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ABSTRACT: One of the successful methods for dye removal is adsorption. Utilizing eggshells as a bioadsorbent is
an interesting approach to decrease negative environmental impacts and improve the economic value of this waste
material. Hydroxyapatite (HA) is a valuable biomaterial that can be derived from chicken eggshells using microwave
irradiation synthesis. This study combined chitosan (CS) with HA using the precipitation method to develop CS-HA
composite, a promising adsorbent with high adsorption capacity for dyes. Scanning electron microscopy (SEM) and
Fourier transform infrared spectroscopy (FTIR) were conducted to determine the composite biomaterials’ morphology
and functional groups. The results showed that the biomaterials particles exhibit a grain-like morphology with
agglomerated spherical-shaped nanoparticles. The characteristic functional groups corresponding to HA and CS were
identified and disclosed the successful synthesis of a biocomposite, the CS-HA. Adsorption capacity toward methylene
blue of the CS-HA was investigated to discover its adsorption properties. The results showed that the equilibrium
adsorption capacity of CS-HA was 11.0 mg/g, and its adsorption isotherm model was consistent with the Freundlich
adsorption model. In addition, thermodynamic tests confirmed that the adsorption process of CS-HA was exothermic

and spontaneous, with superior adsorption performance at low temperatures.
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INTRODUCTION

Wastewaters from various industries, including textile,
cosmetic, rubber, pharmaceutical, food, and paint in-
dustries, release hazardous substances, such as syn-
thetic dyes, suspended solids, and organic compounds.
These dye molecules are stable and difficult to de-
compose. The carcinogenic materials in organic dyes
can threaten humans and the aquatic environment.
Therefore, properly treating dyes in wastewater is
required to maintain the environmental ecosystem [1].
Synthetic dyes are classified into three categories: an-
ionic, cationic, and nonionic. As our focus in this
adsorption study, methylene blue is a commonly used
dye, soluble in water, and challenging to remove due to
its complicated structure [2]. Methylene blue belongs
to the cationic class as it dissociates as chloride ions
and cations in aqueous solutions [3,4].

Researchers have employed several methods to re-
move dye waste, including chemical treatments (pho-
tocatalytic [5, 6], oxidation [7], coagulation [8,9]),
biological treatments [10, 11], and physical treatments
using ultrafiltration [12] and adsorption [13, 14]. Ad-
sorption is a practical method used for dye removal.
It is an effective technique for dealing with industrial
wastewater problems because the process of adsorp-
tion can reduce the dye concentration in the solution
and eliminate odors. Adsorption methods involve mass
transfer between solids from bulk liquid to the surface
of adsorbents [15]. The advantages of adsorbents

include their high surface area, high porosity, high
affinity to pollutants, and ease of fabrication. Adsor-
bents can be classified into two categories: organic
and inorganic [16]. Several adsorbents, such as acti-
vated carbon [17], silica ash, metal-oxide-based [18],
carbon-based [19], polymer-based [20], metal-organic
framework (MOF) [21], and hydroxyapatite [22] have
been applied for dye removal.

The molecular formular of hydroxyapatite (HA),
or calcium hydroxy phosphate, is Ca,,(PO,),(OH),.
HA is biocompatible, biodegradable, low-toxic, with
a high adsorption capacity [23]. It can be obtained
from natural or synthetic materials. The fabrication
of synthetic HA requires high expenditure due to the
usage of high-purity reagents. Hence, preparation
from natural sources or wastes such as eggshells will
be beneficial [24]. Eggshell is the outermost layer of
an egg, and its hard texture protects the egg’s contents
from environmental conditions. The main content
of eggshells is calcium carbonate (CaCO,) of around
80-95%, varied widely depending on types of eggs.
Eggshells can be used as a precursor for producing HA
[25]. Several researchers have utilized and processed
eggshell wastes into HA. In the adsorption application,
the mechanisms rely on the surface hydroxyl group
(—OH), which is the binding species to create strong
interaction with pollutants [4]. Meanwhile, chitosan
(CS) is a natural polysaccharide used as a dye adsor-
bent to remove dyes. It possesses hydroxyl (—OH)
and amino (—NH,) groups as binding sites [26] to
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form hydrogen bonding with methylene blue [3]. It
is often combined with other materials to overcome its
limitations, such as high solubility in acids, difficulty
separating, weak mechanical properties, and easy-to-
form gel characteristics [27]. This study combined HA
and CS biopolymer to develop a more versatile and
robust adsorbent material.

