
1733

Jurnal Kejuruteraan 38(4) 2026: 1733-1756 
https://doi.org/10.17576/jkukm-2026-38(4)-16

Adsorptive Removal of Phosphorus from Water Using Raw Lala Clam Shells as 
Adsorbent: Kinetic, Isotherm and Contour Prediction Studies

Nur Husna Muslima*, Noorul Hudai Abdullahb, Norzainariah Abu Hassana,c, Nur Atikah Abdul Salimd & Siti Maisarah Rahime

aFaculty of Engineering Technology, Universiti Tun Hussein Onn Malaysia,  
Hab Pendidikan Tinggi Pagoh, Km 1, Jalan Panchor, 84600 Muar, Johor, MALAYSIA

bNeo Environmental Technology, Centre for Diploma Studies, Universiti Tun Hussein Onn Malaysia,  
Pagoh Education Hub, 84600 Pagoh, Johor, MALAYSIA

cDepartment of Civil Engineering, Politeknik Melaka, No. 2, Jalan PPM10, Plaza Pandan Malim 75250 Melaka,  
Malaysia Faculty of Engineering & Built Environment, Universiti Kebangsaan Malaysia, MALAYSIA

dAffiliation School of Occupational, Safety & Health, Netherlands Maritime University College,  
Johor Bahru, Johor, 80000, MALAYSIA

ePejabat Pengurusan Makmal Kampus Cawangan Pagoh, Universiti Tun Hussein Onn Malaysia,  
Pagoh Education Hub, 84600 Pagoh, Johor, MALAYSIA

*Corresponding author: nurhusnabintimuslim@gmail.com

Received 21 May 2025, Received in revised form 2 March 2026
Accepted 2 April 2026, Available online 30 July 2026

ABSTRACT

Phosphorus is a major contributor to water pollution, causing harmful algal blooms, oxygen depletion, 
hence eutrophication. Studies have shown that seashells can effectively remove phosphorus from water due to their 
calcium carbonate content. While seafood is widely consumed, the shells are typically discarded as waste. Previous 
studies have explored the use of seashells for phosphorus removal, but none have focused on using raw Lala clam 
shells. Hence, this study addresses this gap by exploring the potential of Lala clam shells as an adsorbent for 
phosphorus removal from water at different dosages (2g, 4g, 6g, 8g and 10 g). The adsorbents were characterized 
using XRD, SEM, EDXRF and FTIR analyses. Batch adsorption experiments assessed the effects of adsorbent mass 
and contact time on phosphorus removal efficiency. Kinetic analysis revealed that the pseudo-second order model 
best described the adsorption kinetics (R2 = 0.9964), indicating that the adsorption followed a chemisorption 
mechanism. Isotherm analysis showed that, although all models had low correlation coefficients, the Langmuir 
model provided a relatively better fit (R2 = 0.0122), suggesting that phosphorus adsorption occurred on a 
homogeneous surface, forming a monolayer of phosphorus molecules. The raw Lala clam shells could remove up 
to 64.2 % of phosphorus with the highest adsorption capacity of 0.0818 mg/g observed at 8 g adsorbent mass. 
Overall, these findings confirm that raw Lala clam shells exhibit moderate phosphorus removal performance and 
demonstrate potential as a low-cost and eco-friendly adsorbent, due to their abundance and minimal processing 
requirements, although further modification is required to improve their adsorption performance.
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INTRODUCTION

Untreated wastewater remains a significant global 
environmental concern due to its continuous discharge into 
water bodies including lakes, ponds, rivers and oceans 

(Abdullah et al., 2022; Owhonka et al., 2021). Wastewater 
is generated from domestic, industrial and agricultural 
sectors and often contains storm runoff enriched with 
nutrients, particularly phosphorus (Silva et al., 2023). 
Excessive phosphorus in water bodies can lead to serious 
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environmental degradation and water quality deterioration 
when wastewater is not properly treated (Kesari et al., 
2021). At the same time, the demand for high-quality water 
is rising. Hence, wastewater treatment has become essential 
(Saleh et al., 2021) to eliminate contaminants, maintain 
water quality, and ensure the sustainable availability of 
clean water (Silva et al., 2023).

Phosphorus discharged from untreated or inadequately 
treated wastewater is the main contributor to nutrient 
enrichment in water bodies (Li et al., 2021), resulting in 
serious water quality degradation and leading to 
eutrophication (Witek-Krowiak et al., 2022). Eutrophication 
occurs when water bodies accumulate excessive nutrients, 
particularly phosphorus, which stimulate algal blooms and 
the overgrowth of aquatic plants. Increased algal biomass 
reduces sunlight penetration, hence disrupting 
photosynthesis in submerged plants and altering the balance 
of aquatic ecosystems. When algae die and decompose, 
microbial activity consumes dissolved oxygen, creating 
hypoxic conditions that threaten aquatic life.

While eutrophication can occur naturally, human 
activities have accelerated its occurrence. The extensive 
use of phosphorus-based fertilizers in agriculture, along 
with runoff from farmlands, has enriched water bodies with 
nutrients, promoting excessive algal growth. Additionally, 
municipal wastewater contains large amounts of phosphorus 
from human waste, detergents, and personal care products, 
which can severely impact the aquatic environment if 
inadequately treated before discharge (Chae et al., 2021). 
Since phosphorus cannot be fully recycled within water 
bodies, it becomes the primary pollutant responsible for 
driving eutrophication (Yang, 2022). As a result, 
eutrophication has reduced access to potable water, 
threatening the sustainable supply of clean water for both 
humans and ecosystems (Akinnawo, 2023).

In aquatic environments, phosphorus exists in 
inorganic and organic forms, with inorganic phosphates 
being the most prevalent in wastewater systems (Witek-
Krowiak et al., 2022). Organic phosphorus is commonly 
present as phosphate esters from biological materials, 
whereas inorganic phosphorus exists primarily as 
orthophosphate and polyphosphate (Li et al., 2021). 
Through biological and chemical degradation processes, 
both forms are converted into orthophosphate, the most 
stable form in water bodies and a major contributor to 
eutrophication (Salim et al., 2021). In agricultural systems, 
excess phosphates not absorbed by plants are transported 
into surface waters through leaching and runoff, further 
increasing phosphorus loads in receiving water bodies 
(Usman et al., 2022).

Regulations have been established to control 
phosphorus discharge into surface waters. The United 
States Environmental Protection Agency (USEPA) 
mandates a total phosphorus (TP) limit of less than 0.8 

mg/L, while the European Union (EU) sets 2 mg/L for 
populations of 10,000 to 100,000 (Salim et al., 2021). 
According to the USEPA, phosphate concentrations 
exceeding 0.025 mg/L can trigger algal blooms due to 
eutrophication (Usman et al., 2022). Phosphate levels 
above 1.0 mg/L may disrupt coagulation processes in water 
treatment plants (Owhonka et al., 2021). In Malaysia, strict 
phosphorus effluent standards have been implemented, 
with limits of 5.0 mg/L (Standard A) and 10.0 mg/L 
(Standard B) to control excess phosphorus in receiving 
water bodies (Abdullah et al., 2022).

Excessive phosphorus in water can be treated using 
various methods, including adsorption, biological, and 
chemical treatments. The biological processes for 
wastewater treatment such as activated sludge systems or 
constructed wetlands can effectively remove phosphorus 
but are often variable due to operational challenges and 
require careful monitoring. The chemical treatments such 
as precipitation can achieve rapid phosphorus removal but 
involve high costs and generate secondary sludge that 
requires proper disposal. Hence, among these methods, 
adsorption stands out as a promising technology for 
phosphorus removal due to its high efficiency, simplicity, 
ease of operation, and low material costs, making it suitable 
for sustainable wastewater treatment (Salim et al., 2021). 

Calcium carbonate (CaCO3) is well known for its 
strong affinity toward phosphate ions and has been widely 
reported as an effective adsorbent for phosphorus removal 
from wastewater (Abdullah et al., 2022). Raw seashell 
materials are naturally rich in CaCO3, making them an 
environmentally sustainable and economical alternative 
adsorbent (Mokhtera et al., 2023). Accordingly, previous 
studies have explored the utilization of CaCO3 derived 
from various seashell wastes, including raw hard clam shell 
(Abdullah et al., 2025), raw waste marsh clam shell 
(Abdullah et al., 2024), scallop and whelk shells (Brakemi 
et al., 2023), as low-cost and sustainable adsorbents for 
phosphorus removal in aqueous environments. Despite the 
high consumption of seafood, clam shells are often 
discarded as waste, representing an underutilized bio-
resource with significant potential for environmental 
applications (Verma et al., 2025).

Previous studies have demonstrated the potential of 
various seashell wastes as phosphorus adsorbents, focusing 
on specific shell types, processing conditions, or operational 
scopes. For instance, Brakemi et al. (2023) investigated 
scallop and whelk shells, applying response surface 
methodology (RSM) and Central Composite Design (CCD) 
to optimize phosphate removal, including kinetic and 
isotherm modeling, and even testing column performance 
with real wastewater. Other studies on raw hard clam shells 
(Abdullah et al., 2025) and raw waste marsh clam shells 
(Abdullah et al., 2024) primarily focused on batch 
adsorption experiments, examining pseudo-first and 
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pseudo-second order kinetic models, and Freundlich and 
Langmuir isotherms.

The short-neck clam (Orbicularia orbiculata), locally 
known as the Lala clam, is abundant in Malaysia and 
Indonesia, generating shell waste with minimal economic 
value. Lala clam shells comprise approximately 95% 
CaCO3 (Ahmed Eljiedi et al., 2019) that may enhance their 
adsorption performance (Singh et al., 2022). Although 
various seashells have been investigated as phosphorus 
adsorbents, raw Lala clam shells remain unevaluated. 
Previous studies mainly focused on batch adsorption 
experiments with limited kinetic and isotherm modeling, 
statistical optimization, or predictive tools for practical 
applications. Therefore, this study represents the first 
comprehensive investigation of raw Lala clam shells as an 
adsorbent for phosphorus removal.

This evaluation includes batch adsorption experiments 
and physicochemical characterization, employing X-ray 
diffraction (XRD), scanning electron microscopy (SEM), 
energy-dispersive X-ray fluorescence (EDXRF), and 
Fourier-transform infrared spectroscopy (FTIR). 
Adsorption data are validated using kinetic models 
(pseudo-first order, pseudo-second order, Boyd) and 
isotherm models (Langmuir, Freundlich, Henry), while a 
contour prediction diagram is developed to guide practical 
dosing. By integrating these approaches, this study not 
only fills a knowledge gap, but also offers a novel, practical, 
and sustainable strategy for phosphorus removal, providing 
insights for researchers and practitioners in water treatment 
field.

Hence, the objectives of this study are (1) to elucidate 
a physicochemical characterization of raw Lala clam shells 
as adsorbents, (2) to identify the removal efficiency E (%) 
and adsorption capacity q (mg/g) of raw Lala clam shells 
onto phosphorus in aqueous phosphate solution through 
batch experiment when equilibrium rate is achieved, (3) 
to assess the kinetic and isotherm adsorption models for 
raw Lala clam shells adsorbents by removing phosphorus 
from aqueous phosphate solution through batch 
experiments, and (4) to evaluate the effectiveness of 
phosphorus removal with the required mass of adsorbents 
at various initial concentrations by implementing the 
contour prediction diagram. 

METHODOLOGY

ADSORBENTS

Lala clam shells were used in this study as adsorbents that 
sourced from Rengit, Johor, Malaysia. The raw Lala clam 
shells were first cleaned by using tap water. The cleaned 
shells were then rinsed using deionized water before drying 

them under the sunshine. Then, the shells were dried in an 
oven at 30 °C for 2 days before going through the crushing 
process. The crushed shells were sieved by using a sieve 
with a particle size range of 1.18 mm to 2.36 mm. After 
that, the sieved shells were weighed using analytical 
balance and divided into 2, 4g, 6g, 8g and 10 g of raw 
adsorbents.

AQUEOUS SOLUTION

The aqueous solutions of 5, 10, 15, 20 and 25 mg/L PO4 
were prepared by first preparing a 100 mg/L PO4 solution. 
Approximately 0.1433 g of KH2PO4 powder was dissolved 
in deionized water before being added to 1 L of deionized 
water. The solution was put in a volumetric flask before 
being inverted several times to dissolve the powder. 

Next, the 50 mg/L of PO4 solution was prepared by 
taking out approximately 200 mL from the 100 mg/L PO4 
solution and diluted with 800 mL of deionized water in a 
volumetric flask. The flask containing the solution was then 
inverted many times to ensure the solution was homogenized. 
From the 1 L of 50 mg/L PO4, the PO4 solutions with the 
concentration of 5, 10, 15, 20 and 25 mg/L of PO4 were 
prepared.

ANALYTICAL METHODS

Each sample was analyzed using DR1900 to ensure that 
the final phosphorus concentration ranges within ±1 mg/L 
by using the amino acid method. Additionally, the 
physicochemical properties of each sample were identified 
by implementing various methods, including X-ray 
diffraction (XRD), energy dispersive X-ray fluorescence 
(EDXRF), scanning electron microscopy (SEM) and 
Fourier transform infrared spectroscopy (FTIR) analyses.

