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 Phosphorus, often found in the form of phosphate in the environment, especially 
aquatic environments, has been identified as the primary contaminant that 
causes algae blooms and eutrophication. Phosphate adsorption in the aquatic 
environment was carried out by comparing the adsorption capabilities of eggshell 
(CaO), rice straw (BC) and CaO/biochar materials at mass variations of 1:1, 1:2 and 
2:1 from the use of eggshell and rice straw waste. Each material was synthesized 
using ball milling and pyrolysis methods. The adsorption isotherm and kinetics 
of the material are by the Langmuir adsorption isotherm and are pseudo-second-
order (PSO) adsorption kinetics. The CaO/biochar 1:2 material shows the highest 
phosphate adsorption capacity at pH 12 with a contact time of 24 hours. 
CaO/biochar 1:2 was applied in the phosphate adsorption process using the 
Diffusive Gradient in Thin Film method as a binding agent, which acts as an 
adsorbent. The DGT technique is an in situ sample preparation technique for 
identifying the presence of phosphate, a labile species. The binding agent material 
was characterized using FTIR, XRD, and BJH-BET instruments. The success of 
synthesizing CaO/biochar 1:2 binding gel and ferrihydrite was demonstrated by 
the appearance of the same adsorption as the diffusive gel using FTIR. The 
CaO/biochar binding gel demonstrated that it is a better material compared to the 
ferrihydrite binding gel for phosphate adsorption, achieving CDGT values of 10.1727 
mg/L and 2.5959 mg/L at pH 5 and 3, respectively, with a phosphate 
concentration of 10 mg/L. These findings underscore the potential of CaO/biochar 
as a more effective material for phosphate removal applications. 

 

1. Introduction 

Phosphorus, commonly found in aquatic ecosystems 
as PO4

3‒ (phosphate), is a crucial indicator of water 
fertility and pollution in rivers and seas. Phosphate levels 
significantly influence the balance of these ecosystems. 
Low phosphate levels (<0.01 mg P/L) inhibit plant and 
algae growth, causing oligotrophic conditions. High 
phosphate levels lead to excessive growth (eutrophic 
conditions), reducing dissolved oxygen and threatening 
aquatic ecosystem sustainability [1]. Therefore, the 
scientific and efficient management of phosphorus 
content in water is critical to maintaining ecological 
balance. However, phosphorus is a limited resource that 
cannot be naturally replenished. Over the next century, 

increasing demand for phosphate fertilizers will further 
deplete natural phosphorus reserves [2]. Hence, 
technology must be developed to prevent water 
eutrophication and address global phosphorus deficiency 
[3]. 

Previous research has developed and widely 
implemented chemical [4], biological [5], and 
crystallization [6] methods for controlling and treating 
phosphorus, particularly in aquatic environments. 
Among these methods, adsorption has proven to be an 
efficient and practical technology for preventing water 
eutrophication [7]. In the category of adsorbent 
materials, biochar has been recognized as an economical 
and environmentally friendly alternative due to its 
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optimal physical structure and potential to improve the 
chemical and physical properties of the environment [8]. 
While pure biochar efficiently adsorbs cations and 
organic pollutants, it has limited capacity for anionic 
pollutants like phosphate due to low metal cation content 
and ion loss during pyrolysis. Thus, biochar needs 
modification to enhance its phosphate adsorption 
capacity [9, 10, 11]. 

Eggshell waste, a type of biomass, is valuable as it 
contains crystalline calcite and protein fibers with 
calcium carbonate and a small amount of organic matter 
(about 6%). Eggshell waste is a valuable calcium source 
for producing modified biochar, which can absorb 
phosphorus and potentially serve as a phosphate 
fertilizer [12]. In a study conducted by Liu et al. [13], 
eggshell waste was used as a source of calcium and rice 
straw as a carbon source to develop a CaO/biochar 
composite. This composite was synthesized with varying 
weight ratios of eggshell waste to rice straw (2:1, 1:1, and 
1:2). The results demonstrated that the composite 
effectively adsorbed phosphate in aquatic environments. 

However, measuring phosphate presents challenges 
in sampling and storage, as improper handling can alter 
the sample’s original composition, leading to potential 
analysis errors. Therefore, it is crucial to use a method 
that determines the number of phosphate species in situ 
to avoid errors in sample storage [14]. The diffusive 
gradient in thin films (DGT) technique is an effective in-
situ and passive sampling method for measuring labile 
species in aquatic environments. It uses a hydrogel layer 
as a binding agent to accumulate analytes, calculated 
based on Fick’s First Law. In this study, CaO/biochar was 
used as the binding agent, allowing for precise 
measurement of labile species concentrations and 
detailed information on analyte availability. The analyte 
concentration bound to DGT reflects its diffusion 
potential into aquatic biota, and DGT accurately measures 
phosphate or labile metal concentrations using diffusion 
coefficients without additional calibration [9]. 

2. Experimental 

2.1. Materials 

In the molybdenum blue method, a 100 g/L ascorbic 
acid solution (Merck) was prepared daily as the reducing 
agent. The mixed reagent solution was created by 
combining 30 mL of H2SO4 (1:1, H2O2SO4) to acidify the 
reaction, 10 mL of a 130 g/L ammonium molybdate 
((NH4)Mo7O24.4H2O) (Merck) solution to form a complex 
with phosphate, and 10 mL of a 3.5 g/L potassium 
antimony tartrate solution (Merck), which acted as 
a catalyst. This mixed reagent solution was stored at 4°C 
and remained stable for several months. Additionally, 
a phosphate stock solution of 500 mg P/L was prepared by 
dissolving pre-dried potassium dihydrogen phosphate 
(KH2PO4) (Merck) in distilled water for analysis. 

