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ABSTRACT: The use of fish waste as a source material for the
development of functional beads has significant potential
applications in the fields of materials science and environmental
sustainability. In this study, a biomaterial bead of chitosan was
cross-linked with bio-hydroxyapatite (Bio-Hap/Cs) through the
encapsulation process to create a stable and durable material. The
beads are characterized using scanning electron microscopy
combined with energy dispersive X-ray spectrometry, Fourier
transform infrared spectroscopy, and X-ray diffraction techniques.
The adsorption efficiency of Bio-Hap/Cs hydrogel beads was
evaluated by using Orange G (OG) dye in both batch and
recirculating column systems, and the effect of various parameters
on the adsorption capacity was investigated. In the batch study, it
was found that OG removal increased with an increasing pH and adsorbent dose. However, in the recirculating column system, a
higher bed height and lower flow rate led to increased removal of the OG dye. The kinetic study indicated that the pseudo-second-
order model provided a good description of OG adsorption onto Bio-Hap/Cs beads in both batch and recirculating processes, with a
high coefficient correlation. The maximum adsorbed amounts are found to be 19.944 mg g−1 and 9.472 mg g−1 in batch and
recirculating processes, respectively. Therefore, Bio-Hap/Cs hydrogel beads have demonstrated an effective and reusable material for
OG dye remediation from aqueous solutions using recirculating adsorption processes.

1. INTRODUCTION
In recent decades, many industries, including textile, paper,
leather, and printing, have used large quantities of synthetic
dyes, resulting in widespread environmental contamination.1,2

The dyes, such as azo, reactive, acidic, alkaline, and neutral,
found in industrial effluents exhibit persistent resistance to
biodegradation and pose significant risks to the health of
aquatic organisms and humans, exhibiting toxic, teratogenic,
carcinogenic, and mutagenic effects. Addressing these prob-
lems and discovering appropriate preventive measures
generally take a considerable amount of time.3 To mitigate
and prevent dye pollution, several treatment methods have
been implemented to clean up colored effluents, such as
coagulation-flocculation,4 photocatalysis,5 membrane filtra-
tion,6 and adsorption.7,8 Nevertheless, the adsorption process
is considered to be an effective and simple method that is
relatively free from the concerns of generating unwanted
byproducts and has a good percentage of dye removal. The
main benefits of adsorption process include their simplicity,
highly cost-effective and economically energy consumption,
environmental friendliness, and recyclability.9,10

Numerous studies are being conducted to discover low-cost,
eco-friendly materials to eliminate pollutants in aqueous
environments.11 Crucial importance has been gained on the
biomaterials as adsorbents to remove contaminants, which can
reduce the process cost substantially and make the adsorption
method more ecological and feasible.12 The encapsulated
materials have gained significant attention in recent years as
effective adsorbents for the removal of dyes from wastewater.13

These materials have the ability to trap active agents within
their structures, which enhances their stability, reusability, and
selectivity. The use of encapsulated materials for column
applications is a promising approach for the dye elimination
from wastewater and has the potential to significantly reduce
the environmental impact of textile and dyeing industries.14
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To improve the efficiency of purification, separation, and
recovery of target compounds in industrial-scale applications, a
continuous adsorption system using material beads in column
reactors has several advantages over conventional water
treatment methods.15 Chitosan (Cs) is widely recognized as
one of the most popular adsorbents for dye removal. Cs,
originates from chitin, a bioactive polymer known for its
remarkable antimicrobial properties. This naturally derived
material is cost-effective, environmentally benign, and bio-
degradable and demonstrates low toxicity. Chitosan beads are
commonly employed in batch mode, owing to their high
adsorption capacity, rapid kinetics, and cost efficiency.
However, their application may encounter limitations due to
their low mechanical strength and susceptibility to acid
solubility.16,17 To overcome these limitations, researchers
have been actively exploring methods to enhance the polymer
matrix, aiming to create a composite material that is adaptable
and versatile in various functions groups. An integral method
involves utilizing glutaraldehyde (GA) to cross-link chitosan,
forming covalent bonds that address chitosan’s inherent
solubility challenges and reinforce the composite’s structural
integrity. Additionally, incorporating an inorganic matrix into
the polymer structure functions as a mechanism to introduce a
diverse range of functional groups. Hydroxyapatite (Hap), an
inorganic matrix, has been effectively employed to create these
hybrids for environmental applications. Moreover, its extrac-
tion from natural biological resources such as eggshells, bovine
bones, and fish scales presents an eco-friendlier and cost-
effective alternative compared to chemical synthesis pro-
cesses.18,19

In the present study, we have designed a novel adsorbent for
Orange dye immobilization using the encapsulation process of
fish scales cross-linked chitosan biopolymer. A facile synthesis
of crystalline bio-hydroxyapatite (Bio-Hap) was performed via
alkaline heat treatment of fish scale bioresource in the aqueous
phase. The prepared bio-hydroxyapatite/chitosan (Bio-Hap/

Cs) hydrogel beads were characterized using SEM-EDS, XRD,
and FTIR analysis. The performance of these newly prepared
beads for removing OG dye was studied by using batch
adsorption experiments and a recirculating column process
that acted as a practical sorbent. Finally, the regeneration study
was conducted to assess the reusability of the Bio-Hap/Cs
hydrogel beads in fixed bed column.

