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Abstract: Eutrophication occurs when excess phosphate is released from domestic wastewater,
deteriorating the receiving water body. Phosphate pollutants are effectively removed by using chemical
treatment in the tertiary wastewater treatment process; however, this method bears a high cost. Hence,
this study used waste raw marsh clam shells as an adsorbent to remove phosphate from a synthetic
phosphate solution (10 mg/L). The phosphate solution was mixed with the different adsorbent masses
(2, 4, 6, 8, and 10 g) with particle sizes ranging from 1.18 to 2.36 mm. The batch experiment data were
fitted to kinetic and isotherm adsorption models. The physicochemical properties of the shells were also
analyzed to determine the adsorbent characteristics by using X-ray diffraction (XRD), scanning electron
microscopy (SEM), energy dispersive X-ray fluorescence (EDXRF), and Fourier transform infrared
spectroscopy (FTIR). In this study, the highest phosphate removal efficiency from solution was 51.67%
in 10 g of raw adsorbent, where the high amount of adsorbent increased phosphate removal efficiency
from the solution due to the high number of active sites on the adsorbent surface. The data fitted well
with a pseudo-second-order kinetic model where the R? value was 0.9989, demonstrating that the
adsorption process is a chemisorption. Meanwhile, the analysis of the isotherm model shows that the
Freundlich model (R? = 0.7322) is the best model to represent phosphate adsorption onto marsh clam
shell, showing that the adsorbent surface is heterogeneous. In a nutshell, raw marsh clam shell has been
proven to be an excellent adsorbent material for removing phosphate from wastewater.
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1. Introduction

Malaysia is a developed country that implements an open economy, and the rapid
development generates a combined volume of wastewater from industrial and municipal
sectors of approximately 2.97 billion cubic meters per year [1]. Thus, wastewater treatment
must be done in an effective way to secure the water resources and the environment. Improper
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wastewater treatment, such as phosphorus pollutants, could affect the ecosystem and human
health. The phosphate sources are detergent, fertilizer, manure, and factory activities.
Excessive phosphate concentration in water bodies caused by human activities is known to
reduce water quality by eutrophication, stimulating algal growth and negatively impacting
aquatic environments. By hastening eutrophication, this degradation of the receiving water has
caused major environmental concerns, particularly in the water ecosystem, endangering aquatic
life and human health worldwide in recent decades [2]. More than 60% of the 90 main lakes
are being eutrophicated in Malaysia [3].

In this study, an environmentally friendly approach was applied to remove phosphates
from water. Chemical and biological treatment methods have several disadvantages, including
expensive chemical costs and a long start-up time, making them a slow procedure [4]. On the
other hand, adsorption is the most capable technique for removing phosphate from water
because of its easy operation, low cost, and high effectiveness [5]. Marine shell wastes can be
used as adsorbents for phosphate removal as they are available in large quantities, and many of
them are landfilled [6]. This study uses a natural adsorbent, the marsh clamshell, to adsorb
phosphate. Waste marsh clam shells with leftovers produce major odor pollution and
necessitate a large land area for landfilling due to the lack of a suitable disposal method. This
abandoned waste can be transformed into a valuable adsorbent product for a sustainable world.
This study aims to investigate the performance of phosphate removal in solution with different
masses of raw waste marsh clam shells in a batch experiment. The data was verified using
kinetic and isotherm adsorption models to evaluate the interaction between the solution and the
adsorbent. The discovery of a new adsorbent material derived from trash to extract phosphates
from an aqueous solution exemplifies the research’'s uniqueness, which has potential
implementation for tertiary wastewater treatment in the future.

2. Materials and Methods

2.1. Preparation of the adsorbent.

The waste marsh clam shells were collected from Bachok, Kelantan, Malaysia. The
shells were cleaned with tap water and deionized water several times. After that, the shells were
dried under the sun for 2 days and dried in the laboratory oven at 30°C for 2 days. The dried
shells were then crushed using a mortar and pestle. The granular shell powder was then sieved
with a sieve shaker to get particles in the 1.18-2.36 mm range. The sieved shell powder was
weighed (2, 4, 6, 8, and 10 g) and packed into plastic containers.

2.2. Preparation of aqueous solution.

The aqueous solution was prepared by dissolving 0.1433 g potassium dihydrogen
phosphate in 1 L deionized water to produce 100 mg/L phosphate solution. The stock solution
was then diluted to produce a 10 mg/L phosphate solution.