The gel solution was prepared using the method by 
Zhang and Davison [9]. The polyacrylamide gel consisted 
of 40% acrylamide (Merck) and 0.3% cross-linker (N,N’-
methylenebisacrylamide) (Merck) and was used as the 
diffusive gel layer. In a 10 mL beaker, 0.75 mL of N,N’-

methylenebisacrylamide (MBA), 1.9 mL of 40% 
acrylamide, and 2.35 mL of distilled water are mixed. The 
mixture was stirred until homogeneous. Five milliliters of 
the gel solution were used for each synthesis of the 
diffusive and binding gels. 

2.2. Synthesized of CaO/biochar 

The straw was air-dried, chopped, ground using a 
mill, and sieved through a 50 mesh (0.25 mm) screen 
before use. Eggshells were washed thrice with distilled 
water and ground through a 50 mesh (0.25 mm) screen. A 
20 g mixture of eggshell and straw powder was combined 
in weight ratios of 2:1, 1:1, and 1:2. After mixing, the 
mixture was finely ground through ball milling for 30 
minutes at room temperature. Each sample was placed in 
a furnace, heated to 800°C at a heating rate of 5°C/min 
under a nitrogen atmosphere, and held at 800°C for 2 
hours. The 800°C heat treatment temperature was chosen 
because eggshells begin to decompose at 650°C and 
decompose completely at 800°C [15]. 

After the furnace cooled to room temperature, the 
solid products, referred to as CaO/biochar 2:1, 1:1, and 1:2, 
were obtained. Following the ball milling and pyrolysis 
processes, the dry weights of the CaO/biochar 2:1, 1:1, and 
1:2 materials were 8.7464 grams, 7.2244 grams, and 
5.4095 grams, respectively. Additionally, the same 
treatment was applied to obtain the synthesized eggshell 
(CaO) and biochar from straw (BC) to compare the 
adsorption capacity of each material [13]. 

2.3. Characterization 

The specific surface area (SBET) and pore 
characteristics of CaO/biochar were measured using N2 
adsorption-desorption isotherms at 77 K with a 
Qudrasorb Evo system and calculated using the BJH 
method. XRD and FTIR analyses were conducted to study 
variations in the CaO/biochar material and the adsorbed 
phosphate. XRD patterns were recorded in the 2θ range of 
1–90° using an Ultima IV diffractometer with Cu-Kα 
radiation (λ = 1.5418 Å). FTIR characterization was 
performed in the 4000–400 cm-1 range using a Shimadzu 
IR Prestige 21 instrument after the material was mixed 
with KBr powder and compressed into pellets. 

2.4. Bulk Adsorption Experiments 

All adsorption experiments were conducted in 
batches. A total of 0.05 grams of CaO/biochar was placed 
in a 100 mL polyethylene tube containing 50 mL of 
phosphorus solution at various concentrations. The tube 
was stirred at 220 rpm for a set time at pH 7 and 298 K and 
then filtered through a 0.45 μm filter. Phosphorus 
concentration was measured using the Molybdenum Blue 
UV-Vis Spectrophotometer method. The adsorption 
isotherm was studied by varying the initial phosphorus 
concentrations (0, 5, 10, 25, 50, 100, 150, and 200 mg/L) 
with an equilibrium time of 24 hours. Kinetics were 
evaluated by mixing 0.05 grams of CaO/biochar with a 10 
mg/L phosphorus solution and stirring at 220 rpm, pH 7, 
and 298 K, with samples taken at various time intervals 
(15 to 1440 minutes). 
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To assess the impact of pH on phosphate adsorption, 
50 mL of a 10 mg/L phosphorus solution was adjusted to 
initial pH values (3, 5, 7, 9, and 12), mixed with 0.05 grams 
of adsorbent, stirred at 25°C for 24 hours, filtered, and 
analyzed for final phosphorus concentration and pH. The 
same procedure was also applied to eggshell (CaO) and 
rice straw (BC) as control materials in this adsorption 
study. 

2.5. Synthesis of Binding Gel from CaO/biochar and 
Ferrihydrite 

A total of 0.5 grams of CaO/biochar was mixed with 
5 mL of gel solution and sonicated for 15 minutes. After 
adding 35 µL of ammonium persulfate and 12.5 µL of 
N,N,N’,N’-Tetramethylethylenediamine (TEMED), the 
mixture was stirred for 10 seconds, pipetted into a glass 
mold, and heated at 42°C for one hour to form a gel. The 
gel was soaked in demineralized water for 24 hours, with 
the water changed four times, and was then stored in 
demineralized water until use. The gel was cut into 2.5 cm 
discs and characterized using FTIR. The same process was 
applied to ferrihydrite for comparison, allowing for 
analysis and comparison of the gel’s characteristics and 
properties with those of the reference materials [16]. 

2.6. Diffusive Gradients in Thin Film Applications 

The DGT device was tested for deployment time, 
phosphate concentration, and pH effects. It was 
immersed in 30 mL of 10 ppm KH2PO4 solution for 2, 4, 8, 
12, and 24 hours. For concentration variations, the device 
was soaked in 2, 4, 6, 8, and 10 ppm KH2PO4 solutions for 
24 hours. In the pH tests, the device was immersed in 10 
ppm KH2PO4 at pH levels of 3, 5, 7, 9, and 12 for 24 hours. 
The device was positioned at three-quarters of the 
solution height and secured with a non-absorbent strap. 
To measure the phosphate concentration, the gel was 
eluted with 1 N NaOH for 24 hours. 

