
(11.634% w/w) in Cry–Ca–COS. 

Fig. 6. Influences of the (a) amount of Ca–COS, (b) amount of Ca–COS in Cry–Ca–COS on the phosphate removal efficiency (%) and removal capacity. Conditions: 
phosphate concentration 12 mg L− 1 for 1 L, without pH adjustment (pH 6.3), contact time 1 hour, temperature 25◦C. 

Fig. 7. Influences of the pH and contact time on (a) removal efficiency (%) (b) removal capacity of Cry–Ca–COS. Adsorption kinetics (c) and (d) kinetic parameters 
with the pseudo-second-order models at various pH. Conditions: 1 g Ca–COS in Cry–Ca–COS, phosphate concentration 12 mg L− 1 for 1 L, temperature 25◦C. 
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3.2. Phosphate adsorption on Cry–Ca–COS 

3.2.1. Optimum amount of adsorbents 
Fig. 6 illustrates the impact of Ca–COS dosage on the RE of phos

phate. As the amount of Ca–COS increased from 0.5 to 1 g, the RE rose 
from 54.31% ± 0.52%–90.68% ± 1.61% (Fig. 6a), attributed to an 
augmentation in adsorption sites [14]. The RE remained constant even 
with further increases in Ca–COS quantity to 2.5–15 g. This constancy 
arises because an excessive amount of adsorbent can impede adsorption 
due to mass transfer resistance between the adsorbate and adsorbent, 
particularly within a confined space [20]. Additionally, a higher dose 
may lead to the aggregation of Ca–COS particles, resulting in a decrease 
in active surface area [50]. Similar patterns were observed for 
Cry–Ca–COS (Fig. 6b). Elevating the Ca–COS content from 0 to 2.5 g 
(0–2.5% w/w) increased the RE from 9.28% ± 0.84%–79.41% ± 0.52%, 
but further increases in Ca–COS content did not result in additional RE 
improvement. Cry–Ca–COS might necessitate more Ca–COS for phos
phate adsorption due to the destruction of active sites caused by 
immobilization in the starch gel. This aligns with the BET results, which 
showed that Cry–Ca–COS had a lower surface area compared to Ca–COS. 
However, increasing the Ca–COS content from 1% to 2.5% w/w led to a 
decrease in the removal capacity (Qe) of Cry–Ca–COS from 7.38 ±
0.06–3.81 ± 0.03 mg g− 1. Consequently, 1 g of Ca–COS was added to 
10 g of gel precursor (1% w/w) for further investigation of Cry–Ca–COS. 
Cry without Ca–COS adsorbed phosphate with a RE of 9.28% ± 0.84%, 
attributable to the presence of crosslinked Ca2+ in its structure, similar 
to what has been reported for a CSH composite [16]. 

3.2.2. Influence of pH 
The impact of pH on the RE of Cry–Ca–COS was investigated by 

adjusting the pH of the standard phosphate solution within the range of 
5.0–9.0 using small volumes of 0.1 M HCl or 0.1 M NaOH. However, the 
solution’s pH (final pH) changed after phosphate adsorption at equi
librium time (60 minutes) from pH 6.9–10.2. This shift was due to a 
higher concentration of OH– dissociated from Ca(OH)2, a major con
stituent of pyrolyzed oyster shells [19], and excess limewater used 
during the cryogel preparation. With increasing pH, the RE (Fig. 7a) and 
removal capacity (Fig. 7b) of Cry–Ca–COS decreased, a trend associated 
with the charge on the material surface and the physicochemical 
behavior of phosphate in water within this pH range. The investigation 
of the point of zero charge (pHpzc) (described on supplementary ma
terial S4) found that pHpzc was approximately 6.8; consequently, a 
positive charge on the adsorbent surface was expected when the pH of 
the phosphate solution was below 6.8 [51]. As H2PO4

− and HPO4
2− are 

the predominant phosphate anions in this pH range [52], higher phos
phate RE was achieved at lower initial pH due to electrostatic attraction 
between the positively charged adsorbent surface and negatively 

charged phosphate ions. Since the difference in phosphate removal ef
ficiencies at pH 5 (63.59% ± 0.16%) and pH 6.3 (without adjustment, a 
typical effluent pH [53], 62.11% ± 0.95%) was only − 2.33%, no pH 
adjustment was chosen to potentially save costs in real applications. 