2.3. Batch adsorption experiment.

Five batches of experiments were conducted, each with a different mass (2, 4, 6, 8, 10
g) of adsorbent. The batch experiments were carried out at room temperature with a
concentration of 10 mg/L of phosphate solution. A 100 mL phosphate solution volume was
added to 10 conical flasks, and the adsorbents were added. The conical flasks were shaken at
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170 rpm by using an orbital shaker according to their fixed time. The fixed times for each batch
were 30, 60, 120, 180, 300, 420, 1440, 2880, 4320, and 5760 min. The solution was taken out
at the specified time and filtered with a strainer. The residual adsorbent on the strainer was
dried for physicochemical characterizations. The solution was then filtered again with a
vacuum pump and filter paper to determine the extractable phosphate concentrations. The
filtered solution was measured using a UV-vis spectrometer (HACH DR6000) and the reactive
amino acid method.

The adsorption capacity and removal efficiency for each batch experiment were
calculated after the initial and final concentrations had been recorded. Their formulas are

shown in Eq. 1 and Eq. 2, respectively [7].

Ci—C
q=-"—Lxv (1)

E =" x100% @)

4

where C; = initial phosphate concentration (mg/L), Cr = final phosphate concentration
(mg/L), m = mass of adsorbent (g), and V = volume of solution (L).

2.4. Characteristics of marsh clam shell.

The shell's surface morphology and elemental composition were investigated using a
scanning electron microscope (SEM; COXEM EM-30AX PLUS). FTIR spectrometer (Perkin
Elmer Spectrum Two) was used to carry out FTIR analysis to determine the functional groups
of the shell before and after adsorption [8]. X-ray diffraction (XRD) analysis was performed to
identify the mineral structure of the shell by using an X-ray diffractometer (Second Generation
BRUKER D2 Phaser Benchtop XRD).

2.5. Adsorption kinetics and isotherms models.

Pseudo-first-order and pseudo-second-order kinetic models were applied in this study
to verify the experimental data. Adsorption Kinetics is the study of adsorption uptake over time
at constant pressure or concentration, and it is used to assess adsorbate diffusion in pores [9].
The pseudo-first-order equation can be described as Eq. 3.

In[ge —q()] = Inge — kit ©)

The pseudo-second-order equation can be expressed as Eq. 4.
ti 1 ti

2= - (4)

at ka8 de

where ge = amount of adsorbate adsorbed at equilibrium, g: = amount of adsorbate at
adsorption time, k1 = pseudo-first-order rate constant, k> = pseudo-second-order rate constant,
and t; = time of adsorption.

Adsorption isotherm expresses the relation between the equilibrium of adsorbate
concentrations in the liquid phase and the adsorbate amount in the solid phase at a given
temperature [10]. The Langmuir and Freundlich models were applied to verify the data.
Freundlich isotherm represents a multilayer adsorption process that occurs on heterogeneous
surfaces [11]. Meanwhile, the Langmuir model demonstrates a monolayer adsorption process
on the adsorbent with a uniform structure and assumes that all the active sites are equivalent
and independent [12]. The Freundlich model is defined as Eq. 5.

Inge = InKg + %ln Ce (5)
The Langmuir model is represented as Eq. 6 [13].
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1 1 1

a B KLAmaxCe Amax (6)

where ge = amount of adsorbate adsorbed at equilibrium, Kr = Freundlich adsorption
constant, Ce = equilibrium solution concentration of the adsorbate, n = empirical constant, qmax
= maximum adsorption ability, Ce= concentration of adsorbate at equilibrium, and K.=
Langmuir constant.

3. Results and Discussion

3.1. Characterisation of samples.

The SEM photographs showing the surface morphology of the marsh clam shell with
magnifications of 1500x, 5000%, and 10000x are illustrated in Figure 1. Figure 1(a) shows the
SEM image of 1500x magnification, where the clamshell has a compact texture. There are
many small and irregular rough pores on the outer surface, indicating that it has strong
structural stability [14].

o o i Vo e o ,. o
Figure 1. SEM images for (a) 1500x magnification; (b) 1500x magnification; (c) 10000x magnification.

The chemical compositions of the raw marsh clam shell were identified by energy-
dispersive X-ray fluorescence and are shown in Table 1. O (46.13%) and Ca (38.48%) are the
major compositions, followed by C (9.52%). The minor compositions are Au (4.06%), Al
(1.44%), Sr (0.17%), Mg (0.15%), and Na (0.06%). The abundance of Ca gives the marsh clam
shell its potential to bind with phosphate to remove it from the aqueous solution [15].

Table 1. Compositions of marsh clam shell by EDXRF.