3. Results and Discussion 

3.1. Synthesized of CaO/biochar 

Equation 1 highlights calcium (Ca) as an effective 
metal for enhancing biochar’s adsorption capacity in 
pollutant removal. During high-temperature pyrolysis, 
eggshell calcium carbonate decomposes into CaO and CO2, 
with CO2 as an activation agent that enlarges pore size. 
Incorporating eggshells into biochar also increases 
specific surface area and pore volume. In this study, 
eggshell waste provides calcium, while rice straw is the 
carbon source for biochar composites produced through 
ball milling and pyrolysis. The calcination process is 
represented by Equation 1. 

 CaCO3(s) calcination ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗   CaO(s) +CO2(g) (1) 

Ball milling involves shear forces that reduce particle 
size through collisions and friction using zirconia or steel 
balls in a rotating shell [17]. Besides powder material 
refinement, ball milling is also utilized to synthesize 
oxides or nanocomposites and optimize structure or 
phase compositions. Mechanically activated with ball 
milling has been proven to enhance material reactivity 
and distribute elements evenly within the space [18]. On 

the other hand, pyrolysis is a thermal decomposition 
method of organic materials at high temperatures 
without oxygen. The main advantage of pyrolysis is its 
ability to reduce exhaust gas emissions by up to 20 times. 
In this research, heating was performed at 800°C with a 
heating rate of 5°C/min under a N2 atmosphere and 
maintained at 800°C for 2 hours [15]. 

3.2. Characterization of CaO/biochar 

3.2.1. Fourier Transform Infrared Spectroscopy (FTIR) 

Information about the vibration of functional groups 
on CaO and rice straw involved in the adsorption of 
adsorbate molecules is shown in Figure 1. Spectral IR 
analysis shows different peaks at 709, 879, and 3293 
cm- 1. The intense peak for eggshell particles is observed 
at 1088 cm-1, indicating the presence of C-O from amide 
and amine groups, and at a wavenumber of 1448 cm-1, 
which is closely related to the presence of carbonate 
minerals in the eggshell matrix. The peak observed at 
3293 cm-1 is due to hydroxyl (-OH) group stretching. Two 
peaks can be observed at 709 and 879 cm-1, each 
indicating the presence of calcium carbonate (CaCO3). 
This suggests that eggshells, as an adsorbent, can interact 
with phosphate in an aqueous solution due to carbonate 
groups in the spectrum. The band at 2879 cm-1 represents 
C-H vibrations, indicating the presence of an organic 
layer made of amino acids on the eggshell. The band at 
1655 cm-1 is associated with stretching C=O and carbonyl 
(amide) groups [19]. 

 

Figure 1. FTIR spectra of eggshell (CaO) and rice straw 
(BC) 
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Figure 2. FTIR spectrum of CaO/biochar 1:1, CaO/biochar 
1:2, and CaO/biochar 2:1 

Meanwhile, the FTIR spectrum analysis of rice straw 
(BC). The broad and intense spectrum of rice straw (BC) 
observed at 3283 cm-1 indicates the presence of 
hydrogen-bonded (–O–H) functional groups in cellulose. 
Additionally, the band at 2872 cm-1 demonstrates the 
existence of aliphatic groups (–CHₙ) stretching within the 
methyl and methylene groups of cellulose [20]. The 
vibration band around 1206 cm-1 is associated with the 
structural characteristics of hemicellulose. The 
adsorption band at 890 cm-1 indicates the presence of 
glycolic bonds (C–O–C) and C–O–C ring skeleton 
vibrations [21]. The adsorption peak near 2036 cm-1 
shows aromatic C=C bonds, suggesting the presence of 
aromatic hydrocarbons such as benzene, phenol, ketones, 
and others. The adsorption peak for lignin near 1475 cm-1 
is attributed to the skeleton vibration of C–C in aromatic 
rings. The adsorption peak around 722 cm-1 corresponds 
to the Si–O–Si group [22]. 

Figure 2 shows the FTIR spectrum of each 
CaO/biochar material with varying mass ratios of 1:1, 1:2, 
and 2:1, each weighing 20 grams. The FTIR spectra of each 
material show insignificant shifts in each variation. 
A weak intensity appears at a wavenumber of ~1700 cm-1, 
indicating the presence of C=O bonds from carbonates. 
A strong intensity at a wavenumber of ~1400 cm-1 
represents C=O bonds from CaO/biochar [23]. The C=O 
group at around 1800 cm-1 in the FTIR spectrum is due to 
the eggshells rich in calcium carbonate. During the high-
temperature pyrolysis, the eggshells decompose into CaO 
and CO2 [12]. The availability of functional groups (O-H, 
C-H, C-O, C=O, C=C, and COO-) enhances its ability to 
remove organic and inorganic pollutants from solutions. 
The formation of porosity, surface area, and functional 
groups depends on synthesis, activation methods, and 
biochar source [24]. The Ca(OH)2 and CaO groups in the 
FTIR spectrum are shown at wavenumbers ~880 cm-1 and 
~700 cm-1, respectively. This indicates that calcium from 
the eggshells was successfully incorporated into the 
CaO/biochar 1:1, 1:2, and 2:1 composites in CaO and 
Ca(OH)2. CaO is produced through the pyrolysis of calcium 
carbonate in the eggshells. Additionally, some CaO 
hydrates with H2O in the environment to form Ca(OH)2 
[13, 25]. 

