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phosphate from synthetic wastewater through batch experimental
testing. Batch experiments were conducted using raw hard clam shells
(particle sizes 1.18 to 2.36 mm) mixed in an orbital shaker at 170 rpm
using potassium dihydrogen phosphate solution, 100 mL at a particular
time, until an equilibrium state. The batch experiment data evaluating
phosphate removal from raw hard clam shells had the highest removal
effectiveness of 99.6%. The kinetic study proves that the predominant
adsorption mechanism between the adsorbent and adsorbate involves
chemisorption, where electron sharing occurs, forming chemical bonds.
The adsorption isotherm data showed suitability for the Langmuir
model, indicating that adsorption happens at particular binding sites in
monolayer adsorption on the adsorbent surface. Additionally, the data
can be used to understand the prediction contour of mass of adsorbent
required and removal efficiency under various beginning
concentrations from research using batch experiments. The significant
potential of this study is that the Raw Hard Clam Shells adsorbent is a
sustainable and eco-friendly material for tackling phosphate pollution
in future wastewater treatment.
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1. Introduction

The uncontrolled wastewater discharge into the environment, which results from increasing demands from an
expanding population and industrial activity, seriously threatens ecosystems and public health [1]. This discharge
contaminates land, streams, and marine environments with a concoction of hazardous chemicals, heavy metals,
and organic contaminants [2]. The repercussions are severe, endangering the health of people and wildlife and
upsetting the aquatic ecosystems. In freshwater bodies, phosphorus is thought to be the primary factor
contributing to water pollution. The widespread distribution of phosphorus into the environment, originating
from various sources such as agricultural runoff, industrial emissions, and wastewater, is a primary contributor
to water pollution. This phosphorus influx enters rivers, lakes, and oceans [3]. The surplus phosphorus within
water systems can initiate a phenomenon known as eutrophication. Poyang Lake in China is an example of a river
that has experienced severe eutrophication [4] and has been studied by researchers from China. This process
involves an overabundance of nutrients that stimulate the rapid proliferation of algae and aquatic plants,
eventually leading to detrimental algal blooms and ultimately causing a depletion of oxygen levels within the
water. As a result, these oxygen-deprived conditions adversely affect aquatic life, including fish and other
organisms. High nutrient levels in water bodies are mainly caused by human activities, where excessive nitrogen
and phosphorus are the leading causes of this issue.

The amount of specific dangerous substances that can be discharged into the environment by domestic and
industrial wastewater treatment is regulated by effluent standards. Effluent standards for phosphorus in Europe
and Malaysia are different. In Europe, the rules are strict, focusing on keeping water clean and preventing issues
like eutrophication. The effluent standard of Europe is 1.0-2.0 mg/L [5]. In Malaysia, the standards can be more
flexible and vary based on the facility, type of discharge, and local environmental goals. The effluent standard of
Malaysia is 5 mg/L at standard A and 10 mg/L at standard B (Section 3 Sewage Characteristics and Effluent
Discharge Requirements, 2009). The effluent standards in the United Kingdom are more stringent than those in
Malaysia.

Wastewater treatment is essential to protecting the environment because it counteracts these negative
consequences [6]. Wastewater treatment plants use chemical, biological and physical techniques to remove or
neutralise pollutants before release to protect downstream ecosystems and water quality. Phosphate can be
successfully removed from wastewater using various techniques, each with unique benefits and uses. One popular
method that involves adding chemicals to sewage, such as ferric chloride or aluminium sulfate (alum), is chemical
precipitation. By reacting with phosphate ions, these substances create insoluble precipitates that can be filtered
or settled to remove from the water. Conversely, biological phosphorus removal uses the activities of
microorganisms found in activated sludge systems, known as organisms, that accumulate phosphorus (PAOs) [7].
These microorganisms absorb phosphate from wastewater and store it in their cells when operating in an
anaerobic environment. The phosphate that has been held is released when exposed to aerobic conditions, making
it possible to remove it later by settling or filtering. Another practical approach is adsorption, which uses
substances like metal oxides, activated charcoal, or zeolites with a strong affinity for phosphate ions [3]. Phosphate
ions are adsorbed onto the surface of an adsorbent material bed after wastewater passes over it. This method
provides effective phosphate removal and can be especially helpful when phosphate from wastewater streams
needs to be continuously or selectively removed.