XRD analysis was conducted at the Material Physics 
Laboratory, Universiti Tun Hussein Onn Malaysia 
(UTHM), Pagoh Campus, to determine the crytallographic 
phases and the crystallinity of inorganic substances (Massit 
et al., 2021; Abdullah et al., 2023) in the raw Lala clam 
shell adsorbents. This was achieved by analyzing the 
diffraction pattern produced when X-rays interact with 
crystal lattice (Ali et al., 2022) since XRD can detect any 
new phases formed due to chemical interactions during the 
phosphorus adsorption (Zhang et al., 2021). The raw Lala 
clam shell adsorbents were prepared in two separate 
samples, before and after phosphorus adsorption. The 
samples were then finely crushed into a powder-like 
consistency with a minimum of 3 g for each sample before 
being placed at the center of a circular XRD sample holder. 
The surfaces were leveled and compacted using a glass 
plate, ensuring it was evenly spread without any gaps or 
air. The excess powders around the sample holder edges 
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were cleaned. Afterward, the samples were analyzed using 
the Bruker D2 PHASER model. The results were further 
analyzed using HighScore software at Microelectronics 
and Nanotechnology-Shamsuddin Research Centre (MiNT-
SRC), UTHM (Main Campus) to obtain the final XRD 
diffraction pattern.

The SEM and EDXRF analyses were conducted at the 
Nanotechnology Physics Laboratory, UTHM Pagoh 
Campus, to determine the surface morphology and 
elemental compositions, respectively, of raw Lala clam 
shell before and after phosphorus adsorption. The samples 
(before and after phosphorus adsorption) were dried in an 
oven at 30 °C for 24 h to remove any residual moisture. 
After 24 h, the samples were taken out before being placed 
onto the carbon tapes attached to the SEM specimen stubs, 
ensuring full coverage of the stub and proper adhesion. 
The SEM specimen stubs were first wiped with acetone to 
remove any contaminants before applying the carbon tape. 
Then, the samples were cleaned using an air blower to 
remove any loose particles before coated with gold (Au) 
layer using the Quorum Q150RS sputter coater to enhance 
conductivity. Afterward, the samples were analyzed using 
the COXEM EM-30AX PLUS SEM for both analyses, 
where SEM was used to examine surface morphology while 
EDXRF determined elemental composition.

FTIR analysis was conducted at the Analytical 
Laboratory, UTHM Pagoh Campus, to examine the 
chemical composition and the presence of chemical bonds 
(Abdullah et al., 2023) in raw Lala clam shell adsorbents. 
The samples of before and after phosphorus adsorption, 
were prepared and finely ground into powder. The 
attenuated total reflectance (ATR) crystal sampling surface 
of the Cary 630 FTIR model was wiped with ethanol to 
prevent contamination. The first sample was placed on the 
ATR sampling surface, and the frequency range was set 
from 600 cm -¹ to 4000 cm -¹ to obtain its IR spectrum. 
The procedure was then repeated for the next sample. The 
first sample was carefully removed, and the ATR sampling 
surface was cleaned again with ethanol before introducing 
the next sample. This process ensured reliable and 
consistent spectral data for further analysis. Hence, the IR 
spectrum for both samples was obtained.

BATCH EXPERIMENTS

Two sets of batch experiments were performed in this study. 
The first batch aimed to evaluate the effectiveness of 
phosphorus removal with the required adsorbent masses 
at various initial concentrations by implementing a contour 
prediction diagram. In this batch experiment, raw 
adsorbents with masses of 2, 4, 6, 8 and 10 g were added 
into separate conical flasks containing 100 mL of aqueous 
phosphate solutions with initial phosphorus concentrations 

of 5, 10, 15, 20 and 25 mg/L respectively. Each sample 
was shaken together at 170 rpm for 4320 min using an 
orbital shaker to ensure the equilibrium was reached. After 
4320 min, the raw adsorbents were separated from the 
solutions to obtain the adsorbent and the solution samples. 
The pH level of each sample was recorded before the 
suspended adsorbents in the solutions were filtered using 
a vacuum pump. Then, the final phosphorus concentration 
in the aqueous solution for each sample was determined 
using the amino acid method.

The second batch experiment was conducted to 
determine the removal efficiency E (%) and adsorption 
capacity q (mg/g), and to evaluate the kinetic and isotherm 
adsorption models of Lala clam shells adsorbents for 
phosphorus removal from aqueous phosphate solution. 
This batch experiment used a fixed initial concentration of 
10 mg/L of aqueous solution. The raw adsorbents with 
masses of 2, 4, 6, 8 and 10 g were dissolved in different 
conical flasks containing 100 mL of 10 mg/L aqueous 
solution. Each sample was agitated until equilibrium was 
reached at 170 rpm for 30, 120, 300, 1440 and 4320 min. 
Following equilibrium, the samples were then filtered and 
analyzed using the same procedure as in the first batch.

ANALYSIS OF KINETIC MODEL

The pseudo-first-order (PFO) and pseudo-second-order 
(PSO) models were applied in the kinetic analysis to 
determine the adsorption mechanism (Salim et al., 2021) 
and the adsorption kinetics (Abdullah et al., 2022) of 
phosphorus onto adsorbents. Additionally, the Boyd kinetic 
model was also utilized.

PSEUDO-FIRST ORDER MODEL

The main concept of pseudo-first order model is the total 
rate of the unoccupied sites relative to the occupied sorption 
sites, which is essential in analyzing the validity of linear 
and nonlinear forms (Abdullah et al., 2023). This model 
can be represented as equation (1).
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specimen stubs, ensuring full coverage of the stub 
and proper adhesion. The SEM specimen stubs were 
first wiped with acetone to remove any contaminants 
before applying the carbon tape. Then, the samples 
were cleaned using an air blower to remove any 
loose particles before coated with gold (Au) layer 
using the Quorum Q150RS sputter coater to enhance 
conductivity. Afterward, the samples were analyzed 
using the COXEM EM-30AX PLUS SEM for both 
analyses, where SEM was used to examine surface 
morphology while EDXRF determined elemental 
composition. 

FTIR analysis was conducted at the 
Analytical Laboratory, UTHM Pagoh Campus, to 
examine the chemical composition and the presence 
of chemical bonds (Abdullah et al., 2023) in raw 
Lala clam shell adsorbents. The samples of before 
and after phosphorus adsorption, were prepared and 
finely ground into powder. The attenuated total 
reflectance (ATR) crystal sampling surface of the 
Cary 630 FTIR model was wiped with ethanol to 
prevent contamination. The first sample was placed 
on the ATR sampling surface, and the frequency 
range was set from 600 cm⁻¹ to 4000 cm⁻¹ to obtain 
its IR spectrum. The procedure was then repeated for 
the next sample. The first sample was carefully 
removed, and the ATR sampling surface was cleaned 
again with ethanol before introducing the next 
sample. This process ensured reliable and consistent 
spectral data for further analysis. Hence, the IR 
spectrum for both samples was obtained. 

BATCH EXPERIMENTS 
 
Two sets of batch experiments were performed in 
this study. The first batch aimed to evaluate the 
effectiveness of phosphorus removal with the 
required adsorbent masses at various initial 
concentrations by implementing a contour 
prediction diagram. In this batch experiment, raw 
adsorbents with masses of 2, 4, 6, 8 and 10 g were 
added into separate conical flasks containing 100 
mL of aqueous phosphate solutions with initial 
phosphorus concentrations of 5, 10, 15, 20 and 25 
mg/L respectively. Each sample was shaken together 
at 170 rpm for 4320 min using an orbital shaker to 
ensure the equilibrium was reached. After 4320 min, 
the raw adsorbents were separated from the 
solutions to obtain the adsorbent and the solution 
samples. The pH level of each sample was recorded 
before the suspended adsorbents in the solutions 
were filtered using a vacuum pump. Then, the final 
phosphorus concentration in the aqueous solution 
for each sample was determined using the amino 
acid method. 
 The second batch experiment was 
conducted to determine the removal efficiency E (%) 
and adsorption capacity q (mg/g), and to evaluate the 
kinetic and isotherm adsorption models of Lala clam 
shells adsorbents for phosphorus removal from 

aqueous phosphate solution. This batch experiment 
used a fixed initial concentration of 10 mg/L of 
aqueous solution. The raw adsorbents with masses 
of 2, 4, 6, 8 and 10 g were dissolved in different 
conical flasks containing 100 mL of 10 mg/L 
aqueous solution. Each sample was agitated until 
equilibrium was reached at 170 rpm for 30, 120, 300, 
1440 and 4320 min. Following equilibrium, the 
samples were then filtered and analyzed using the 
same procedure as in the first batch. 

ANALYSIS OF KINETIC MODEL 
 
The pseudo-first-order (PFO) and pseudo-second-
order (PSO) models were applied in the kinetic 
analysis to determine the adsorption mechanism 
(Salim et al., 2021) and the adsorption kinetics 
(Abdullah et al., 2022) of phosphorus onto 
adsorbents. Additionally, the Boyd kinetic model 
was also utilized. 

PSEUDO-FIRST ORDER MODEL 
 
The main concept of pseudo-first order model is the 
total rate of the unoccupied sites relative to the 
occupied sorption sites, which is essential in 
analyzing the validity of linear and nonlinear forms 
(Abdullah et al., 2023). This model can be 
represented as equation (1). 
 
ln(q! − q") = 	 ln(q!) − k#t$	        (1) 

 
The exponents q" (mg/g) and q! (mg/g) represent the 
amount of solute (phosphorus) adsorbed per unit 
mass of adsorbent at any given time, and at 
equilibrium, respectively, while k# is the rate 
constant of the pseudo-first order model. 

PSEUDO-SECOND ORDER MODEL 
 
The pseudo-second order model predicts that the 
available sites on the adsorbent are proportional to 
the total amount of solute adsorbed (Abdullah et al., 
2023). The adsorption rate correlates with the solute 
concentration on the surface of the adsorbent. The 
pseudo-second order model is expressed in equation 
(2). 
 
"
%!
= #

&"%#"
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%#
           (2) 

 
Where, the q" (mg/g) and q! (mg/g) 

represent the phosphorus concentration adsorbed, at 
any time t and at equilibrium, respectively, while k' 
is the rate constant of pseudo-second order, which 
may be analyzed by plotting "

%
 against t$. 

 

(1)

The exponents qt (mg/g) and qe (mg/g) represent the 
amount of solute (phosphorus) adsorbed per unit mass of 
adsorbent at any given time, and at equilibrium, respectively, 
while k1 is the rate constant of the pseudo-first order model.

PSEUDO-SECOND ORDER MODEL

The pseudo-second order model predicts that the available 
sites on the adsorbent are proportional to the total amount 
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of solute adsorbed (Abdullah et al., 2023). The adsorption 
rate correlates with the solute concentration on the surface 
of the adsorbent. The pseudo-second order model is 
expressed in equation (2).
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of chemical bonds (Abdullah et al., 2023) in raw 
Lala clam shell adsorbents. The samples of before 
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sample. This process ensured reliable and consistent 
spectral data for further analysis. Hence, the IR 
spectrum for both samples was obtained. 

BATCH EXPERIMENTS 
 
Two sets of batch experiments were performed in 
this study. The first batch aimed to evaluate the 
effectiveness of phosphorus removal with the 
required adsorbent masses at various initial 
concentrations by implementing a contour 
prediction diagram. In this batch experiment, raw 
adsorbents with masses of 2, 4, 6, 8 and 10 g were 
added into separate conical flasks containing 100 
mL of aqueous phosphate solutions with initial 
phosphorus concentrations of 5, 10, 15, 20 and 25 
mg/L respectively. Each sample was shaken together 
at 170 rpm for 4320 min using an orbital shaker to 
ensure the equilibrium was reached. After 4320 min, 
the raw adsorbents were separated from the 
solutions to obtain the adsorbent and the solution 
samples. The pH level of each sample was recorded 
before the suspended adsorbents in the solutions 
were filtered using a vacuum pump. Then, the final 
phosphorus concentration in the aqueous solution 
for each sample was determined using the amino 
acid method. 
 The second batch experiment was 
conducted to determine the removal efficiency E (%) 
and adsorption capacity q (mg/g), and to evaluate the 
kinetic and isotherm adsorption models of Lala clam 
shells adsorbents for phosphorus removal from 

aqueous phosphate solution. This batch experiment 
used a fixed initial concentration of 10 mg/L of 
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of 2, 4, 6, 8 and 10 g were dissolved in different 
conical flasks containing 100 mL of 10 mg/L 
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samples were then filtered and analyzed using the 
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ANALYSIS OF KINETIC MODEL 
 
The pseudo-first-order (PFO) and pseudo-second-
order (PSO) models were applied in the kinetic 
analysis to determine the adsorption mechanism 
(Salim et al., 2021) and the adsorption kinetics 
(Abdullah et al., 2022) of phosphorus onto 
adsorbents. Additionally, the Boyd kinetic model 
was also utilized. 

PSEUDO-FIRST ORDER MODEL 
 
The main concept of pseudo-first order model is the 
total rate of the unoccupied sites relative to the 
occupied sorption sites, which is essential in 
analyzing the validity of linear and nonlinear forms 
(Abdullah et al., 2023). This model can be 
represented as equation (1). 
 
ln(q! − q") = 	 ln(q!) − k#t$	        (1) 

 
The exponents q" (mg/g) and q! (mg/g) represent the 
amount of solute (phosphorus) adsorbed per unit 
mass of adsorbent at any given time, and at 
equilibrium, respectively, while k# is the rate 
constant of the pseudo-first order model. 