2. MATERIALS AND METHODS
2.1. Chemicals. The fish scales and shrimp shells were

collected from a fish market in Agadir (Morocco). The
chemical and reagent used, including hydrochloric acid (HCl,
37%), acetic acid, sodium hydroxide (NaOH, pellets), and
Orange G (OG) dye, were purchased from Sigma-Aldrich, and
glutaraldehyde (25%) was supplied by Fluka.
2.2. Bio-Hydroxyapatite and Chitosan Polymer

Extraction. In a previous investigation, the natural hydrox-
yapatite used in this research was derived from fish scales
through an alkaline heat treatment process.20 The fish scales
were initially cleaned using tap water and deionized water,
followed by drying them at 60 °C for a period of 3 h. Next, the
scales were immersed in a hydrochloric acid solution (0.1 M)
for 1 h to eliminate any organic substances. Afterward, the
scales were thoroughly washed with distilled water and
subjected to agitation in a sodium hydroxide solution (5%
w/v) at 60 °C for 12 h. This procedure resulted in the
formation of a white precipitate, which was subsequently
filtered, rinsed with deionized water until neutralized, and
finally dried in an oven overnight at 100 °C.
The process of obtaining the biopolymer from shrimp shells

involved several stages. The shells were thoroughly washed
with boiling deionized water to remove all fats and impurities.
Then, the shells were air-dried and ground to a particle size of
less than 80 mm. Chemical isolation of chitin and chitosan was
performed in four steps: first, the shells are continuously
agitated for 24 h in a solution of HCl (7%v/v) to remove

Figure 1. Cross-linking protocol for the bio-Hap/Cs hydrogel beads preparation.
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inorganic CaCO3 (demineralization). Afterward, under stirred
conditions for 24 h, 10% sodium hydroxide solution is used to
eliminate proteins (deproteinization). The small amounts of
pigment can be removed using 95% ethanol (decoloration and
bleaching). All or part of the acetylated groups on the obtained
chitin are removed chemically during the deacetylation process
to produce chitosan. In this step, chitin was hydrolyzed with
50% (w/v) NaOH in an alkaline medium and stirred at a fixed
temperature of 110 °C for 4 h. The resultant mixture was
filtered and neutralized with hot deionized water at 60 °C. The
chitosan was then stored in airtight containers.21

2.3. Biocomposite Beads Preparation. The encapsu-
lated Bio-Hydroxyapatite (Bio-Hap) cross-linked chitosan
(Cs) biomaterial beads were prepared by the following
process. First, a solution of chitosan was prepared by dissolving
1 g of extracted chitosan powder in 2% acetic acid. Next, the
chitosan solution was mixed with 1 g of extracted Bio-Hap
powder and continuously stirred for 6 h. For beads
preparation, the homogeneous mixture was continuously
dispensed using a syringe into a solution of NaOH (2% w/
v) and stirred for 3 h. The obtained beads were then washed
several times with distilled water until they reached neutral pH
and immersed in a glutaraldehyde solution for 12 h. Finally, the
synthesized Bio-Hydroxyapatite/Chitosan (Bio-Hap/Cs) hy-
drogel beads were rinsed with distilled water and retained in a
distilled water solution. A schematic representation of the Bio-
Hap/Cs biocomposite beads synthesis process is provided in
Figure 1.
2.4. Characterization Techniques. The identification of

functional groups present in the biocomposite beads was
conducted through Fourier transform infrared (FTIR) analysis
using an ALPHA Bruker Optics instrument located in
Germany. In order to obtain the X-ray diffraction (XRD)
patterns of the powdered samples, an EMPYREAN PAN-
ALYTICAL diffractometer was employed, operating in the 2θ
range from 5° to 60° with Cu Kα radiation (40 kV and 25 mA)
and a scan step of 0.05°. Scanning electron microscopy (SEM)
utilizing a JEOL JSM-IT200 instrument was employed to
capture micrographs of the Bio-Hap/Cs biocomposite beads
before and after adsorption. Additionally, elemental composi-
tion analysis was performed by using energy dispersive X-ray
spectrometry (EDS).
Our approach to determining the size distribution of the

biocomposite beads involved measuring each bead individually,
adhering rigorously to standard measurement practices. This
thorough process encompassed examining over 20 beads; each
bead underwent three measurements to account for potential

variations, and the average diameter was calculated. This
detailed approach significantly contributed to our under-
standing of the observed size distribution.
The method used to determine the point of zero charge

(pHPZC) involved adding 20 mg of adsorbent beads to a 20 mL
NaCl solution (0.05 M) with pH levels ranging from 3 to 12.
The mixture was stirred for 24 h at 25 °C, and the final pH
value (pHf) of the solutions was measured. The value of pHPZC
represents the specific point at which the curve depicting the
difference in pH (ΔpH, calculated as pHf − pHi) plotted
against the initial pH (pHi) intersects the zero line.