3.2.3. Influence of competing ions 
Potential interfering ions, including Cl− , SO4

2− , and NO3
− ions 

(10 mM), were mixed with phosphate (85 nM) before the adsorption 
procedure to investigate their influence on the RE of Cry–Ca–COS. The 
phosphate RE remained at 61.08% ± 0.45% (a − 0.75% change), 
demonstrating the strong phosphate selectivity of Cry–Ca–COS. Car
bonate ions (CO3

2− ) were mixed with phosphate separately from the 
other anions due to their potential to restrict phosphate adsorption [10, 
16,17]. The results showed that adding CO3

2− decreased the phosphate 
RE to 44.97% ± 0.77% (a − 26.9% change), attributed to the formation 
of CaCO3 instead of calcium phosphate precipitate [54]. It is worth 
noting that the concentration of CO3

2− tested in this experiment (10 mM) 
is higher than that of phosphate (85 nM) by more than 100 times. 

3.2.4. Influence of the initial concentration and adsorption isotherms 
The initial phosphate concentration ranged from 0.5 to 20 mg L− 1, 

aligning with the typical measurement range of discharge wastewater 
[19]. This variation aimed to explore its impact on the RE of 
Cry–Ca–COS during a 1-hour batch adsorption. Elevating the initial 
concentration from 0.5 to 12 mg L− 1 resulted in a rise in RE from 
48.50% ± 6.26%–61.54% ± 1.47%. However, further increments did 
not yield additional improvements in RE (Fig. 8a). A similar trend 
manifested for the Qe, which peaked at 7.38 ± 0.85 mg g− 1 at 
12 mg L− 1, remaining constant thereafter. This suggests a diminishing 
adsorption performance at higher phosphate concentrations, mirroring 
observations in calcined oyster-shell studies [19]. This phenomenon was 
attributed to the depletion of binding sites, linked to an increased 
number of phosphates available for adsorption [19]. 

The experimental data were subjected to fitting with the Langmuir 
(Fig. 8b) and Freundlich (Fig. 8c) models. The Langmuir model provided 
a superior fit (R2 = 0.9977), implying a monolayer surface coverage of 
phosphate on Cry–Ca–COS through chemisorption. The dimensionless 
constant (RL), as calculated by Equation (15) [9,10], ranged from 0.33 to 
0.99, indicating favorable adsorption conditions (0 < RL < 1). Some 
studies have proposed a dual mechanism where phosphate can both 
adsorb and precipitate on Ca–COS when pyrolysis fails to produce fully 
activated CaO [19,55]. For Cry–Ca–COS, a dual mechanism is plausible, 
as evidenced by suspended solids observed post-adsorption experiments, 
pointing to the formation of calcium phosphate precipitate through 
homogeneous and/or heterogeneous nucleation [19,55], in addition to 
phosphate adsorption on the surface. 

Fig. 8. (a) Influence of the initial phosphate concentration on the phosphate removal efficiency (%RE) and removal capacity of Cry–Ca–COS. Adsorption isotherms 
according to the (b) Langmuir model and (c) Freundlich model. Conditions: 1 g Ca–COS in Cry–Ca–COS, 1 L phosphate solution, without pH adjustment (pH 6.3), 
contact time 1 hour, temperature 25◦C. 
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3.2.5. Influence of contact time and adsorption kinetics 
The impact of contact time on the phosphate adsorption of Ca–COS 

and Cry–Ca–COS was investigated over a period of 0–1440 minutes 
(Fig. 7). Ca–COS exhibited a rapid increase in RE, reaching 73.44% ±
0.42% within 5 minutes and stabilizing at 90.04% ± 1.13% within 
30 minutes. This trend aligns with findings in pyrolyzed materials [19, 
20,55] and suggests a potential phosphate adsorption mechanism 
involving chemical surface precipitation [19,42] or superior physico
chemical adsorption depending on specific surface properties [34]. In 
contrast, Cry–Ca–COS exhibited a slower phosphate removal rate, with 
an RE of 37.28% ± 0.95% at 5 minutes, rising to 62.11% ± 0.95% 
within 60 minutes and only slightly increasing to 63.91% ± 0.79% after 
1440 minutes (Fig. 7a, pH = 6.3). Similar to other polymer composites 
such as Cry-CSH [16] and PVA-CSH [13], the polymer matrix in 
Cry–Ca–COS may contribute to a decreased adsorption rate, leading to a 
prolonged equilibration period. The removal capacity of Cry–Ca–COS 
saw a rapid increase from 4.42 ± 0.11–7.34 ± 0.13 mg g− 1 within 
60 minutes, with no significant increase beyond that period (Fig. 7b). 
The decrease in adsorption rate over time may be attributed to the 
reduction of vacant sites on the Cry–Ca–COS surface [20], making it 
difficult for phosphate to occupy the remaining sites due to repulsive 
forces from the bulk phase [56]. 