Conventional wastewater treatment processes rely heavily on chemicals like zeolite and activated alumina to
remove phosphorus from wastewater. While these chemicals effectively reduce phosphorus levels, they pose a
significant environmental risk. The disposal of chemical-laden wastewater and the production of these chemicals
contribute to environmental pollution and resource depletion. This highlights the need for an approach to
phosphorus removal in water treatment that is both more sustainable and environmentally friendly. Accepting
natural resources as adsorbents, such as unprocessed hard clam shells, offers a viable way forward and a
sustainable substitute for artificial chemicals. These organic materials can function as efficient adsorbents,
eliminating contaminants such as phosphorus from wastewater and lowering the need for potentially dangerous
chemicals. Disposable hard clam shells, a byproduct of various industries, are frequently disposed of
inappropriately, either into the seaside or landfills. This careless disposal practice has far-reaching consequences,
including the alteration of soil composition, contamination of waterways, and disturbance of marine habitats. The
accumulation of clam shells results in an aesthetic nuisance, which further disturbs the ecological balance of the
environment. Several initiatives have been proposed to manage shell waste, ranging from small-scale uses in
decorative products to more scientifically relevant applications, such as its utilization as an adsorbent in water
treatment. A mussel shell is a seashell that has been studied and researched. As a result, the shells can adsorb 90%
of phosphorus from wastewater [8].

Nowadays, adsorption is one of the methods used for water treatment, such as removing phosphorus [9].
Many researchers have directed their attention toward using adsorption techniques for water treatment.
Numerous innovations and advancements have emerged within this field, primarily emphasizing cost reduction
and substituting conventional materials with eco-friendly alternatives. Materials such as mussel shells [10],
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eggshells [11], red mud [12], clay-oyster shells [13], and zeolite [14] have been used to remove phosphorus from
wastewater. This study has changed the material to be more environmentally friendly, a hard clam shell. The hard
clamshell contains a similar composition to the mussel shell, which is calcium carbonate [15]. Although various
materials studies are applied on adsorption to remove pollutants in water, the prediction of phosphorus removal,
kinetic, and isotherm modeling studies needs to be verified due to limited investigation on raw hard clam shell
species in Malaysia. In specific, the objectives are as follows: (1) to determine the effectiveness of phosphorus
removal through Raw Hard Clam Shells as adsorbents and analyze the adsorption capacity until the equilibrium
state, (2) to evaluate the prediction contour of removal efficiency and mass of adsorbent needed under different
initial concentrations from batch experiment studies, and (3) to investigate the theoretical and batch experimental
data using kinetic (Pseudo-First Order and Pseudo-Second-Order) and isotherm (Langmuir and Kinetic) modeling
studies.

2. Materials and Methods

2.1 Preparation and Characterization of Adsorbent

In this study, discarded hard clam shells were employed as an absorbent. The hard clam shells were obtained at
Bachok, Kelantan. The shells were first rinsed with purified water to remove impurities, followed by a drying
process at 30°C in an oven for two days [16]. After two days, the shells were ground and sieved into particle sizes
of 1.18-2.36 mm. Lastly, the prepared powder or adsorbent was weighed and packed into 2, 4, 6, 8, and 10 g for
batch experiment. Physical-chemical traits denote the attributes of substances that can be observed in the
different characteristics before and after adsorption. This study involved several analyses, including XRD analysis
(X-ray diffraction) performed to observe the crystalline structure of raw hard clam shells, conducted at Makmal
Fizik Bahan, Kampus Pagoh, UTHM. The XRD patterns display specific diffraction peaks, providing insights into
the crystalline phases existing in the material. Energy Dispersive X-Ray Fluorescence (EDXRF) analysis tested
using EM-30AX Plus at Makmal Fizik Teknologi Nano, Kampus Pagoh, UTHM, to determine the elemental
composition of the raw hard clam shell. The results indicate the presence of various elements, including calcium,
carbon, oxygen, and traces of other elements. Scanning Electron Microscopy (SEM) was conducted using EM-30AX
Plus at Makmal Fizik Teknologi Nano, Kampus Pagoh, UTHM to explore the surface morphology and porosity of
raw white hard clam shell. The SEM images revealed a complex and porous surface structure. Fourier Transform
Infrared Spectroscopy (FTIR) was utilised using Perkin Elmer Spectrum Two FTIR Spectrometer at Food
Instrumentation Centre Lab, Kampus Pagoh, UTHM, to characterize the functional groups and chemical bonding
found in the raw hard clam shell.

