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Abstract: Alginate is a natural biopolymer that can be processed into various usable forms, such as
beads or membranes, for its application in water treatment technology. The present study aimed to
synthesize beads of alginate biocomposites encapsulated in magnetic nano-hydroxyapatite (mM@HA-
Alg), magnetic bentonite (m@Bent-Alg), and magnetic attapulgite (m@Att-HA) using the co-
precipitation method as well as employing them as adsorbents for the removal of Congo red (CR) dye
by adsorption. The synthesized magnetic nano-hydroxyapatite (M@HA-AIg) exhibited a better CR
sorption capacity (SC) of 76.14 mg/g than the individual components and biocomposites. Different
instrumental techniques such as Fourier transform infrared spectroscopy (FTIR), X-ray diffraction
(XRD), scanning electron microscopy (SEM), and thermal gravimetric analysis (TGA) were used to
characterize these synthesized materials and investigate their intrinsic properties. The biocomposites'
reusability was achieved using the NaOH eluent and sorption product.
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1. Introduction

Water is an essential resource for all creations of life, and water quality is closely linked
to human survival and health, as well as to the running of industry and agriculture. In the last
decades, many dyes have been discharged into rivers and aquatic mediums without any
preliminary treatment [1-4]. Absorption of dyes discharged into the water bodies adversely
impacts aquatic life and poses a threat to public health [5]. Of all the organic compounds in the
water, the elimination of dyes is the most challenging. Congo Red (CR) is an anionic dye with
a chemical formula Caz2H22NsNa20eS2 and an IUPAC name of the sodium salt of
benzidinediazo-bis-1-naphthylamine-4-sulfonic acid [6]. CR is not fully biodegradable and can
cause health issues such as dizziness, emesis, defecation, and diarrhea [7]. This dye is also used
in various industries, such as the textile industry, due to its high attractiveness with cellulose
fibers, papermaking, cosmetics, pharmaceutical products, and plastic.

On the other hand, these dyes are water-soluble, resistant to light and chemicals, and
are not easily removed from wastewater. Discharging colored wastewater leads to ecosystem
toxicity and bioaccumulation of these dyes in the living bodies of marine organisms [8-10]. In
addition, the presence of dyes in the effluent prevents sunlight from penetrating the water and
reduces the light's intensity, inhibiting the photosynthetic process on the water surface [11].
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Nowadays, researchers have developed different methods to reduce contaminants and
dye concentration from wastewater. These methods include biological treatment such as fungal
reactors, bioremediation, and microbial degradation [12, 13]. Chemical treatment includes
coagulation, electroflotation, electrokinetic coagulation, photocatalytic oxidation, and
irradiation [14-17]. Otherwise, physical treatment encompasses filtration and adsorption [18—
21]. Among these several methods for dye elimination from wastewater, adsorbents have been
extensively studied up to the present time. They have been investigated for their intrinsic
properties, simple design, easy process, cost-effectiveness, and high-efficiency rate.
Meanwhile, recovering adsorbents from wastewater is still difficult to manage. Scientists have
proposed a filtration method that requires specific diameters of filter, which was partially not
efficient despite the high cost of the process [22].

Hydroxyapatite (HA) has attracted scientific interest as a functional inorganic material
because of its unique intrinsic properties in medicine as a bone replacement material that
promotes cell proliferation and accelerates the healing process [23]. The main structure of HA
is Ca10(PO4)s(OH)2, and it demonstrates excellent biocompatibility and bioactivity. HA can
easily be prepared from bovine-rich sources (dromedary bone, bovine bone, eggshells, etc.). In
order to fulfill the criterion, eggshell was considered an efficient source of calcium, as it was
noted that 95% of eggshell waste contains calcium in CaCOs3 form. Furthermore, modifying
the HA surface with a variety of molecules could enhance its surface properties and make it a
good alternative adsorbent for eliminating CR dye from an aqueous medium [24].