Experimental results were fitted to the pseudo-first-order and 
pseudo-second-order kinetic models, with the latter providing a superior 
fit (R2 = 0.9995) (Fig. 7c). This suggests that phosphate adsorption onto 
Cry–Ca–COS occurs via chemisorption, consistent with findings in CSH 
composite polymers [13,16]. The value of k2 showed a slight increase 
from 0.047 to 0.049 g mg− 1 min− 1 with an adjusted pH increase from 
pH 5 to pH 6, leveling off at pH 7–9 (k2 at pH 9 = 0.013 g mg− 1 min− 1) 
(Fig. 7d). This was attributed to electrostatic repulsion between the 
negatively charged Cry–Ca–COS surface and H2PO4

− and HPO4
2− within 

the pH range. In contrast, k2 increased from 0.031 to 0.133 g mg− 1 

min− 1 with a temperature increase from 25◦C to 40◦C, indicating an 
endothermic nature of the phosphate removal process. The estimated Qe 
at unadjusted pH was 7.59 mg g− 1, closely aligning with the experi
mental data value of 7.34 ± 0.13 mg g− 1. The half-life time t1/2, rep
resenting the time needed to adsorb 50% of phosphate at equilibrium, 
increased with rising pH (2.67–15.16 minutes at pH 5 to pH 9), con
firming slower adsorption kinetics when pH > pHpzc. Conversely, t1/2 
decreased from 4.28 to 0.96 minutes with a temperature increase from 
25◦C to 40◦C, indicating faster adsorption kinetics at higher temper
atures—beneficial for practical use in tropical countries like Thailand. 

3.2.6. Influence of temperature and adsorption thermodynamic 
The impact of temperature on phosphate adsorption using 

Cry–Ca–COS was investigated within the temperature range of 25◦C to 
40◦C. Both the RE (Fig. 9a) and removal capacity (Fig. 9b) exhibited an 
increase with temperature, suggesting an endothermic adsorption pro
cess akin to that observed in pyrolyzed eggshells [20]. The calculated 
activation energy (Ea) for phosphate adsorption on Cry–Ca–COS, using 

Equation (17), was determined to be 81.9 kJ mol− 1. This high value 
indicates a chemical adsorption process (Ea > 40 kJ mol− 1) rather than 
a physical adsorption process (Ea < 40 kJ mol− 1). The reduction in the 
negative ΔG◦ (Fig. 9c) signifies a more favorable and spontaneous 
adsorption of phosphate on Cry–Ca–COS at higher temperatures. The 
positive value of ΔH◦ confirms the endothermic nature of the adsorption 
process, while the positive value of ΔS◦ indicates an increase in the 
degree of disorder and randomness at the solid–solution interface during 
the adsorption process. This phenomenon is attributed to the interaction 
of phosphate with the active sites of the adsorbent, leading to the for
mation of stable structures. 

3.2.7. Influence of Cry–Ca–COS thickness 
The monolithic Cry–Ca–COS, prepared with dimensions of 2.5 cm 

thickness × 7.0 cm diameter, was divided into tablets of varying 
thickness to observe their impact on phosphate adsorption. When the 
Cry–Ca–COS was split into three thinner pieces (0.83 cm thickness 
each), a higher RE of 83.11% ± 0.68% was achieved compared to 
splitting it into two thicker pieces (1.25 cm thickness), resulting in an RE 
of 71.33% ± 0.95%. This difference was attributed to the increased 
number of active sites that phosphate could access. Consequently, the 
adsorbent was fashioned into tablets with a thickness of 0.83 cm, and 
three tablets were employed in the batch adsorption of 1 L of phosphate 
solution. 

