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Abstract: Phosphorus contamination is a major contributor to eutrophication in aquatic systems,
requiring an effective and sustainable removal method. This study investigates the use of modified iron-
coated hard clam shells as a sustainable adsorbent for phosphate removal in an up-flow column. The
effect of flow rate, initial phosphate concentration, and bed depth on adsorption performance was
evaluated. A maximum phosphate removal efficiency of 65.1% was achieved at a bed depth of 8 cm.
The breakthrough data were analyzed using Modified Mass Transfer Factor (MMTF), Thomas, and Bed
Depth Service Time (BDST). The BDST model showed a linear relationship between bed depth and
service time, indicating predictable column performance. The Thomas model showed a reasonable fit
to the experimental data (R?= 0.84 —0.99), with adsorption capacity increasing with bed depth. Negative
Thomas parameters observed at lower bed depths were interpreted cautiously, as they may reflect
limitations in model fitting under early breakthrough conditions. The MMTF model further indicated
that mass-transfer resistance becomes more significant at greater bed depths. This study shows that
modified hard clam shells have potential as a sustainable adsorbent for phosphate removal, particularly
under continuous flow conditions. The use of waste-derived materials also supports resource recovery
and environmental sustainability.

Keywords: phosphate removal; modified iron-coated hard clam shells; adsorption; up-flow column
reactor.
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1. Introduction

The accumulation of phosphorus in aquatic environments is a major factor driving
eutrophication, a serious environmental concern. Elevated phosphate levels, commonly
originating from agricultural runoff, industrial waste, and domestic wastewater, promote algal
blooms, leading to oxygen depletion and the release of harmful toxins [1]. This effect disrupts
aquatic ecosystems, reduces biodiversity, and negatively impacts economic activities such as
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fisheries [2]. Therefore, effective phosphorus strategies are essential to protect water quality,
maintain the ecosystem balance, and ensure safe water use.

Increasing pollution in the environment has led many countries to implement stricter
discharge regulations to protect environmental and public health. In Malaysia, effluent
discharged is regulated under the Environmental Quality Act 1974 (EQA 1974) and
Environmental Quality (Sewage) Regulations in 2009, which is governed by the Department
of Environment (DOE). The phosphorus limit for domestic effluents in Standard A is 5.0 mg/L,
and for other inland waters, Standard B is 10.0 mg/L (DOE, 2009). Compared with other
countries, Malaysia’s discharge limits are considered less rigorous. However, these limits are
relatively higher than international standards. For example, the United States and Japan
typically enforce limits below 0.1 mg/L, while the European Union Water Framework
Directive applies stricter regulations of 0.05 mg/L in sensitive ecosystems. This comparison
highlights the need for more effective phosphorus strategies to meet global water quality
expectations and support long-term environmental sustainability.

Various techniques have been used for phosphorus removal, including biological
treatment, adsorption, membrane filtration, and chemical precipitation [3]. However, each
method has inherent limitations. Chemical precipitation is effective but requires large amounts
of chemicals and produces high volumes of sludge, increasing operational and disposal costs.
Biological processes, such as Enhanced Biological Phosphorus Removal (EBPR), are more
sustainable but may show unstable performance, particularly at low phosphorus concentration.
Membrane technologies such as reverse osmosis and ultrafiltration offer high removal
efficiency but are often limited by energy consumption and high operational costs. These
limitations highlight the need for alternative treatments that are both efficient and cost-
effective.

Adsorption has emerged as an effective method for phosphorus removal due to its
simplicity, cost-effectiveness, and ability to remove phosphorus at low concentrations. In this
study, iron-coated hard clam shells were chosen as the adsorbent due to their high availability
and calcium carbonate-rich composition. Surface modification through iron coating enhances
the active sites and surface roughness, thereby improving phosphate adsorption efficiency.
Shell-based materials, such as eggshells, mussels, and oysters, have been widely studied for
phosphate removal due to their high calcium carbonate content, which promotes the formation
of stable calcium compounds [4]. Iron modification further enhances adsorption through a
ligand exchange mechanism, where phosphate ions (PO+*") interact strongly with iron
hydroxide surfaces to form Fe-P interactions [5]. Phosphate adsorption is believed to occur
through interactions between phosphate ions and iron hydroxide surface groups via ligand-
exchange and surface-complexation mechanisms. Compared to previously studied materials
such as iron-coated waste mussel shells, hard clam shells have a higher carbonate content
(95%-99%), providing more reactive sites for phosphate removal. Previous studies reported
high initial adsorption efficiency followed by a decline in performance due to pore blockage
and site saturation under continuous operation [6]. Overall, the use of iron-coated hard clam
shells provides a sustainable, low-cost adsorbent with potential for continuous-flow phosphate
removal applications, supporting their practical use in water treatment systems.

The scalability and practical application of adsorption systems under continuous flow
conditions require a clear understanding of adsorbent performance and dynamic behavior. In
this study, the efficiency of modified iron-coated hard clam shells for phosphate removal is
evaluated using three models: Bed Depth Service Time (BDST), Thomas model, and Modified
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Mass Transfer Factor (MMTF). These models are applied to analyze breakthrough behavior,
adsorption kinetics, and mass transfer mechanisms in the up-flow column system. Previous
studies on shell-based phosphate adsorbents have mainly focused on batch systems or
unmodified materials, emphasizing equilibrium removal performance without adequately
addressing behavior in continuous-flow systems, thereby limiting their applicability to real-
world water treatment processes [7]. In addition, the systematic application and validation of
dynamic adsorption models such as Bed Depth Service Time (BDST), Thomas, and Modified
Mass Transfer Factor (MMTF) remain limited, particularly in continuous up-flow column
systems, which remain insufficiently explored [7]. Therefore, this study aims to investigate
phosphate removal performance, adsorption mechanisms, and mass transfer characteristics of
modified iron-coated hard clam shells using a model-based approach in a continuous up-flow
column system.