2.2 Preparation of Aqueous Solution Phosphate and Testing

The aqueous phosphate synthetic solution containing 100 mg/L of PO43- was prepared by dissolving 0.1433 g of
potassium dihydrogen phosphate (KH2PO4) in one liter of deionized water using a volumetric flask [8]. Then,
deionized water was used to dilute the synthetic solution into 50, 25, 20, 15, 10, and 5 mg/L, respectively [17].
The dilution of the desired initial solution volume was calculated using equation (1).

GV =GV, (D)

where Ci is concentration 1 with volume 1 (V1), and Cz is concentration 2 with volume 2 (V2), respectively.
Phosphorus levels were measured using the HACH DR 6000 UV-Vis, applying the amino acid method 490
specifically tailored for phosphate determination. All analytical techniques for various parameters will comply
with the protocols detailed in the Standard Methods for the Examination of Water and Wastewater ensuring the
utilization of established and acknowledged methodologies throughout the testing and analysis procedures.

2.3 Batch Experiment

The synthetic phosphate solution used in the adsorption kinetic and isotherm tests contained 10 mg/L of PO43.
Erlenmeyer flasks with different adsorbent mass (2 g, 4 g 6 g 8 g and 10 g) were filled with 100 mL of the
phosphate solution for the batch experiment. These flasks were shaken constantly for 30, 90, 150, 270, 300, and
4320 minutes at 170 rpm. This study aimed to examine the removal efficiency and adsorption capacity of
phosphate onto hard clam shell under different conditions to provide light on the dynamic behaviour of the
adsorption process across different contact times and adsorbent masses. As indicated in Fig. 3, the mixes were
shaken at 170 rpm to investigate the adsorption equilibrium between the phosphate and adsorbent at various
masses and contact times. The adsorbents were taken out of the flask, filtered, and analysed. The phosphate
content was determined using the Amino Acid Method and the HACH DR6000 UV-Spectrophotometer [18].
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Equations (2) and (3) were applied to determine the adsorption capacity (q) and removal efficiency (E),
respectively. The formulas for the adsorption capacity and removal efficiency [19] is expressed as,

_ (Ci—Cf) XV

m (2)

The adsorption capacity (q) in the equations is expressed in mg/g, the initial phosphate concentration (Ci) in
mg/L, the phosphate concentration in the solution (C¢) as mg/L, the mass of the adsorbent (m) as g, as well as the
solution's quantity (L) as V.

_ (€i=Cp)
E = — % 100% (3)

12

Here, Ci is the starting phosphate concentration (mg/L), E entails the elimination effectiveness (%), and Cris
the phosphate concentration in the solution (mg/L).

2.4 Kinetic, Isotherms Studies, and Prediction Contour Analysis

Kinetic studies observe how quickly a chemical reaction advances with time, whereas isotherm studies analyse
how a substance behaves in adsorption under varying concentrations and temperatures. For the kinetic model,
Pseudo-First Order and Pseudo-Second-Order were used. Pseudo-first order is important for investigating
adsorption processes, especially in comprehending the rate of phosphate removal when using raw hard clam
shells as an adsorbent. While pseudo-second order is a helpful method for studying how substances stick to
surfaces, it is beneficial for figuring out how quickly phosphate is removed when using raw hard clam shells. This
study explored both the Freundlich and Langmuir models for isotherm model studies. According to the Langmuir
model, adsorption occurs in a monolayer with maximum surface occupancy, with the molecules adsorbed as a
single layer rather than forming multiple layers. However, this finding does not mean that the Freundlich isotherm
is limited. The Freundlich adsorption isotherm is applied to evaluate how the amount of solution adsorbed by a
unit mass of adsorbents changes as system pressure varies at a given temperature. To evaluate the adequacy and
accuracy of the adsorption isotherm and kinetic models, several error functions (Fe) were applied, including the
coefficient of determination (R?). These functions were selected because they provide robust indicators of model
performance, measuring the closeness of predicted values to experimental data. In this study, Microsoft Excel was
used to generate contour prediction plots, which helped visualize how changes in adsorbent dosage and initial
phosphate concentration influenced removal efficiency. Excel was chosen as it offers a simple yet effective way to
capture these relationships and provide practical insights without the need for more complex modeling software.