18

2.5. Static and Dynamic Adsorption Process. The
batch adsorption experiments were conducted to evaluate the
effect of various factors on the adsorptive potentials of the
adsorbent. The effect of adsorbent dose was performed by
varying the dosage between 0.25 and 3 g L−1. To examine the
influence of pH on the adsorption process, the pH values were
varied from 3 to 12. The impact of contact time was studied by
exposing 20 mg of the adsorbent to 20 mL of a specified OG
dye concentration (20 mg L−1), with durations ranging from 5
to 180 min. Lastly, the adsorption process of the OG dye was
investigated by varying the OG dye initial concentration from
20 to 220 mg L−1.
The typical Bio-Hap/Cs beads with an average size of 2 mm

were used in a recirculating fixed bed column. The fixed-bed
adsorption analysis was performed by using a column with a
length of 10 cm and an inner diameter of 1.5 cm. The flow
rates of 2, 3, and 4 mL min−1, OG dye initial concentration
from 5 to 80 mg L−1, and column bed heights of 1, 3, and 5 cm
were adopted in the present research work to study the effect
of OG dye adsorption performance and to establish optimal
conditions in a recirculating fixed bed column by Bio-Hap/Cs
beads. The samples were collected and analyzed with a UV
spectrophotometer at 476 nm.
In order to calculate the adsorption amount Qe (mg g−1)

and percentage removal R (%) for static and dynamic
adsorption, the following equations were used:22
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The initial and final concentrations of the OG dye solution
are C0 and Ce, respectively. While, m (g) is the biobeads dose,
and V (L) is the dye solution volume.

Table 1. Equations and Parameter Specifications for Isotherm, Kinetic, and Thermodynamic Models

equations parameters description reference

nonlinear kinetic
models

PFO Qt =
Qe(−exp(−k1t))

Qt adsorbed quantity at instant t (min), k2 (kg g−1 min−1) constant rate of PSO and k1
(min−1) constant rate of PFO

23,24

PSO = +Q t
Q k t

Q k t1
e

e

2
2

2

nonlinear
isotherm models

Langmuir = +Q e
Q K C

K C1
L e

L e

max Qe (mg g−1) represents adsorbed quantity at equilibrium, Ce (mg L−1) refers to concentration
at equilibrium, KF is Freundlich constant, KL is Langmuir constant, n defined adsorption
intensity which (2 < n < 10) good adsorption, (1 < n < 2) moderately difficult, (n < 1)
adsorption poor

25,26

Freundlich =Q K Ce F e
n1/

thermodynamic
study

Gibbs free
energy

ΔG = ΔH − TΔS T is temperature (K) ΔS(J mol−1 K−1) entropy change, ΔG(kJ mol−1) Gibbs free energy
change, and ΔH(kJ mol−1) enthalpy change. Kd is distribution coefficient. Qm is adsorbed
amount (mg g−1). R constant of gas and Ce concentration dye at equilibrium

27,28
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2.6. Theoretical Equations for the Adsorption
Process. To describe the kinetic mechanism of OG dye
interaction with hydrogel beads, the study explored the
nonlinear pseudo-second-order (PSO) and pseudo-first-order
(PFO) models. In addition, the adsorption equilibrium data of
OG dye molecules on Bio-Hap/Cs beads were assessed by
using Freundlich and Langmuir isotherms to investigate the
adsorption mechanism. Table 1 presents the mathematical
equations corresponding to the applied models used to fit the
experimental outcomes.
2.7. Optimization Study. Response surface methodology

based on central composite design (RSM-CCD) was applied
to improve the adsorption of OG dye on Bio-Hap/Cs hydrogel
beads by optimizing the controlling factors. The design
included three variable factors, namely, XAD (adsorbent

mass), XOG (Orange G concentration (OG)), and XCT
(contact time), which were selected from pretests and
optimized using a complete design consisting of five levels
(−r, −1, 0, +1, +r). The ranges and levels of the different
factors are shown in Table 2. This approach resulted in the
development of a second-order mathematical equation that
establishes a relationship between the adsorption efficiency and
the influencing variables of OG.

= + + + +
= = = =

a a X a X a X XY
i

k

i i
i

K

ii i
i

k

j

K

ij i j0
1 1

2

1 1 (3)

Y is the predicted result (removal, %); Xj and Xi are the
coded values of independent variables; ai, aij, and aii are the

Table 2. Experimental Levels for OG Adsorption on Bio-Hap/Cs Hydrogel Beads

level

factor symbol units −r −1 0 +1 +r

adsorbent dose XAD g L−1 6.591 10 15 20 23.409
concentration of OG dye XOG mg L−1 11.591 15 20 25 28.409
contact time XCT min 99.546 120 150 180 200.454

Figure 2. FTIR spectra of Bio-Hap, Cs, and Bio-Hap/Cs hydrogel beads before and after adsorption (a); (b) XRD patterns of Hap, Cs, and Bio-
Hap/Cs beads.
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linear, interaction, and quadratic coefficients; and a0 is
constant.