Although shell-based adsorbents, such as mussel shell, have shown promising
phosphate removal performance [5], their behavior and mass transfer mechanisms under
continuous-flow conditions remain insufficiently described. In particular, the combined effect
of surface modification and dynamic adsorption behavior in column systems has not been fully
explored. This study hypothesizes that iron-coated hard clam shells can enhance phosphate
removal efficiency in an upflow column system by increasing surface reactivity and improving
mass transfer, while maintaining structural stability during operation. Therefore, this study
aims to evaluate the performance of modified iron-coated hard clam shells for phosphate
removal under continuous flow conditions. Specifically, the effects of bed depth on removal
efficiency and adsorption behavior are investigated, the physicochemical properties of the
adsorbent before and after adsorption are examined, and the adsorption process is analyzed
using the Bed Depth Service Time (BDST), Thomas, and Modified Mass Transfer Factor
(MMTF) models.

2. Materials and Methods

2.1. Synthetic water solution.

Potassium dihydrogen phosphate (KH2POs) of analytical grade was used as the
phosphate source. A 100 mg L™ orthophosphate stock solution was prepared by dissolving
0.1433 g KH2POs into 1 L of deionized water. A 10 mg L phosphate solution was
subsequently obtained by diluting 100 ppm of the stock solution to 1 L with deionized water,
as shown in Equation (1).

iV = GV, 1)

Where C1is 100 mg L%, C2is 10 mg L%, and V2 is 1 L. A 1 L volumetric vial was used
to transfer the stock solution, which was then diluted to the mark with deionized water. The
solution was labeled, stored in a cool, dust-free environment, and gently inverted to ensure a
uniform mixture.

2.2. Adsorbent.

Hard clam shells were collected from coastal regions in Kuala Selangor, Malaysia. The
raw shells were washed using water to remove impurities, dried, crushed, and sieved to obtain
a particle size of 1.18 — 2.36 mm [8]. For surface modification, an alkaline Ferrum (111) solution
was prepared by adding Sodium Hydroxide (NaOH) to Ferrum (I11) Nitrate Fe(NOz)s 9H20
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until the pH reached 9.5 + 0.1. The shell samples were immersed in this solution and agitated
for 24 hours at room temperature to promote uniform deposition of iron oxy-hydroxide on the
shell surfaces. The samples were then filtered, rinsed, and dried. The modified iron-coated
shells were then stored in airtight containers until use in column experiments [9]. The physical
and chemical material properties of the modified adsorbent are stated in Table 1.

Table 1. Material properties of the adsorbent material: modified iron-coated hard clam shells.

Composition |  Adsorbentform | Particlesize |  Treated | Analysis
Iron-coated 1.18 mm to 2.36 Phosphate BDST model
Hard clam shells Powder mm synthetic Thomas model
wastewater MMTF model

The modification parameters were selected based on preliminary trials and previous
studies on iron-modified shell-based adsorbents. A Ferrum (I1l1) Nitrate Fe(NOz)3 9H,0
concentration of 0.5 M was adopted as lower concentrations resulted in insufficient iron
deposition, while higher concentrations led to particle agglomeration and uneven coating
[10,11]. The pH was maintained at 9.5 + 0.1 to promote effective hydrolysis of Fe(lll) and
uniform precipitation of iron hydroxide onto the shell surface. Agitation at 170 rpm for 24
hours was applied to ensure homogeneous mixing and consistent coating formation.

2.3. Experimental device and operational procedure.

An up-flow column reactor was employed with six different bed depths. The laboratory-
scale reactor consists of a 50 L water storage tank, a perforated acrylic plate (2 mm hole
diameter), silicone tubing, a peristaltic pump, six columns packed with iron-coated hard clam
shells adsorbent, and sampling bottles, as illustrated in Figure 1. The adsorbent was packed
into six columns at different bed depths of 1, 2, 3, 4, 6, and 8 cm to form uniform beds, with
gentle tapping applied to minimize void spaces and prevent channeling. The experiments were
conducted at ambient laboratory temperature (25 + 2°C) under isothermal conditions. The
influent was continuously pumped from the storage tank into the bottom of the column using a
peristaltic pump to establish an up-flow configuration. An influent flow rate of 0.1933 L ht
was selected based on preliminary optimization and previous studies, as lower flow rates
enhance adsorption efficiency, reduce axial dispersion, and increase contact time in iron-coated
media [6,7]. The system was operated under laminar conditions (Re < 1), with a consistent
hydraulic retention time maintained throughout the experiment [11]. The pressure drop across
the column was negligible due to the relatively coarse adsorbent particle size (1.18 — 2.36 mm),
which helps maintain bed porosity and reduce clogging [12]. Phosphate concentrations were
measured at both the influent and effluent to evaluate column performance. The effluent pH
was also monitored to assess its impact on the adsorbent's behavior. Before analysis, samples
were filtered to remove suspended solids. The design parameters and operating conditions of
the up-flow column reactor system are summarised in Table 2.

Phosphate concentrations were determined using a DR6000 Spectrophotometer.
Breakthrough curves were constructed to describe adsorption behavior in the column system.
Column performance was analyzed using the Modified Mass Transfer Factor (MMTF), Bed
Depth Service Time (BDST), and Thomas models. Key parameters, such as Thomas rate
constant, equilibrium adsorption capacity, and mass transfer coefficients, were determined to
assess adsorption efficiency and system performance.
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Figure 1. Schematic diagram of the up-flow column reactor illustrating (1) water storage tank; (2) perforated
acrylic plate; (3) silicone tubing; (4) peristaltic pump; (5) plug flow columns; (6) sample bottles.

Table 2. Dimensions of plug flow column beds utilized in the up-flow column reactor treatment system.

Parameter Unit Dimension
Internal diameter cm 2.5
Column height cm 23
Average size of adsorbent mm 1.18 to 2.36
Volumetric flow rate Lht 0.1933
Up-flow column bed depth cm 1,2,3,4,6,8
Amount of adsorbent in the up-flow column g 8.7749, 15.7164, 23.9548, 31.3505, 48.8137, 61.2983

2.4. Analytical methods.

The modified surface morphology and elemental composition of the adsorbent were
analyzed using Scanning Electron Microscopy (SEM) combined with Energy-Dispersive X-
Ray Spectroscopy (EDX) and COXEM EM-30 Scanning Electron Microscope. The surface
characteristics and interactions between the iron coating and the shell substrate were elucidated
by simultaneous SEM-EDX. Fourier Transform Infrared Spectroscopy (FTIR) was conducted
using a Perkin-Elmer Spectrometer. X-ray diffraction (XRD) analysis was conducted using the
second-generation Bruker D2 Phaser Benchtop Diffractometer. Before the analysis, the
samples were cleaned, dried, and finely ground. Phosphate concentrations were measured using
a HACH DR6000 Spectrophotometer. Calibration standards between 0 and 5 mg P L™ were
generated from analytical-grade KH2POs, and the calibration curve showed excellent linearity,
with a correlation coefficient, R>> 0.999. All samples were analyzed in triplicate, and results
are presented as mean + standard deviation. Blank samples and calibration checks were
performed to ensure analytical accuracy and minimize instrumental drift.