PSEUDO-SECOND ORDER MODEL 
 
The pseudo-second order model predicts that the 
available sites on the adsorbent are proportional to 
the total amount of solute adsorbed (Abdullah et al., 
2023). The adsorption rate correlates with the solute 
concentration on the surface of the adsorbent. The 
pseudo-second order model is expressed in equation 
(2). 
 
"
%!
= #

&"%#"
+ "

%#
           (2) 

 
Where, the q" (mg/g) and q! (mg/g) 

represent the phosphorus concentration adsorbed, at 
any time t and at equilibrium, respectively, while k' 
is the rate constant of pseudo-second order, which 
may be analyzed by plotting "

%
 against t$. 

 

(2)

Where, the qt (mg/g) and qe (mg/g) represent the 
phosphorus concentration adsorbed, at any time t and at 
equilibrium, respectively, while k2 is the rate constant of 
pseudo-second order, which may be analyzed by plotting  
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specimen stubs, ensuring full coverage of the stub 
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using the Quorum Q150RS sputter coater to enhance 
conductivity. Afterward, the samples were analyzed 
using the COXEM EM-30AX PLUS SEM for both 
analyses, where SEM was used to examine surface 
morphology while EDXRF determined elemental 
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Lala clam shell adsorbents. The samples of before 
and after phosphorus adsorption, were prepared and 
finely ground into powder. The attenuated total 
reflectance (ATR) crystal sampling surface of the 
Cary 630 FTIR model was wiped with ethanol to 
prevent contamination. The first sample was placed 
on the ATR sampling surface, and the frequency 
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its IR spectrum. The procedure was then repeated for 
the next sample. The first sample was carefully 
removed, and the ATR sampling surface was cleaned 
again with ethanol before introducing the next 
sample. This process ensured reliable and consistent 
spectral data for further analysis. Hence, the IR 
spectrum for both samples was obtained. 

BATCH EXPERIMENTS 
 
Two sets of batch experiments were performed in 
this study. The first batch aimed to evaluate the 
effectiveness of phosphorus removal with the 
required adsorbent masses at various initial 
concentrations by implementing a contour 
prediction diagram. In this batch experiment, raw 
adsorbents with masses of 2, 4, 6, 8 and 10 g were 
added into separate conical flasks containing 100 
mL of aqueous phosphate solutions with initial 
phosphorus concentrations of 5, 10, 15, 20 and 25 
mg/L respectively. Each sample was shaken together 
at 170 rpm for 4320 min using an orbital shaker to 
ensure the equilibrium was reached. After 4320 min, 
the raw adsorbents were separated from the 
solutions to obtain the adsorbent and the solution 
samples. The pH level of each sample was recorded 
before the suspended adsorbents in the solutions 
were filtered using a vacuum pump. Then, the final 
phosphorus concentration in the aqueous solution 
for each sample was determined using the amino 
acid method. 
 The second batch experiment was 
conducted to determine the removal efficiency E (%) 
and adsorption capacity q (mg/g), and to evaluate the 
kinetic and isotherm adsorption models of Lala clam 
shells adsorbents for phosphorus removal from 

aqueous phosphate solution. This batch experiment 
used a fixed initial concentration of 10 mg/L of 
aqueous solution. The raw adsorbents with masses 
of 2, 4, 6, 8 and 10 g were dissolved in different 
conical flasks containing 100 mL of 10 mg/L 
aqueous solution. Each sample was agitated until 
equilibrium was reached at 170 rpm for 30, 120, 300, 
1440 and 4320 min. Following equilibrium, the 
samples were then filtered and analyzed using the 
same procedure as in the first batch. 

ANALYSIS OF KINETIC MODEL 
 
The pseudo-first-order (PFO) and pseudo-second-
order (PSO) models were applied in the kinetic 
analysis to determine the adsorption mechanism 
(Salim et al., 2021) and the adsorption kinetics 
(Abdullah et al., 2022) of phosphorus onto 
adsorbents. Additionally, the Boyd kinetic model 
was also utilized. 

PSEUDO-FIRST ORDER MODEL 
 
The main concept of pseudo-first order model is the 
total rate of the unoccupied sites relative to the 
occupied sorption sites, which is essential in 
analyzing the validity of linear and nonlinear forms 
(Abdullah et al., 2023). This model can be 
represented as equation (1). 
 
ln(q! − q") = 	 ln(q!) − k#t$	        (1) 

 
The exponents q" (mg/g) and q! (mg/g) represent the 
amount of solute (phosphorus) adsorbed per unit 
mass of adsorbent at any given time, and at 
equilibrium, respectively, while k# is the rate 
constant of the pseudo-first order model. 

PSEUDO-SECOND ORDER MODEL 
 
The pseudo-second order model predicts that the 
available sites on the adsorbent are proportional to 
the total amount of solute adsorbed (Abdullah et al., 
2023). The adsorption rate correlates with the solute 
concentration on the surface of the adsorbent. The 
pseudo-second order model is expressed in equation 
(2). 
 
"
%!
= #

&"%#"
+ "

%#
           (2) 

 
Where, the q" (mg/g) and q! (mg/g) 

represent the phosphorus concentration adsorbed, at 
any time t and at equilibrium, respectively, while k' 
is the rate constant of pseudo-second order, which 
may be analyzed by plotting "

%
 against t$. 

 
 against ti.

BOYD KINETIC MODEL

Benjelloun et al. (2021) identified a Boyd model as one of 
the key kinetic models for distinguishing the diffusion of 
intraparticle and extraparticle. Hence, Boyd’s kinetic model 
is expressed in equation (3).
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BOYD KINETIC MODEL 
 
Benjelloun et al. (2021) identified a Boyd model as 
one of the key kinetic models for distinguishing the 
diffusion of intraparticle and extraparticle. Hence, 
Boyd's kinetic model is expressed in equation (3). 
 
B" = −0.4977 − ln 21 − (!

(#
4        (3) 

 
Where, B" is the constant value of Boyd, Q" 

represents the adsorbate value in adsorbent at time t 
(mg/g) and Q! expresses the adsorbate value in 
adsorbent at equilibrium condition (mg/g). To 
examine this model, it is essential to convey the B" 
in a graph form as a measure of contact time t and 
determine the coefficient of determination R2. 

ANALYSIS OF ISOTHERM MODEL 
 
Freundlich, Langmuir (Salim et al., 2021) and Henry 
(Ehiomogue et al., 2021) models were used for the 
isotherm analysis to determine the adsorption 
isotherm of phosphorus onto adsorbents (Abdullah 
et al., 2022). The removal efficiency percentage (E) 
and adsorption capacity (q) were identified using 
equations (4) and (5). 
 
𝐸𝐸 = )*$+*%,

*$
× 100%          (4) 

 
𝑞𝑞 = )*$+*%,×.

/
           (5)

                     
Where Ci is the concentration value at the 

initial, Cf is the concentration value at the final, m 
represents the mass of adsorbents, and V expresses 
the volume. 

FREUNDLICH MODEL 
 
The adsorbate and the adsorbent surface that bind 
physically cause the Freundlich adsorption to occur 
(Ikhsan et al., 2022). Theoretically, Freundlich 
predicts that the occurrence of adsorption is in 
heterogeneous layers and multilayers. Freundlich 
model shows the difference on a surface and the 
increase of active sites (Li et al., 2021), which is 
expressed in equation (6). 
  
ln 𝑞𝑞0 = ln𝐾𝐾1 +

#
2
ln 𝐶𝐶0          (6) 

 
Where, the exponent of 𝑞𝑞0 is the absorbed 

metal ion concentration when it reaches equilibrium 
(mg/g), Ce is the concentration of solution 
containing metal ions at equilibrium (mg/L), while 
𝐾𝐾1 and #

2
 are the rate constants of the Freundlich 

model.  

LANGMUIR MODEL 
 
The reaction of chemical bonds between the 
absorbent and adsorbate surfaces causes the 
occurrence of Langmuir isotherm (Ikhsan et al., 
2022). Langmuir's model predicted the adsorbent to 
be saturated when the coverage of monolayer 
adsorbate on the adsorbent was connected to a 
homogeneous surface without the reactions from 
absorbed molecules (Salim et al., 2021). The 
equation of this model was expressed in equation 
(7), 
 
#
3&
= #

4'3()**&
+ #

3()*
          (7) 

 
Where Langmuir is represented by 𝐾𝐾5 is the 

energies of interaction and 𝑞𝑞/67 is the maximum of 
adsorption capacity. 

HENRY’S ISOTHERM MODEL 
 
This model is a one-parameter isotherm that defines 
adsorption equilibrium at low and constant 
temperatures. The adsorbate equilibrium in a fluid is 
associated with the adsorptive fluid partial pressure. 
This situation is expressed in equation (8). 
 
𝑄𝑄0 = 𝐾𝐾8𝐶𝐶0           (8) 
 

𝑄𝑄0 is the amount of adsorbate at the 
equilibrium condition (mg/g), 𝐾𝐾8 is the value of 
constant and 𝐶𝐶0 is the adsorbate concentration on the 
adsorbent at equilibrium. 

 
 

RESULTS AND DISCUSSION 

PHYSICOCHEMICAL CHARACTERISTICS OF 
RAW LALA CLAM SHELL 

XRD ANALYSIS 
 
XRD analysis was performed to identify the 
crystallographic phases of synthesized materials 
(Massit et al., 2021) and to determine the purity of 
inorganic substances (Abdullah et al., 2023) in raw 
Lala clam shell adsorbents before and after 
phosphorus adsorption. Figure 1 depicts the 
quantification and XRD patterns for raw Lala clam 
shells before and after phosphorus adsorption. 
 

(3)

Where, Bt is the constant value of Boyd, Qt represents 
the adsorbate value in adsorbent at time t (mg/g) and Qe 
expresses the adsorbate value in adsorbent at equilibrium 
condition (mg/g). To examine this model, it is essential to 
convey the Bt in a graph form as a measure of contact time 
t and determine the coefficient of determination R2.

ANALYSIS OF ISOTHERM MODEL

Freundlich, Langmuir (Salim et al., 2021) and Henry 
(Ehiomogue et al., 2021) models were used for the isotherm 
analysis to determine the adsorption isotherm of phosphorus 
onto adsorbents (Abdullah et al., 2022). The removal 
efficiency percentage (E) and adsorption capacity (q) were 
identified using equations (4) and (5).
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Benjelloun et al. (2021) identified a Boyd model as 
one of the key kinetic models for distinguishing the 
diffusion of intraparticle and extraparticle. Hence, 
Boyd's kinetic model is expressed in equation (3). 
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Where, B" is the constant value of Boyd, Q" 

represents the adsorbate value in adsorbent at time t 
(mg/g) and Q! expresses the adsorbate value in 
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examine this model, it is essential to convey the B" 
in a graph form as a measure of contact time t and 
determine the coefficient of determination R2. 
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Freundlich, Langmuir (Salim et al., 2021) and Henry 
(Ehiomogue et al., 2021) models were used for the 
isotherm analysis to determine the adsorption 
isotherm of phosphorus onto adsorbents (Abdullah 
et al., 2022). The removal efficiency percentage (E) 
and adsorption capacity (q) were identified using 
equations (4) and (5). 
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Where Ci is the concentration value at the 

initial, Cf is the concentration value at the final, m 
represents the mass of adsorbents, and V expresses 
the volume. 

FREUNDLICH MODEL 
 
The adsorbate and the adsorbent surface that bind 
physically cause the Freundlich adsorption to occur 
(Ikhsan et al., 2022). Theoretically, Freundlich 
predicts that the occurrence of adsorption is in 
heterogeneous layers and multilayers. Freundlich 
model shows the difference on a surface and the 
increase of active sites (Li et al., 2021), which is 
expressed in equation (6). 
  
ln 𝑞𝑞0 = ln𝐾𝐾1 +

#
2
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Where, the exponent of 𝑞𝑞0 is the absorbed 

metal ion concentration when it reaches equilibrium 
(mg/g), Ce is the concentration of solution 
containing metal ions at equilibrium (mg/L), while 
𝐾𝐾1 and #

2
 are the rate constants of the Freundlich 

model.  

LANGMUIR MODEL 
 
The reaction of chemical bonds between the 
absorbent and adsorbate surfaces causes the 
occurrence of Langmuir isotherm (Ikhsan et al., 
2022). Langmuir's model predicted the adsorbent to 
be saturated when the coverage of monolayer 
adsorbate on the adsorbent was connected to a 
homogeneous surface without the reactions from 
absorbed molecules (Salim et al., 2021). The 
equation of this model was expressed in equation 
(7), 
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Where Langmuir is represented by 𝐾𝐾5 is the 

energies of interaction and 𝑞𝑞/67 is the maximum of 
adsorption capacity. 

HENRY’S ISOTHERM MODEL 
 
This model is a one-parameter isotherm that defines 
adsorption equilibrium at low and constant 
temperatures. The adsorbate equilibrium in a fluid is 
associated with the adsorptive fluid partial pressure. 
This situation is expressed in equation (8). 
 
𝑄𝑄0 = 𝐾𝐾8𝐶𝐶0           (8) 
 

𝑄𝑄0 is the amount of adsorbate at the 
equilibrium condition (mg/g), 𝐾𝐾8 is the value of 
constant and 𝐶𝐶0 is the adsorbate concentration on the 
adsorbent at equilibrium. 