3. Results and Discussion

3.1 Characteristics of Samples

The surface morphology of the raw hard clam shell was investigated using scanning electron microscopy (SEM,
model EM-30AX Plus; manufacturer: COXEM, Location: Daejeon, Korea) before and after adsorption. The scanning
electron microscope (SEM) was utilized to observe the surface features at the minuscule nanoscale level [20]. Fig.
1 shows an SEM photograph of the raw hard clam shell before and after with 1000x, 2000%, and 3000x
magnification. Fig. 1 (a), (b), and (c) before adsorption shows that at 1000x magnification, the sample had a
compact texture and was a little brighter compared to after adsorption (Fig. 1(d), (e), and (f)), show that the
darkness is more prominent. The coating on its surface might be phosphorus.

The raw hard clam shell composition was tested using energy-dispersive X-ray fluorescence (EDXRF) and the
EM-30AX Plus apparatus from COXEM in Daejeon, Korea. Major and minor elements in various algae species can
be identified using EDXRF [21]. Table 3 shows the compositional aspects of Raw Hard Clam Shells before and after.
The composition before is Ca (42.73%), C (10.26%), and O (47.02%). While raw hard clam shell after there is an
increase in the value of Pand Ca and a decrease in O and C that is, Ca (60.38), C (6.89%), P (0.29%), and O (32.41%).
After undergoing the process within HCS, there is a conspicuous increase in calcium and phosphorus
concentrations. This event suggests that removing phosphorus from the aqueous solution involved calcium
significantly. It seems phosphorus formed bonds with calcium ions due to calcium facilitating its ionization. This
suggests a complex interaction between calcium oxide and phosphorus, highlighting the significance of calcium in
the process [18].
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Fig. 1 SEM images of raw hard clam shell before adsorption (a) 1000x; (b) 2000x; (c) 3000x magnification ratios.
After adsorption, (d) 1000x; (e) 2000x; (f) 3000x magnification ratios

Table 1 Composition of the raw hard clam shell (wt. %) by EDXRF

Element Calcium Carbon Phosphorus Oxygen Total
Before (%) 42.73 10.26 0.00 47.02 100
After (%) 60.38 6.89 0.29 32.4 100

With the Perkin Elmer Spectrum Two FTIR Spectrometer (United States), Fourier Transform Infrared (FTIR)
Spectroscopy, one may characterise the functional groups in the raw hard clam shell before and after the
adsorption (see Table 1). Other than that, FTIR spectrometer was employed to gather sample data across the
entire detection range, and initial data were adjusted for spectral baseline drift to facilitate quantitative analysis
[22].Fig. 2(a) describes the FTIR peak value of raw hard clam shell in 1.18-2.36 mm, representing the CaCO3 peak
value before adsorption. The FTIR spectrum depicted in Fig. 2 compares the original state of the raw hard shell
with the state with adsorbedP043-ions, covering the range of 700-4000 cm-. This analysis aims to distinguish
changes in surface functional groups.

Table 2 provides a detailed breakdown of the FTIR spectrum before and after PO43-adsorption. The nature
and arrangement of these surface functional groups play an essential role in shaping the PO43- stretching band
observed in the raw hard clam shell FTIR spectrum. The functional group at 701 cm! and 704 cm-! before and
after PO43- adsorption with a 3 cm! difference indicates the aromatic group. The 850 cm! and 898 cm-! peaks
represent the aliphatic functional group that remains consistent before and after adsorption. There is also a single
value without a pair at 1077 cm! and 2240 cm! before the adsorption, which indicates the phenolic acid and
carbon-deuterium, respectively, and at 1994 cm! and 2527 cm!, which are classified as alkane and Thiol. For
peak values that exceed 3000 cm'!, many do not have a partner. Before adsorption, peak values 3496 cm! and
847 cm-1 are in the hydroxyl functional group. The lone peak values without a corresponding pair are 3183 cm-1
(chitosan), 3340 cm-1 (hydroxyl), 3597 cm-1, and 3735 cm-1 (both representing amino groups).