2.5. Numerical simulation and data analysis.

2.5.1. Evaluation of up-flow column reactor efficiency.

Phosphate removal efficiency was assessed under various operational conditions,
including flow rate, initial phosphate concentration, and bed depth. Breakthrough curves were
constructed to describe the variation of effluent phosphate concentration with time, allowing
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determination of adsorption capacity, breakthrough time, and exhaustion time. The removal
efficiency (E) was calculated using Equation (2).

— (Cin_cout) 0
E = =81 100% (2)
Where Cin is the initial phosphate concentration at the inlet of the up-flow column
reactor (mg L), and Cout represents the final phosphate concentration at the outlet of the up-
flow column reactor (mg L%).

2.5.2. Bed depth service time (BDST) model.

The BDST model was applied to evaluate the relationship between service time and
bed depth in the up-flow column systems. It is useful for predicting column performance and
estimating the operational lifespan before breakthrough. The linear form of the BDST equation
can be expressed as a linear equation [5], as presented in Equation (3).

t=220———In (g— - 1) 3)

Where t is the service time (h), No is the dynamic adsorption capacity per unit volume
of the up-flow column reactor (mg L), C, is the phosphate concentration entered the up-flow
column reactor, v is the linear flow rate (cm h*), Ka is the adsorption rate constant (L h™* mg
1, his the depth of the up-flow column reactor (cm), Cs is the influent phosphate concentration
entering the up-flow column reactor (mg L™). The simplified linear form of the BDST equation
is expressed in Equation (4).

t = (axh)— b (4)

Where t represents the bed’s service time, with a = No/(Co X v) is a constant (h cm™)
1 Co
~In (C—S — 1) (h). From the

and h is the depth of the up-flow column reactor (cm), and b = —
b equation, the value of Ka can be written in the form of Equation (5).

1 Co
Ko = preIn (C—S - 1) (5)

Plotting t versus h yields a straight line, allowing the slope (a) and Y-intercept (b) to be
determined. Once the linear relationship is established, the value of N, for a given set of C, and
V can be calculated. The variation in Ka with respect to the outflow percentage is then
determined using Equation (5).

2.5.3. Thomas model.

The Thomas model was used to describe adsorption kinetics and predict breakthrough
behavior in the column system. It assumes that adsorption follows Langmuir kinetics under
flow conditions. The model equation is given in Equation (6) [6].

Cs _ 1

= 6
Co 1+exp[KT(—qoxm(;C°XV) ©6)
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Where Kr is the kinetic coefficient or the Thomas rate constant (L h™* mg?), qo is the
equilibrium phosphate solute uptake per gram of iron-coated hard clam shells adsorbents (mg
g1), and m is the mass of the adsorbent in the up-flow column reactor (g). Q is the volumetric
flow rate (L h'), and V is the effective volume of the synthetic phosphate solution passed
through the reactor (L). The terms Cs and Co represent the phosphate concentration in the
effluent and influent, respectively (mg L™). By rearranging Equation (6), the Thomas model
can be written in the linear form shown in Equation (7) [6].

ln(%:—l)z—(cxt)+d (7)

Where ¢ = Kt x Co as the slope is a constant (h1), t = V/Q is the service time (h), and d

= XXX gince the y-intercept is a constant (dimensionless), the experiment was set at a

constant flow rate. Since the values of a slope and d as the Y-intercept have been confirmed
from the linear curve, [ln (% - 1)] in versus t allows us to compute the value and the value at

N

a certain flow rate [13].

2.5.4. Modified mass transfer factor (MMTF) model.

The MMTF model was applied to calculate the cumulative amount of phosphate
adsorbed onto the adsorbent over time. The cumulative amount of phosphate deposited on the
modified iron-coated hard clam shells' surface can be determined using Equation (8) [6].

g = foV (Co_::)dv ®)

Where q is the cumulative quantity of phosphate deposited on the modified iron-coated
hard clam shells surface at a volume of V of synthetic phosphate solution flowing through the
up-flow column reactor bed (mg g?). The adsorbate concentration at any given time and
position in the column can be predicted using the standard Equation (8), which can be written
as Equation (9).

In (g—) = [kya]y X e A @ x ¢ )
Where [k a], is the global mass transfer factor (h~1) and g is the adsorbate-adsorbent

affinity parameter (g h mg~1). The simplification of Equation (9) resulted in a linear equation
that can be written as Equation (10).

In(q) = % x In(t) + B (10)
With:
B In([kralg)-In {ln(g—‘s’)}

B= - (11)

Where B is the potential mass transfer index linked to the driving force of phosphate
mass transfer from bulk water to acceptor sites (mg g). The external mass transfer factor's

correlation ([k,a],) and [k,a], can be expressed in the form [6] of Equation (12).
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[kialy = [kpaly x eI @ (12)

Where [k, a]; is the external (film) mass transfer factor (h™'). By plotting In(q) versus
In(t), allow us to verify the values of g from the slope and B from the y-intercept of the straight
line. The parameters 3 and B are empirical constants obtained from model fitting and are used
to describe adsorption trends. The value [k a], minus [k a]; is the value of internal mass

transfer [k, a],, which can be expressed in Equation (13) [5].
[kralg = [kpalg — [kpalf (13)

Where [k a], is the internal mass transfer factor (porous diffusion) factor (h).
Equation (10), which describes the transport mechanism of phosphate moved through the
matrix pores, can be used to verify the variation [k, a], value followed by the values of [k, a],
and [k, a]. It can also be used to determine mass transfer resistance by comparing the variation
pattern of [k, a], with [k a], for the adsorption of phosphate from contaminated water onto
the iron-coated hard clam shells adsorbent.