The common methods to synthesize HA include
freeze drying [28,29], wet chemical methods, sol-gel,
calcination, and hydrothermal methods [24]. This
study used a novel approach for fabricating composite
of CS-HA. Microwave irradiation was used to enhance
the chemical reactions involved in the synthesis of HA
from eggshells as a source of calcium. This method
was selected due to its efficiency and economic ad-
vantages [30]. The present study aimed to prepare
HA nanocomposites with CS biopolymer to study their
morphology and adsorption properties toward methy-
lene blue.

MATERIALS AND METHODS
Materials

Eggshells were collected from food street vendors
near Universitas Jember, Jember, Indonesia. CS
(90% deacetylated form), methylene blue, sodium
hydroxide (NaOH), ethanol, nitric acid (HNO,) (65%),
ammonium hydroxide (NH,OH) (25%), acetic acid
(CH,COOH) (96%), and phosphoric acid (H,PO,)
(85%) were purchased from Merck, Germany. All of
the chemical reagents were of analytical grade.

Preparation of HA from eggshells

The preparation of HA referred to previous studies
from Holloman et al [31].The pre-treatment process
started by cleaning the eggshells from impurities with
clean water and boiling them in deionized water for
24 h. Next, the eggshells were ground to a fine powder
and passed through a 100-mesh sieve; hence, fine
eggshell powder, or CaCO, powder, was obtained. HA
was then prepared by stirring a calcium solution (20 g
of CaCO, powder dissolved in 28 ml HNO,) at 300 rpm
for 30 min in an Erlenmeyer flask to produce a pale
yellow Ca(NO,),. Next, 3 g of Ca(NO,), was dissolved
in 100 ml of deionized water and stirred at 400 rpm for
10 min at 40 °C.

A phosphate solution was then prepared by mixing
60 ml of NH,OH with 15 ml of H,PO, at a speed
of 1 ml/min using a micropipette. The resulting
precipitate, which was (NH,),HPO,, was washed us-
ing deionized water and ethanol in a ratio of 1:1.
Then, 2.4 g of (NH,),HPO, was dissolved in 60 ml
of deionized water to obtain the phosphate solution.
The synthesis process began by adding the phosphate
solution to the Ca(NO,), solution drop by drop. The
pH of the mixed solution was adjusted to pH 11 using
NH,OH and stirred for 5 min. The mixed solution

4
was then placed into a microwave (15 min, 450 W,
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2.45 GHz, 80°C). Once the mixed solution cooled
down, an aging process was continued at room tem-
perature for 24 h. The precipitate was then washed
with distilled water and ethanol in a ratio of 1:1 (50:50
v/v) to remove the remaining ammonium nitrate and
centrifuged to remove residual polymers and ammo-
nium nitrate. The washing process was repeated three
times. The washed precipitate of HA was then filtered
and dried in an oven at 105 °C for 2 h.

Preparation of chitosan-hydroxyapatite
composites (CS-HA)

To prepare the CS-HA composite, two different solu-
tions were first prepared. The first solution was made
by mixing CS with 2% acetic acid, and the second
solution by mixing HA powder with 2% acetic acid
with an overall ratio of 1:1, i.e. the first and second
solutions are present in equal mass and volume. Each
solution was then stirred using a magnetic stirrer with
a stirring speed of 300 rpm at 37°C for 4 h until ho-
mogeneous. Next, 10% NaOH was added until the pH
of the solutions changed to pH 9.5, and a precipitation
was observed. The resulting precipitate was washed
with distilled water until the pH was neutral and, then,
dried in an oven at 105 °C for 2 h [32].