3.3. Real sample application 

Cry–Ca–COS was employed for the recovery of phosphate in five real 
water samples: one influent wastewater sample, two effluent samples 
from a municipal treatment plant, and two surface water samples 
collected from the Pak Bang Canal in Patong, Phuket, Thailand. Initial 
measurements using the method described above revealed phosphate 
concentrations in the samples ranging from 1.05 ± 0.01–1.77 ±
0.01 mg L− 1. Through batch adsorption using three pieces of 
Cry–Ca–COS with a thickness of 0.83 cm, phosphate concentrations 
were effectively lowered to a range of 0.17 ± 0.01–0.29 ± 0.01 mg L− 1, 
yielding removal efficiencies (RE) between 83.40% ± 0.48% and 
84.75% ± 0.40%. When employing 5 pieces of Cry–Ca–COS, phosphate 
concentrations were reduced to levels below those capable of inducing 
eutrophication (0.02 mg L− 1 [9,10]), demonstrating remarkable RE 
within the range of 98.48% ± 1.87%–99.16% ± 0.72%. After adsorp
tion, chemical oxygen demand (COD) in the samples increased, 
accompanied by a rise in total soluble solids (TSS), attributed to calcium 
phosphate precipitation. However, these increments remained below 
the established maximum guidelines for discharge from municipal 
wastewater treatment plants in Thailand (COD ≤ 120 mg L− 1, TSS ≤
50 mg L− 1) [57]. This was consistent even after adsorption by Ca–COS, 
showcasing RE ranging from 87.71% ± 0.67%–89.92% ± 0.72%. 

Cry–Ca–COS samples, following phosphate adsorption, were buried 
in soil (collected from the geographic location: latitude 

Fig. 9. Influences of the temperature and contact time on (a) the phosphate removal efficiency (%) and (b) removal capacity of Cry–Ca–COS. Adsorption ther
modynamic parameters (c). Conditions: 1 g Ca–COS in Cry–Ca–COS, phosphate concentration 12 mg L− 1 for 1 L, without pH adjustment (pH 6.3). 
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7.892369872431756 and longitude 98.3504886874602) to examine 
their biodegradability. Within 24 days, the Cry–Ca–COS samples 
exhibited a complete loss of 100% of their weight, attributed to hy
drolysis and microbial activity [16]. It has been reported that starch can 
be invaded by bacteria, fungi, and other microorganisms under appro
priate conditions in soil, which is a complex ecosystem containing 
various microorganism communities [58]. These findings affirm the 
biodegradable nature of Cry–Ca–COS. The material not only effectively 
adsorbs phosphate from contaminated water samples but can also be 
buried, releasing the phosphate back into the soil as a fertilizer for 
plants. 

A preliminary study was conducted to explore the feasibility of uti
lizing phosphate-adsorbed Cry–Ca–COS as a fertilizer for cultivating 
water spinach (Ipomoea aquatica Forsk.), a rapidly growing vegetable 
popular in Thailand. Cryogel without Ca–COS (S+Cry), Cry–Ca–COS 
before (S+tab-Be), and after adsorption of phosphate from real samples 

Fig. 10. Preliminary results of plant growth after 4 weeks under various soil conditions, including: control soil (S), soil with cryogel tablet without Ca–COS (S+cry), 
soil with Cry–Ca–COS tablet before phosphate adsorption (S+tab-Be), soil with Cry–Ca–COS after phosphate adsorption from real samples (S+tab-Af-R), and after 
standard phosphate adsorption (S+tab-Af-S). The results cover (a) height, (b) number of leaves, (c) stem diameter, and (d) leaf length. Images of morning glory after 
4 weeks of growth using (e) S, and (f) S+tab-Af-R are included. 

Table 1 
Total and root length, fresh and dried weight of morning glory grown in various 
soil conditions for 4 weeks.  