3. RESULTS AND DISCUSSION
3.1. Characterizations. Figure 2a depicts the FTIR

spectra of Bio-Hap, Cs, and Bio-Hap/Cs beads. A Bio-Hap
spectrum shows vibrations at 875 cm−1 and 1100−962 cm−1

were attributed to symmetric and asymmetric stretching bands
of P−O(H) and PO43− in HPO42−, respectively. P−O(H) and
PO43− groups showed deformation absorptions at 605 and 567
cm−1, respectively. The absorption peaks at 1647 and 3435
cm−1 were ascribed to the bending and stretching vibrations of
adsorbed water −OH, respectively. In addition, the typical
asymmetric stretching vibration peaks of CO32− were observed
at 1462 and 1423 cm−1.29 The Cs-FTIR spectrum revealed a
broad band at 3469 cm−1, indicating the presence of O−H and
N−H stretching in the amino and hydroxyl groups. The 2920−

2875 cm−1 region showed a characteristic C−H stretching
band. Additionally, the peak at 1660 cm−1 was assigned to the
bending vibration of the C−H bonds of the amide I
groups,30,31 while the 1595 cm−1 band corresponds to an
amide II (−NH2 bending). Other absorption peaks at 1080
and 1029 cm−1 were attributed to CO stretching. Analysis of
the Bio-Hap/Cs beads revealed the presence of all character-
istic peaks of Bio-Hap and Cs in the spectrum. In addition, a
slight band shift can be observed when Cs is anchored to Bio-
Hap. For example, the PO4 3− peaks shifted from 1014 to 1041
cm−1, possibly due to hydrogen bonding between �O and
−OH of Bio-Hap and −OH of Cs. The amide II peak shifted
from 1595 to 1556 cm−1 due to the cross-linking reaction
between GA and Cs. Furthermore, an increase in the intensity
of the peak at 2931 cm−1, representing the characteristic C−H
peak, indicated the introduction of glutaraldehyde.32

The crystallinity evaluation of Bio-Hap, Cs, and Bio-Hap/Cs
bead materials was performed through X-ray diffraction (XRD)

Figure 3. SEM micrographs of Bio-Hap (a), Cs (b), and Bio-Hap/Cs beads (c) before and (d) after adsorption. EDS elemental analysis of Bio-
Hap/Cs beads (e) before and (f) after adsorption.
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analysis. Figure 2b illustrates the XRD spectrum representing
these materials.33 The peaks observed in the XRD chitosan
exhibited three peaks at 13.02°, 20.11°, and 29.42°, indicating
a semicrystalline structure. The XRD pattern of Bio-Hap
exhibited peaks occurring at 22.84°, 25.76°, 29.12°, 32.22°,
33.98°, 39.86°, 46.72°, 49.44°, and 53.24°, corresponding to
the hexagonal crystalline structure of hydroxyapatite (Ca10
(PO4)6(OH)2) (space group P63/m).

34 In the XRD diffracto-
gram of the Bio-Hap/Cs beads, the hydroxyapatite peaks were
found at 25.92°, 31.72°, 39.76°, 46.74°, 49.54°, 53.20°, and
64.09°. Additionally, a peak was detected at 13.12°, indicating
the presence of intermolecular hydrogen bonding between the
hydroxyl and amino functions of chitosan. This confirms the
successful synthesis of the Bio-Hap/Cs beads.35

Figure 3a,b illustrates the morphological structure of Bio-
Hap and Cs. The SEM image of the extracted Bio-Hap reveals
the presence of particles with diverse morphologies (nanoscale
and microscale particles). The SEM image of the extracted
chitosan clearly distinguishes the fibrillar and porous
structures. Inside the SEM image of the Bio-Hap/Cs beads
(Figure 3c) demonstrates that the Hap material aggregates
have overlapped loosely inside the chitosan surface beads,
confirming the successful development of the biobeads. After
the adsorption of the dye molecules (Figure 3d), significant
changes in the morphology of the Bio-Hap/Cs beads are
observed.36 The surface of the beads appears shiny, and the

presence of filled pores indicates the effective adsorption of the
OG (organic dye) molecules on the adsorbent surface.37

Furthermore, the EDS analysis of the synthesized biobeads
before and after OG uptake was depicted in Figure 3e. The
analysis reveals that the atomic percentages of the predominant
elements in the biocomposite before the adsorption are oxygen
(O) at 51.06%, carbon (C) at 41.74%, phosphorus (P) at
2.13%, calcium (Ca) at 3.80%, and nitrogen (N) at 1.27%.
These elements are expected in the composition of Bio-Hap
and Cs. After OG adsorption (Figure 3f), EDS elemental
analysis of the Bio-Hap/Cs bead surface shows a relatively
uniform distribution of each element. This indicates that the
adsorbed OG molecules are evenly distributed across the
surface of the beads. Moreover, a new peak attributed to the
presence of sulfur (S) is observed in the EDS spectra after OG
adsorption. This observation suggests that the bioadsorbent
exhibits excellent performance in adsorbing OG, as the
presence of sulfur indicates the successful binding of OG
molecules to the surface of the beads.
3.2. Batch Adsorption. 3.2.1. pH and Adsorbent Amount