The BDST, Thomas, and modified mass transfer factor (MMTF) models applied in this
study provide complementary insights into the adsorption process. The BDST model describes
the relationship between bed depth and service time, enabling the prediction of column
lifespan. The Thomas model evaluates adsorption kinetics and capacity based on breakthrough
behavior, while the MMTF model offers a detailed analysis of mass transfer mechanisms,
including external film and internal pore diffusion. These models enable a comprehensive
assessment of adsorption performance under continuous flow conditions. The adsorption
behavior predicted by these models is supported by the structural and chemical changes
observed in the characterization analyses. Non-linear regression analysis was performed using
Microsoft Excel. Model parameters were obtained by fitting the experimental data to the
respective model equations. The summary of the experimental workflow for phosphorus
adsorption using modified iron-coated hard clam shells in an up-flow column system is shown
in Figure 2.

v -

SOLUTION ADSORBENT COLUMN
PREPARATION |—| PREPARATION |—| COLUMNSETUP || opepation
Prepare synthetic Raw clam shells grinding, Column packing with Continuous operation &

phosphate sieving & iron coating adsorbent & flow rate breakthrough monitoring
solution (KH2PQO4) adjustment

J \§
N N
SAMPLING & 6
ANALYSIS | | MODELLNG | |CHARACTERISATION
Effluent sampling, Breakthrough data Surface morphology &
phosphate analysis chemical
analysis & pH using BDST, Thomas & structure analysis (SEM,
measurement MMTF FTIR, XRD)

Figure 2. Experimental workflow for phosphorus adsorption using modified iron-coated hard clam shells in an
up-flow column system.

3. Results and Discussion

3.1. Physical and chemical characteristics.

The FTIR spectrum of iron-coated hard clam shells provides information on the
functional groups present before and after phosphate adsorption. Based on Figure 3, a
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prominent band was observed at approximately 1471 - 1490 cm™, corresponding to the
stretching vibration of carbonate (COs?), which is the main component of the shell structure
(CaCO:s). After phosphate adsorption, a band appeared at around 859 cm™!, which can be
attributed to P-O vibrations, indicating the presence of phosphate-related functional groups.
This suggests that phosphate ions interacted with the modified surface, likely through bonding
with the iron-coated layer. These changes in the FTIR spectrum confirm that surface

modification enhanced the chemical interaction between phosphate ions and the adsorbent [6].
100

a8 \ f
i | |

a5 \ ‘ Pemt. 98
: ]‘u/ i

a0
4000 3500 3000 2500 2000 1500 1000 500400
cm-1

Figure 3. FTIR spectrum after the adsorption of phosphate.

%T

The functional group assignments corresponding to the adsorption bands identified in
the FTIR spectrum are summarized in Table 3.

Table 3. FTIR functional group assignments for adsorption bands.

Adsorption (cm™) Detection of functional group
1471 Bidentate carbonate
891 Bidentate carbonate
859 Aromatic phosphates, P-O-C stretch
713 Aromatic phosphates, P-O-C stretch

The XRD patterns of the iron-coated hard clam shells before and after phosphate
adsorption are shown in Figure 4. Before adsorption, the diffraction peaks correspond
predominantly to aragonite, confirming that calcium carbonate (CaCQO:s) is the main crystalline
phase of the shell material. Its presence increases the shell's mechanical strength and resilience,
increasing its resistance to external stress and breakdown [10]. After adsorption, the XRD
pattern shows that the dominant aragonite structure is preserved, with no significant shift in
peak positions. This indicates that the adsorption process does not alter the shell's bulk
crystalline structure. However, slight variations in peak intensity and the appearance of minor
additional peaks were observed, which may be attributed to surface interactions between
phosphate ions and the modified shell surface. This phase change may be attributed to structural
rearrangement during adsorption and interaction with the iron coating [11]. The absence of
distinct crystalline iron or phosphate phases suggests that adsorption occurs mainly at the
surface level rather than through bulk structural transformation. These results confirm that the
modified iron-coated hard clam shells maintain structural stability while providing active sites
for effective phosphate adsorption.
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Figure 4. (a) XRD before adsorption pattern; (b) Before adsorption pie chart; (c) XRD after adsorption
pattern; (d) After adsorption pie chart of modified iron-coated hard clam shells.

The EDXRF results in Table 4 show that calcium (Ca) and oxygen (O) were the
dominant elements in the iron-coated hard clam shell, confirming that calcium carbonate
(CaCO0:s) is the main structural component of the adsorbent. The Ca content increased slightly
from 29.70% before adsorption to 31.53% after adsorption, while O increased from 53.04% to
65.51%. This may be associated with surface interaction and the formation of oxygen-
containing phosphate complexes after adsorption. The presence of Fe before adsorption
(0.46%) indicates that iron was successfully introduced onto the shell surface during the
modification process [14]. After adsorption, Fe was not detected by EDXRF, suggesting that
the detectable iron signal was reduced after phosphate uptake. This may be due to the
involvement of iron species in phosphate binding or the coverage of iron-active sites by
adsorbed phosphate species. Minor elements such as Na, Mg, Al, and Sr were also detected in
small amounts. These elements are commonly associated with the natural shell composition
and may contribute to the adsorbent's mineral structure. Although the shell does not normally
contain CaO, it can be produced by thermal decomposition, or calcination, in which heating
calcium carbonate produces CO> and CaO [15].

Table 4. Chemical composition of iron-coated hard clam shell (%) analyzed by EDXRF spectrometer.

Element Weight before adsorption (%) Weight after adsorption (%)
Ca 29.70 31.53
0 53.04 65.51
Na 0.14 0.59
Mg 0.01 0.19
Al 0.39 0.27
Sr 0.11 0.35
Fe 0.46 0.00

A scanning electron microscope (SEM) is a microscope that provides high-
magnification images of samples to determine a material's surface topography, composition,
and structure. A focused electron beam is scanned over a sample's surface, generating signals
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that provide detailed information on the sample's composition, surface characteristics, and
other attributes [16]. The surface morphology of the iron-coated hard clam shells was examined
using SEM at 2000x magnification, as shown in Figure 5. Before adsorption, the surface
appeared rough and irregular, with relatively compact features. After adsorption, the surface
became more heterogeneous, with the presence of granular deposits and increased surface
texture. These changes indicate the formation of a coating layer and the accumulation of
adsorbed phosphate species on the shell surface. The development of a more porous, irregular
structure after modification increases the available surface area and provides more active sites
for phosphate adsorption. These observations are consistent with improved adsorption

@) L0 2000k $0:100 W0 106 0.0 u. .
Figure 5. SEM image of iron-coated hard clam shells at 2000x magnification (a) before; (b) after adsorption.