Characterization of CS-HA

The morphology of CS-HA was investigated using
scanning electron microscopy (SEM). The functional
groups in the adsorbents were analyzed using Fourier
transform infrared (FTIR) spectroscopy within the
range of 4000-450 cm ™.

Adsorption experiments

A stock solution of methylene blue (MB) solution
(1000 mg/1) was prepared by dissolving the required
amount with demineralized water. MB solutions with
concentrations of 5 to 50 mg/1 were prepared by dilut-
ing the stock solution. All adsorption tests were per-
formed in a 100 ml stopper Erlenmeyer flask. The flask
was shaken at 120 rpm in a temperature-controlled
incubator and a natural pH (pH 7.73 for MB). The
adsorption experiments were conducted by mixing
100 mg of CS-HA with 100 ml of the MB solution of
different initial concentrations (5-50 mg/1) in a 100 ml
stopper Erlenmeyer flask at different temperatures be-
tween 35°C and 45 °C. The mixtures were shaken at
120 rpm for 24 h. Subsequently, the mixtures were
centrifuged for 10 min at 1500 rpm to separate the
filtrate and the adsorbent. The filtrate concentration
of each mixture was measured (MB adsorption wave-
lengths = 665 nm) using a UV/vis spectrophotometer.
The adsorption capacity at equilibrium g, in mg/g was
calculated using Eq. (1).

(CO B Ce)V

= oV 1
e~ 7000 x Mg )
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where C, and C, were the initial and the equilibrium
concentrations (mg/1) of the MB solution, V was the
volume of the MB solution (ml), and Mgg s Was the
mass of the added CS-HA.

The adsorption isotherm parameters for MB were
investigated, and the experimental data were fitted
with the Langmuir and Freundlich isotherm model
equations. Furthermore, the adsorption by CS-HA was
examined thermodynamically for the removal of MB
from an aqueous solution. Finally, thermodynamic
parameter calculations were conducted.

RESULTS AND DISCUSSION
Morphologies of CS-HA

Characterization of the HA and the CS-HA was ob-
served using scanning electron microscopy (SEM) with
magnifications of 250x, 500x, 750x, and 1000x.
The morphologies of HA were shown in Fig. 1. The
SEM images indicated that HA was successfully synthe-
sized and formed highly agglomerated spheres. The
spherical-shaped particles with clumped distributions
were visible from the SEM analysis. The agglomerated
grains of HA were similar to the report by Chan-
drasekaran et al [33]. The addition of CS influenced
the morphology of HA. Fig. 2 shows the SEM images of
the CS-HA composite. After adding CS, a cauliflower-
like appearance was observed in the composite. CS
could envelop the HA particles forming interconnected
beads. Due to the presence of CS, the initially small HA
spheres tended to gather into lumps. The porosity in
CS-HA was denser with the addition of CS.

Fourier transform infrared spectroscopy of CS-HA

The FTIR characterization step aimed to determine the
functional groups of compounds. Fig. 3 represents the
FTIR spectra of HA and CS-HA. The FTIR analysis of
HA showed several functional groups, including OH",
POf’(, and O—P—O. The intense absorption peak at
1026 cm™! was ascribed to the stretching vibration of
phosphate groups (POi‘). The bands at 600 and 561
cm™! corresponded to the bending vibration of 0—P—0
phosphate groups [28]. The broad peak at 3349 cm™!
was assigned to the stretching vibration of the —OH
group.

Furthermore, the intense adsorption peak in the
CS-HA composite resulted from the POi‘ group ob-
served at 1022 cm™!, and the adsorption peaks at 598
em™! and 559 em™!. For the CS-HA, the —OH stretch
was shown in the peak at 3304 cm™. The difference
in the intensity of the —OH group between HA and
CS-HA indicated an increase in the concentration of
the functional group. The increase of OH groups sug-
gested a successful formation of the CS-HA composite
between HA and CS. The obtained bands at 1643 cm™!
could be assigned as the C—N—H of CS. Moreover, the
bands presented at 1553 cm™! could be attributed to

Table 1 The adsorption isotherm parameters of MB on the
CS-HA composites.