 

Figure 3. XRD pattern of CaO/biochar before adsorption 

3.2.2. X-ray Diffraction (XRD) 

As shown in Figure 3, the diffraction peaks at 2θ = 
17.79°, 23.18°, 39.30°, and 50.89° for CaO/biochar before 
adsorption corresponds to the hexagonal phase of 
Ca(OH)2 (PDF 44-1481). The diffraction peaks at 2θ = 
33.85°, 47.34°, 53.94°, and 60.91° correspond to the Miller 
indices (111), (200), (220), and (311) of CaO, with a cubic 
structure (PDF-82-1691). Additionally, the characteristic 
peak at 29.26° corresponds to the rhombohedral phase of 
CaCO3 (PDF 83-1762). At a temperature of 800°C for 2 
hours, compounds such as CaCO3, Ca(OH)2, and CaO are 
formed, depending on the synthesis temperature. The 
formation of CaCO3 always occurs with the synthesis 
method used in this study, as this calcium carbonate is an 
intermediate phase in obtaining CaO [26]. This indicates 
that eggshell calcium was successfully incorporated into 
the CaO/biochar material in CaCO3, CaO, and Ca(OH)2 
forms. CaO is produced through the pyrolysis of calcium 
carbonate in the eggshells. Additionally, some CaO 
hydrates with H2O in the environment, forming Ca(OH)2. 
The intensity of CaCO3 remains high, even comparable to 
CaO. Nonetheless, this material still has excellent 
adsorption capacity. This is because CaCO3 also plays a 
role in adsorption [13]. 

3.2.3. Surface Area Analyzer 

Figure 4 shows the adsorption-desorption isotherms 
and pore size distribution of CaO/biochar (1:1), 
CaO/biochar (1:2), and CaO/biochar (2:1) materials, 
indicating that these materials have a type IV isotherm 
according to International Union of Pure and Applied 
Chemistry (IUPAC). A type IV isotherm is characterized by 
an increase in adsorption volume at low to moderate 
relative pressures, followed by a significant rise at high 
pressures, indicating mesopores’ presence. This 
structure suggests that the CaO/biochar materials have 
mesopores with diameters ranging from 2 to 50 
nanometers. Based on characterization results using a 
surface area analyzer with the BET and BJH methods, the 
pore diameter of each CaO/biochar 1:1, 1:2, and 2:1 
material is approximately ~3.87 nm, with no significant 
differences in pore size, indicating that CaO/biochar has a 
mesoporous type with pore sizes between 2-50 nm [12]. 
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Figure 4. (a) Adsorption-desorption isotherms and (b) pore size distribution of CaO/biochar (1:1), CaO/biochar (1:2), 
and CaO/biochar (2:1) materials 

Table 1. Surface area and pore diameter of CaO/biochar 
(1:1), CaO/biochar (1:2), and CaO/biochar (2:1) 

adsorbents 

Material 
SBET 

(m2/g) 
Pore diameter 

(nm) 

CaO/biochar (1:2) 88.77189 3.87 

CaO/biochar (1:1) 40.25914 3.87 

CaO/biochar (2:1) 24.86851 3.86 

Table 1 shows that the CaO/biochar mixture with a 1:2 
ratio has the highest specific surface area (SBET) of 
88.77189 m2/g, while the CaO/biochar 2:1 mixture has the 
lowest SBET of 24.86851 m2/g. This difference can be 
explained by the varying ratios of calcium oxide (CaO) and 
biochar, where a higher proportion of biochar in the 1:2 
ratio contributes to a more extensive porous network, 
thus increasing the specific surface area. During the 
pyrolysis process, calcium carbonate in eggshells 
decomposes into CaO and CO2, with CO₂ acting as an 
activation agent that promotes the development of a 
porous structure within the biochar matrix [12]. 
Consequently, CaO/biochar materials have higher specific 
surface areas than pure biochar derived from rice straw, 
as Liu et al. [13] reported. However, the lower specific 
surface area observed in the 2:1 ratio is attributed to 
agglomeration on the material’s surface. When there is a 
higher concentration of CaO, the particles tend to clump 
together, reducing the available active surface area and 
hindering optimal pore development. 

Despite these changes in surface area, the pore size 
remains stable, with values around 3.87 nm for both the 
1:2 and 1:1 ratios and a slight decrease to 3.86 nm for the 
2:1 ratio. This stability in pore size can be explained by the 
fact that CO2 activation primarily affects the overall 
porosity rather than the pore diameter. Although CO2 
increases the number of small pores, it does not 
significantly alter the existing pore sizes. Studies, such as 
Khine et al. [27], have confirmed that while CO2 activation 
enhances specific surface area, its effect on pore size is 
limited. Thus, while the CaO/biochar ratio significantly 
impacts the particular surface area, the pore diameter 
remains unaffected mainly due to the limitations of CO2 
activation mechanisms and the influence of 
agglomeration on the pore structure. This highlights the 
importance of balancing CaO and biochar content to 
optimize performance in adsorption applications [13, 27]. 