The combined SEM-EDX, FTIR, and XRD analyses provide consistent evidence
supporting the successful modification of the hard clam shells. SEM-EDX observations
confirm the presence and distribution of iron on the adsorbent surface, while FTIR spectra
show enhanced Fe—O and P-O bands, indicating interaction between phosphate ions and the
modified surface. XRD results demonstrate that the dominant crystalline structure is largely
preserved, with only minor changes after adsorption, suggesting that the process occurs mainly
at the surface. These findings indicate that surface modification enhances the adsorbent's
reactivity by introducing additional active sites and improving its surface characteristics. The
rougher morphology and more uniform iron distribution observed in SEM images promote
improved contact between phosphate ions and the adsorbent. At the same time, the presence of
iron-related functional groups supports adsorption through surface complexation mechanisms.
This improved physicochemical behavior is consistent with the column performance, including
increased adsorption capacity and extended service time as predicted by the Thomas and BDST
models, as well as enhanced mass transfer characteristics described by the MMTF model. The
absence of detectable Fe after adsorption may be attributed to surface coverage by phosphate
species or limitations in detection sensitivity, rather than complete removal of iron. Overall,
these findings demonstrate a clear relationship between surface modification and improved
phosphate removal performance under continuous flow conditions.

3.2. Performance of the up-flow column reactor.

The findings in Figure 6(a) demonstrate that the up-flow column reactor reached a
maximum removal efficiency 65.1% (8 cm), 56.3% (6 cm), 43.2% (4 cm), 42.9% (3 cm), 33.1%
(2 cm), and 24.8% (1 cm). An increase in the pore space and acceptor sites of the modified
iron-coated hard clam shells adsorbent occupied by the various solutes may be the cause of a
decline in the up-flow column reactor performance, which may be tracked by a rise in solute
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breakthrough during the experiment. After 24 hours of the experiment, the removal efficiency
of phosphate was observed to have decreased by 2.7% from 65.1% to 62.4% (8 cm). This could
be because the positively charged Ca?* and Fe?* ions on the surface of modified iron-coated
hard clam shells aid in the adsorption of negatively charged phosphate ions from the water
effluent. The reactive surface of CaO, Fe>Os, and CaCOs occupied by the phosphate ions, then
rapidly declines during 144 hours from 24 to 168 hours of the experiment, which may be the
reason why the up-flow column reactor performance dropped by 16.8% from 62.4% to 45.6%
(see 8 cm). The rapid increase in removal efficiency with increasing contact length illustrates
how quickly the adsorbate occupied the adsorbent's empty sites until equilibrium was reached,
when all the sites were fully occupied [12]. In comparison, previous studies on iron-coated
waste mussel shell (ICWMS) in batch systems reported significantly higher phosphate removal
efficiencies of 95.7%-96.9% with an adsorption capacity of approximately 0.30 mg g™! under
extended contact times (48-120 hours) [7,17]. However, these values were obtained under
equilibrium batch conditions and do not reflect continuous-flow behavior. The present study
demonstrates lower, but more practically relevant, performance under dynamic upflow
conditions, which better represent real wastewater treatment operations.
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Figure 6. (a) Removal efficiency of water effluent phosphate; (b) pH performance of water effluent in the
up-flow column reactor.

The trends observed in Figure 6 can be explained by the interaction between the
modified surface chemistry and the hydrodynamic behavior of the up-flow column. The higher
removal efficiencies at greater bed depths are attributed to the increased number of active sites
provided by thicker layers of modified iron-coated shells, which enhance both the initial
adsorption rate and the contact time between phosphate ions and the reactive surfaces. As the
bed depth increases, diffusion resistance decreases relative to the number of available
adsorption pathways, resulting in delayed breakthrough and improved overall removal. The
gradual decline in performance during prolonged operation is primarily due to progressive
saturation of Fe—OH and Ca—OH binding sites, consistent with phosphate-displacement and
precipitation pathways reported in previous studies [6]. The variations in pH shown in Figure
5(b) also correlate with ion-exchange processes and Fe-oxide buffering effects, where OH-
consumption during Fe—P complexation results in slight pH reductions at higher adsorption
intensities. These mechanistic explanations provide a clearer cause—and—effect understanding
of the observed patterns and strengthen the interpretation of column performance.

In addition to recording the phosphate removal efficiency, the pH of the water effluent
has also been recorded, as shown in Figure 5(b). Depending on the species and kind of water
body, an aquatic ecosystem's ideal pH range is typically between 6.5 and 8.5. While some fish
and aquatic plants can withstand slightly more acidic or alkaline conditions, freshwater
ecosystems such as rivers, lakes, and ponds generally flourish in a pH range of 6.5 to 8.0. Since
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saltwater is inherently somewhat alkaline due to dissolved bicarbonates and carbonates, marine
habitats, such as oceans and estuaries, typically have a pH of 8.0 to 8.3. The average blood pH
of fish and other vertebrates is 7.4. For farmed fish, a pH range of 6.5 to 9.0 is advised. The
alkaline death point is approximately 11, and the acid death point is approximately 4 [18].
During the 24-hour experiment, the pH fluctuations were recorded at the storage tank. They
ranged from 7.82 to 8.76 with an average of 8.11 (8 cm), pH value of 8.06 to 9.62 with an
average of 8.45 (6 cm), pH value of 8.11 to 8.54 with an average of 8.38 (4 cm), pH value of
8.14 to 8.55 with an average of 8.38 (3 cm), pH value of 8.15 to 8.51 with an average of 8.43
(2 cm), and pH value of 8.29 to 8.5 with an average of 8.43 (1 cm). The results show that a
higher bed depth of modified iron-coated hard clam shells in the column reactor yields a more
neutral pH in the water effluent.

The pH of treated synthetic water may drop as a result of the presence of Iron (1)
Oxide in the form of a heterolytically dissociated structure on the surface of modified iron-
coated hard clam shell, which may draw OH-ions from solution attached to the surface site of
Fe3* ions. Similarly, the study using iron-coated waste mussel shells reported a gradual
decrease in effluent pH, attributed to the same Iron (I11) Oxide-driven mechanism. However,
the decline was more pronounced in the iron-coated waste mussel shells system, possibly due
to its lower buffering capacity from reduced calcium carbonate content. This comparison shows
that the modified iron-coated hard clam shell provides superior pH stability during phosphate
removal, especially at greater bottom depths [6]. One major reason for relatively high or
alkaline water pH values is that, depending on water composition and external factors, various
chemical and environmental conditions can raise the pH of synthetic water. Frequently,
alkaline agents capable of increasing the alkalinity of the solution, such as NaOH, are employed
to regulate the pH during the preparation of the modified iron-coated hard clam shell [19].