 
 

RESULTS AND DISCUSSION 

PHYSICOCHEMICAL CHARACTERISTICS OF 
RAW LALA CLAM SHELL 

XRD ANALYSIS 
 
XRD analysis was performed to identify the 
crystallographic phases of synthesized materials 
(Massit et al., 2021) and to determine the purity of 
inorganic substances (Abdullah et al., 2023) in raw 
Lala clam shell adsorbents before and after 
phosphorus adsorption. Figure 1 depicts the 
quantification and XRD patterns for raw Lala clam 
shells before and after phosphorus adsorption. 
 

(4)
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Boyd's kinetic model is expressed in equation (3). 
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Where, B" is the constant value of Boyd, Q" 

represents the adsorbate value in adsorbent at time t 
(mg/g) and Q! expresses the adsorbate value in 
adsorbent at equilibrium condition (mg/g). To 
examine this model, it is essential to convey the B" 
in a graph form as a measure of contact time t and 
determine the coefficient of determination R2. 

ANALYSIS OF ISOTHERM MODEL 
 
Freundlich, Langmuir (Salim et al., 2021) and Henry 
(Ehiomogue et al., 2021) models were used for the 
isotherm analysis to determine the adsorption 
isotherm of phosphorus onto adsorbents (Abdullah 
et al., 2022). The removal efficiency percentage (E) 
and adsorption capacity (q) were identified using 
equations (4) and (5). 
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Where Ci is the concentration value at the 

initial, Cf is the concentration value at the final, m 
represents the mass of adsorbents, and V expresses 
the volume. 

FREUNDLICH MODEL 
 
The adsorbate and the adsorbent surface that bind 
physically cause the Freundlich adsorption to occur 
(Ikhsan et al., 2022). Theoretically, Freundlich 
predicts that the occurrence of adsorption is in 
heterogeneous layers and multilayers. Freundlich 
model shows the difference on a surface and the 
increase of active sites (Li et al., 2021), which is 
expressed in equation (6). 
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Where, the exponent of 𝑞𝑞0 is the absorbed 

metal ion concentration when it reaches equilibrium 
(mg/g), Ce is the concentration of solution 
containing metal ions at equilibrium (mg/L), while 
𝐾𝐾1 and #

2
 are the rate constants of the Freundlich 

model.  

LANGMUIR MODEL 
 
The reaction of chemical bonds between the 
absorbent and adsorbate surfaces causes the 
occurrence of Langmuir isotherm (Ikhsan et al., 
2022). Langmuir's model predicted the adsorbent to 
be saturated when the coverage of monolayer 
adsorbate on the adsorbent was connected to a 
homogeneous surface without the reactions from 
absorbed molecules (Salim et al., 2021). The 
equation of this model was expressed in equation 
(7), 
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Where Langmuir is represented by 𝐾𝐾5 is the 

energies of interaction and 𝑞𝑞/67 is the maximum of 
adsorption capacity. 

HENRY’S ISOTHERM MODEL 
 
This model is a one-parameter isotherm that defines 
adsorption equilibrium at low and constant 
temperatures. The adsorbate equilibrium in a fluid is 
associated with the adsorptive fluid partial pressure. 
This situation is expressed in equation (8). 
 
𝑄𝑄0 = 𝐾𝐾8𝐶𝐶0           (8) 
 

𝑄𝑄0 is the amount of adsorbate at the 
equilibrium condition (mg/g), 𝐾𝐾8 is the value of 
constant and 𝐶𝐶0 is the adsorbate concentration on the 
adsorbent at equilibrium. 

 
 

RESULTS AND DISCUSSION 

PHYSICOCHEMICAL CHARACTERISTICS OF 
RAW LALA CLAM SHELL 

XRD ANALYSIS 
 
XRD analysis was performed to identify the 
crystallographic phases of synthesized materials 
(Massit et al., 2021) and to determine the purity of 
inorganic substances (Abdullah et al., 2023) in raw 
Lala clam shell adsorbents before and after 
phosphorus adsorption. Figure 1 depicts the 
quantification and XRD patterns for raw Lala clam 
shells before and after phosphorus adsorption. 
 

(5)

Where Ci is the concentration value at the initial, Cf 
is the concentration value at the final, m represents the mass 
of adsorbents, and V expresses the volume.

FREUNDLICH MODEL

The adsorbate and the adsorbent surface that bind 
physically cause the Freundlich adsorption to occur (Ikhsan 
et al., 2022). Theoretically, Freundlich predicts that the 
occurrence of adsorption is in heterogeneous layers and 
multilayers. Freundlich model shows the difference on a 
surface and the increase of active sites (Li et al., 2021), 
which is expressed in equation (6).
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Boyd's kinetic model is expressed in equation (3). 
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Where, B" is the constant value of Boyd, Q" 

represents the adsorbate value in adsorbent at time t 
(mg/g) and Q! expresses the adsorbate value in 
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equations (4) and (5). 
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the volume. 

FREUNDLICH MODEL 
 
The adsorbate and the adsorbent surface that bind 
physically cause the Freundlich adsorption to occur 
(Ikhsan et al., 2022). Theoretically, Freundlich 
predicts that the occurrence of adsorption is in 
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increase of active sites (Li et al., 2021), which is 
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Where, the exponent of 𝑞𝑞0 is the absorbed 

metal ion concentration when it reaches equilibrium 
(mg/g), Ce is the concentration of solution 
containing metal ions at equilibrium (mg/L), while 
𝐾𝐾1 and #
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model.  

LANGMUIR MODEL 
 
The reaction of chemical bonds between the 
absorbent and adsorbate surfaces causes the 
occurrence of Langmuir isotherm (Ikhsan et al., 
2022). Langmuir's model predicted the adsorbent to 
be saturated when the coverage of monolayer 
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absorbed molecules (Salim et al., 2021). The 
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Where Langmuir is represented by 𝐾𝐾5 is the 

energies of interaction and 𝑞𝑞/67 is the maximum of 
adsorption capacity. 

HENRY’S ISOTHERM MODEL 
 
This model is a one-parameter isotherm that defines 
adsorption equilibrium at low and constant 
temperatures. The adsorbate equilibrium in a fluid is 
associated with the adsorptive fluid partial pressure. 
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𝑄𝑄0 is the amount of adsorbate at the 
equilibrium condition (mg/g), 𝐾𝐾8 is the value of 
constant and 𝐶𝐶0 is the adsorbate concentration on the 
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XRD analysis was performed to identify the 
crystallographic phases of synthesized materials 
(Massit et al., 2021) and to determine the purity of 
inorganic substances (Abdullah et al., 2023) in raw 
Lala clam shell adsorbents before and after 
phosphorus adsorption. Figure 1 depicts the 
quantification and XRD patterns for raw Lala clam 
shells before and after phosphorus adsorption. 
 

(6)

Where, the exponent of qe is the absorbed metal ion 
concentration when it reaches equilibrium (mg/g), Ce is 
the concentration of solution containing metal ions at 
equilibrium (mg/L), while KF and 
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physically cause the Freundlich adsorption to occur 
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predicts that the occurrence of adsorption is in 
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occurrence of Langmuir isotherm (Ikhsan et al., 
2022). Langmuir's model predicted the adsorbent to 
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Where Langmuir is represented by 𝐾𝐾5 is the 
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HENRY’S ISOTHERM MODEL 
 
This model is a one-parameter isotherm that defines 
adsorption equilibrium at low and constant 
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associated with the adsorptive fluid partial pressure. 
This situation is expressed in equation (8). 
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𝑄𝑄0 is the amount of adsorbate at the 
equilibrium condition (mg/g), 𝐾𝐾8 is the value of 
constant and 𝐶𝐶0 is the adsorbate concentration on the 
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crystallographic phases of synthesized materials 
(Massit et al., 2021) and to determine the purity of 
inorganic substances (Abdullah et al., 2023) in raw 
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phosphorus adsorption. Figure 1 depicts the 
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 are the rate constants 
of the Freundlich model. 

LANGMUIR MODEL

The reaction of chemical bonds between the absorbent and 
adsorbate surfaces causes the occurrence of Langmuir 
isotherm (Ikhsan et al., 2022). Langmuir’s model predicted 
the adsorbent to be saturated when the coverage of 
monolayer adsorbate on the adsorbent was connected to a 
homogeneous surface without the reactions from absorbed 
molecules (Salim et al., 2021). The equation of this model 
was expressed in equation (7),
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The adsorbate and the adsorbent surface that bind 
physically cause the Freundlich adsorption to occur 
(Ikhsan et al., 2022). Theoretically, Freundlich 
predicts that the occurrence of adsorption is in 
heterogeneous layers and multilayers. Freundlich 
model shows the difference on a surface and the 
increase of active sites (Li et al., 2021), which is 
expressed in equation (6). 
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be saturated when the coverage of monolayer 
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Qe is the amount of adsorbate at the equilibrium 
condition (mg/g), KH is the value of constant and Ce is the 
adsorbate concentration on the adsorbent at equilibrium.
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RESULTS AND DISCUSSION

PHYSICOCHEMICAL CHARACTERISTICS OF RAW 
LALA CLAM SHELL

XRD ANALYSIS

XRD analysis was performed to identify the crystallographic 
phases of synthesized materials (Massit et al., 2021) and 
to determine the purity of inorganic substances (Abdullah 
et al., 2023) in raw Lala clam shell adsorbents before and 
after phosphorus adsorption. Figure 1 depicts the 
quantification and XRD patterns for raw Lala clam shells 
before and after phosphorus adsorption.
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FIGURE 1. (a) The quantification before adsorption and 
(b) XRD patterns before adsorption, (c) The 

quantification after adsorption, and (d) XRD patterns 
after adsorption of raw Lala clam shell-based adsorbents  

 
Based on Figures 1(a) and 1(b), aragonite 

is the primary component identified in the XRD 
pattern of raw Lala clam shells, consistent with 
previous studies on various shell-based adsorbents. 
Nayeem et al. (2023) reported that cockle shell 
powder primarily consists of aragonite. Similarly, 
Abdullah et al. (2023b) confirmed that aragonite and 
calcium carbonate are the major components in raw 
marsh clam shells, contributing to their effectiveness 
in phosphorus adsorption. Hamid (2022) states that 
aragonite is a crystal form of calcium carbonate 
(CaCO₃) that naturally occurs in marine organisms' 
shells, such as clams. It is a primary mineral in clam 
shells since its structure is stable (Habte et al., 2020). 
Hence, raw Lala clam shells consist of 100 % 
aragonite before going through phosphorus 
adsorption (Nhung et al., 2023). 

After phosphorus adsorption, the XRD 
patterns show peaks that the HighScore software 
automatically assigned to graphite-2H, dicodium 
acetylide-I (Na₂C₂), sodium hydroxide-alpha 
(NaOH), and strontium copper oxide (1/1/2.5) 
(SrCuO₃), as shown in Figures 1(c) and 1(d). While 
these peaks appear in the analysis, the formation of 
such compounds is not chemically plausible in a 
CaCO₃–phosphate aqueous system and likely results 
from trace contamination. Aragonite remains the 
dominant crystalline phase, and observed changes in 
diffraction intensity are consistent with phosphorus 
adsorption on the surface of raw Lala clam shells 
(Brandão et al., 2021). Brakemi et al. (2023) 
reported peak shifts, decreased peak intensity, and 
the disappearance of specific diffraction peaks after 
adsorption. These changes were indicative of 
phosphorus adsorption onto the surface of 
adsorbents. 

Interestingly, phosphorus was not detected 
in the XRD analysis after adsorption, possibly due 
to the detection limits of the XRD equipment. A 
similar observation was reported by Santos et al. 
(2024), who found that phosphorus was not detected 
after adsorption onto biogenic calcium carbonate. 
The study suggested that the phosphorus may exist 
as an amorphous surface precipitate or in a dispersed 
phase, making it undetectable by XRD. This 
phenomenon occurs due to the reaction of 
phosphorus with calcium, forming small and highly 
dispersed calcium phosphate particles on the CaCO₃ 
surface. If these particles are amorphous or 
extremely fine, they may not generate distinct 
diffraction peaks, making them difficult for XRD to 
detect (Santos et al., 2024). 
 Graphite-2H was observed at 36.6 % in raw 
Lala clam shells after phosphorus adsorption. It is a 
form of carbon with a hexagonal crystal structure 
(Albetran, 2020). According to Piaskowski & 
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FIGURE 1. (a) The quantification before adsorption and (b) 
XRD patterns before adsorption, (c) The quantification after 

adsorption, and (d) XRD patterns after adsorption of raw Lala 
clam shell-based adsorbents 

Based on Figures 1(a) and 1(b), aragonite is the 
primary component identified in the XRD pattern of raw 
Lala clam shells, consistent with previous studies on 
various shell-based adsorbents. Nayeem et al. (2023) 
reported that cockle shell powder primarily consists of 
aragonite. Similarly, Abdullah et al. (2023b) confirmed that 
aragonite and calcium carbonate are the major components 
in raw marsh clam shells, contributing to their effectiveness 
in phosphorus adsorption. Hamid (2022) states that 
aragonite is a crystal form of calcium carbonate (CaCO3) 
that naturally occurs in marine organisms’ shells, such as 
clams. It is a primary mineral in clam shells since its 
structure is stable (Habte et al., 2020). Hence, raw Lala 
clam shells consist of 100 % aragonite before going through 
phosphorus adsorption (Nhung et al., 2023).
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After phosphorus adsorption, the XRD patterns show 
peaks that the HighScore software automatically assigned 
to graphite-2H, dicodium acetylide-I (Na2C2), sodium 
hydroxide-alpha (NaOH), and strontium copper oxide 
(1/1/2.5) (SrCuO3), as shown in Figures 1(c) and 1(d). 
While these peaks appear in the analysis, the formation of 
such compounds is not chemically plausible in a CaCO3–
phosphate aqueous system and likely results from trace 
contamination. Aragonite remains the dominant crystalline 
phase, and observed changes in diffraction intensity are 
consistent with phosphorus adsorption on the surface of 
raw Lala clam shells (Brandão et al., 2021). Brakemi et al. 
(2023) reported peak shifts, decreased peak intensity, and 
the disappearance of specific diffraction peaks after 
adsorption. These changes were indicative of phosphorus 
adsorption onto the surface of adsorbents.