 

Figure 5. %removal in various materials: CaO/biochar, 
eggshell (CaO), and rice straw (BC) 

3.3. The Effect of CaO/biochar Material Variations (1:1, 
1:2, and 2:1), ES, and BC on Phosphate Adsorption 

The observed high phosphate removal efficiency 
across different CaO/biochar ratios—2:1, 1:1, and 1:2—
despite variations in specific surface area, is primarily 
attributed to the formation of hydroxyapatite (HAP) 
during the adsorption process. Figure 5 shows that the 
phosphate removal percentage for CaO/biochar with a 2:1 
mass ratio is 99.92%, which is not significantly different 
from the 100.31% removal observed for both CaO/biochar 
1:1 and CaO/biochar 1:2. This high removal efficiency can 
be attributed to the increased specific surface area and 
calcium content derived from the CaCO3 in the eggshells 
incorporated into the rice straw during the CaO/biochar 
synthesis. The reaction of CaO with phosphate and 
hydroxide ions results in the formation of 
hydroxyapatite, significantly contributing to the high 
adsorption capacity. 

 5Ca2+ + 3PO4
3- + OH- → Ca5(PO4)3(OH)↓ (2) 

Despite the differences in the specific surface area 
among the CaO/biochar ratios, the high removal 
percentages indicate that the presence of CaO in the 
composite significantly enhances phosphate adsorption 
through chemical precipitation. The increase in specific 
surface area from the CaO/biochar composites facilitates 
more effective interactions with phosphates, but the 
overall high removal efficiency is primarily driven by the 
formation of hydroxyapatite. In contrast, individual 
components such as CaO from eggshells or biochar from 
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rice straw exhibit lower phosphate removal capacities 
(93.37% and 26.86%, respectively) due to the lack of 
chemical reactions with phosphates. The biochar from 
rice straw relies on physical adsorption within its pores, 
which is less effective compared to the chemical 
precipitation achieved with the CaO/biochar composite. 
Overall, the observed high efficiency in phosphate 
removal, regardless of specific surface area differences, 
highlights the crucial role of chemical reactions, 
particularly hydroxyapatite formation, in achieving 
effective phosphate adsorption [13, 24]. 

The FTIR spectrum of CaO/biochar shown in Figure 6 
before and after phosphate adsorption at a wavenumber 
of ~1060 cm-1 represents asymmetric P-O vibrations, 
where the bond intensity significantly increases after the 
phosphate adsorption process. At a wavenumber of ~579 
cm-1, vibrations for P-O bonds also appear, proving that 
adsorption occurred on the CaO/biochar material with 
ratios of 1:1, 1:2, and 2:1 [28]. Compared to before 
adsorption, the FTIR spectrum of CaO/biochar after 
adsorption shows significant changes in peak 
characteristics, and the -OH stretching vibration band 
appears at ~3700 cm−1. However, the -OH peak disappears 
after phosphate adsorption, indicating that the -OH 
group is involved in the phosphate removal [13]. 

After phosphate adsorption, the diffraction peaks of 
Ca(OH)2 and CaO showed a significant reduction. The 
diffraction peaks at 2θ = 25.63°, 32.46°, 39.28°, and 46.97° 
indicate the presence of Ca5(PO4)3(OH), according to 
(PDF#76-0571), resulting from the reaction between Ca2+ 
and OH⁻ ions from CaCO3, CaO, and Ca(OH)2 with 
phosphate, as shown in Figure 7. Based on the 
characterization and analysis conducted, it can be 
concluded that the main adsorption mechanism for 
CaO/biochar with phosphate involves the combination of 
Ca2+ and OH⁻ ions with phosphate to form hydroxyapatite 
Ca5(PO4)3(OH) or (HAP), which explains the high 
adsorption capacity. The reaction was illustrated by 
Equations (3) to (5). 

 5Ca2+ + 3PO4
3- + OH- → Ca5(PO4)3(OH)↓ (3) 

 5Ca2+ + 3HPO4
2- + 4OH- → Ca5(PO4)3(OH)↓ + 3H2O (4) 

 5Ca2+ + 3H2PO4
- + 7OH- → Ca5(PO4)3(OH)↓ + 6H2O (5) 

 

Figure 6. FTIR spectra before and after adsorption 

In the phosphate adsorption process using 
CaO/biochar, both CaO, Ca(OH)2 and CaCO3 play crucial 
roles. CaO, when interacting with water, hydrolyzes to 
produce calcium ions (Ca2+) and hydroxide ions (OH⁻). 
These calcium ions then interact with phosphate ions 
(PO4

3⁻) in the solution to form the hydroxyapatite 
complex (Ca5(PO4)3(OH)). Meanwhile, CaCO3, which may 
not be completely converted into CaO during synthesis, 
also contributes to adsorption. CaCO3 partially dissolves 
in water to produce calcium ions (Ca2+) and carbonate ions 
(CO3

2⁻). The carbonate ions can further react with water to 
generate HCO3⁻ and OH⁻. 

In contrast, the carbonate ions reacting with water to 
produce OH⁻ are important for the formation of 
hydroxyapatite (Ca5(PO4)3(OH)). Additionally, carbonate 
and bicarbonate ions (HCO3⁻) act as pH buffers, 
maintaining optimal conditions for (Ca5(PO4)3(OH) 
formation. The Ca2+ produced from CaCO3 interact with 
phosphate ions to form the Ca5(PO4)3(OH) complex. Thus, 
the significant presence of CaCO3 in the material does not 
hinder the adsorption process but rather enhances the 
total adsorption capacity by providing more calcium ions 
that can bond with phosphate ions. 