Effects. Solution pH has a significant impact on the interaction
between the adsorbent and adsorbate. The variation of pH
directly affects the protonation of functional groups present in
the adsorbent and the ionization degree of the adsorbate.38

Figure 4b shows the pH effect on OG adsorption onto Bio-
Hap/Cs beads. The experiment was conducted from the pH

Figure 4. Analysis of adsorbent dose (a) and pH (b) effects and thermodynamic plot (c) for OG dye removal on bio-Hap/Cs beads surfaces.

Table 3. Thermodynamic Parameters for OG Dye Adsorption onto Bio-Hap/Cs Hydrogel Beads

ΔG (kJ mol−1)

adsorbent ΔH (kJ mol−1) ΔS (J mol−1 K−1) 298 K 308 K 318 K

Bio-Hap/Cs beads −61.572 −162.435 −13.017 −11.862 −9.748
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range of 3 to 12. As illustrated in the figure, the adsorption
percentage declined from 99% to 20% when the solution pH
increased from 3 to 12, respectively. In acidic solution, the
beads surface was positively charged and partially by -NH2

functions in the adsorbent were protonated to NH3+.
39 As a

result, electrostatic attraction occurs between the negatively
charged OG dye molecules and the positively charged surface
of beads, resulting in high percentage removal. Conversely, as
the pH value increases, the proportion of negative sites
increases and the proportion of positive sites decreases. Based
on pHPZC, the surface of the adsorbent was negative above pH
= 5.5. Thus, the electrostatic repulsion was dominating,
therefore, OG dye removal was reduced. In addition, the
lower adsorption of OG dye at alkaline pH was assigned to the
competition of hydroxyl ions with the anionic dye.
The outcomes depicted in Figure 4a indicate that increasing

the adsorbent dosage ratio from 0.25 to 3 g L−1 led to an
increase in OG dye adsorption from 68% to 99.71%,
respectively. The adsorption capacity increased, which can be
attributed to the higher number of active sites available for
adsorption, resulting in an increased accessible sorption area.

Figure 5. Analysis of bed height (a), flow rate (b), and OG dye concentration (c) effects, and the reusability of bio-Hap/Cs hydrogel beads (d).

Figure 6. Nonlinear plots of PFO and PSO for OG dye adsorption onto bio-Hap/Cs beads in dynamic (a) and static (b) modes.

Table 4. Kinetic Parameters of OG Dye Removal onto Bio-
Hap/Cs Beads

adsorbent (Bio-Hap/Cs beads)

kinetic model parameter batch adsorption column adsorption

Qe.exp (mg g−1) 18.46 5.098
PFO model k1 0.019 0.018

Qe0.1 18.422 5.215
R2 0.971 0.995

PSO model K2 8.991 0.003
Qe.2 23.003 6.807
R2 0.982 0.997
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Therefore, it can be concluded that at higher adsorbent dosage,
the active sites are fully occupied by OG molecules, leading to
surface saturation and higher adsorption capacity.40

3.2.2. Thermodynamic Effect. The Gibbs free energy
equations, as shown in Table 1, were used to calculate ΔG°.
In addition, the thermodynamic parameters were derived from
the Van’t Hoff plot, as illustrated in Figure 4c and Table 3. The
negative ΔG values confirm the thermodynamic spontaneity of
the adsorption reactions. In addition, the negative enthalpy
change (−61.572 kJ mol−1) suggests that the adsorption of OG
dye onto the Bio-Hap/Cs beads surface is exothermic,
releasing energy. Moreover, the negative ΔS value (−162.435
kJ mol−1 K−1) indicates a reduction in randomness at the solid-
solution interface during the adsorption process, implying a
more ordered arrangement of molecules at the interface, which
enhances dye adsorption onto the material surface.32

In summary, the thermodynamic analysis of this research
study underscores the favorable and spontaneous adsorption
behavior of OG dye on the Bio-Hap/Cs beads surface. The
exothermic nature of the process and the decrease in the
entropy at the solid-solution interface offer valuable insights
into the adsorption mechanism.
3.3. Fixed Bed Column Adsorption. 3.3.1. Effect of Bed

Height. In dynamic adsorption reactor studies, the bed height
or adsorbent loading is an important monitoring factor to
evaluate the performance of the adsorbent. Figure 5a shows the
removal percentage of OG dye at different bed heights, with a
constant flow rate of 3 mL min−1 and an initial concentration
of 20 mg L−1.41 The findings indicate that as the bed height
increases, the amount of adsorbent and active surface area also
increases, leading to a significant improvement in removal
efficiency from 53.34% to 99.06%. From the removal
percentage, it can be seen that a higher bed height or a
greater amount of adsorbent in the column results in a longer
bed life, and the system reaches equilibrium fast. This can be
explained by the fact that a higher bed height provides more
active sites for solute binding and more interaction time,
reducing competition between adsorbate molecules and
increasing percentage adsorption.42,43