Owing to their phenomenal potential for application in wastewater treatment, magnetic
hydroxyapatite (IM@HA) nanoparticles have also been gaining significant attention. Magnetite
(Fe3O4) nanoparticles are the most widely used magnetic materials due to their attainable
superparamagnetic properties at ambient conditions, biocompatibility, and high magnetic
moment resulting from the unique structure of these nanoparticles. As a result of these notable
properties and cost-effectiveness of these materials, they are extensively applied in different
fields such as pharmaceutical industries, wastewater treatment, etc. [25]. Although magnetite
is chemically inert, the combined superparamagnetic and high magnetic susceptibility make
their manipulation under an external magnetic field simple and efficient [26]. However,
magnetite nanoparticles have been studied at the laboratory for adsorption studies to remove
various types of contaminants, such as dyes, heavy metals, etc.

Alginates are naturally-occurring linear block copolymers comprising 1,4-linked -D-
mannuronic acid (M) and a-L-guluronic acid (G). The physical properties of the alginate
products are majorly influenced by the contents of M and G present in the alginates, which
depend on the different species of seaweed used for their extraction. Sodium alginate (SA) is
one such polymer found in brown algae, and it is known for forming good fibers and strong
membranes in the solid state due to its linear structure and high molecular weight. It is also
known for its non-toxicity and biocompatibility with many cells. The presence of excessive
carboxyl and hydroxyl groups along its polymer structure enables its application as an
adsorbent with better adsorption efficiency for removing heavy metals from aqueous media. It
is generally functionalized with other materials to overcome its drawbacks and enhance its
adsorption efficiency [27-30].

Biocomposites were considered efficient adsorbents to remove contaminants from
wastewater. Bentonite demonstrated good removal behavior for most common industrial
pollutants due to its surface being negatively charged.
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The present work aimed to study the CR dye's removal rate using m@HA-Alg
biocomposite from contaminant wastewater. The intrinsic properties of the aforementioned
nanomaterial biocomposite were fully examined by SEM, TGA, XRD, and FTIR analysis
techniques. Furthermore, the influence of different parameters on the CR dye sorption was also
evaluated. The biocomposite demonstrated easy separation from the solution using a magnet.
Adsorption, considered an effective technique for sequestering heavy metals and removing
polluting dyes, has been proposed as an excellent way to treat wastewater with dyes and other
coloring agents.

2. Materials and Methods

Congo Red (CR) was purchased from Sigma Aldrich. Eggshell waste was locally
collected. Phosphoric Acid (H;P0,) and iron oxide Il (FeCl,-4H,0) and iron oxide Il
(FeCl;-6H,0), Ethylene Diamine Tetra Acetic acid EDTA [CH.N (CH2CO:H):]> (Sigma
Aldrich), and all reagents have been used as received, without any additional purification.
Sodium alginate and sodium bentonite, and attapulgite were employed as received.

2.1. Preparation of egg-HA.

Before extraction of CaO from eggshell waste, some steps were adopted to eliminate
the presence of contaminant and organic components. The eggshell waste was washed with
chloride acid and water and then dried for a week under solar radiation. The powder was placed
in a furnace at 1000°C. The chemical reactions involved were as follows:

o

1000°C
CaC0; —— Ca0 + CO5 (1)
CaO + H,0 - Ca(OH), (2)
10Ca(OH), + 6H;P0, — Cayo(PO,)s(OH), + 18H,0 (3)

As can be seen from Figure 1, eggshell powder (CaO) was used as a precursor to prepare
a 1.0 M calcium hydroxide solution, to which 0.6 M phosphoric acid was added as a source of
phosphate ions under continuous stirring using a magnetic stirrer at 80°C. A milky white
solution was obtained, and ammonium hydroxide (NH4OH) solution was gradually added to
keep the pH over 10 and prevent the formation of calcium-deficient apatite [31].

Hydroxyapatite synthesizing
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Figure 1. Schematic representation of hydroxyapatite preparation.
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2.2. Preparation of magnetite Fe3O4 nanoparticles.