Interestingly, phosphorus was not detected in the XRD 
analysis after adsorption, possibly due to the detection 
limits of the XRD equipment. A similar observation was 
reported by Santos et al. (2024), who found that phosphorus 
was not detected after adsorption onto biogenic calcium 
carbonate. The study suggested that the phosphorus may 
exist as an amorphous surface precipitate or in a dispersed 
phase, making it undetectable by XRD. This phenomenon 
occurs due to the reaction of phosphorus with calcium, 
forming small and highly dispersed calcium phosphate 
particles on the CaCO3 surface. If these particles are 
amorphous or extremely fine, they may not generate 
distinct diffraction peaks, making them difficult for XRD 
to detect (Santos et al., 2024).

Graphite-2H was observed at 36.6 % in raw Lala clam 
shells after phosphorus adsorption. It is a form of carbon 
with a hexagonal crystal structure (Albetran, 2020). 
According to Piaskowski & Zarzycki (2020), the detection 
of graphite in raw Lala clam shells after phosphorus 
adsorption can result from carbonaceous contamination 
during the adsorption process. Furthermore, disodium 
acetylide-I, a compound of sodium and carbon, was 
detected at 22.8% (Swapna & Sankararaman, 2020). The 
presence of these phases is not chemically expected in a 
CaCO3–phosphate system and may reflect trace 
contamination.

Sodium hydroxide-alpha, identified at 18.8% in raw 
Lala clam shells after phosphorus adsorption, is a 
crystalline solid in an alkaline compound (Kljajević et al., 
2022). Similarly, Strontium copper oxide (1/1/2.5) detected 
as a complex oxide compound comprised of strontium and 
copper (Khalil et al., 2022). However, their presences in 
phosphorus adsorption onto raw Lala clam shells could be 
due to impurities containing this compound (Bashir et al., 
2023). The main crystalline phase remains aragonite, and 
the reduction proves that raw Lala clam shells were 
transformed under chemical interactions (Li et al., 2020). 

SEM ANALYSIS

SEM analysis was conducted to identify the surface 
morphology (Abdullah et al., 2023) of raw Lala clam shells 
before and after phosphorus adsorption. The study was 
performed at a magnification of 2,000× with a scale bar of 
10 μm for both adsorbents. These settings ensure that the 
images focus on the microscopic structures within an 
excellent scale (Zheng et al., 2024). Figures 2(a) and 2(b) 
depict the surface morphology of raw Lala clam shells 
before and after phosphorus adsorption at 2,000× 
magnification and 10 μm scale bar.

(a)

(b)

FIGURE 2. SEM photomicrographs for raw Lala clam shells 
(a) before and (b) after phosphorus adsorption, showing

surface characteristics at a magnification of 2,000×

Figure 2(a) shows the raw Lala clam shell adsorbent
before phosphorus adsorption. It demonstrates a porous 
structure with interconnected voids of varying sizes (Singh 
et al., 2025). The high porosity increases the surface area 
of raw Lala clam shell adsorbent, which is essential for 
efficient adsorption (Lee et al., 2021). Similar porous 
structures have been reported in other shell-based 
adsorbents, including marsh clam shells (Abdullah et al., 



1740

2023b) at 10,000× magnifications, exhibiting an irregular, 
rough, and porous surface. The raw Lala clam shell 
adsorbent surface also contains small cracks and fractures, 
which enhance accessibility to adsorption sites (María 
Lorena et al., 2025). Additionally, the texture appears rough 
and uneven, with jagged and fragmented regions 
(Muchunku et al., 2023; Cao et al., 2025). The presence of 
bright and dark contrasts in the image suggests differences 
in elemental composition, where brighter areas describe 
heavier elements, including calcium, while darker regions 
represent organic matter or voids (Rebora et al., 2023; 
Kazak et al., 2021). 

Following phosphorus adsorption, as seen in Figure 
2(b), the SEM image shows a significant reduction in 
porosity, with many previously visible voids appearing 
filled or blocked (Chen et al., 2022). This is consistent with 
the findings of Brakemi et al. (2023), who reported that 
scallop and whelk shells exhibited smoother surfaces after 
phosphorus adsorption, indicating phosphorus attachment. 
Additionally, the surface appears denser and more compact 
in raw Lala clam shell adsorbent, suggesting phosphate 
ions have successfully attached to the shell structure (Shao 
et al., 2022). Compared to the state before phosphorus 
adsorption, the texture looks smoother and more 

homogeneous, with fewer cracks and irregular regions 
(Benaoune et al., 2025; Shi et al., 2023). The disappearance 
of small cracks and fractures describes structural changes 
caused by interactions between phosphate ions and the 
adsorbent (Moustafa et al., 2024). Additionally, increased 
particle aggregation forms a compact structure, which 
might be attributed to phosphorus bonding with calcium-
rich components, leading to flocculation (Adly et al., 2022; 
Gonçalves et al., 2024). The brighter spots in the SEM 
image are more prominent after adsorption, indicating 
phosphorus deposition on the shell surface.

EDXRF ANALYSIS

EDXRF analysis was conducted to identify the elemental 
compositions of raw Lala clam shells before and after 
phosphorus (Abdullah et al., 2022). Hence, the results of 
this analysis help in understanding the compositional 
changes in raw Lala clam shells caused by phosphorus 
adsorption (Kaljunen et al., 2022). Figures 3(a) and 3(b) 
depict the elemental compositions of the adsorbents before 
and after adsorption, respectively.
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environment (Van et al., 2020). In contrast, Muslim 
et al. (2025) reported a decrease in iron from 2.02% 
to 1.48% after adsorption rather than complete 
removal. The variation could result from differences 
in the initial iron composition or the adsorption 
conditions. According to Longhini et al. (2021), iron 
in clam shells often originates from environmental 
contamination, such as iron oxides in sediments. 
 The aluminum (Al) in raw Lala clam shells 
decreased from 3.18% to 0.31% after phosphorus 
adsorption, indicating a significant reduction. 
Muslim et al. (2025) also observed a decrease in 
aluminium content, from 1.39% to 0.24%, aligning 
with this study’s findings. The reduction suggests 
that aluminum may have been partially dissolved or 
removed during the adsorption process. Normally, 
aluminum in shells can originate from 
environmental exposure and can be affected by 
adsorption conditions (Schöne et al., 2023). 

Sulfur (S) was present at 1.83% before 
adsorption but became undetectable after the 
process. In contrast, strontium (Sr), sodium (Na) and 
magnesium (Mg) showed slight decreases from 
0.18% to 0.15%, 0.56% to 0.14%, and 0.49% to 
0.34%, respectively. These elements could be 
environmental contaminants present in the raw Lala 
clam shells or naturally embedded in the shell 
structure (Schöne et al., 2023), while sulfur typically 
exists in organic compounds or sulfates (Zhang et 
al., 2022). These reductions or disappearance 
suggest that the elements were either leached out or 
structurally altered during adsorption (Van et al., 
2020). Muslim et al. (2025) did not report values for 
S, Sr, Na, or Mg, which prevents a direct 
comparison. 

Similarly, carbon (C) was initially present 
at 35.37% in raw Lala clam shells but became 
undetectable after phosphorus adsorption. This 
could be attributed to the release of carbon as carbon 
dioxide (CO₂) during chemical processing (Park et 
al., 2022). In comparison, Muslim et al. (2025) 
reported an increase in carbon content, from 23.73% 
to 48.33% after phosphorus adsorption. It may be 
due to the adsorption of organic phosphate 
compounds or the deposition of carbon-containing 
species onto the shell surface. The discrepancy may 
be due to differences in the adsorption environment, 
materials used, or the presence of other compounds 
influencing carbon retention. According to Azarian 
& Sutapun (2022), carbon is a key component of 
calcium carbonate (CaCO₃) that makes up the shells. 

Finally, potassium (K) and copper (Cu) 
were only detected after phosphorus adsorption, at 
0.13% and 1.53%, respectively. The presence of 
potassium after adsorption may be due to ion 
exchange between potassium ions in the solution 
and calcium ions from the clam shell matrix, as 
potassium is commonly found in marine 
environments and can be introduced through the 
adsorption process (Li et al., 2021). Copper, on the 

other hand, may have originated from external 
contamination, such as leaching from experimental 
equipment or reagents used during the adsorption 
process (Tian et al., 2021). The previous study by 
Muslim et al. (2025) did not mention these elements, 
suggesting either their absence in the marsh clam 
shells studied or that differences in experimental 
conditions influenced their detection. 

FTIR ANALYSIS 
 
FTIR analysis was conducted to analyze the 
chemical composition and the functional groups or 
chemical bonds that existed (Abdullah et al., 2023) 
in raw Lala clam shells before and after phosphorus 
adsorption. Figures 4(a) and 4(b) depict the results 
from FTIR analysis for raw Lala clam shells before 
and after phosphorus adsorption, respectively. 
 

 
 

(a) 

 
 

(b) 
 

FIGURE 4. FTIR results for raw Lala clam shells (a) 
before and (b) after phosphorus adsorption 

 
 Based on Figure 4, FTIR analysis was 
performed within the frequency range from 600 cm⁻¹ 
to 4000 cm⁻¹, before and after phosphorus 
adsorption onto raw Lala clam shells. The increase 
or decrease in wavenumber after phosphorus 
adsorption suggests changes in bond environments 
due to interaction with phosphorus molecules, 
altering the energy required for bond stretching 
(Ganta et al., 2021). The interpreted IR spectrum of 
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potassium is commonly found in marine 
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other hand, may have originated from external 
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suggesting either their absence in the marsh clam 
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FTIR analysis was conducted to analyze the 
chemical composition and the functional groups or 
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performed within the frequency range from 600 cm⁻¹ 
to 4000 cm⁻¹, before and after phosphorus 
adsorption onto raw Lala clam shells. The increase 
or decrease in wavenumber after phosphorus 
adsorption suggests changes in bond environments 
due to interaction with phosphorus molecules, 
altering the energy required for bond stretching 
(Ganta et al., 2021). The interpreted IR spectrum of 

(b)

FIGURE 3. Elemental compositions presence of raw Lala clam shells (a) before and (b) after phosphorus adsorption
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Based on Figure 3, the differences in elemental 
composition between before and after phosphorus 
adsorption onto raw Lala clam shells indicate potential 
phosphorus adsorption onto the shell surface. These 
variations are further analyzed (Table 1) to understand the 
elemental composition differences before and after 
phosphorus adsorption.

TABLE 1. Elemental compositions of raw Lala clam shells 
before and after phosphorus adsorption

Element

Raw Lala clam shells 
before phosphorus 

adsorption
(%)

Raw Lala clam shells 
after phosphorus 

adsorption
(%)

Ca 6.76 44.22
Si 5.01 -
O 40.46 44.82
Fe 6.16 -
S 1.83 -
Al 3.18 0.31
Sr 0.18 0.15
Na 0.56 0.14
Mg 0.49 0.34
C 35.37 -
K - 0.13
Cu - 1.53

Total 100.00 100.00

Based on Table 1, the percentage of calcium (Ca) 
element in raw Lala clam shells increased from 6.76% to 
44.22% after phosphorus adsorption. This finding contrasts 
with a study by Muslim et al. (2025), where calcium 
content in marsh clam shells decreased from 72.86% to 
49.95% after phosphorus adsorption. According to Mititelu 
et al. (2021), calcium is the primary composition in clam 
shells, generally in the calcium carbonate (CaCO3) form. 
Therefore, the very low initial calcium value and the sharp 
increase observed after adsorption in this study are more 
likely due to normalization artefacts or sample 
heterogeneity, rather than absolute calcium enrichment or 
depletion. (Pervov et al., 2022). In contrast, the reduction 
in calcium content reported by Muslim et al. (2025) is 
more consistent with the phosphate adsorption mechanism 
involving calcium dissolution. 

Silicon (Si) element was also detected at 5.01% before 
phosphorus adsorption but became undetectable after 
adsorption. This element likely originated from 
environmental contamination or habitat exposure, 
including sand or silicates (Pikula et al., 2020). The element 
was undetectable after the phosphorus adsorption process 
due to the dissolution of the silicates (Li et al., 2022). 
However, silicon was not reported in the previous study of 

marsh clam shells, indicating a possible difference in the 
initial composition of the adsorbent material used.

In addition, the oxygen (O) increase from 40.46% to 
44.82% proves that new oxide phases occurred during the 
phosphorus adsorption process (Deng et al., 2020). This 
element in raw Lala clam shells is a part of mineral and 
organic matter (Ubaldini et al., 2024), where it may be 
present in calcium carbonate (CaCO3) compounds (Yadav 
et al., 2021). However, Muslim et al. (2025) did not report 
oxygen content before or after adsorption, making direct 
comparisons difficult. This omission could be due to 
differences in data presentation, as some studies focus on 
major and trace elements rather than non-metallic 
components like oxygen.