In comparison to unmodified raw shells, the modified iron-coated hard clam shells
demonstrated a substantial increase in phosphate removal. Under comparable conditions,
previous studies have indicated that raw hard clam shells typically only remove 18-28% of
phosphate [5,11]. By contrast, the modified shells in the present study achieved a removal
efficiency of 65.1%, which is equivalent to an improvement of approximately 140 — 260%.
This improved performance is corroborated by the FTIR results, which showed enhanced P-O
stretching bands, suggesting improved Fe—P interactions in the modification [9].

XRD analysis revealed the formation of new iron hydroxide phases, associated with
increased surface reactivity and improved adsorption behavior [6]. SEM—EDX confirmed
uniform Fe deposition and more developed pore structures, which increased active surface sites
for adsorption. These quantitative and qualitative improvements clearly demonstrate that iron
modification significantly enhances the adsorption capability of hard clam shells. This
improvement is also notable when compared to iron-coated waste mussel shells reported in
previous batch studies, which achieved similar adsorption capacities (~0.30 mg g') only under
prolonged equilibrium conditions [7,17], where the present study achieves significant removal
under continuous flow conditions with shorter contact times. In addition to adsorption
performance, the potential for regeneration and reuse of the modified iron-coated hard clam
shells is an important consideration for sustainable application. Although regeneration was not
experimentally investigated in this study, previous studies on iron-based and calcium-rich
adsorbents have shown that phosphate-saturated materials can be partially regenerated through
chemical desorption methods, such as alkaline or acid washing. However, repeated
regeneration cycles may lead to a gradual decline in adsorption efficiency due to structural
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degradation of calcium carbonate and possible loss of active Fe—OH binding sites. In this study,
the observed decrease in removal efficiency over prolonged operation suggests progressive
saturation of active sites, suggesting that regeneration would be necessary for extended use.
Therefore, further investigation on regeneration efficiency, reusability, and long-term stability
is required to evaluate the practical feasibility of this adsorbent in continuous water treatment
systems.

3.3. Numerical analysis using the bed depth service time (BDST).

The BDST model showed a linear relationship between bed depth and service time,
indicating stable adsorption performance under different operating conditions. Higher bed
depth resulted in longer service time, confirming that increased adsorbent mass enhances
phosphate removal capacity [8]. This trend is observed in the experimental data. From Figure
7, at a bed depth of 1 cm, the column achieved a service time of only 4.71 hours before reaching
91% breakthrough. In contrast, increasing the bed depth to 2 cm significantly extended the
service time to 42.75 hours. This substantial increase demonstrates that a greater amount of
adsorbent provides more active sites for phosphate adsorption and prolongs the column's
operational lifespan. The increase in service time with increasing bed depth can be attributed
to improved contact between phosphate ions and the adsorbent surface, as well as reduced
mass-transfer limitations. A deeper bed allows more interaction time and enhances the
probability of adsorption before breakthrough occurs [20]. The negative K, values observed
are associated with the slope of the linearised BDST equation and do not represent physically
negative adsorption rates. The BDST results confirm that bed depth is a key design parameter
in the up-flow column system. Increasing bed depth improves adsorption performance, delays
breakthrough, and enhances the practical applicability of the modified iron-coated hard clam
shells for continuous phosphate removal. This finding is consistent with fixed-bed adsorption
theory, where increased bed depth provides a larger adsorption zone and delays saturation.
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Figure 7. BDST curve of plotting t versus h.

Next, to fill the acceptor sites of CaO, Iron (IIl) Oxide, and calcium carbonate
polymorphs, an increase in the value of No corresponding to an increase in the amount of
phosphate deposited on the surface of modified iron-coated hard clam shells might not be
sufficient. Moreover, as the Cs/C, ratio rises, the dynamic phosphate adsorption capacity
increases. This could be because the water effluent flow increased velocity, resulting in a higher
force of phosphate deposition per unit area of the modified iron-coated hard clam-shell
adsorbent. Since the dispersion of phosphate caused by the resistance of mass transfer
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controlled by either film zone surrounding the solid of modified iron-coated hard clam shells
material of phosphate inside the pores of modified iron-coated hard clam shells adsorbent is
still negligible, the physical meaning of the constant Ka cannot be clearly understood. This is
because an irregular trend of the Ka variation with the increase in the Cs/C, ratio appeared
(Table 5).

Table 5. The parameters N, and K, are calculated using the BDST models.

Cs/ Co (%) a (hcm?) b (dimensionless) No (mg LY Ka (L h't mg?) R?
80 9.1282 0.5292 3594.10530 -0.26 0.8730
85 32.083 0.3492 12632.2473 -0.50 0.9329
90 81.667 0.2414 32155.2766 -0.91 0.8713
95 151.90 0.1625 59808.5703 -1.84 0.9556
99 184.00 0.1537 72447.5111 -3.00 0.9604

3.4. Numerical analysis using the Thomas model.

The Thomas model can be used to forecast breakthrough curves and to explain the
kinetic behavior of phosphate adsorption onto modified iron-coated hard clam shells in the up-
flow column reactor. By validating the modified shells' efficacy in removing phosphate, these
computations will offer a solid foundation for comprehending the adsorption process's kinetics
[21]. The analysis of data obtained from experiments conducted at a flow rate of 0.1933 L h'*
for the different depths of the up-flow column reactor bed using the Thomas models can be
used to conduct the kinetic research of phosphate adsorption onto the modified iron-coated
hard clam shells adsorbent. The values of Ktand go can be determined by plotting In [(Co/Cs)
— 1] versus t using Equation (7), which produces a linear regression slope with the slope
denoted as ¢ and the Y-intercept as d that progressively increases with increasing h, as shown
in Figure 8.