According to our previous work, the iron oxide nanoparticles (Fez0a4) were successfully
prepared by mixing 0.015mol of FeCl,-4H.0, and 0.03mol of FeClz-6H>0 in 100ml of water
and continue stirring for 1h. During the reaction, ammonium hydroxide (NH4OH) was added
dropwise to maintain the pH above 9, followed by adding 50 mL of EDTA to stabilize the
magnetite [32, 33]. Finally, the dark solution of magnetite was formed. Iron oxide was
recovered by using a strong magnetic field and washed several times with DI water.

2.3. Preparation of biocomposites.

Around 2 g of magnetic hydroxyapatite (mM@HA) and magnetic bentonite (m@Bent),
and magnetic attapulgite (m@ALtt) powder were first sonicated for 2 hours, then mixed with
100 ml of 2% sodium alginate solution and stirred vigorously for 3 hours to obtain
homogeneous solutions. Then the above solutions were poured into a 4% calcium chloride
solution to obtain spherical particles of m@HA-Alg, m@Bent-Alg, and m@Att-Alg. The
obtained spherical particles were immersed in calcium chloride solution overnight for complete
cross-linking with Ca?* ions. The resulting m@HA-Alg biocomposite was then transferred to
an autoclave and heated to 140 °C for 24 hours. The hydrothermally treated magnetic
biocomposites were then washed with distilled water to a neutral pH and dried in a hot air oven
at 90 °C for 12 hours. Meanwhile, the dried m@HA-Alg, m@Bent-Alg, and m@Att-Alg
biocomposites were used for Congo red sorption studies.
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Figure 2. Biocomposites beads of: (a)m@HA-Alg, (b) m@Bent-Alg, (c) m@Att-Alg.
2.4. Characterization.

2.4.1. Fourier Transform Infrared Spectroscopy (FTIR).

Fourier transform infrared spectroscopy (FTIR) spectra of HA, m@HAP-Alg, and all
adsorbents were established with the preparation of KBr pellets on a Bruker Tensor-27
spectrophotometer from Bruker Corporation (Germany). The infrared transmittance method
was used, and all spectra averaged 32 scans from 4000 to 400 cm ! at a resolution of 4 cm ™.
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2.4.2. Thermogravimetric Analysis (TGA).

Thermogravimetric analysis (TGA) was conducted on a Setsys Evolution 16/18
TGA/DTA instrument (SETARAM). The samples were subjected to a heating rate of 15°C/min
in a temperature range of 40 to 900°C.

2.4.3. X-Ray Diffraction Analysis (XRD).

The X-ray diffraction pattern (XRD) of HA was investigated with a Bruker D8-
Advance X-ray powder diffractometer (Germany) using nickel-filtered Cu-Ka radiation (A =
1.54056° A) with a potential of 40 kV and an intensity of 100 mA. The diffused radiation has
been detected at the angle range of 10-80° (260), with a stepping point of 0.01° (260).

2.4.4. Scanning Electron Microscopy (SEM).

Morphological analysis of HA and adsorbents was realized by scanning electron
microscopy (SEM) using a MiniSEM Hirox model SH-4000M.

2.5. Dyes pollutants removal experiment on HAP.

Three biocomposites were used for the removal of Congo red dye, and the residual
concentration was measured by a spectrophotometer (Shimadzu, Japan) at 500 nm. The
equilibrium adsorption capacity, Qe (mg/g), and removal efficiency R (%), of CR onto
adsorbents were calculated using formulas (a) and (b), respectively:

Qe — (CO_Ce)V (a) R(%) — CO_Ce

m CO

x 100 (b)

where C, and Ce are the initial and equilibrium CR concentrations (mg/L), V is the volume of
the solution, and m is the mass of the egg-HA sample (g) for the adsorption.