	 The iron (Fe) content in raw Lala clam shells was 
6.16% before adsorption but became undetectable after the 
process. This suggests that iron might have been removed 
through a leaching mechanism due to its solubility in the 
adsorption environment (Van et al., 2020). In contrast, 
Muslim et al. (2025) reported a decrease in iron from 2.02% 
to 1.48% after adsorption rather than complete removal. 
The variation could result from differences in the initial 
iron composition or the adsorption conditions. According 
to Longhini et al. (2021), iron in clam shells often originates 
from environmental contamination, such as iron oxides in 
sediments.

The aluminum (Al) in raw Lala clam shells decreased 
from 3.18% to 0.31% after phosphorus adsorption, 
indicating a significant reduction. Muslim et al. (2025) also 
observed a decrease in aluminium content, from 1.39% to 
0.24%, aligning with this study’s findings. The reduction 
suggests that aluminum may have been partially dissolved 
or removed during the adsorption process. Normally, 
aluminum in shells can originate from environmental 
exposure and can be affected by adsorption conditions 
(Schöne et al., 2023).

Sulfur (S) was present at 1.83% before adsorption but 
became undetectable after the process. In contrast, 
strontium (Sr), sodium (Na) and magnesium (Mg) showed 
slight decreases from 0.18% to 0.15%, 0.56% to 0.14%, 
and 0.49% to 0.34%, respectively. These elements could 
be environmental contaminants present in the raw Lala 
clam shells or naturally embedded in the shell structure 
(Schöne et al., 2023), while sulfur typically exists in 
organic compounds or sulfates (Zhang et al., 2022). These 
reductions or disappearance suggest that the elements were 
either leached out or structurally altered during adsorption 
(Van et al., 2020). Muslim et al. (2025) did not report values 
for S, Sr, Na, or Mg, which prevents a direct comparison.

Similarly, carbon (C) was initially present at 35.37% 
in raw Lala clam shells but became undetectable after 
phosphorus adsorption. This could be attributed to the 
release of carbon as carbon dioxide (CO2) during chemical 



1742

processing (Park et al., 2022). In comparison, Muslim et 
al. (2025) reported an increase in carbon content, from 
23.73% to 48.33% after phosphorus adsorption. It may be 
due to the adsorption of organic phosphate compounds or 
the deposition of carbon-containing species onto the shell 
surface. The discrepancy may be due to differences in the 
adsorption environment, materials used, or the presence 
of other compounds influencing carbon retention. 
According to Azarian & Sutapun (2022), carbon is a key 
component of calcium carbonate (CaCO3) that makes up 
the shells.

Finally, potassium (K) and copper (Cu) were only 
detected after phosphorus adsorption, at 0.13% and 1.53%, 
respectively. The presence of potassium after adsorption 
may be due to ion exchange between potassium ions in the 
solution and calcium ions from the clam shell matrix, as 
potassium is commonly found in marine environments and 
can be introduced through the adsorption process (Li et al., 

2021). Copper, on the other hand, may have originated 
from external contamination, such as leaching from 
experimental equipment or reagents used during the 
adsorption process (Tian et al., 2021). The previous study 
by Muslim et al. (2025) did not mention these elements, 
suggesting either their absence in the marsh clam shells 
studied or that differences in experimental conditions 
influenced their detection.

FTIR ANALYSIS

FTIR analysis was conducted to analyze the chemical 
composition and the functional groups or chemical bonds 
that existed (Abdullah et al., 2023) in raw Lala clam shells 
before and after phosphorus adsorption. Figures 4(a) and 
4(b) depict the results from FTIR analysis for raw Lala 
clam shells before and after phosphorus adsorption, 
respectively.

(a)

(b)

FIGURE 4. FTIR results for raw Lala clam shells (a) before and (b) after phosphorus adsorption

Based on Figure 4, FTIR analysis was performed 
within the frequency range from 600 cm-¹ to 4000 cm-¹, 
before and after phosphorus adsorption onto raw Lala clam 
shells. The increase or decrease in wavenumber after 
phosphorus adsorption suggests changes in bond 

environments due to interaction with phosphorus 
molecules, altering the energy required for bond stretching 
(Ganta et al., 2021). The interpreted IR spectrum of raw 
Lala clam shells, before and after adsorption, is shown in 
Table 2 to observe the frequency differences and identify 
the detected functional group.
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Based on Table 2, the hydroxyl (OH) group was 
dominantly observed in raw Lala clam shells both before 
and after phosphorus adsorption at the frequency of 
3419.83 cm-¹, 3423.56 cm-¹, 3438.47 cm-¹ and 3470.15 cm-¹ 
(Salim et al., 2021). This aligns with findings from a 
previous study by Nayeem et al. (2023), who observed a 
weak OH band at 3640 cm-¹ in cockle shells due to low 
moisture content. After phosphorus adsorption, their study 
noted sharper OH bands, indicating a reaction between 
calcium oxide (CaO) and water. Similarly, the presence of 
these hydroxyl groups in this study on raw Lala clam shells 
can be attributed to the partial hydration of calcium 
carbonate (CaCO3), primarily in the form of aragonite 
(Sheng et al., 2023). The stretching vibration of OH was 
observed in the range of 3259.6 cm-¹ to 3390.01 cm-¹ in 
this study of raw Lala clam shell, indicating that the 
dominant functional group was alcohols (Ali et al., 2024). 
The broadness of the OH group is due to hydrogen bonding 
since it involves a strong hydrogen bond, requiring a 
significant amount of energy to stretch (Medel & Suhm, 
2021).

The functional group detected at 3142.15 cm-¹, 
3185.01 cm-¹ and 3196.19 cm-¹ in raw Lala clam shells 
correspond to nitrogen-hydrogen (NH) stretching, 
indicative of amides or amine groups. This presence likely 
originates from protein residues within the calcified shell 
structure, where embedded proteins contribute amine (–
NH2) or amide (–CONH2) groups (Verma et al., 2022). The 

interactions with phosphorus compounds can further 
influence NH stretching frequencies by forming weak 
hydrogen bonds that cause slight spectral shifts (Ai et al., 
2023). As NH bonds require less energy to stretch than OH 
bonds, they appear at lower frequencies (Zojaji et al., 2021). 
Variations in NH stretching frequencies after phosphorus 
adsorption suggest that nitrogen-containing functional 
groups participate in phosphorus interactions, reinforcing 
the role of amides or amines in the adsorption process 
(Zojaji et al., 2021).

The absorption band at 3091.83 cm-¹ corresponds to 
the C=C–H asymmetric stretching vibration, indicating the 
presence of alkenes group in raw Lala clam shells. This 
vibration is more likely associated with carbonate-related 
functional groups or surface-bound phosphate species 
rather than organic unsaturated compounds, given that raw 
Lala clam shells are predominantly composed of calcium 
carbonate. Minor contaminants, including trace amounts 
of organic pollutants or lipids, may also be responsible for 
these bands (Sun et al., 2023). The C=C stretching 
vibration, when bonded with hydrogen (H), generally 
requires slightly lower energy, suggesting limited 
involvement in adsorption interactions (Mohan et al., 
2020). Additionally, the IR spectrum showed a CH 
stretching vibration at 3067.60 cm-¹, suggesting the 
presence of hydrogen atoms, indicating the existence of 
benzene-like compounds in the shell matrix (Chruszcz-
Lipska et al., 2024).

TABLE 2. Processed IR spectrum of raw Lala clam shells before and after phosphorus adsorption
Before 

adsorption After adsorption Difference Detection of functional group Reference

3470.15 - - O–H Salim et al. (2021)
3438.47 - - O–H Salim et al. (2021)
3423.56 3419.83 -3.73 O–H Salim et al. (2021)
3390.01 3373.24 -16.77 OH stretching This study
3375.10 3337.83 -37.27 OH stretching This study
3309.88 3311.74 1.86 OH stretching This study
3281.92 3259.56 -22.36 OH stretching This study
3185.01 3196.19 11.18 NH stretching This study
3142.15 - - NH stretching This study
3091.83 - - C=C–H Asymmetric Stretch This study
3067.60 - - CH stretching This study
1459.25 - - CH bending This study
1442.48 1442.48 0.00 CH bending This study
1082.79 1082.79 0.00 CH bending This study
853.56 853.56 0.00 CH deformation This study
790.20 - - CH deformation This study
752.92 - - CH deformation This study
739.88 736.15 -3.73 CH deformation This study
724.97 - - Ring bending This study

continue...
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711.92 - - Ring bending This study
698.88 698.88 0.00 Ring bending This study
687.69 - - Ring bending This study
680.24 680.24 0.00 Ring bending, CH This study
665.33 667.19 1.86 Ring bending This study
659.74 - - Ring bending This study
652.28 654.15 1.87 CH bending Nandiyanto et al. (2023)

...cont.

Meanwhile, in this study of raw Lala clam shells, the 
changes in peak intensities further support the formation 
of phosphorus-organic complexes, reinforcing their role 
in adsorption. This suggests that phosphorus adsorption 
has significantly influenced the shell’s chemical composition 
(Tong et al., 2024). The strong peaks likely result from the 
formation of phosphorus-organic complexes, possibly 
forming phosphate esters or coordination complexes with 
phenyl groups. The prominence of these peaks (Figure 4) 
highlights the strong interaction between phosphorus and 
the organic components of the shell, reinforcing its role in 
the adsorption process.

The CH bending at 1459.25 cm-¹, 1442.48 cm-¹, 
1082.79 cm -¹, 654.15 cm -¹, and 652.28 cm -¹, as well as 
CH deformation at 853.56 cm -¹, 790.20 cm -¹, 752.92 cm 
-¹, 739.88 cm -¹, and 736.15 cm -¹, indicate the existence 
of benzene-like structures within the shell. Nayeem et al. 
(2023) also observed an intense band around 858 cm -¹, 
attributed to carbonate functional groups, which became 
more prominent after phosphorus adsorption. Similarly, 
Brakemi et al. (2023) identified key carbonate peaks at 709 
cm -¹, 707 cm -¹ and 712 cm -¹, signifying aragonite and 
calcite structures. These vibrations may originate from 
organic residues or environmental contaminants on the 
shell surface (Shukhairi et al., 2025). Compared to 
stretching modes, the lower energy of these bending and 
deformation vibrations results in minimal interaction with 
phosphorus, further supporting their classification as 
structurally embedded rather than functionally reactive 
groups (Gokila & Ayyappan, 2021). 

The absorption bands observed at 724.97 cm -¹, 711.92 
cm -¹, 698.88 cm -¹, 687.69 cm -¹, 680.24 cm -¹, 667.19 
cm -¹, 665.33 cm -¹ and 659.74 cm -¹ are assigned to out-
of-plane bending vibrations of the carbonate (CO3²

-) group, 
which are characteristic of calcium carbonate–based 
materials, particularly aragonite. These bands are 
commonly reported in biogenic CaCO3 shells and are 
associated with lattice vibrations of the carbonate ion 
within the crystalline structure. The presence of these bands 
both before and after phosphorus adsorption indicates that 
the fundamental CaCO3 crystal framework of the raw Lala 
clam shells was preserved. Notably, a weak absorption 
band observed at 680.24 cm -¹ was detected both before 

and after phosphorus adsorption and is attributed to CH 
deformation vibrations associated with minor organic 
residues naturally present in biogenic calcium carbonate 
shells.

REMOVAL EFFICIENCY, E (%) AND ADSORPTION 
CAPACITY, QE (MG/G) OF PHOSPHORUS ONTO 

RAW LALA CLAM SHELL

Removal efficiency, E (%), is a key parameter in adsorption 
studies as it indicates the effectiveness of an adsorbent in 
extracting a particular substance from a solution (Yang et 
al., 2025). It is determined by calculating the differences 
between the initial and the final concentrations of the 
adsorbate in the solution (Masliha et al., 2025). A higher 
removal efficiency signifies a greater capacity of the 
adsorbent to capture the target ions, highlighting its 
potential for wastewater treatment applications (Yang et 
al., 2025). This study investigated raw Lala clam shells as 
adsorbents for phosphorus removal from water, focusing 
on their adsorption efficiency. The findings provide insights 
into the adsorption behavior over time, demonstrating the 
capability of raw Lala clam shells to reduce phosphorus 
concentrations effectively. Figure 5 presents the removal 
efficiency percentage over time for different adsorbent 
masses, illustrating the adsorption performance of raw Lala 
clam shells in this process.

FIGURE 5. Removal efficiency percentage, E (%) against 
time, t (min) for each mass of adsorbents
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Based on Figure 5, the percentage of removal 
efficiency for every mass of adsorbent increases as time 
increases. The most excellent removal efficiency for 
adsorbents with the mass of 2, 4, 6, 8, and 10 g was 14.47%, 
24.14%, 39.51%, 59.13%, and 64.20%, respectively, at 
1440 min. Beyond this point, the removal efficiency 
remained constant, with equilibrium reached at 4320 min. 
The increasing trend in removal efficiency with higher 
adsorbent mass is attributed to the greater number of 
available active sites on the raw Lala clam shell’s surface, 
which enhances phosphorus adsorption (Yang et al., 2025). 
However, as more adsorption sites become occupied, the 
rate of increase slows down, leading to equilibrium (Wang 
et al., 2025). The highest removal efficiency of 64.20% at 
10 g suggests that adding more adsorbent beyond this point 
does not significantly improve phosphorus removal. This 
finding highlights the need to optimize adsorbent mass for 
efficient and cost-effective phosphorus removal in 
wastewater treatment.