Element Weight (%)
) 46.13

Ca 38.48

C 9.52

Au 4.06

Al 1.44

Sr 0.17

Mg 0.15

Na 0.06

The FTIR spectra (Figure 2) of phosphate adsorbed onto marsh clam shell were
recorded from 700 to 1800 cm™* and were compared with each other to obtain information on
the modifications and surface functional groups [16]. The position and shape of the phosphate
stretching band in the FTIR spectra of the marsh clam shell are influenced by the nature and
position of the surface functional groups. The tetrahedral phosphorus molecules are
coordinated. Before the phosphate adsorption, the two bands observed at 862.35 and 712.69
cm confirm the presence of aragonite [17]. Three shifted bands have a significant change from
712.69, 862.35, and 1476.79 cm™! before adsorption to 712.34, 859.92, and 1449.76 cm !,
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respectively, after adsorption of the phosphate from aqueous solution onto the marsh clam
shell.

The difference in the frequency spectrum of 27.03 cm™* (1476.79 — 1449.76 cm ™) is
because the C—C stretching bands at the surface of the marsh clam shell are affected by the
asymmetric stretching mode of vibration for the phosphate group [18]. The phosphate
molecules adsorbed onto the surface of the marsh clamshell may have influenced C—Cl bending
and increase the frequency spectrum by 0.35 cm™ (712.69 — 712.34 cm™), and 2.43 cm™!
(862.35 - 859.92 cm™1) due to ion exchange between the phosphate and C—H functional group.
This can affect the stretching because of the vibrations [19]. After the adsorption of phosphate
from the aqueous solution onto the marsh clamshell, a new peak was observed at 1787.02
cm tand could be associated with the stretching vibration onto the surface of the marsh clam
shell on C-0, indicating that dihydric phosphate was generated [20].
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Figure 2. FTIR spectra of marsh clam shell (a) before; (b) after adsorption experiment.
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The XRD pattern (Figure 3) of the marsh clamshell sample indicates that aragonite
(CaCO:s) is the major component of marsh clam shells. The other components listed on the
XRD pattern are calcium oxide (Ca0O), sodium oxide (Na20), and iron oxide (Fe203).
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Figure 3. XRD diffraction patterns of marsh clam shell.

3.2. Adsorption capacity, g (mg/g) and removal efficiency, E (%) of phosphate.

The results show that with higher adsorption capacity, the marsh clam shell took longer

to adsorb the phosphate.
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Figure 4. Adsorption capacity, q (mg/g) for different adsorbent masses: (a) 2; (b) 4; (c) 6; (d) 8; (e) 10 g.
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Figure 4 shows the adsorption capacity of marsh clam shell where the adsorption
capacity was rapid at the beginning and gradually increased until the equilibrium state. The
longest duration to determine the maximum adsorption capacity of 2, 4, 6, 8, and 10 g of marsh
clam shell was set at 5760 min. The ge value for 2 g was 0.044 mg/g, 4 g was 0.037 mg/g, 6 g
was 0.048 mg/g, and for 8 and 10 g was 0.054 mg/g. The highest adsorption capacity was 0.054
mg/g for 8 and 10 g because adsorption capacity increases as more exchange sites are available
for the phosphate to adsorb.

The phosphate removal efficiencies (E) for the marsh clam shell dosages of 2, 4, 6, 8,
and 10 g were 8.31%, 14.14%, 27.32%, 41.26%, and 51.67% at 5760 min of contact time, as
shown in Figure 5. Electrostatic interactions could be the mechanism of the adsorption process.
The affinity between calcium oxide and phosphate ions on the surface of the marsh clam shell
is particularly strong since both compounds have unique charges that may generate an attractive
effect on one another [21]. Throughout the first 30, 60, 120, 180, 300, and 420 min of contact
time, the phosphate removal efficiency of marsh clam shell increased rapidly, then
progressively rose to its equilibrium level. As a result, the phosphate adsorptions onto marsh
clam shell reached equilibrium at 4320 and 2880 min. The sharp increase in phosphate
adsorption onto marsh clam shell from an aqueous solution could be explained by the high
number of active sites on the adsorbent surface [22]. The small porous surface of marsh clam
shell with a high calcium component increases the removal efficiency as the mass of adsorbent
increases.

—0—29 W49 —&—6g —e—8g —x—10g

0 1000 2000 3000 4000 5000 6000
Time (min)

Figure 5. The removal efficiency of various absorbent masses.
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Figure 6. Removal efficiency, E (%), and adsorption capacity, g. (mg/g) with different raw marsh clam shell
masses.
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Figure 6 depicts the effect of different amounts of marsh clam shell on E and q during
phosphate adsorption. With the increasing amount of marsh clam shell from 2 to 10 g, the value
of E for phosphate adsorption increased from 8.31% to 51.67%. The rise in E is related to the
high surface area and active sites on the marsh clamshell, allowing it to easily adsorb more
phosphate from the aqueous solution until it achieves an equilibrium state, as shown in Figure
6 [23].