Sample Total length 
(cm) 

Root length 
(cm) 

Fresh Weight 
(g) 

Dried Weight 
(g) 

S 23.45±7.36 4.60±1.78 0.70±0.37 0.08±0.02 
S+cry 21.75±5.11 4.55±0.80 0.55±0.18 0.05±0.02 
S+tab-Be 20.25±2.54 5.55±1.09 0.54±0.14 0.06±0.01 
S+tab-Af- 

R 
21.50±2.41 6.05±1.19 0.55±0.10 0.06±0.01 

S+tab-Af- 
S 

21.30±2.25 6.10±1.45 0.66±0.13 0.06±0.01 

S: control soil; S+cry: soil with cryogel tablet without Ca–COS; S+tab-Be: soil 
with Cry–Ca–COS tablet before phosphate adsorption; S+tab-Af-R: soil with 
Cry–Ca–COS after phosphate adsorption from real samples; S+tab-Af-S: soil with 
Cry–Ca–COS after standard phosphate adsorption. 
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(S+tab-Af-R; approximately 17 mg PO4
3-) and phosphate standard 

(S+tab-Af-S; approximately 16 mg PO4
3-) (7 pieces for each pot) were 

buried in soil (13 g) for 1 month to allow complete biodegradation. Five 
planting pots, including control soil (soil without additional material; S), 
were used to plant water spinach using the same procedure, and growth 
parameters were investigated for 4 weeks [59]. The results indicated 
that the height (Fig. 10a), leaf number (Fig. 10b), and stem diameter 
(Fig. 10c) of the plants growing in S+tab-Af-R and S+tab-Af-S pots 
showed no significant difference compared to the control soil (S) 
(t-calculated = 0.92–2.09, t-critical = 2.30), while the control pot pro
vided longer leaves than others (Fig. 10d). The average total length 
(including root length), root length, fresh weight, and dried weight of 10 
morning glories grown for 4 weeks in each pot are shown in Table 1, 
while images of the plants from control pot and the S+tab-Af-R pot are 
presented in Fig. 10e and f, respectively. As the growth of the plant is 
influenced by various parameters such as the type of plant, nutrient 
availability, pH, etc., further in-depth investigation is underway for a 
comprehensive report. 

Thus, Cry–Ca–COS is an environmentally friendly attractive option 
for phosphate removal and recovery with a performance comparable to 
that of other biomaterials (Table 2). It is evident that the removal effi
ciency of the Cry–Ca–COS developed in this work is comparable to that 
of other biomaterials, while its removal capacity exceeds that of paly
gorskite [60] but falls short of the capacity demonstrated by fine par
ticles derived from eggshell ash and industrial waste, which require 
longer contact time. However, it is worth noting that its tablet form can 
reduce material loss during operation, facilitate its recovery, and has a 
feasibility to be used as fertilizer for plant directly. While it’s acknowl
edged that increasing contact time and temperature could enhance 
removal capacity, it’s essential to consider potential increases in oper
ational costs. 

4. Conclusion 

Cry–Ca–COS emerges as an environmentally friendly adsorbent for 
the removal and recovery of phosphate from water, employing two 
mechanisms: chemisorption and precipitation. The cryogel matrix, 
distinguished by its larger size, prevents the loss of the adsorbent, 
facilitating easy recovery post-usage. Under optimal conditions, a 
maximum removal capacity of 9.97 mg g− 1 was achieved, yielding a RE 
of 83.11% ± 0.68%. The experimental data aligned well with the 
Langmuir isotherm model and pseudo-second-order kinetic model, 
indicating a monolayer surface coverage of phosphate on Cry–Ca–COS 
through chemisorption. This concurs with the estimated activation en
ergy of 81.9 kJ mol− 1. The positive enthalpy value (ΔH◦, 9.3 kJ mol− 1) 
affirms the endothermic nature of the adsorption process, consistent 
with the heightened adsorption rate at elevated temperatures. 

In real samples, Cry–Ca–COS demonstrated an impressive RE ranging 
from 98.48% ± 1.87%–99.16% ± 0.72%. Remarkably, it biodegraded 
within 24 days when buried in soil, suggesting its potential application 
in agriculture as a fertilizer. Being in tablet form, Cry–Ca–COS mini
mizes material loss and simplifies the removal process compared to 
adsorbents in the form of fine particles. Given the escalating production 
of oyster shell waste in countries, including Thailand, recycling can 
alleviate its accumulation. Furthermore, the direct application of 

Cry–Ca–COS post-phosphate adsorption as fertilizer aligns with a zero- 
waste approach. 
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