Therefore, even though the intensity of CaCO3 in the 
XRD spectrum remains high, the adsorption capacity of 
the material remains excellent because both components, 
CaO and CaCO3, work together to capture and hold 
phosphate ions through the formation of the 
hydroxyapatite (Ca5(PO4)3(OH)) complex. 
Hydroxyapatite, with its stable crystal structure capable 
of effectively retaining phosphate, improves the overall 
adsorption capacity of the material [13, 26]. Moreover, the 
optimal pH for the study was 12, as the increased 
hydroxide ion concentration at this pH creates an ideal 
environment for hydroxyapatite formation, which 
maximizes phosphate removal. The buffering action of 
carbonate and bicarbonate ions helps maintain this pH, 
ensuring an efficient adsorption process. While the 
adsorption capacity did not vary significantly across a 
wide pH range, this demonstrates that phosphate 
adsorption can occur effectively from acidic to basic 
conditions, highlighting the material’s versatility. 

 

Figure 7. XRD pattern of CaO/biochar 1:2 after adsorption 
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Table 1. Table of adsorption isotherm test parameters 

Adsorbent 
Langmuir Freundlich 

Qm K R2 1/n Kf R2 

CaO/biochar 1:1 3.115265 0.10000 0.9905 -1.4777 1.106369 0.8373 

CaO/biochar 1:2 0.925583 0.142817 0.9351 -0.4857 2.380126 0.5599 

CaO/biochar 2:1 -0.12513 -0.11093 0.9961 1.0837 1.797629 0.8108 

 

Figure 8. %removal of phosphate adsorption on 
CaO/biochar 1:1, 1:2, and 2:1 

3.4. The Effect of pH on Phosphate Adsorption with 
CaO/biochar (1:1, 1:2, and 2:1) 

Figure 8 illustrates the adsorption efficiency of 
phosphate using CaO/biochar (CaO/biochar) at different 
mass ratios (1:1, 1:2, and 2:1) over a range of pH values. 
The figure indicates that phosphate removal efficiency 
remains consistently high across most pH levels, 
particularly from pH 5 to 12, suggesting that the 
adsorbent is effective across various conditions [13]. 
However, at pH 3, adsorption capacity is significantly 
reduced across all mass ratios. This decline at lower pH 
levels can be attributed to increased competition between 
H⁺ ions and phosphate ions for active adsorption sites. 

In acidic environments, excess H⁺ ions can inhibit the 
formation of calcium-phosphate complexes, leading to 
reduced adsorption. Phosphate removal efficiency 
improves at higher pH values, particularly at pH 12. This 
can be explained by the increase in OH⁻, which enhances 
the negative surface charge of the adsorbent, promoting 
the electrostatic attraction of phosphate species. 
Additionally, as the pH increases, the dominant 
phosphate species shifts from H2PO4⁻ (in acidic to neutral 
pH) to HPO4

2⁻ and PO4
3⁻ at higher pH values. The higher 

charge density of PO4
3⁻ at pH levels above 12.33 leads to 

stronger interactions with CaO, resulting in improved 
adsorption performance [29]. 

The study emphasizes that the ionization 
equilibrium of phosphate species controls phosphate 
adsorption. At pH 2.13–7.20, H2PO4⁻ is the dominant 
species, while HPO4

2⁻ prevails between pH 7.20 and 12.33. 
Above pH 12.33, PO4

3⁻ becomes the primary species. The 
results show that CaO/biochar adsorbs phosphate most 
effectively when PO4

3⁻ is dominant, as it interacts more 
strongly with the adsorbent surface. Lower adsorption 
capacities for H2PO4⁻ and HPO4

2⁻ are attributed to the 
presence of H⁺ ions, which interfere with the 

complexation of calcium and phosphate. These findings 
suggest that CaO/biochar is a highly effective adsorbent 
for phosphate removal across a wide pH range, with the 
best performance in more alkaline conditions, making it 
a promising solution for treating phosphate-
contaminated water in environmental applications [30, 
31]. 

3.5. Isothermal Adsorption Experiment 

The adsorption isotherm study of phosphate ions 
was conducted at a phosphate concentration of 10 mg/L 
with concentration variations of 2, 6, 8, 10, 12, 15, 20, and 
25 ppm over 24 hours. All adsorption processes were 
performed at room temperature using each material 
variation of CaO/biochar 1:1, 1:2, and 2:1. The adsorption 
isotherm test is shown in Figure 9 and Table 1. The 
experimental data for CaO/biochar 1:1, 1:2, and 2:1 fit the 
Langmuir model (R2 > 0.9900) better than the Freundlich 
model, indicating that the CaO/biochar adsorption 
process is monolayer adsorption with a homogeneous 
surface. The phosphorus adsorption process on other 
calcium-rich phosphate adsorbents, such as calcium-
rich sepiolite [29], Ca-modified sludge [15], and calcium 
powder biochar [32], also fits the Langmuir model. 
CaO/biochar exhibits significantly higher phosphate 
adsorption performance due to the increased specific 
surface area and Ca species load due to the incorporation 
of CaCO3 from eggshells into rice straw during the 
material synthesis process [13]. 

3.6. Adsorption Kinetics Experiment 

The phosphate adsorption kinetics study using 
CaO/biochar was conducted over a period of 15–2880 
minutes for different material ratios (1:1, 1:2, and 2:1) at 
room temperature. Figure 10 shows the linear regression 
of the adsorption kinetics for both the first-order and 
second-order models. The coefficient of determination 
(R2) values for the pseudo-first-order model were 0.968, 
0.839, and 0.840 for the 1:1, 1:2, and 2:1 ratios, 
respectively. In comparison, the R2 values for the pseudo-
second-order model were higher, at 1, 0.999, and 1, 
respectively, indicating that the pseudo-second-order 
model provides a better fit for the adsorption process 
across all three CaO/biochar ratios. 