3.3.2. Effect of Flow Rate. To investigate the effect of flow
rate on OG dye removal, three different flow rates of 2, 3, and
4 mL min−1 were used keeping the bed depth and inlet OG
dye concentration remained constant at 3 cm and 20 mg L−1 at
pH = 6. Figure 5b presents the curve illustrating the effect of
various flow rates on OG dye removal.43,44 The results
demonstrated that a decrease in the flow rate led to an increase
in the percentage of OG dye removal and the time taken to
reach saturation. At a lower flow rate, the OG dye had more
time to contact the Bio-Hap/Cs beads’ sorption site, resulting
in a higher removal of OG molecules in the column system.
Conversely, at a higher flow rate, the adsorption capacity was
lower, as the lower residence time of the solute results in less
diffusion into the pores of the adsorbent. Overall, the study
suggests that achieving higher removal efficiencies requires a
longer contact time between the adsorbent and solute, which
can be achieved by lowering the flow rate.45

3.3.3. Effect of Influent OG Dye Concentration. In this
study, the effect of initial OG dye concentration on the
adsorption effectiveness of Bio-Hap/Cs beads was explored
and is depicted in Figure 5c. The findings revealed a significant
decline in the percentage removal of OG dye from 98.66% to
44.85% when the initial OG dye concentration increased from

Figure 7. Nonlinear adsorption isotherm models of OG dye onto bio-Hap/Cs beads in dynamic (a) and static (b) modes.

Table 5. Nonlinear Isotherm Parameters of Langmuir and
Freundlich Models for OG Adsorption onto the Bio-Hap/
Cs Beads

adsorbent (Bio-Hap/Cs)

isotherm parameter batch adsorption column adsorption

QExp (mg g−1) 19.944 5.098
Langmuir Qmax (mg g−1) 63.572 9.472

KL (L mg−1) 0.041 1.618
R2 0.864 0.984

Freundlish nf 3.133 4.862
KF (mg g−1) 11.385 4.756
R2 0.962 0.940

Table 6. Comparison between the Adsorption Capacities of
Several Adsorbents toward OG Dye Adsorption

adsorbent
Qmax (mg
g−1) reference

quartz sand cross-linked chitosan-glutaraldehyde 172.65 49
graft poly(N-vinyl-2-pyrrolidone) cross-linked
chitosan beads

63.7 50

PANI@sawdust biocomposite enrobed by calcium-
alginate biobeads

18.7 51

octadecylamine nanoclay 39.4 52
alumina nanoparticles 93.3 53
glutaraldehyde cross-linked Chitosan@
Hydroxyapatite biocomposite

217.466 20

Bio-Hap/Cs beads (static mode) 19.944 current study

Bio-Hap/Cs beads (dynamic mode) 9.472 current study

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://doi.org/10.1021/acsomega.3c10054
ACS Omega 2024, 9, 8543−8556

8550

https://pubs.acs.org/doi/10.1021/acsomega.3c10054?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c10054?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c10054?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c10054?fig=fig7&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.3c10054?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


5 to 80 mg L−1 .46 However, the quantity of OG dye adsorbed
by the Bio-Hap/Cs beads increased from 1.31 to 9.49 mg g−1.
This can be attributed to the fact that as the inlet
concentration of OG dye increases, the interaction time
between OG molecules and the surface Bio-Hap/Cs beads
increases and the number of vacant active sites for biosorption
also increases. These findings have significant implications for
the practical application of the Bio-Hap/Cs beads adsorbent in
wastewater treatment as they suggest that the adsorbent is
capable of effectively removing OG dye from wastewater at
various initial concentrations.

3.3.4. Regeneration. The potential for recycling and
regenerating an adsorption column holds significant promise
in extending its operational lifespan and mitigating the
treatment costs associated with dye wastewater. In practical
applications, the recovery and stability of the sorbent material
are crucial factors to consider. Therefore, the reusability of the
dye-loaded Bio-Hap/Cs beads was evaluated using NaOH
solution (0.1 M), and the adsorptive activity of the beads was
examined over four successive adsorption/desorption cycles, as
depicted in Figure 5d. The figure clearly revealed that the
adsorption rate remained high, with an average retention of
approximately 95.19% maintained throughout the four cycles.

Figure 8. Proposed adsorption mechanism for OG dye on bio-Hap/Cs beads in static and dynamic modes.