Various peaks within 1400-3100 cm! reveal specific functional groups. Peaks at 1450-1454 cm! and 1644-
1 654 cm! signify the presence of carboxylate groups. Additionally, a peak around 1778-1782 cm! suggests the
presence of carboline, while 2233 cm! indicates the carbon-deuterium functional group, consistent before and
after adsorption. Further, the nitrile and thiol functional groups are evident at 2292-2296 cm-! and 2505-2508
cm!, respectively. Notably, a consistent peak at 2632 cm and 2755 cm'! represents hydroxyl groups before and
after adsorption. Moreover, methyl groups appear at 2937 cm!, alkenes at 3034 cm!, and chitosanat 3116 cm.
Based on the analyses of Fig. 2(a) and (b), it was determined that minimal alterations were observed before and
after the adsorption process. While there was a discernible change in the peak value, the functional group
exhibited consistency in its range for Fig. 2(a) and (b).
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Fig. 2 FTIR peak value for raw hard clam shell (a) Before the adsorption process; (b) After the adsorption process

Table 2 Functional group by the peak value for before and after adsorption by FTIR analyses

Before (cm1)  After (cm1) Functional Group Reference
704 701 Aromatics [23]
850 850 Aliphatic [23]
898 898 Aliphatic [23]
1077 - Acid Phenol [24]
1454 1450 Carboxylate [25]
1644 1651 Carboxylate [26]
1782 1778 Carbolyn [27]

- 1994 Alkane [28]
2233 2233 Carbon-deuterium [27]
2240 - Carbon-deuterium [27]
2292 2296 Nitrile [29]
2505 2508 Thiol [28]

- 2527 Thiol [28]
2632 2632 Hydroxyl [28]
2755 2755 Hydroxyl [28]
2937 2937 Methyl [24]
3034 3034 Alkenes [30]
3116 3116 Chitosan [30]

- 3183 Chitosan [30]

- 3340 Hydroxyl [31]
3496 - Hydroxyl [31]

- 3597 Amino [32]

- 3735 Amino [32]
3847 - Hydroxyl [33]
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The crystallisation or phase composition of raw hard clam shell can be analysed using the Second-generation
BRUKER D2 Phaser Benchtop X-ray Diffractometer (XRD). Furthermore, XRD analysis enabled a precise crystallite
size estimation, aiding in the customisation for enhanced photocatalytic activity [34]. Fig. 3(a) describes the XRD
peak value of raw hard clam shell in 1.18 mm-2.36 mm, representing the crystal phase composition in the pie
chart and the peak value of raw hard clam shell before the process adsorption. As shown in the pie chart Fig. 3(a),
the predominant components were gamma oxygen (64%) and lime (36%), commonly recognised as calcium
hydroxide. In contrast, in pie chart Fig.3(b), the major constituents were eta oxygen (61%) and calcium oxide
(39%). The contrast between the two pie charts shows how a raw hard clam shell changes when it interacts with
phosphorus. This suggests it could be helpful in removing phosphorus from water. The switch from calcium
hydroxide to calcium oxide indicates a significant change in the material's structure caused by phosphorus [35].
Also, the primary oxygen type change hints at a surface change, likely due to phosphorus interacting with it.
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Fig. 3 XRD peak value and pie chart for raw hard clam shell (a) Before the adsorption process; (b) After the
adsorption process

3.2 Adsorption of Phosphorus

At 4320 minutes of contact time, the phosphate removal efficiencies (E) for raw hard clam shell dosages of 2, 4, 6,
8, and 10 g were all recorded as 100%, as depicted in Fig. 4. The calcium oxide groups on the raw hard clam shell
surface have a strong attraction for phosphate ions because of their opposing charges, which is primarily
responsible for the adsorption process. This creates a strong, attractive force between these components [22].

The efficiency of phosphate removal by raw hard clam shell experiences a rapid increase within the first 30
minutes of contact time for raw hard clam shell dosages of 6, 8, and 10 g, respectively. Subsequently, it continues
to rise sharply until reaching a state of equilibrium. Meanwhile, dosages 2 and 4 g reached equilibrium at 90
minutes for raw hard clam shell. Hence, equilibrium times of 30 minutes were observed for phosphate adsorption
onto raw hard clam shells at 6, 8, and 10 g, respectively, while a duration of 90 minutes was required for raw hard
clam shells at 2 and 4 g. One explanation for the quick increase in phosphate adsorption onto raw hard clam shells
from a synthetic solution could be the adsorbent surface's abundance of active sites. Phosphate from an aqueous
solution has been observed to adsorb onto hard clam shells with high adsorption yields [18].
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Fig. 4 The variability in removal effectiveness of phosphate adsorption onto raw hard clam shell at (a) 2g; (b) 4g;
(c) 6g; (d) 8g; (e) 10g