3. Results and Discussion

3.1. Characterization of egg-HA.

The FTIR pattern of calcined eggshells was investigated as a first-step procedure for
the chemical identification of eggshell-derived calcium oxide. Figure 3 shows an FTIR pattern
of eggshell-derived calcium oxide. The corresponding peaks at 1455, 910, and 720 cm™ belong
to the carbonate group in CaCOs, which is normally considered the principal constituent of
eggshells, as reported by Ravindran et al. [34, 35]. Furthermore, during the experiment, it was
easy to sorb gas due to the highly porous structure of calcium oxide. The minor frequency
bands at 2910 and 2520 cm™ were the most prominent observed and were assigned to the
combining modes of the various CO2 molecules. In addition, the peak at 3655 cm™ was
attributed to a hydroxyl group. Therefore, the vibration between O-H was detected due to
moisture absorption [36]. Three frequency bands intrinsic to the CaO structure were evident.
The broad bands at 1455 and 1020 cm™ were attributed to the C-O stretching mode concerning
CO2 adsorbed on the CaO surface. Thus, it remains important to mention that there was no
significant change in the result of the FTIR spectra. Therefore, a preliminary experiment of the
FTIR spectrum may indicate that calcium oxide was successfully obtained from eggshells.
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Figure 4. XRD pattern of hydroxyapatite prepared calcium oxide at 900°C.

The preliminary experiments could confirm the successful synthesis of hydroxyapatite
by wet co-precipitation. Eggshell waste can be used effectively as a substitute for calcium
sources. After the preparation of calcium oxide, the preliminary experiment as a source of HA
precursor was then studied. The obtained results showed that eggshell-derived calcium oxide
exhibited excellent performance in forming HA. Figure 4 shows the XRD pattern of the as-
synthesized hydroxyapatite powder. It was observed that peaks with the highest intensities peak
at 20 equaling 25.85, 31.17, and 32.90, were attributed as HA. According to Ebenezer et al.,
the following miller indices (hkl) for the above-mentioned 26 were (002), (112), and (300). A
peak corresponding to calcium-deficient apatite Cas(POs). at 32.17 was also presented. The
following results might be seen in the removal efficiency of RC dye pollutants.

To determine the rate of humidity and thermal behavior of HAP, the sample was heated
from ambient temperature to 900°C. Figure 5 shows three regions from ambient temperature
to 500 °C during TGA. No significant weight loss was observed at 500 °C. A slight
decomposition of egg-HA was observed due to the elimination of carbon dioxide molecules,
and these results can confirm that the egg-HA is stable under the temperature range from
ambient to 900 °C.

The hydroxyapatite and alginate magnetite (M@HA-Alg) biocomposite were
successfully prepared. As can be seen in Figure 4, egg-HA was distributed into Alg/Mag with
good uniformity. Figure 6 Neat adsorbents were also used for comparison. Based on the
structural properties of egg-HA, the absorption bands observed around 510 cm™ and 1035 cm™
were assigned to phosphate group vibration.
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Figure 5. TGA curve of Hydroxyapatite from eggshell-based material.
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In addition, absorption characteristic peaks at the wavenumber of 3566 cm™* and 591
cm ! were assigned to hydroxide OH- stretching vibrations. Figure 7 shows that for all
biocomposites, two characteristic bands at 1624 and 1430 cm™ are assigned to -COO groups
of alginate, indicating the successful encapsulation of hydroxyapatite and alginate.
Furthermore, two characteristic bands of magnetite also appeared in all biocomposites, thus
indicating the presence of controllable magnetic particles.

3.2. UV Scanning Electron Microscopy (SEM) observation.

The surface morphology of the adsorbents was investigated using SEM. Figure 8 shows
the surface morphology of pure HA microspheres obtained from eggshells (A), Magnetite (B),
and biocomposites (Figure 7 A-D). Figure 7A of Pristine HA demonstrates a porous structure
of ~ 15-30 pm and a rough surface. Figure 7C exhibits regular round structures and
agglomerates of m@HA-AIlg biocomposites [37]. Thus, the successful preparation of adsorbent
with homogenous, spherical particles with enhanced surface properties can be confirmed, along
with the presence of some cavities formed. Thereby, the effect is clear when HA is replaced
with sodium bentonite. Figure 7D shows the continuous structure with enhanced surface
roughness due to the improved interconnectivity between the compounds. However, the
porosity of the biocomposite m@HA-AIlg enhanced dye uptake in CR and heavy metals [38,
39].