The higher R2 values for the pseudo-second-order 
model suggest that the phosphate adsorption process is 
better described by this model, which assumes that 
chemical adsorption controls the process. This type of 
adsorption involves electron exchange or sharing 
between the adsorbent and adsorbate, potentially 
forming new compounds [33]. This finding illustrates 
that chemisorption is the dominant mechanism during 
phosphate adsorption on CaO/biochar, where the calcium 
in the eggshell chemically interacts with PO4

3⁻ [12]. 
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Figure 9. (a) Langmuir adsorption isotherm and (b) Freundlich adsorption isotherm of CaO/biochar 

 

Figure 10. (a) linear regression of pseudo first order and (b) pseudo-second order adsorption kinetics of CaO/biochar 

3.7. Synthesis of Binding Gel from CaO/biochar 1:2 and 
Ferrihydrite 

The DGT device includes a binding gel that acts as an 
adsorbent, quickly and irreversibly adsorbing dissolved 
species, and a diffusive gel layer that allows dissolved 
species to pass through. The preparation of the diffusive 
gel and binding gel is based on a free radical 
polymerization reaction, using acrylamide as the 
monomer, N, N’-methylene bisacrylamide as the cross-
linker, ammonium persulfate as the initiator, and TEMED 
as the catalyst, as described by Pato [34]. This study 
modified the binding gel using CaO/biochar material and 
ferrihydrite binding gel as a comparative binding agent 
[34]. 

As shown in Figure 11, the FTIR spectra of the 
diffusive gel, CaO/biochar binding gel, and ferrihydrite 
binding gel exhibit several peaks. FTIR characterization 
was performed to ensure that the acrylamide polymer was 
successfully synthesized. The peak at a wavenumber of 
3335 cm-1 and 1631 cm-1 indicates the presence of O-H 
groups in ferrihydrite, as Russell [35] observed. At a 
wavenumber of 1386 cm-1, there is a Fe-O, which is 
characteristic of ferrihydrite adsorption, consistent with 
the study by Pereira et al. [36]. The CaO groups in the FTIR 
spectrum of the CaO/biochar binding gel are shown at 
wavenumbers of ~834 cm-1 [13]. Two peaks at a 
wavenumber of ~3600 cm-1 for the diffusive gel sample 
are characteristic of amine stretching (–NH). 

The peak at a wavenumber of 1114 cm-1 for the 
diffusive gel sample indicates aliphatic amine (C–N) 
adsorption, typically found in the 1250–1020 cm-1 
wavenumber range. The functional groups present are the 
main functional groups of the acrylamide polymer, 
confirming that the acrylamide polymer was successfully 

synthesized. The functional groups observed in the 
diffusive gel, CaO/biochar gel, and ferrihydrite gel do not 
differ significantly, indicating no structural change in the 
polymer due to CaO/biochar and ferrihydrite. This data 
also suggests that the interactions between CaO/biochar, 
ferrihydrite, and acrylamide polymer are physical [37]. 

3.8. Diffusive Gradients in Thin Film Applications 

3.8.1. Effect of Deployment Time Variation on 
Adsorption in CaO/biochar and Ferrihydrite 
Binding Gels 

Figure 12 illustrates that the CDGT values, which 
represent the concentration of phosphate adsorbed by the 
binding gel, are consistently higher for the CaO/biochar 
binding gel compared to the ferrihydrite binding gel 
across all deployment times (2, 4, 8, 12, and 24 hours). 
This trend highlights the better-than-phosphate 
adsorption capacity of CaO/biochar, attributed to its 
modification with calcium oxide (CaO), which enhances 
adsorption efficiency through ion exchange and surface 
complexation. The porous structure of CaO/biochar 
allows phosphate ions to replace hydroxyl (OH⁻) or water 
(H2O) groups on the biochar surface, forming stable 
phosphate complexes. In contrast, although effective, 
Ferrihydrite demonstrates lower adsorption capacity due 
to its reliance on weaker binding mechanisms such as 
electrostatic attraction or hydrogen bonding, resulting in 
significantly lower CDGT values. 

After 24 hours, ferrihydrite reaches a maximum of 
2.5959 mg/L, whereas CaO/biochar achieves 10.1727 
mg/L, nearly four times higher. This disparity 
underscores the effectiveness of CaO/biochar in 
enhancing phosphate adsorption. The findings align with 
diffusion theory, confirming that phosphate adsorption 
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is governed by ion diffusion to the binding gel surface [38, 
39]. Moreover, Wang et al. [15] support this conclusion, 
demonstrating that calcium-decorated biochar has a high 
phosphate adsorption capacity of up to 314.22 mg/g, 
driven by the formation of hydroxylapatite 
(Ca5(PO4)3(OH)) crystals. This suggests that CaO/biochar-
based DGT devices are not only better than efficient but 
also better than for field applications, offering reliable 
and accurate phosphate measurement without requiring 
complex calibration processes. 

3.8.2. Effect of Phosphate Concentration Variation on 
Adsorption in CaO/biochar and Ferrihydrite 
Binding Gels 

As shown in Figure 13, the research results indicate 
that phosphate adsorption increases with the initial 
phosphate solution concentration due to the availability 
of active sites on the CaO/biochar and ferrihydrite binding 
gels, which serve as adsorbents. These sites provide 
locations where phosphate molecules can bind. At higher 
phosphate concentrations, more molecules are available 
in the solution, increasing the likelihood of phosphate 
molecules attaching to the adsorbent’s active sites. As a 
result, higher initial concentrations lead to more 
phosphate being adsorbed. At lower concentrations, most 
active sites are quickly occupied, resulting in high 
adsorption efficiency. However, at higher concentrations, 
although the amount of adsorbed phosphate increases, 
the total capacity of the adsorbent approaches its 
maximum, and the efficiency per unit may decrease as the 
active sites become saturated. 