Isotherm model Temp. Parameter Value
Langmuir 35°C qm (mg/g) —15.311
K, (1/mg) —1.216x107°
R? 0.984
45°C gy (mg/g) —3.464
K, (1/mg) —2.987x107°
R? 0.930
Freundlich 35°C Ky 0.162
1/n 1.151
R? 0.951
45°C Ky 0.076
1/n 1.423
R? 0.870

NH, bending [34]. The bands at 1410 em™! and 1150
cm™! corresponded to the G—H vibration and C—O—C
linkage, respectively. Finally, the C—N fingerprint band
appeared at 873 cm™! [35]. Overall, the characteristic
bands of HA and CS could be observed in the FTIR
spectra of CS-HA.

OH, NH,, Ca®*, and PO}" contributed to the bond-
ing between CS and HA. The OH band at 3349 cm™!
shifted to the lower band at 3304 cm™', which could
explain the interaction between CS-HA, suggesting
that the Ca®* attached to the NH, and the OH groups
of CS. The oxygen of POi‘ was coordinated with N—H
of CS, resulting in the peak at 1026 cm™ shifted to a
lower band at 1022 cm™!. Oxygen of POi‘ interacted
with the NH, group of CS, resulting in a decreasing
hydrophilicity of the CS [34].

The adsorption isotherm of MB on CS-HA

The adsorption isotherm experiment was conducted
to investigate the maximum equilibrium concentration
of MB on CS-HA composites and their adsorption be-
havior. The experimental data were assessed with the
Langmuir and Freundlich isotherm model.

Langmuir equation:

1 1 1
= +— ®)
qe quLCe qm

Freundlich equation:
1
Ing. =InKpz+ —Inc, 3
n

where ¢, is the amount of MB adsorbed at equilibrium
(mg/g) and c. is the equilibrium concentration of
dye solutions. In the Langmuir equation, g, (mg/g)
indicates adsorption capacity under experimental con-
ditions and K; is a constant related to the adsorption
energy. The Freundlich parameters consist of 1/n, the
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Fig. 2 SEM images of CS-HA composites: (a), 250x; (b), 500x; (c), 750x; and (d), 1000x.
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Fig. 3 FTIR result of HA and CS-HA composites.

Freundlich exponent; and K; is related to adsorption
capacity [36].

The graphs of the two isotherm models and the
calculated parameter were shown in Fig. 4 and Table 1,
respectively. The values of R? were considered reliable
with experimental data if it is higher than 0.9. The
graph of the Langmuir and Freundlich model with a
temperature of 35°C showed that the experimental
data had a good fit with the Freundlich isotherm
model, and the R? value was 0.9508. Although the R?
value of the Langmuir model was larger (more linear),
it did not follow the Langmuir isotherm model due
to the negative results in g, and K;. The negative
results reflected the inadequacy of Langmuir model
for describing the adsorption mechanism [37]. Similar
results were obtained at a temperature of 45 °C, where
the Freundlich regression value R? was 0.8698.

The critical parameters for Freundlich isotherm
were n, which indicates adsorption intensity; and Kg,
which was related to adsorption capacity. The maxi-
mum adsorption capacity of MB by the adsorbent CS-
HA composite was calculated as:

qe = K; C;/n (€]

Based on the equation, the maximum adsorption ca-
pacity of MB was 11.0 mg/g. The calculated n value for
the adsorption of MB was 0.8691, indicating good effi-
ciency for MB adsorption by the CS-HA composite. Fre-
undlich isotherm describes the adsorption of a single
adsorbate in solution as a reversible equilibrium. The
Freundlich isotherm model states that non-uniform
multilayers of adsorbate can be formed on the surface
of adsorbent. The surface sites are heterogeneous, and
there are intermolecular forces between adsorbates.
The surface of CS-HA had evenly distributed hydroxyl
and amine groups supporting hydrogen bonding inter-
action between the MB and the adsorbent.