Figure 8. SEM images of (a) eggshell Hydroxyapatite, (b) Magnetite,(c) m@HA-Alg, (d)
m@Bent-Alg.
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3.3. Adsorption experiments.

3.3.1. Effect of adsorbent amount.

It can be seen in Figures 9 and 10 that HAP biocomposite has the highest removal rate
(82%) at the equilibrium when the mass reaches 0.25 g. The bentonite biocomposite shows
similar results, which can be explained by the negatively charged surface of the biocomposite
interacting with the positively charged group of Congo red [40, 41]. On the other hand, the
attapulgite biocomposite shows a lower removal rate due to its surface properties.

Figure 9. Discoloration approach of RC Congo solution by m@HA-Alg biocomposite.

Figure 11 shows that the adsorption capacity of each biocomposite technically
decreases with an increase in the adsorbent amount. It was reported in recent similar studies

that this phenomenon is due to the saturation of adsorption sites and the non-availability of the
surface area.
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Figure 10. Effect of adsorbent mass on RC removal.
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Figure 11. Effect of adsorbent mass on RC adsorption by HAP/Mag/Alg, Att/Mag/Alg,
Bent/Mag/Alg (adsorption conditions: initial RC concentration 50 mg/L, solution
volume= 50 ml, temperature 25°C, contact time= 3h).

3.3.2. Effect of initial pH.

The effect of pH on the adsorption of CR was evaluated by varying pH to control the
adsorption mechanism by modifying the surface charges of the adsorbent as well as CR. It has
been reported in previous studies that hydroxyapatite demonstrates significant adsorption
capacity against CR in an acidic medium [42]. The results illustrated in Figure 12 indicate that
the adsorption capacity of adsorbent against CR is lower in an alkaline solution, which could
possibly be explained by the existence of negatively charged ions on the surface. Therefore,
the removal of CR by adsorption using hydroxyapatite is unfavorable in an alkaline medium.

Otherwise, a notable adsorption capacity is demonstrated in an acidic medium.
100

90

70—_

0 '\

50—_

2] I

20- T~

10 H

Qe (mg/g)

Figure 12. Effect of initial pH on m@HA-Alg removal of CR solution.

The observed mechanism of the high attraction of the dye is possibly due to an
electrostatic interaction between the surface of the natural adsorbent (hydroxyl and phosphate
groups) and the CR molecules (sulfonic groups) [43]. These observations are consistent with
the pHpzc value of 8 of the adsorbent. Since the maximum adsorption was noticed at pH 5, the
same value was chosen as the optimal pH for further adsorption tests.

https://biointerfaceresearch.com/ 10 of 13


https://doi.org/10.33263/BRIAC135.438
https://biointerfaceresearch.com/

https://doi.org/10.33263/BRIAC135.438

4. Conclusions

A wet chemical precipitation method was adopted in the present study to synthesize
hydroxyapatite from eggshell waste as a source of calcium oxide. Further, nanomaterials based
on eggshell hydroxyapatite and magnetite encapsulated with sodium alginate were developed
as well as employed as an adsorbent for the removal of dye pollutants, and their performance
was compared with that of bentonite biocomposite. In the present study, the application of
hydroxyapatite as an adsorbent was evaluated for the reduction of congo red dye concentration
in a wastewater sample. Its structural and chemical properties as well as the thermal stability
were analyzed using XRD, FTIR, and TGA, respectively. The influence of different parameters
such as pH, dye concentration, and adsorbent dose on the adsorption of congo red was studied.
From the results obtained, it was observed that the point of zero charges (pHpzc) for the
adsorbent was 8, and the maximum adsorption capacity of the hydroxyapatite for congo red
was achieved after 180 minutes at pH 5.
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