500 600
eh=8 ¢m
®h=6cm

h=4 cm

In (C,/C, -1)

~R -
< *h=3cm
% _Toh=2em

ab=lcm

1(h)

Figure 8. A plot of In [(Co/Cs) — 1] versus t for the adsorption of phosphate at six different depths of the iron-
coated hard clam shell.

The kinetic behaviors of phosphate that traveled from water effluent to the surface of
modified iron-coated hard clam shells may be described by using the K and g, values because
of the correlation for the parameters (R? > 0.845; see Table 6). The numerical analysis using
the Thomas Model reveals a clear trend in the adsorption behavior of phosphate as a function
of bed depth in the up-flow column reactor. As the bed depth increased progressively from 1
cm, 2 cm, 3 cm, 4 cm, 6 cm, and 8 cm, the Thomas rate constant (Kr) fluctuated slightly but
showed a general declining trend: starting at 0.0013 L h'* mg™* for both 1 cm and 2 cm depths,
dropping to 0.0011 L h"t mg? at 3 cm, further to 0.0009 L h* mg™ at 4 cm, slightly increasing
to 0.0010 L h't mg? at 6 cm, and finally declining again to 0.0007 L h** mg? at 8 cm. This

https://biointerfaceresearch.com/ 15 of 22


https://doi.org/10.33263/BRIAC163.078

https://doi.org/10.33263/BRIAC163.078

variation suggests that as bed depth increases, the rate of phosphate adsorption slows due to
extended contact time and deeper diffusion zones. Negative Thomas parameters observed at
lower bed depths were interpreted cautiously, as they may reflect limitations of the model
fitting under early breakthrough conditions. Similar observations have been reported in fixed-
bed adsorption studies, where Thomas model parameters are influenced by the regression
approach, fitting region, and non-ideal breakthrough behavior. Therefore, these values do not
represent physically negative adsorption behavior but indicate reduced model applicability
under certain operating conditions [22]. Simultaneously, the maximum adsorption capacity (go)
showed a steady improvement, from a negative value of -22.03 mg g* at 1 cm, gradually
increasing through -5.95 mg g* and -3.69 mg g at 2 and 3 cm respectively, turning positive
at 4 cm (-0.4 mg g1), and further increasing to 2.49 mg g* at 6 cm and 4.21 mg g* at 8 cm.
(see Table 6). This suggests that deeper beds support more effective phosphate uptake per gram
of adsorbent, likely due to increased contact surface and retention time.

A significant amount of phosphate deposited on the surface of modified iron-coated
hard clam shells material can be retained because the dispersion of phosphate ions throughout
the modified iron-coated hard clam shells adsorbent can be enlarged with an increase in
modified iron-coated hard clam shells in the up-flow column reactor bed. Because the pore
space feature of modified iron-coated hard clam shells is sensitive to the internal structure and
chemical functional groups of the acceptor sites, the kinetic coefficient, K decreased when the
water velocity dropped due to an increase in the modified iron-coated hard clam shells dosage.
The external mass transfer of phosphate from the bulk liquid to the solid surface of the modified
iron-coated hard clam shell adsorbent is associated with the application of Thomas models for
phosphate adsorption, which may aid in explaining the collision frequency and driving force
of the mass transfer. Compared to the previous study using iron-coated waste mussel shells, a
similar decline in K; values was observed with increasing bed depth. However, the iron-coated
waste mussel shell system showed a significantly higher initial adsorption efficiency but
experienced a more rapid decline in performance over time, as reflected in its K and go values.
In contrast, the modified iron-coated hard clam shells exhibit a consistent increase in adsorption
capacity (qo) with increasing bed depth, suggesting that their long-term adsorption potential is
improved. The modified shells’ enhanced performance, particularly their ability to sustain
phosphate removal efficacy during extended column operation, is demonstrated by this
behavior [6].

Table 6. Thomas model parameters, Krand do.

h (cm) m (mg) Kr (L h' mg) 9o(Mg g) R?
1 8.8 0.0013 -22.03 0.845
2 157 0.0013 -5.95 0.811
3 24.0 0.0011 -3.69 0.876
4 314 0.0009 -0.4 0.807
6 48.8 0.0010 2.49 0.930
8 613 0.0007 421 0.908

The structural and chemical changes identified through physicochemical
characterization confirmed the adsorption patterns predicted by the BDST, Thomas, and
MMTF models, indicating a coherent mechanism governing phosphate removal in the up-flow
column system. The BDST model demonstrates that increasing bed depth prolongs service
time, confirming that greater adsorbent mass enhances adsorption capacity. Similarly, the
Thomas model shows an increase in adsorption capacity (go) with bed depth, although
accompanied by a decrease in the rate constant (Kr), suggesting the presence of diffusion
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limitations at higher bed depths. This trend is further supported by the MMTF model, which
indicates improved overall mass transfer performance alongside reduced internal diffusion
resistance. These findings suggest that phosphate adsorption is controlled by a combination of
surface interaction and mass transfer processes. The increase in adsorption capacity and service
time reflects the availability of more active sites and longer contact time, while the reduction
in apparent kinetic rates highlights the influence of transport limitations within the column.
The results indicate that the agreement among the three models suggests that the modified iron-
coated hard clam shells exhibit stable, efficient adsorption performance under continuous-flow
conditions. This integrated modeling approach provides a more reliable basis for scaling up the
adsorption system for real wastewater applications.

3.5. Numerical analysis using the modified mass transfer factor model.

A linear relationship between In(q) versus In(t) according to Equation (9) was shown in
Figure 9 at different bed depths (1 — 8 cm). The slope of the regression line increased with bed
depth, suggesting changes in the interaction between phosphate ions and the adsorbent surface.
This may indicate that adsorption is more influenced by diffusion processes at greater bed
depths, where longer contact times and deeper packing affect mass-transfer behavior. In
addition, the y-intercept (B) shifted towards more negative values with increasing bed depth,
indicating a reduction in the apparent driving force for phosphate transport from the bulk
solution to the adsorbent surface. This trend suggests that mass transfer resistance increases
with bed depth, likely due to partial saturation of active sites and increased diffusion pathways
within the packed bed. Despite this, the overall adsorption performance remained effective, as
supported by the BDST and Thomas model results, which showed improved service time and
adsorption capacity at higher bed depths.

In () (mg g?)

4 h=1cm

In(z) (b)
Figure 9. Linear regression of In(q) versus In(t) for the PO, adsorption onto iron-coated hard clam shells.