Table 2 The adsorption thermodynamic parameters of MB
on the CS-HA composites.

MB concentration ~ AH° AS° AG° (kJ/mol)
(mg/1) (kJ/mol) (kJ/mol) 35°C 45°C

10 —35.516 —0.110 —35.934 —35.944

20 —35.055 —0.107 —1.921 —0.846

30 —55.137 —0.171 —2.319 —0.606

The adsorption thermodynamic of MB on CS-HA

Adsorption thermodynamic parameters such as en-
thalpy, Gibb’s energy, and entropy were calculated.
Table 2 shows the enthalpy value (AH) < 80 kJ/mol,
meaning that the adsorption process was physisorption
or physical adsorption. Enthalpy values were negative,
indicating that the adsorption process was exothermic
or heat releasing. The exothermic reaction in the ad-
sorption process occurs when the adsorbate molecules
interact with the surface of the adsorbent, releasing a
certain amount of energy. The exothermic adsorption
process showed that the adsorption capacity of CS-HA
decreased as the temperature increased. Increasing
the temperature improved the solubility of adsorbate
in solvent (water).

The entropy (AS) value aims to determine the
level of disorder in the adsorption process. Table 2
shows that the entropy value was negative, implying
a decrease in the irregularity between the surface of
the CS-HA and the MB during the adsorption process.
Meanwhile, when MB was absorbed into the CS-HA,
there was a reduction in the free movement of the MB
molecules.

The value of Gibb’s free energy (AG) aims to de-
termine the total entropy change in a reaction. Table 2
shows that the value of AG was negative for both
temperatures, indicating that the adsorption process of
MB on the CS-HA composite occurred spontaneously.
A higher negative value of AG showed the higher ad-
sorption capacity possessed by an adsorbent. The value
of the change in free energy for the physical adsorption
process in this study, as shown in Table 2, indicated
that the adsorption process was more favorable at
low temperatures. Overall, the negative values for all
thermodynamic parameters, such as enthalpy (AH),
entropy (AS), and AG, explain that the adsorption
process of MB by the CS-HA composite is spontaneous
and more favorable at low temperatures.

CONCLUSION

A CS-HA composite was fabricated in this study. Its
morphology, functional groups, and adsorption be-
havior on MB were studied. The experimental data
confirmed that the composite has the potential to
remove MB from aqueous solution. Langmuir and
Freundlich adsorption isotherms were employed to
study the composite’s adsorption behavior, and the ex-

www.scienceasia.org


http://www.scienceasia.org/
www.scienceasia.org

¥ = (-0.0566252) + (5.25161) x

1/q,

T T
0,15 0,20

1lc

i T T
0,00 0,05 0,10

e

2,04
1,84 v = (-0.306567) + (9.62586) x
1,6
1,4
1,2 4
@
S 1,0
=
0,8 -
0,6 -
0,4

0,24

0,0

T
0,00 0,20 0,25

In g,

Inq,

-0,5 T T T T T

0,5

-1,0 T T T T T

ScienceAsia 50 (3): 2024: ID 2024067

2,5 1

¥ = (-1.82074) + 1.15056) x L]

2,04

1,5 1

1,0 4

0,5 1

0,0

15 2,0 25 3,0 3,5 4,0
Inc,

3,0
2,54 ¥ = (-2.57331) + (1.42326) x
2,04
1,5
1,0

0,5 1

0,0 1

1,5 2,0 25 3,0 35
Inc,

Fig. 4 Langmuir and Freundlich model at 35°C (top) and 45 °C (bottom).

perimental data fit the Freundlich isotherm model. In
addition, thermodynamic treatment of MB adsorption
was performed at different temperatures; and related
parameters AH, AS, and AG were measured. The
results showed that the adsorption process of MB by
CS-HA composite is spontaneous, and more favorable
at low temperatures.
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