3.3. Adsorption kinetic model.

To investigate the mechanism of adsorption and potential rate controlling steps, the
kinetic models pseudo-first-order (PFO), pseudo-second-order (PSO), and intraparticle
diffusion models were used to test experimental data.

3.3.1. Adsorption kinetics of pseudo-first-order model.

The experimental data from the batch experiment were used to plot In (ge — qt) versus
t. Next, the values of the variables from the PFO model were fitted to the plot to associate the
kinetic parameters with the experimental data, as shown in Figure 7. The ki and In ge values
were evaluated from the slope and intercept of the plot, respectively. The adsorption kinetics
follows a PFO model if the plot of In (ge — qt) versus t gives a straight line [24]. The most
appropriate model of PFO should have the smallest Fe value and the highest R? value. If the
pseudo-first-order model provides a better fit, then the adsorption is a physical process.

Time (min)
0 1000 2000 3000 4000 5000 6000
0.000 . s ! . . ,
-2.000 A v(8 g)=—0.0005x —3.2189
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Figure 7. Linear regression analysis for a pseudo-first-order model of phosphate adsorption from aqueous
solution.

The values of the PFO parameters ge (mg/g), ki (mg/g), and R? were determined by
applying the knowledge of the general equation of the straight line, y = mx + c. The slope and
y-intercept of the straight line are represented by m and c in the general equation, respectively.
The y value can be defined as In (ge — qt), m is defined as ki, x is defined as t (time), and c is
defined as In (ge). The parameters Qegneory), K1, and R? were calculated and are shown in Table
2. The best R? value is 0.9810 because it is the highest R? value with the lowest Fe value, which

i 0.1125.
Table 2. The kinetics parameters of the pseudo-first-order model.

Mass (9) Qe(theory) k1 R? Fe Oe(exp)
2 0.0310 0.0005 0.8046 0.1579 0.044
4 0.0281 0.0022 0.9810 0.1125 0.037
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Mass (9) (e(theory) k1 R? Fe Ce(exp)
6 0.0386 0.0006 0.9748 0.1157 0.048
8 0.0400 0.0005 0.8417 0.1764 0.054
10 0.0456 0.0010 0.8713 0.1263 0.054

3.3.2. Adsorption kinetics of pseudo-second-order model.

The experimental data from the batch experiment for the five different adsorbent
masses were used to plot t/gt versus time. The values of the variables in PSO were fitted to the
plot, as shown in Figure 8. The values of k> and ge were evaluated from the intercept and slope
of the plot, respectively. The adsorption kinetics follows a PSO model if the plot of t/qt versus
t gives a straight line. If the PSO model fits the experimental data better, the adsorption is
chemical [25].

180000 1 @2 M4g AGg ¢8g X109
160000
140000
120000
+« 100000
o
+ 80000
60000
40000
20000
0 T T T T T )
0 1000 2000 3000 4000 5000 6000
Time (min)
Figure 8. Linear regression analysis for a pseudo-second-order model of phosphate adsorption from aqueous
solution.

The values for the PSO parameters ti/g;, 1/qe, and 1/k-0e? were obtained by comparing
them with the general equation of a straight line. The m and c in the general equation are equal
to 1/c and 1/kz0e?, respectively. The x and y values represent t (time) and ti/q:, respectively.
Then, the parameters geneory), K2, and R? were determined based on the plot and are displayed
in Table 3.

Table 3. The kinetics parameters of the pseudo-second-order model

Mass (9) Qe(theory) ko R? Fe Qe(exp)

2 0.0444 0.0810 0.9891 0.0247 0.0435
4 0.0379 0.2197 0.9989 0.0245 0.0370
6 0.0498 0.0507 0.9827 0.0418 0.0477
8 0.0552 0.0557 0.9822 0.0497 0.0540
10 0.0565 0.0493 0.9599 0.0688 0.0541

Based on the comparison of the correlation coefficient between the R? values shown in
Table 2 and Table 3, it can be concluded that the adsorption mechanism follows the PSO model
as it has a higher value of R? (0.9989) and a lower value of Fe (0.0245) compared to the
correlation coefficient of PFO (R? = 0.9810). As a result, the adsorption can be classified as
chemisorption, which involves sharing electrons between the marsh clam shell and the
phosphate in the aqueous solution [26]. Fe is the error function, and it was used to select the
most appropriate model for adsorption because it quantifies the distribution of the adsorbent
by providing a mathematical analysis of the results and, most importantly, to verify the
consistency of the experimental results, which led to the generation of the adsorption isotherm
[27].
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3.4. Adsorption isotherm model.