 

Figure 11. FTIR spectra of diffusive gel, CaO/biochar 
binding gel, and ferrihydrite 

This experiment demonstrates that CaO/biochar and 
ferrihydrite binding gels effectively adsorb phosphate 
across various concentrations, with optimal CDGT values at 
a 10 mg/L solution concentration of 9.13207 mg/L for 
CaO/biochar and 2.5471 mg/L for ferrihydrite binding 
gels. The maximum adsorption capacity is determined by 
the number of available active sites, which can become 
saturated at very high phosphate concentrations, leading 
to a relative decrease in adsorption efficiency. This study 
provides valuable insight into the maximum capacity of 
these adsorbents and identifies optimal conditions for 
using DGT devices to measure phosphate concentrations 
in different environments [40]. 

3.8.3. Effect of Phosphate Solution pH Variation on 
Adsorption in CaO/biochar and Ferrihydrite 
Binding Gels 

pH levels play a significant role in determining 
phosphate measurements as they affect the chemical 
forms of phosphate, its solubility, and its interaction with 
the binding gel used in the measurement process. At low 
pH values, phosphate predominantly exists as H2PO4⁻, 
while at higher pH levels, it transitions to hydrogen 
phosphate (HPO4

2⁻) or phosphate (PO4
3⁻). These forms 

exhibit different affinities for the binding gel, affecting 
how much phosphate is captured and thereby impacting 
measurement results. For example, as shown in Figure 14, 
the phosphate concentration measured by DGT varies 
with pH. The CaO/biochar binding gel achieves its highest 
phosphate adsorption of 4.953 mg/L at an optimal pH of 
5, while the ferrihydrite binding gel reaches its peak 
adsorption of 1.3737 mg/L at an optimal pH of 3. 

The optimal pH for phosphate adsorption is closely 
linked to the surface charge characteristics of each 
material. For CaO/biochar, the optimal pH of 5 aligns with 
its point of zero charge (pHpzc), which is approximately 
5.36, as indicated by recent studies [13]. At pH levels below 
this pHpzc, the surface of CaO/biochar becomes positively 
charged due to the excess hydrogen ions (H+) in the 
solution. This positive charge enhances the electrostatic 
attraction between the CaO/biochar surface and the 
negatively charged phosphate ions (H2PO4⁻), thereby 
increasing phosphate adsorption. 

 

Figure 12. CDGT value at various deployment times on the 
adsorption of CaO/biochar and ferrihydrite binding gel 
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Figure 13. CDGT value at various phosphate concentrations 
on the adsorption of CaO/biochar and ferrihydrite 

binding gel 

 

Figure 14. CDGT value in varying pH of phosphate solution 
on the adsorption of CaO/biochar and ferrihydrite 

binding gel 

Additionally, the presence of calcium ions (Ca2⁺) in 
CaO/biochar facilitates the formation of stable phosphate 
complexes, such as hydroxyapatite (Ca5(PO4)3OH), which 
further enhances adsorption efficiency. Conversely, for 
ferrihydrite, the optimal pH of 3 results in a highly 
protonated surface, generating a strong positive charge 
due to the high concentration of hydrogen ions. This 
protonation increases the electrostatic attraction to 
negatively charged phosphate ions, particularly H2PO4⁻, 
leading to effective phosphate binding through 
electrostatic interactions and ligand exchange processes. 

As the pH rises above these optimal values, the 
surface charge of both materials becomes less positive, 
reducing their adsorption efficiency. Thus, the optimal 
pH values for phosphate adsorption reflect each 
material’s ability to attract and bind phosphate ions 
under different pH conditions, driven by their surface 
charge properties and chemical interactions. The 
efficiency of phosphate adsorption on these gels is 
influenced by pH because, at higher pH levels, the 
presence of OH⁻ ions weakens the ligand exchange, 
making phosphate binding less effective. Conversely, at 
lower pH levels, the gel surface becomes more positively 
charged, which enhances phosphate binding. This is why 
phosphate concentrations measured at lower pH are 
higher than those at higher pH [38]. 

4. Conclusion 

In conclusion, this research demonstrates that 
CaO/biochar was effectively synthesized through ball 
milling and pyrolysis techniques using different mass 
ratios (1:1, 1:2, and 2:1) of eggshells and rice straw. 
Characterization methods such as FTIR, XRD, and surface 
area analysis confirmed the successful creation of the 
CaO/biochar composite. While the phosphate adsorption 
capacities across the different ratios were similar, the 
CaO/biochar (1:2) ratio showed the highest adsorption 
capacity. The study found that phosphate adsorption was 
significantly enhanced at pH 12 for all ratios, following 
the Langmuir adsorption isotherm and pseudo second-
order kinetics. FTIR spectrum analysis validated the 
synthesis of the diffusive and binding gels, indicating that 
the interactions between CaO/biochar, ferrihydrite, and 
acrylamide polymer are primarily physical with no major 
structural changes. Additionally, the CaO/biochar binding 
gel proved to be a better material than the ferrihydrite 
binding gel for phosphate adsorption, achieving CDGT 
values of 10.1727 mg/L and 2.5959 mg/L, respectively, at 
pH 5 and 3 with a 10 mg/L phosphate concentration. These 
results highlight the potential of CaO/biochar as a better 
material for phosphate removal applications. 
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