Table 7. Experimental Levels for OG Adsorption on Bio-Hap/Cs Hydrogel Beads and CCD Matrix

coded values real values

removal efficiency (%)run XAD XOG XCT adsorbent dose (g/l) concentration of OG (mg/L) contact time (min)

1 −1 −1 −1 10 15 120 39.55
2 1 −1 −1 20 15 120 83.45
3 −1 1 −1 10 25 120 33.33
4 1 1 −1 20 25 120 70.73
5 −1 −1 1 10 15 180 48.02
6 1 −1 1 20 15 180 95.48
7 −1 1 1 10 25 180 39.55
8 1 1 1 20 25 180 75.71
9 −r 0 0 6.59 20 150 41.24
10 +r 0 0 23.41 20 150 94.63
11 0 −r 0 15 11.59 150 96.23
12 0 +r 0 15 28.41 150 61.06
13 0 0 −r 15 20 99.54 69.04
14 0 0 +r 15 20 200.45 85.45
15 0 0 0 15 20 150 81.36
16 0 0 0 15 20 150 82.02
17 0 0 0 15 20 150 82.11
18 0 0 0 15 20 150 81.09
19 0 0 0 15 20 150 81.67
20 0 0 0 15 20 150 81.31
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Consequently, the results of the reusability assessment
underscore the significant potential of the Bio-Hap/Cs beads
as a cost-effective adsorbent.
3.4. Kinetic Study. The effect of contact time on dye

adsorption onto Bio-Hap/Cs beads is shown in Figure 6. As
can be seen, the adsorption capacity increased as the contact
time increased until equilibrium was reached at 180 min. The
rapid adsorption rate observed in the initial minutes was due to
the availability of active sites on the beads surface.47 However,
the aggregation of dye molecules within the beads may hinder
the diffusion of adsorbed molecules, leading to a slower
adsorption rate. To investigate the appropriate model
describing the adsorption of OG dye, kinetic adsorption was
evaluated by applying PFO and PSO models for both batch
and recirculating column processes. The fitted curves Figure
6a,b and fitting parameters (Table 4) show that the pseudo-
second-order model describes well OG dye adsorption on Bio-
Hap/Cs hydrogel beads rather than the pseudo-first-order
kinetic model using both adsorption modes. These results
declare that the rate-determining adsorption step could be
chemisorption involving valence forces through the exchange
or sharing of electrons between the adsorbate and adsorbent.48

3.5. Adsorption Isotherm. The aim of this study was to
explore the adsorption isotherms of OG dye on Bio-Hap/Cs
beads in order to determine the maximum loading capacity and
to investigate the interaction between the adsorbent surface
sites and adsorbate molecules. To achieve this, both batch and
recirculating column processes were used, and the exper-
imental equilibrium data were plotted using the Langmuir and
Freundlich isotherm models, Figure 7ab. The results showed
that the adsorption capacity increased with an increasing dye
concentration, indicating that the available binding sites
became saturated as more dye was added to the aqueous
solution. In the static mode, the equilibrium data for OG dye
adsorption onto Bio-Hap/Cs beads best fit the Freundlich
model, which describes a heterogeneous surface system. In this
system, stronger binding sites are occupied first, followed by a
decrease in the degree of occupation with binding strength. In
contrast, the Langmuir adsorption isotherm better described
the equilibrium data obtained from the recirculating column
process, which assumes monolayer adsorption and a finite
number of homogeneous adsorption sites. The coefficient of
correlation for both the Langmuir and Freundlich adsorption
isotherms was determined by applying the experimental

adsorption equilibrium results, and the values were reported
in Table 5. The results suggest that the Freundlich model
provided a good fit for the equilibrium data obtained in the
static mode, while the Langmuir adsorption isotherm was more
appropriate for the recirculating column process. The results
from this study could be valuable in the development of
efficient and effective methods for removing OG dye from
aqueous solutions.
3.6. Comparison. To evaluate the adsorption efficacy of

Bio-Hap/Cs beads toward the OG dye, a comparative analysis
with other sorbents previously documented in the scientific
literature was carried out, as summarized in Table 6. The
experimental outcomes illustrate the notable superiority of the
Bio-Hap/Cs beads in terms of its sorption efficacy, surpassing
the performance exhibited by alternative sorbents. The higher
adsorption capacity of the Bio-Hap/Cs beads can be ascribed
to its distinctive surface characteristics, encompassing a
combination of both organic (chitosan) and inorganic
(calcium phosphate) functional groups. Overall, the Bio-
Hap/Cs beads emerge as a highly promising adsorbent for the
selective removal of anionic dyes from aqueous solutions.
3.7. Mechanism. In order to enhance our comprehension

of the sorption mechanism, the biobeads Bio-Hap/Cs
underwent characterization using SEM/EDS (Figure 2) and
FTIR analysis (Figure 2a) subsequent to the adsorption of dye.
The FTIR spectral data exhibited the presence of several
prominent functional groups on the surface of Bio-Hap/Cs
beads, encompassing organic (chitosan chain) and inorganic
(calcium phosphate) hydroxyl and primary−secondary amine
groups. After the adsorption of OG dye molecules, notable
shifts in the position of bands located at 1662 and 1556 cm−1