For phosphate adsorption, observations were conducted on the effects of different raw hard clam shell (mass
of adsorbent) concentrations on E and q using 2, 4, 6, 8, and 10 g of raw hard clam shell, as shown in Fig. 5. As raw
hard clam shell levels grow from 2 to 10 g, according to Fig. 5, E for phosphate adsorption increases between
99.8% and 99.9%, whereas qe falls from 0.6 to 0.05 mg/g. The elevated amount of raw hard clam shell is
responsible for the rise in E, and it could lead to an increase in the number of active sites and surface area available
for phosphate adsorption from a synthetic solution. The unsaturated adsorption active sites that remain after the
adsorption process are responsible for decreased q value as the amount of raw hard clam shell increases.
Comparable results for the phosphate adsorption onto calcined mussel shells have been reported, demonstrating
that the value of E increases with the adsorbent's concentration [18]. Based on the EDXRF data before and after
raw hard clam shell, calcium ions have a strong affinity for phosphate ions (PO43-). When calcium ions are present
in water or soil, they can adsorb phosphate ions onto their surfaces [36]. This study applied that raw hard clam
can effectively remove phosphate in controlled synthetic water. However, real wastewater often contains various
competing ions that may affect adsorption. To strengthen the practical relevance of this work, future studies
should test the adsorbent under real wastewater conditions.

100 4 0.6
99.9 | 0.5
) [ 04 —
X 99.8 "E‘E
é 03 g

99.7 o
= o2
99.6 0.1
99.5 0
2 4 6 8 10
Mass of Adsorbent (g)

Fig. 5 Relationship of (upper line) the removal efficiency and the amount of raw hard clam shell; (lower line) the
adsorption capacity and the amount of raw hard clam shell; (upper line) E for the adsorption of phosphate and
(lower line) qe for the adsorption of phosphate

3.3 Adsorption Kinetic

The experimental findings were employed to evaluate the adsorption kinetics of phosphate onto raw hard clam

shells by applying the pseudo-first-order and pseudo-second-order equations [37]. The pseudo-first-order
equation, can be stated as,

In(q, — q.) = In(q.) — kqt; (4)

where ti is the adsorption time (min), ki is a rate constant of the pseudo-first-order equation (min-1), and ge
is the equilibrium amount of phosphate adsorbed (mg/1), q: is the quantity of phosphate adsorbed at adsorption
time (mg/L). As demonstrated in Fig. 6(a), the slope and intercept of the plot of In (qe - qt) Vs t;, respectively, can
be used to determine the k1 and In ge values. When a straight line appears on the plot of In (qe - qt¢) with t;, the
adsorption kinetic is described by a pseudo-first-order model. The pseudo-second-order equation [38] is
expressed as,
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t; _ 1 t;
qac k293 qe (5)

In the context where ti represents the adsorption time (min), k2 stands for the rate constant of the pseudo-
second-order model (min-1), and q: (mg/g) denotes the quantity of phosphate adsorbed ata given adsorption time,
ge represents the amount of phosphate adsorbed at equilibrium (mg/g). The plot of ti/q: against t;, depicted in
Fig. 6(b), allows for the determination of k2 and ge through the intercept and slope analysis. A linear curve in the
plot indicates adherence to the pseudo-second-order model for adsorption kinetics. The pseudo-first-order and
pseudo-second-order models have been applied for phosphate adsorption from aqueous solutions. Table 3
provides the kinetic parameters ki, kz, and ge for these two adsorption kinetic models. The Fe equation (6) is
expressed as,

2
F, = \/(ﬁ) . Z?(qt(exp) - qt(theo)) (6)

To determine the experimental quantity qeexp) (mg/g), where "p" represents the number of parameters in the
kinetic equation and "n" indicates the number of measurements. The choice between the pseudo-first-order and
pseudo-second-order kinetic models should be made by identifying the model with the highest correlation
coefficient (R%) and the lowest Fe value. The experiments in this study were conducted without replicates;
therefore, statistical measures such as standard deviation could not be reported. Instead, model adequacy was
validated using error functions, namely R? which quantify the accuracy of model fitting. While standard deviation
reflects reproducibility across repeated tests, the chosen error functions are more appropriate for assessing the
reliability of the adsorption isotherm and kinetic models in this work.
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Fig. 6 The linear regression analysis results for the phosphate adsorption onto raw hard clam shell from a synthetic
solution for (a) Pseudo-first-order model; (b) Pseudo-second-order model
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Table 3 The kinetic characteristics of pseudo-first- and pseudo-second-order phosphate adsorption onto raw hard
clam shell