The variation in [kia]g, [kials, and [kLa]q indicates that mass transfer behavior changed
with bed depth, reflecting differences in contact time, available active sites, and diffusion
pathways. Higher bed depths generally improved phosphate transport and adsorption
performance by increasing interaction between the phosphate ions and the modified shell
surface. These findings support the BDST and Thomas model results, which showed longer
service time and higher adsorption capacity at greater bed depths. The MMTF analysis suggests
that phosphate removal by modified iron-coated hard clam shells is governed by the combined
effects of surface adsorption and mass transfer resistance [23].
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The variation of the global mass transfer coefficient [kLa]y with effluent outflow
percentage at different bed depths is presented in Figure 10(a). The results show that [kLa]g
gradually decreases as the outflow percentage increases, indicating a reduction in mass transfer
rate during continuous operation. This behavior is expected as adsorption sites become
progressively occupied over time. Higher bed depths (6 cm and 8 cm) consistently exhibited
higher [kLa]g values than shallower beds, suggesting improved mass transfer performance due
to increased contact time and greater availability of active sites. In contrast, shallower beds (1
cm and 2 cm) showed a more rapid decline in [kLa]g, indicating earlier saturation and reduced
adsorption efficiency.

Figure 10(b) illustrates the variation of the external film mass transfer coefficient [k.als.
Deeper beds showed higher initial [k.a]r values, particularly at lower outflow percentages,
indicating stronger initial mass transfer from the bulk solution to the adsorbent surface. As the
bed depth decreased, the peak values shifted towards higher outflow percentages, suggesting
delayed and less efficient external mass transfer [24]. However, at greater depths, the
adsorption rate decreases rapidly due to the saturation of active sites, confirming that
adsorption kinetics depend on the bed depth and the available surface area of the modified iron-
coated hard clam shell adsorbent [25].

The desorption mass transfer coefficient [kLa]d, shown in Figure 10(c), followed a
similar trend. Higher values were observed at a bed depth of 8 cm, reaching approximately 4.2
h! at around 35% outflow, indicating enhanced diffusion of phosphate ions into the adsorbent's
internal pore structure. In contrast, lower bed depths, 2 cm and 1 cm, exhibit the lowest [kia]q
values, with maximum coefficients of approximately 1.5 h-1 and 1.0 h** occurring at higher
outflow percentage (70% to 75%), exhibited reduced [kia]q values, suggesting limited internal
diffusion and faster saturation of adsorption sites.

Overall, the results indicate that increasing bed depth enhances both external and
internal mass transfer processes, leading to improved phosphate removal performance [6].
However, the gradual decline in mass transfer coefficients with increasing outflow percentage
reflects the influence of adsorption site saturation and diffusion limitations during prolonged
operation. The B parameter remained relatively constant, from 1.150 to 1.224 g h mg™ across
all bed depths, indicating stable overall mass transfer behavior throughout the column
operation, as shown in Table 7. It demonstrated a downward trend as the bed depth increased,
with the highest value recorded at 8 cm (-3.388 mg g). This pattern indicates that increased
adsorbent loadings facilitate greater phosphate uptake. The high correlation coefficients (Rz =
0.980-0.996) indicate that the MMTF model adequately describes the adsorption behavior
under the investigated conditions. It is crucial to optimize column height to balance phosphate
removal efficiency and adsorbent regeneration [26]. These findings demonstrate that phosphate
adsorption in the up-flow column system is governed by a combination of film diffusion and
pore diffusion mechanisms, with bed depth playing a critical role in controlling mass transfer
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efficiency and overall system performance. However, a direct quantitative relationship between
structural features and mass transfer coefficients was not established in this study.

Table 7. Parameter 8 and B value at different depths of the up-flow column.

h (cm) f(@hmg?) B (mgg™) R?
1 1.198 -2.742 0.996
2 1.194 -2.949 0.993
3 1.224 -3.078 0.993
4 1.168 -3.244 0.991
6 1.203 -3.241 0.980
8 1.150 -3.388 0.987

Compared to earlier studies that used raw or iron-modified shell-based adsorbents, the
modified iron-coated hard clam shells evaluated in this study showed more stable and improved
phosphate removal performance. Previous work on iron-coated waste mussel shells reported
high initial adsorption by a rapid decline, mainly due to pore saturation and the lower calcium
carbonate content of the material [9]. In contrast, the modified hard clam shells in the study
maintained longer breakthrough times and exhibited higher adsorption capacities as bed depth
increased. This improved performance is related to the naturally higher CaCOs content (95 —
99%) and more uniform iron distribution on the shell surface. In addition, while many earlier
studies focused mainly on batch adsorption Kinetics, this study extends existing knowledge by
incorporating continuous-flow column modeling using the BDST, Thomas, and MMTF models
supported by comprehensive physicochemical characterization (FTIR, XRD, SEM-EDX). This
combination of experimental investigation and modeling provides a clearer understanding of
the adsorption mechanism and mass transfer behavior under practical operating conditions. The
results indicate that modified iron-coated hard clam shells can serve as a sustainable and
promising adsorbent for phosphate removal in continuous-flow systems.

4. Conclusions

This study used modified iron-coated hard clam shell materials as an alternative
sustainable adsorbent to remove phosphate in an up-flow column reactor. A maximum removal
efficiency of 65.1% was achieved at a bed depth of 8 cm, indicating that adsorption
performance improves with increased adsorbent mass and contact time. The data analysis using
the BDST, Thomas, and modified mass transfer factor (MMTF) models showed reasonable
agreement with the experimental data (R? = 0.84-0.99), indicating that these models can
adequately describe adsorption behavior under continuous flow conditions. The results indicate
that adsorption capacity and service time increase with bed depth, whereas mass-transfer
limitations become more significant at greater depths due to diffusion resistance.
Physicochemical characterization further supports these findings, indicating that surface
modification increases the number of active sites and improves adsorption performance.
Although the removal efficiency is moderate, the use of waste-derived hard clam shells
provides a low-cost, environmentally friendly alternative for phosphate removal. The results
suggest that modified iron-coated hard clam shells have potential for phosphate removal under
continuous-flow conditions and may be applicable to real wastewater treatment. Future
research should focus on pilot-scale studies using real wastewater, as well as evaluating
adsorbent regeneration, long-term stability, and system optimization to support large-scale
implementation.
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