These findings align with previous studies that 
investigated the use of various shell-based adsorbents for 
phosphorus removal. For instance, Nayeem et al. (2023) 
reported that cockle shell powder achieved up to 52.27% 
phosphorus removal at an adsorbent concentration of 7 g/L 
within 40 min, which remained constant. Their study 
highlighted the role of available binding sites in determining 
phosphorus removal efficiency, similar to the trend 
observed in this study. Additionally, Chen et al. (2023) 
found that raw oyster shell powder exhibited fluctuating 
phosphate recovery efficiencies, ranging from 79.5% to 
97.4% depending on the initial phosphate concentration, 
which suggests that the nature of the adsorbent and solution 
conditions significantly affect removal efficiency. 
Meanwhile, Abdullah et al. (2023a) examined phosphorus 
removal using ore waste and found that increasing the 
adsorbent mass enhanced removal efficiency, with values 
ranging from 29.8% (2 g) to 54.3% (10 g). Their results 
are comparable to those of this study, where the removal 
efficiency improved with increased adsorbent mass.

Meanwhile, adsorption is the process of absorbing a 
material, including ions and molecules, on the surface of 
an adsorbent (Ikhsan et al., 2022). It is dependent on the 
interaction of a substance or metal with functional groups 
in the adsorbent, including the formation of complexes and 
cation exchange (Svedaite et al., 2025). In this study, the 
adsorption behavior of phosphorus onto raw Lala clam 
shells was analyzed by examining the equilibrium 
adsorption capacity at different adsorbent masses. 
Understanding these adsorption mechanisms is essential 
for optimizing the efficiency of phosphorus removal and 
improving wastewater treatment applications (Usman et 
al., 2022). Figure 6 depicts the plots of adsorption capacity 
onto phosphorus for each adsorbent mass.

(a)

(b)

(c)

(d)

(e)

FIGURE 6. The adsorption capacity with the adsorbent mass 
of (a) 2 g, (b) 4 g, (c) 6 g, (d) 8 g, and (e) 10 g
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Based on Figure 6, each mass of adsorbent reached 
equilibrium at 1440 min before remaining constant starting 
from the minute of 4320. Hence, the adsorption capacity 
for 2, 4, 6, 8, and 10 g of adsorbent mass was 0.0800 mg/g, 
0.0668 mg/g, 0.0728 mg/g, 0.0818 mg/g, and 0.0710 mg/g 
respectively. Initially, increasing the adsorbent mass 
provides more binding sites, enhancing phosphorus 
adsorption. However, the adsorption capacity does not 
increase proportionally at higher adsorbent masses. This 
is likely due to the saturation of available active sites and 
the reduced concentration of phosphorus in the solution, 
which limits further adsorption (Mphahlele et al., 2025). 
The highest adsorption capacity of 0.0818 mg/g observed 
at 8 g suggests an optimal adsorbent mass where maximum 
adsorption occurs before declining slightly at 10 g.

When comparing these results with previous studies, 
Abdullah et al. (2023a) reported a similar trend using ore 
waste as an adsorbent where the adsorption capacity 
decreased at higher adsorbent masses, demonstrating 
saturation effects. Their study found that adsorption 
capacities were 0.119 mg/g (2 g), 0.0860 mg/g (4 g), 0.0582 
mg/g (6 g), 0.0471 mg/g (8 g) and 0.0434 mg/g (10 g), 
showing a decline as adsorbent mass increased. In contrast, 
Nayeem et al. (2023) found that finer cockle shell powder 
achieved better phosphorus adsorption due to its increased 
surface area. This indicates that multiple factors influence 
adsorption performance, including particle size and 
adsorbent composition.

From these data, although the maximum removal 
efficiency (64.2%) and the highest adsorption capacity 
(0.0818 mg/g) obtained in this study are relatively 
moderate, this level of performance is expected as the Lala 
clam shells were used in their raw, unmodified form. 
Nevertheless, the consistent increase in removal efficiency 
with increasing adsorbent mass and the clear attainment 
of adsorption equilibrium confirm that phosphorus 
adsorption effectively occurred. These findings indicate 
that raw Lala clam shells possess measurable adsorption 
capability and demonstrate potential for further performance 
enhancement through surface modification or process 
optimization, particularly as a low-cost and sustainable 
adsorbent.

KINETIC ADSORPTION ONTO RAW LALA CLAM 
SHELL THROUGH SOLUTIONS

The adsorption kinetic models were implemented using 
pseudo-first order, pseudo-second order and Boyd kinetic 
models to identify the adsorption behavior of phosphorus 
onto raw Lala clam shell. These models were used to 
predict the adsorption rate (Maimulyanti et al., 2022) and 
determine the relationship between the contact time and 

the maximum adsorption capacity (Wu et al., 2021). The 
Fe and R2 values were computed and compared to identify 
the best kinetic model by determining the lowest Fe and 
most excellent R2 (Abdullah et al., 2023). The linear 
regression kinetic adsorption analysis for the pseudo-first 
order, pseudo-second order and Boyd kinetic models were 
generated as depicted in Figures 7(a), 7(b) and 7(c), 
respectively.

(a)

(b)

(c)

FIGURE 7. Linear regression analysis for (a) pseudo-first 
order, (b) pseudo-second order and (c) Boyd kinetic models 

for the adsorption of phosphorus onto adsorbent from aqueous 
solution

From Figure 7, Table 3 are generated. Table 3 (a), (b), 
and (c) indicate the kinetic parameters of pseudo-first order, 
pseudo-second order and Boyd kinetic models, respectively. 
Comparing the most excellent R2 and the least Fe values 
provides insight into the effectiveness of each kinetic model 
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in describing the adsorption behavior of phosphorus onto 
raw Lala clam shells. According to Nguyen et al. (2021), 

an R2 value close to 1 indicates a strong correlation between 
the data and the model’s prediction.

TABLE 3. Parameters of pseudo-first order, pseudo-second order and Boyd kinetic models
(a) Kinetic parameter of pseudo-first order (PFO)

Mass of adsorbents (g) qe(theo) (mg/g) k1
(min-1) R2 Fe

qe(exp)
(mg/g)

2 0.0765 -0.0007 0.3133 3.4498 0.0800

4 0.0573 -0.0008 0.6619 2.2670 0.0668

6 0.1360 -0.0005 0.3215 1.6242 0.0728

8 0.0683 -0.0020 0.6732 387.6864 0.0818

10 0.1157 -0.0006 0.3215 2.0270 0.0710

(b) Kinetic parameter of pseudo-second order (PSO)

Mass of adsorbents (g) qe(theo)
(mg/g)

k2
(min-1) R2 Fe

qe(exp)
(mg/g)

2 0.0939 0.0172 0.8719 0.0324 0.0800

4 0.0691 0.1071 0.9964 0.1370 0.0668

6 0.0783 0.0439 0.9814 0.0325 0.0728

8 0.0856 0.0641 0.9922 0.0392 0.0818

10 0.0736 0.0932 0.9942 0.0382 0.0710

(c) Kinetic parameter of Boyd kinetic model

Mass of adsorbents (g) qe
(mg/g) R2 Fe

2 0.0800 0.2126 0.3987
4 0.0668 0.0650 0.7541
6 0.0728 0.4316 1.0669
8 0.0818 0.1653 1.7586
10 0.0710 0.0990 2.0108

Table 3(a) shows the pseudo-first order kinetic model 
data. The highest R² (0.6732) was observed at 8 g, 
suggesting that the model statistically fits the trend of 
adsorption data better at this mass. In contrast, the lowest 
R² (0.3133) at 2 g reflects a poor fit, likely due to adsorption 
at low adsorbent mass being more sensitive to experimental 
variations and may involve additional kinetic steps not 
captured by the pseudo-first order model. Despite its higher 
R², the Fₑ at 8 g was the highest (387.6864), indicating that 
the pseudo-first order model underestimates adsorption, 
possibly due to complex mechanisms or higher surface 
interactions at higher adsorbent mass. Conversely, the 
lowest Fₑ (1.6242) at 6 g shows the closest agreement 
between predicted and experimental data, suggesting that 
the pseudo-first order model is more reliable at intermediate 
adsorbent masses. These results indicate that the pseudo-
first order model provides a rough approximation of 
equilibrium adsorption but is insufficient to accurately 
describe the kinetics of phosphorus adsorption onto raw 
Lala clam shells, particularly at very low (2 g) and high (8 
g) adsorbent masses.

Compared to Muslim et al. (2025), the pseudo-first 
order model was reported to provide the best fit for 
phosphorus adsorption onto marsh clam shells, with the 
highest correlation coefficient (R² = 0.9951), while this 
study shows a lower R² range for raw Lala clam shells, 
indicating a moderate fit. Their study showed that 6 g and 
8 g adsorbent masses had similar adsorption capacities, 
with R² values of 0.9725 and 0.9951 and Fe values of 0.0288 
and 0.0239, respectively. Meanwhile, the 2 g adsorbent 
mass had slightly lower model fit similar to this study, 
indicated by R² = 0.9602 and Fe = 0.0308. In contrast, 
Abdullah et al. (2023a) found that the pseudo-first order 
model poorly described phosphorus adsorption when using 
ore waste as an adsorbent. Their study reported that for an 
adsorbent mass of 10 g, the pseudo-first order model had 
a significantly lower R² value of 0.5242. Additionally, for 
an adsorbent mass of 8 g, the model showed the lowest R² 
value of 0.3885 and the lowest Fe value of 0.9870. These 
findings indicate that in the case of ore waste, the adsorption 
process was not well explained by the pseudo-first order 
model.
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Table 3(b) demonstrates that the pseudo-second order 
model exhibits strong correlation between theoretical and 
experimental data, suggesting that phosphorus adsorption 
is mainly governed by chemical interactions rather than 
physical diffusion (Mohamed et al., 2025). The highest R² 
value (0.9964) at 4 g indicates the best kinetic representation, 
although the same mass recorded the highest Fₑ value 
(0.1370), suggesting deviations in adsorption magnitude 
despite excellent linear correlation. In contrast, the lowest 
R² value (0.8719) was observed at 2 g, reflecting a weaker 
kinetic fit, likely due to limited active sites. Notably, the 
lowest Fₑ value (0.0324) also occurred at 2 g, indicating 
close agreement between predicted and experimental 
values, despite the lower correlation coefficient. Overall, 
these results demonstrate that the pseudo-second order 
model provides a more reliable and robust description of 
phosphorus adsorption kinetics onto raw Lala clam shells 
than the pseudo-first order model.

Similarly, Abdullah et al. (2023a) reported that the 
pseudo-second order model best described phosphorus 
adsorption onto ore waste, with the highest R² value of 
0.9976 observed at 2 g of adsorbent mass. Their Fe value 
(0.0097) is the lowest, indicating strong agreement between 
predicted and experimental data. In contrast, Muslim et al. 
(2025) found that for phosphorus adsorption onto marsh 
clam shells, the pseudo-second order model had an R² value 
of 0.9889, lower than the pseudo-first order model (R² = 
0.9951). Although the pseudo-second order model 
exhibited a lower Fe value (0.0154) than the pseudo-first 
order model (0.0860), the study concluded that the pseudo-
first order model more accurately described the overall 
adsorption kinetics. These findings highlight that the fit of 
the pseudo-second order model strongly depends on 
adsorbent type and system characteristics, consistent with 
this study where the pseudo-second order model provides 
a better kinetic description than the pseudo-first order 
model for raw Lala clam shells.

Lastly, Table 3(c) reveals that the Boyd kinetic model 
does not correlate strongly with the adsorption data, 
indicating that film diffusion is not the primary rate-
controlling step. The highest R² value (0.4316) was 
observed at 6 g, but this relatively low correlation still 
suggests a weaker fit. Conversely, the lowest R² value 
(0.0650) occurred at 4 g, suggesting the model poorly 
captures adsorption kinetics at this mass, likely due to 
random variations rather than a consistent diffusion 
mechanism. The lowest Fe (0.3987) at 2 g indicates closer 
agreement between predicted and experimental adsorption, 
while the highest Fe (2.0108) at 10 g demonstrates 
substantial deviation, highlighting that the model 
underestimates adsorption capacity at higher adsorbent 
masses. Overall, these results suggest that the Boyd kinetic 

model does not consistently describe phosphorus 
adsorption onto raw Lala clam shells, making it less reliable 
than pseudo-first and pseudo-second order models for raw 
Lala clam shells. 

Comparatively, Bektaş et al. (2021) investigated the 
diffusion mechanisms of phosphorus sorption using Boyd’s 
internal and external diffusion models, revealing that both 
external and internal diffusion significantly influence the 
adsorption process. Their findings showed that the Boyd 
external diffusion model exhibited strong correlations, with 
R² values ranging from 0.88 to 0.99. However, in contrast 
to this study, the adsorption exhibited weak correlations 
with Boyd’s kinetic model, with the highest adsorption 
capacity (6 g of adsorbent) showing an R² of only 0.4316. 
This trend suggests that film diffusion was not the primary 
rate-controlling step. Additionally, the results of Boyd’s 
kinetic model from this study indicated that increasing 
adsorbent mass did not necessarily enhance adsorption 
efficiency, as particle aggregation at higher masses reduced 
the available surface area for adsorption.