Pseudo-First-Order

Mass of Adsorbent ((theo) k1 R2 Fe q(exp)
(8) (mg/g) (/Min) (mg/g)
2 0.3978 0.0002 0.0722 2.1834 0.5115
4 0.1785 0.0004 0.0746 1.0142 0.2558
6 0.6886 0.0001 0.0531 0.7836 0.1705
8 0.6481 0.0001 0.0531 0.5878 0.1279
10 0.6183 0.0001 0.0531 0.4701 0.1023

Pseudo-Second-Order

Mass of Adsorbent qtheo) k2 R2 Fe qexp)
(8) (mg/g) (/Min) (mg/g)
2 0.5115 6.3241 1.0000 0.0229 0.5115
4 0.2558 158.5902 1.0000 0.0011 0.2558
6 0.1705 0.0000 1.0000 0.0000 0.1705
8 0.1279 6.1154E+13 1.0000 0.0000 0.1279
10 0.1023 9.5555E+13 1.0000 0.0000 0.1023

Table 3 demonstrates that the correlation coefficient (R?) for the pseudo-second-order model (greater than
1.000) exceeded that (R2> 0.722) for the pseudo-first-order model. This indicates that the pseudo-second-order
kinetic model offers a more accurate depiction of the adsorption kinetics of phosphate onto raw hard clam shell
from a synthetic solution compared to the pseudo-first-order model, as evidenced by the higher R2 value and lower
Fevalue. These results suggest that the predominant adsorption mechanism between the adsorbentand adsorbate
involves chemisorption, where electron sharing occurs, leading to the formation of chemical bonds.

3.4 Adsorption Isotherm

In this study, both the Freundlich and Langmuir models were investigated. The Langmuir model proposes the
formation of a monolayer with maximum coverage, where adsorbed molecules are not arranged in layers.
However, this observation does not imply that the Freundlich isotherm is restrictive. The Freundlich adsorption
isotherm measures how the quantity of solution absorbed by a unit mass of solid adsorbents changes with system
pressure at a constant temperature. The experimental results were evaluated using both the Langmuir and
Freundlich isotherm equations. The Freundlich equation is expressed as equation (7).

1
lnqe=anF+;lnCe (7)

where Ce is the equilibrium concentration (mg/L), n (dimensionless) is the heterogeneity factor, and ge is the
equilibrium quantity of phosphate adsorbed (mg/g). For more diverse surfaces, a lesser value is anticipated. The
following represents the Langmuir equation as equation (8).

1 1 1

= +
de K1.qmaxCe dmax [8)

This equation is used to analyse adsorption processes, where Ce represents the equilibrium concentration
(mg/ L), qe is the equilibrium adsorption quantity (mg/g), qmax stands for the maximum adsorption capacity
(mg g-1), and KL denotes the adsorption energy constant (L/mg). Adsorption isotherms are valuable because they
assess an adsorbent's capacity and demonstrate the relationship between this capacity and the concentration of
contaminants in a liquid solution.

The Langmuir parameters K. and gmax were derived from the gradient and y-intercept of the graph 1/qe versus
1/Ce, while the values of Krand n were determined from the y-intercept and gradient of the plot In(qe) versus In
(Ce), as illustrated in Fig. 7. This study portrays the adsorption isotherm process through the application of the
Freundlich and Langmuir models.

Penerbit
UTHM



Int. Journal of Integrated Engineering Vol. 17 No. 9 (2025) p. 393-408 404

In(Ce) 25 .
as 3 23 2 s 1 03 0
. . s : . . s £ 0.0000 20
y=-1.279x + 12.501
05000 15 R2=0.125
— &
3 =
¥ =-0.1027x - 1.6939 10000 = 10
Ri=0.0541
-1.5000 5
20000
0 . * .
2.0000 4.0000 6.0000 8.0000 10.0000
25000
1/Ce
(@) (b)

Fig. 7 Phosphate experiment results on HCS matched (a) Freundlich model; (b) Langmuir model

Table 4 The isotherm model parameter for phosphorus adsorption on raw hard clam shell