The experimental data for the adsorption of phosphate onto marsh clam shell from
aqueous solution were analyzed using the linearised forms of the Freundlich and Langmuir
models. All the values of the parameters were calculated using these two isotherm models. The
best-fitted isotherm model can be identified from isotherm constants and R? values obtained by
matching experimental data with the Langmuir and Freundlich models.

3.4.1. Adsorption isotherm of Freundlich model.

The data from the Freundlich model were used to plot a fitting line, as shown in Figure 9.
The general equation of a straight line was used to obtain the parameter values of the Ky, 1/n,
and R%. By comparing the general equation with the Freundlich equation, the line gradient
represents the 1/n value while the y-intercept represents the Ks value.

In C,

16 18 2.0 22 24

-2.85 : : . -
-2.9 4
-2.95 -

-3 4
=3.05
£ .31 -

-3.15
-3.2 1
-3.25 -
-3.3 - °

y=-0.514x —2.042
R2 = 0.7322

Figure 9. Linear plot of In (ge) versus In (Ce) for phosphate adsorption onto raw marsh clamshell from aqueous
solution.

3.4.2. Adsorption isotherm of Langmuir model.

The Langmuir adsorption isotherm represents the surface as homogeneous, providing
zero lateral contact between adjacent adsorbed molecules. From the data fitted to the Langmuir
isotherm model, the value of 1/ge drops as the value of 1/C. grows. The linear interaction
between the parameters in the Langmuir model is shown in Figure 10 for raw marsh clam
shells.

27.0000
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o 21.0000 -
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Figure 10. Linear plot of 1/ge versus 1/C. for phosphate adsorption onto marsh clam shell from aqueous
solution.
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The Freundlich and Langmuir isotherm models can use the nonlinear form translated
into linear form equations to determine the relationship between equilibrium concentration and
adsorbent quantity. Table 4 shows the parameters for the Freundlich and Langmuir isotherm
models.

Table 4. Parameters for the Freundlich and Langmuir isotherm models.

Freundlich Model Langmuir Model
n K R? q max KL R?
—1.94553 0.1298 0.7322 0.0311 —0.42993 0.6605

Based on Table 4, the better correlation coefficient, R? was obtained for the Freundlich
model, which was 0.7322, compared to that of the Langmuir model, which was 0.6605. The
values of energy of adsorption, Kr, and K. for the Freundlich and Langmuir models were
0.1298 and —0.42993, respectively. According to the parameter, the Freundlich model has a
greater correlation coefficient compared to the Langmuir model because its value of R? is closer
to 1. Hence, heterogeneous and multilayer sorption was confirmed to be the adsorption process.
The adsorption of phosphate occurs on the heterogeneous site of the marsh clam shell with
multilayer adsorption, where the adsorbed phosphate on the marsh clamshell surface can attract
more phosphate from the aqueous solution [28]. This result implies that active sites with the
highest binding energies would be used first for less heterogeneous surfaces and then pursued
by weaker sites for more heterogeneous surfaces [29]. The highest component of Ca and
microporous marsh clam shell are suitable and efficient for this multilayer adsorption process
[30].

4. Conclusions

This study used raw waste marsh clam shell to remove phosphate from aqueous solution
using adsorption. The removal efficiency and adsorption capacity of raw waste marsh clam
shells towards phosphate in aqueous solution were identified. The experimental data were fitted
with kinetic and isotherm adsorption models and verified. The rough surface of raw marsh clam
shell with small pores gives it the potential to remove phosphate from wastewater. The highest
removal efficiency was 51.67% for 10 g of adsorbent mass due to the high amount of active
surface sites on the adsorbent. The data fitted well with the pseudo-second-order kinetic model
with an R? value of 0.9989 and the lowest Fe value, demonstrating that the adsorption process
is a chemisorption. The phosphate adsorption onto raw waste marsh clamshell is also best
represented by the Freundlich model with an R? value of 0.7322, showing that the adsorbent
surface is heterogeneous. The adsorption mechanism suggests that Ca mainly adsorbs
phosphate on the surface of a marsh clam shell. The current study shows that waste marsh clam
shells could be a viable adsorbent for phosphate removal from wastewater and contribute
significantly to environmental quality improvement.
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