Comparatively, Bektaş et al. (2021) investigated 
phosphate sorption mechanisms using Boyd’s internal and 
external diffusion models. Strong correlations were 
reported for both models, with R² values ranging from 0.88 
to 0.99, indicating that both film diffusion and intraparticle 
diffusion contributed significantly to the overall sorption 
process onto ion-exchange resin. In contrast, this study 
shows weak correlations with the Boyd kinetic model 
across all adsorbent masses, with the highest R² value 
reaching only 0.4316 at 6 g. This substantial difference 
suggests that diffusion processes are not the dominant 
rate-controlling mechanisms for phosphorus adsorption 
onto raw Lala clam shells. Furthermore, variations in 
adsorbent mass did not lead to systematic improvements 
in Boyd model fitting, indicating that increasing adsorbent 
dosage did not enhance diffusion-controlled kinetics. This 
contrast highlights that diffusion mechanisms described 
by the Boyd model are highly dependent on adsorbent 
material and system characteristics.

According to the data obtained in this study, 
phosphorus adsorption onto raw Lala clam shells is best 
described by the pseudo-second order model compared to 
the pseudo-first order and Boyd kinetic models. This is 
evident as the highest R² value of the pseudo-second order 
model (0.9964) surpasses that of the pseudo-first order 
(0.6732) and Boyd (0.4316) models. In contrast, the lowest 
Fe value of the pseudo-second order model (0.0324) is 
lower than that of the pseudo-first order (1.6242) and Boyd 
(0.3987) models. This indicates that phosphorus adsorption 
involves chemisorption, involving chemical interactions 
between phosphorus and the active sites of raw Lala clam 
shells (Manna et al., 2022).
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ISOTHERM ADSORPTION ONTO RAW LALA 
CLAM SHELL THROUGH SOLUTIONS

The Isotherm adsorption model was applied by using 
Langmuir, Freundlich, and Henry’s models to define a 
relationship between the presence of adsorbate quantities 
on the raw Lala clam shells and the characteristics of metal 
ions between solid and liquid forms (Abdullah et al., 2023). 
Figure 8 depicts the plot of (a) Freundlich model of ln (Ce) 
against ln (qe), (b) Langmuir model of 1/ qe against 1/ Ce, 
and (c) Henry’s isotherm model of qe against Ce.

(a)

(b)

(c)

FIGURE 8. Isotherm models; (a) Freundlich model of ln (Ce) 
against ln (qe), (b) Langmuir model of 1/ qe against 1/ Ce, and 

(c) Henry’s isotherm model of qe against Ce

Table 4 summarizes the parameters obtained for each 
model, including the correlation coefficient (R²), which 
indicates the goodness of fit of the models to the 
experimental data. As with the kinetic adsorption models, 
a higher R² value indicates a better fit of the model to the 
experimental data.

TABLE 4. Isotherm parameters for (a) Freundlich, (b) 
Langmuir, and (c) Henry’s model parameters

(a) Freundlich model parameters
n Kf (mg/g) R2

46.0829 0.0773 0.0095
(b) Langmuir model parameters
q max (mg/g) KL (L/mg) R2

0.0723 -7.0882 0.0122
(c) Henry’s isotherm model parameters
KH (L/g) R2

-0.0002 0.0048

Based on Table 4(a), the Freundlich model exhibits a 
very low R² value of 0.0095, indicating a poor fit to the 
adsorption process. This suggests that phosphorus 
adsorption onto the Lala clam shell does not predominantly 
occur on heterogeneous surfaces or involve multilayer 
adsorption (Kumari & Dong, 2025). Conversely, Nayeem 
et al. (2023) reported a strong correlation for phosphorus 
adsorption onto cockle shells using the Freundlich model 
(R² = 0.9836), suggesting a significantly different 
adsorption behavior. Abdullah et al. (2023a) observed a 
moderate fit to the Freundlich model (R² = 0.8418) for ore 
waste, indicating heterogeneous adsorption with chemical 
interactions. However, in this study, the Freundlich constant 
(n = 46.0829) for phosphorus adsorption onto raw Lala 
clam shells is exceptionally high, suggesting weak 
interactions between phosphate ions and the adsorbent, 
which results in inefficient adsorption (Amare et al., 2025). 
In comparison, Muslim et al. (2025) reported a Freundlich 
n-value of -4.9701 for marsh clam shell adsorption, which 
is significantly lower, indicating a different adsorption 
mechanism.

As can be seen in Table 4, among the three models, 
the Langmuir model in this study provides the highest R² 
value (0.0122), suggesting a slightly better fit than the 
Freundlich and Henry models. The results imply that 
phosphorus adsorption occurs as a monolayer on a surface 
with finite, identical adsorption sites (Vagi et al., 2025). 
However, the negative Langmuir constant (KL = -7.0882) 
indicates an energetically unfavorable adsorption process, 
likely due to weak bonding interactions between 
phosphorus and the adsorbent surface (Ganta et al., 2021). 
Nayeem et al. (2023) found a much higher R² value of 
0.9681 for the Langmuir model when using cockle shell 
powder as an adsorbent, suggesting that phosphorus 
adsorption onto cockle shells primarily occurs through 
monolayer adsorption. Similarly, Muslim et al. (2025) 
reported that phosphorus adsorption onto marsh clam shells 
was better described by the Langmuir model (R² = 0.9392), 
with a maximum adsorption capacity (qmax) value of 0.1603 
mg/g. Abdullah et al. (2023a) found that ore waste 
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adsorption fit the Langmuir model with the R² value of 
0.827, showing moderate adsorption behavior, though still 
significantly higher than the Lala clam shell results.

According to Table 4(c), the Henry’s isotherm model 
results in this study exhibit the lowest R² value of 0.0048 
and a negative KH value (-0.0002 L/g), indicating that 
phosphorus adsorption onto Lala clam shells does not 
follow a simple linear relationship (Vagi et al., 2025). A 
negative KH value typically implies unfavorable adsorption 
conditions, possibly due to weak adsorbate-adsorbent 
interactions or desorption at higher concentrations 
(Ragaditha & Nandiyanto, 2021). In comparison, Silva et 
al. (2025) reported a significantly better fit for the Henry 
model in their study on phosphorus adsorption using 
functionalized mesoporous silica, with an R² value of 
0.995. This suggests that Henry’s model can accurately 
describe adsorption behavior for certain adsorbents, unlike 
the poor fit observed for Lala clam shells in this study.

In this study, the Langmuir model provides the best 
fit among the three, indicating that adsorption occurs 
through monolayer formation on a homogeneous surface 
(Vagi et al., 2025). However, the negative Langmuir 
constant and low adsorption capacity suggest limitations 
in adsorption efficiency, implying that surface modifications 
or alternative adsorbents may be needed to enhance 
phosphorus removal (Ganta et al., 2021). The Langmuir 
model predicts that phosphorus adsorption occurs at a finite 
number of uniform sites on the Lala clam shell surface, 
with each site can hold only one phosphorus molecule. 
Once occupied, no further adsorption can take place, 
reinforcing the monolayer adsorption mechanism 
(Ragaditha & Nandiyanto, 2021).

CONTOUR PREDICTION OF PHOSPHORUS 
REMOVAL EFFICIENCY AND REQUIRED MASS 
ADSORBENT ONTO RAW LALA CLAM SHELL

A contour diagram would be helpful in instantly 
determining the removal efficiency trend (Abdullah et al., 
2023). This analysis delivers a greater understanding of 
the relationship between initial adsorption situations and 
removal efficiency, as depicted in Figure 10.

FIGURE 10. Contour prediction diagram of phosphorus 
removal efficiency for raw Lala clam shell

Figure 10 illustrates the relationship between 
phosphorus removal efficiency and two independent 
variables, the initial phosphorus concentration and the 
adsorbent mass. This contour diagram provides insights 
into the adsorption behavior under varying conditions. For 
instance, when the initial phosphorus concentration is 20 
mg/L, an adsorbent mass of 6 g achieves an estimated 
removal efficiency between 40% and 60%.

The results of this study align with findings from 
previous research. Muslim et al. (2025) reported that a 
similar initial phosphorus concentration of 20 mg/L 
achieved a removal efficiency of 20% to 40% using 6 g of 
marsh clam shell. Additionally, Abdullah et al. (2023) 
indicated that 7.5 g of ore waste removed 30% to 40% of 
phosphorus from an aqueous solution with an initial 
concentration of 20 mg/L. In contrast, 5.2 g of ore waste 
removed 10% to 20% of phosphorus at an initial 
concentration of 12.5 mg/L. In comparison, 3.5 g of ore 
waste removed a similar percentage when the initial 
concentration was 15 mg/L.

This contour diagram shows that the necessary 
adsorbent mass can be estimated to achieve the desired 
removal efficiency. Even though more precise values could 
be calculated using the developed equations, this contour 
prediction diagram provides a practical way to observe 
trends in removal efficiency as a function of initial 
adsorption conditions immediately. This allows for a quick 
assessment of the relationship between phosphorus removal 
and adsorption conditions (Zaini et al., 2025).
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CONCLUSION

In conclusion, the objectives of this study which is to 
elucidate the physicochemical characteristics of raw Lala 
clam shells as adsorbents, to determine the removal 
efficiency, E (%), and adsorption capacity, q (mg/g), of raw 
Lala clam shells for phosphorus removal from aqueous 
phosphate solutions at equilibrium, to assess the kinetic 
and isotherm adsorption models governing phosphorus 
removal, and to evaluate the effectiveness of phosphorus 
removal at varying adsorbent masses and initial 
concentrations using a contour prediction diagram, have 
been successfully achieved.

Physicochemical characterization confirmed that raw 
Lala clam shells are predominantly composed of aragonite-
type calcium carbonate, as demonstrated by XRD analysis. 
The aragonite crystalline structure remained intact after 
phosphorus adsorption, indicating that adsorption occurred 
mainly on the surface without altering the fundamental 
CaCO₃ framework. The absence of detectable crystalline 
phosphorus phases after adsorption suggests that 
phosphorus was likely present as amorphous or highly 
dispersed calcium phosphate species on the shell surface, 
consistent with adsorption–precipitation mechanisms 
reported for biogenic calcium carbonate materials. SEM 
observations further supported successful phosphorus 
uptake, revealing a transformation from a porous, rough 
surface to a denser and more compact morphology after 
adsorption, with pore blockage and particle aggregation 
indicative of phosphate attachment. EDXRF and FTIR 
analyses confirmed chemical interactions between 
phosphorus and calcium-rich components, as well as the 
involvement of hydroxyl and nitrogen-containing 
functional groups, while preserving the core carbonate 
structure of the shells.

Batch adsorption experiments demonstrated that 
phosphorus removal efficiency increased with increasing 
adsorbent mass, reaching a maximum removal efficiency 
of 64.20% at an adsorbent mass of 10 g, with equilibrium 
attained at 1440 min. The adsorption capacity ranged from 
0.0668 to 0.0818 mg/g, with the highest capacity observed 
at an adsorbent mass of 8 g. Although adsorption capacity 
did not increase proportionally with adsorbent mass due 
to saturation of active sites and reduced solute availability, 
these results confirm that raw Lala clam shells are capable 
of measurable phosphorus uptake despite being used in an 
untreated form. Kinetic analysis revealed that the pseudo-
second order model best described the adsorption process, 
exhibiting the highest correlation coefficient (R² = 0.9964) 
and the lowest error function value (Fₑ = 0.0324) compared 
to the pseudo-first order and Boyd models. This indicates 
that phosphorus adsorption onto raw Lala clam shells is 

primarily governed by chemisorption involving chemical 
interactions between phosphate ions and active surface 
sites, rather than being controlled by film diffusion 
mechanisms. The poor fit of the Boyd model further 
confirms that diffusion is not the dominant rate-controlling 
step in this system.

Isotherm analysis showed generally low correlation 
coefficients for all three models investigated. Among them, 
the Langmuir model provided the relatively best fit, 
suggesting monolayer adsorption on a homogeneous 
surface with finite adsorption sites. However, the negative 
Langmuir constant and very low R² values indicate 
energetically unfavorable adsorption and weak adsorbate–
adsorbent interactions, highlighting the limited adsorption 
efficiency of raw Lala clam shells. Freundlich and Henry’s 
models exhibited poorer fits, confirming that phosphorus 
adsorption onto raw Lala clam shells does not follow 
multilayer or linear adsorption behavior under the studied 
conditions.

The contour prediction diagram successfully illustrated 
the combined effects of adsorbent mass and initial 
phosphorus concentration on removal efficiency, providing 
a practical tool for estimating the required adsorbent dosage 
to achieve targeted removal levels. This approach enables 
rapid visualization of adsorption trends and supports 
decision-making for process optimization without 
extensive experimental repetition.

Overall, raw Lala clam shells exhibited moderate 
adsorption performance, which is consistent with their 
application in an untreated, unmodified form. Despite the 
relatively low adsorption capacity, the results confirm 
measurable phosphorus uptake and highlight the potential 
applicability of shell waste as a low-cost and sustainable 
adsorbent, particularly for preliminary or supplementary 
phosphorus removal. Future studies should focus on surface 
modification strategies, regeneration and reuse potential, 
and evaluation under real wastewater conditions to further 
enhance adsorption performance and assess large-scale 
applicability.
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