Isotherm model Parameter Values
Freundlich n -9.7371
Kr(mgg?) 0.1838

R2 0.0541

Langmuir gmax (Mg g1) 0.0799

Ku (L mg-1) -9.785

R2 0.1250

According to the parameters in Table 4, adsorption occurs at specific binding sites localized on the adsorbent's
surface since the Langmuir model's correlation coefficient was higher than the Freundlich model. The optimal
Langmuir values would indicate Langmuir isotherm constants (KL) and maximum adsorption capacities (qmax)
that closely match the observed experimental data. In other words, the best Langmuir values would generate
curves that best fit the experimental data, demonstrating that the Langmuir model accurately explains the
adsorption phenomenon formation of monolayer on the adsorbent surface. This facilitates a deeper
understanding of the adsorption mechanism and enables effective adsorbent utilization in environmental
applications and water purification technologies.

Based on the two isotherm models, namely Freundlich and Langmuir, because the R value of Langmuir is
closer to one compared to Freundlich. If it is related to the SEM, XRD, and EDXRF raw, hard clam shell after, there
is an additional element: the phosphorus element attached to the Raw Hard Clam Shell sample after adsorption.
For example, for SEM, there is a new layer at sample Raw Hard Clam Shell after adsorption, whereas for XRD, there
is oxidized calcium. For EDXRF, there is an additional element, phosphorus, in the sample raw hard clam shell
after adsorption.

3.5 Removal Prediction

In this study, prediction contour was also used to analyze the effectiveness of raw hard clam shell in removing
phosphorus from an aqueous solution, as shown in Fig. 8. Based on the batch experiments conducted, it was
observed that the percentage of phosphorus removal increases proportionally with the increase in the weight of
the raw hard clam shell sample used. According to Fig. 8, achieving complete removal (90-100%) of phosphorus
from an aqueous solution containing 25 mg/L using just 8 g of raw hard clam shells is possible at point A. At point
B, 6 grams of raw hard clam shells achieved 80-90% phosphorus removal from a 15 mg/L aqueous solution.
Lastly, at point C, 4 grams of raw hard clam shell achieved 60-70% phosphorus removal from aqueous solutions
with concentrations ranging from 10 to 15 mg/L. This indicates a direct relationship where higher weights of raw
hard clam shells lead to higher percentages of phosphorus removal during adsorption.
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Fig. 8 Prediction contour

According to the prediction contour, researchers can determine the appropriate gram amount of raw hard
clam shell needed for various concentrations of aqueous solutions to achieve specific percentages of phosphorus
removal. These plots provide valuable insights for deeper study, offering a clearer understanding of how removal
efficiency varies with initial adsorption conditions.

4. Conclusion

Since phosphate in wastewater may lead to eutrophication, it can harm the environment and negatively affect
human health. Furthermore, because hard clam shells are difficult to degrade organically, their waste might
contribute to pollution through exposure. This study effectively investigated the removal of phosphate from Raw
Hard Clam Shells; a particle size range of 1.18 mm-2.36 mm produced the highest removal effectiveness of 99.6%.
The experimental data applied the pseudo-first-order and pseudo-second-order models. With the maximum
adsorption rate, the pseudo-second-order model (R2=1.0000) performs better in capturing adsorption kinetics
than the pseudo-first-order model (R2=0.0746). These results suggest that the predominant adsorption
mechanism between the adsorbent and adsorbate involves chemisorption, where electron sharing occurs, leading
to the formation of chemical bonds. In addition, pseudo-second-order offers the most reliable insight into how the
absorption process occurs, which can be used to optimize the absorption process in environmental remediation
applications. The adsorption isotherm data showed suitability for the Langmuir model (R2 = 0.1250), indicating
that adsorption occurs at specific binding sites with monolayer adsorption on the adsorbent surface. A greater Ca
concentration was found in the physicochemical analysis of hard clam shells, which is 42.73% in hard clam shells
processed before and 60.38% in hard clam shells processed after. Phosphate adsorption is negatively charged and
may be enhanced by a more significant positive-charged Ca concentration. The results demonstrate the potential
of hard clam shells as an adsorbent for reducing phosphate in wastewater, particularly as a tertiary treatment for
domestic sewage. Future studies should explore pilot-scale trials under real wastewater conditions, providing
evidence that can guide industries in adopting this approach and inform policymakers in developing sustainable
waste-to-resource strategies.
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