were observed in the FTIR spectrum (Figure 2a), indicating
the interaction between OG dye molecules containing
sulfonate groups and the binding sites of the biobeads via
hydrogen bonding and electrostatic forces. The disappearance
of the adsorption band at 3340 cm−1 (associated with the
stretching vibration of OH and NH2) suggests saturation of
binding sites with OG dye molecules. Furthermore, a new
adsorption band appeared at 1230 cm−1, attributed to S�O
stretching, further confirming the successful adsorption of OG
dye. The bands within the range of 1500 to 1700 cm−1,
corresponding to the overlapping stretching vibrations of
amines and the characteristic aromatic skeletal structure, were
assigned to the effective adsorption of OG dye by the Bio-
Hap/Cs beads. The EDS spectrum of the biocomposite loaded
with OG dye exhibited a new peak corresponding to elemental
sulfur (S), providing additional evidence supporting the
excellent performance of the bioadsorbent. A visual repre-
sentation depicting the potential interactions between OG
molecules and the surface of Bio-Hap/Cs beads is presented in
Figure 8.
3.8. Optimization of Adsorption Process. In this part of

the study, the primary objective is to optimize the adsorption
process of OG dye using Bio-Hap/Cs beads by applying the
response surface methodology (RSM) approach (Table 7).
Several parameters were systematically investigated, analyzing
both their individual and interactive effects on the adsorption
performance of OG dye. The mathematical model obtained
was rigorously validated using ANOVA (analysis of variance).
The ANOVA results (Table 8) demonstrate the statistical
significance of the proposed model, with p-values below 5%.
Furthermore, the correlation coefficient (R2) and adjusted
correlation coefficient (R2adj) were determined to be 0.906 and

Table 8. Analysis of Variance (ANOVA) for OG Removal

terms coefficient F-value p-value (%)

model 10.74 0.0005
constant 82.03 65.23
X1 18.65 11.37 <0.0001
X2 −7.79 3.54 0.0071
X3 4.34 0.54 0.0895
X1−1 −7.67 11.64 0.0066
X2−2 −3.88 2.98 0.1149
X3−3 −4.38 3.79 0.0801
X1−2 −2.23 0.01 0.4778
X1−3 0.29 0.15 0.9253
X2−3 −1.16 11.64 0.7081
lack of fit 862.95 <0.0001
R2 0.906
R2Adj 0.821
R2Pre 0.2916
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0.822, respectively. These findings support a robust agreement
between the predicted and experimental results. The quadratic
polynomial model can be expressed as follows:

= + +

+

Removal% 82.03 18.65X 7.79X 4.34X

7.67X 3.88X

4.38X 2.23X

0.29X 1.16X

AD OG CT
2

AD AD
2

OG OG
2

CT CT AD OG

AD CT OG CT

Response surface design (3D) used the second-order
quadratic equation to determine optimal values for the
selected factors. These 3D models effectively showed how

different factors and their interactions affected the adsorption
process.
Figure 9c illustrates the interdependent relationship between

the adsorbent material dose of (Bio-Hap/Cs beads) and the
initial concentration of OG. It was observed that the removal
percentage of OG dye showed an increasing trend as the mass
of Bio-Hap/Cs beads increased from 7 to 23 mg, accompanied
by a decrease in dye concentration from 28 to 12 ppm. This
behavior suggests that optimal adsorption performance is
achieved when a larger number of active adsorption sites are
available.
The binary interaction effect between the contact time and

initial concentration of OG is indicated in Figure 9a. Notably,

Figure 9. 2D−3D surface plots of the effect of the interaction between concentration of OG and adsorbent dose (a), contact time and
concentration of OG (b), and contact time and adsorbent dose (c) on removal of OG (%).
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the percentage removal of OG was relatively low at higher
adsorbate concentrations, a phenomenon probably due to the
reduced ratio of accessible adsorption sites to solute
concentration.
Figure 9b shows the interaction effect of the adsorbent dose

and the contact time. As can be seen from the 3D graph, a
contact time, ranging from 100 to 200 min, leads to improved
dye adsorption efficiency. Thus, by using a large amount of
adsorbent and a sufficient contact time, the saturation of the
active adsorption sites can be promoted.
As a result of these findings, the optimal removal of OG dye

was determined to be 93%, achievable under the following
conditions: 20 mg of Bio-Hap/Cs beads, a OG concentration
of 20 ppm, and a contact time of 150 min.

4. CONCLUSION
In this research, we introduced a novel approach for the
synthesis of biobeads using fish scale extracted Bio-Hap
powder encapsulated by chitosan cross-linking. The resulting
beads possess a special cross-linked network structure and
abundant functional groups, which exhibit outstanding
adsorption performance toward Orange G (OG) dye in
batch and recirculating column processes. Our findings
indicate that the kinetic behavior of Bio-Hap/Cs beads can
be effectively described by the pseudo-second-order model in
both batch and recirculating column methods. In the fixed-bed
process, higher bed height and low flow rate were amenable
factors for wastewater treatment with extremely low OG dye
concentration. Without a doubt, this innovative approach of
utilizing fish-scale-extracted Bio-Hap proves to be a highly
efficient method for wastewater treatment, particularly in
industrial settings. Overall, the obtained composite beads
exhibit excellent reusability properties, as they can be easily
recovered from water and reused for several cycles, which
presents an economically advantageous aspect of the
adsorption process.
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