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Hydroxyapatite/starch (HA/Star-n; « n » represents the weight ratio of HA to Star) bio-composite was obtained by using in situ chemical

precipitation of calcium hydroxide using phosphoric acid in the presence of corn starch. Analysis through FTIR and XRD confirmed the

formation of hydroxyapatite within the polymer matrix. To date, no work was reported in the literature concerning the use of composites

based on hydroxyapatite and native starch as an adsorbent in the treatment of wastewater. For this reason, the elaborated HA/Star-n composite

was used for the removal of methylene blue (MB) from the aqueous solution through batch experiments. The effect of pH (2-12); contact

time (5-180 min) and dye concentration (15-100 mg 1'") was explored. The results prove that the optimum pH for MB removal by the bio-

composite is pH = 6. Conversely, pure HA showed minimal removal efficiency at this pH. Further, the kinetic study revealed that the

adsorption of MB onto HA/Star-n is a rapid process described by the pseudo-second-order model. Results from the dye concentration study

suggest that the adsorption efficiencies of the elaborated bio-composite can exceed 90% with an adsorption capacity of 45.51 mg g-!

demonstrating that HA/Star-n has a great potential as an adsorbent for the removal of MB from aqueous solution.
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INTRODUCTION

Water is an essential resource for sustaining life, yet it is
often neglected and wasted in our daily activities. It is used
in the majority of human and industrial activities, yet we still
tend to dispose of it without much thought. With the global
population increasing rapidly, the demand for water is
predicted to surge in the coming decades. In addition to the
water demand of the agricultural sector, there is also a
significant increase in demand predicted for industries and
energy production. This poses a challenge to our ability
to manage and allocate this vital resource sustainably. The
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INISCO World Water Assessment Program (WWAP, 2015)
predicts that this issue will continue to grow, and it is crucial
that we take action to address it.

Actually, the quality of the water resource is deteriorating
due to the presence of pollution. The United Nations World
Water Development Report (2017) has revealed that a
staggering 80% of the world's wastewater is discharged back
into the environment largely untreated, leading to the
pollution of oceans, lakes, and rivers.

Pollution in water occurs when concentrations of
substances exceed natural levels. Such pollutants can take
many forms, including nutrients, microbes, heavy metals,
sediments, oil, and organic chemicals. Of these, organic
chemicals are a well-known type of water pollutant,
which can be found in various forms such as hydrocarbons,
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polychlorinated biphenyls (PCBs), pesticides, and dyes [1-4].
Dyes have been recognized as a major water pollutant and
have been extensively studied due to their widespread
synthesis and use in various industrial sectors including
paper, food, textiles, pharmaceuticals, and cosmetics. The
excessive use of dyes contributes to pollution, causing many
issues for both human health and aquatic systems [5].
Therefore, it is crucial to treat wastewater that contains these
hazardous substances to mitigate the negative impact on the
environment and human health.

Over the past few years, numerous methods and
technologies have been suggested and employed for
These methods
coagulation-flocculation,

treating wastewater containing dyes.
include adsorption, oxidation,
photocatalytic degradation, nanofiltration, reverse osmosis,
and membrane separation [6-11]. Among these methods,
adsorption is currently the most extensively used. It involves
the concentration of an absorbable solute (known as
adsorbate) on the surface of a solid material (i.e., the
adsorbent) through various forces. This approach is favored
due to its simplicity, efficiency, and affordability.

In her review (2021), Maha A. Tony searched the Scopus
Scholar the

"adsorption and wastewater treatment." Her findings indicate

and Google databases using keywords
a steady increase in the number of papers related to
"adsorption" each year, with over 35,000 papers in 2018
alone. The review further highlights how, over the past
decade, adsorption has emerged as the most widely used
method for wastewater treatment, accounting for 33% of
publications on common treatment techniques [12].

Many studies have demonstrated the effectiveness of
various adsorbents in the removal of different types of dyes.
For instance, recent examples of adsorbents include
Hydroxyapatite [13,14], grape leaves waste [15], magnetic
carboxymethyl starch/poly (vinyl alcohol) composite gel
[16], burnt brick pieces [17], Natural Muscovite Clay [18],
Moroccan clay [19], and Polyelectrolyte [20].

Apart from the adsorption capacity, which is the amount
of adsorbate (in mg) that an adsorbent (in g) can retain,
several other factors significantly influence the quality and
effectiveness of an adsorbent. These factors include the
abundance of the adsorbent, its facility of synthesis, its low
cost, its biodegradability (eco-friendly), and its ability to be

regenerated [12,21,22].
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Several researchers have been exploring alternative
adsorbents to replace activated carbon, which is renowned for
its excellent adsorption properties but is also costly to
activate and reuse [21,22]. Furthermore, a range of
inexpensive materials have been assessed for their ability to
remove dyes, including natural adsorbents, agricultural
waste, and by-products [23,24,21].

Our research aims to achieve a similar objective, which
focuses on utilizing a new low-cost bio-composite material
called Hydroxyapatite/Starch (HA/Star-n),
represents the weight ratio of Hydroxyapatite (HA) to Starch

where "n
(Star), as an adsorbent material. HA/Star-n was obtained
using corn starch and the reagents of Hydroxyapatite,
specifically calcium hydroxide (Ca(OH),) and phosphoric
acid (HsPOs4). HA, which has the chemical formula
Cai9(PO4)s(OH),, is a mineral that closely resembles to the
mineral that we found in bones and teeth [25]. It can be
obtained from natural sources or synthesized using various
methods, including precipitation, which is the most
straightforward and cost-effective method [26].

Concerning starch, it is a natural polysaccharide
composed of glucose monomers linked together by 1,4
bonds. Its chemical formula is (C¢H10Os)n [27]. As shown in
Fig. la, starch consists of two distinct polymers: amylose,
which is the simpler form, and amylopectin, which is the
branched form.

Our paper outlines the preparation and characterization of
the HA/Star-n bio-composite material. Bio-composites
obtained by combining hydroxyapatite and starch have been
already reported in the literature by other researchers [28,29],
but, its utilization in the environmental applications for the
treatment of wastewater has not been reported so far in any
paper. For this, our knowledge is devoted to the use of
HA/Star-n for the removal of methylene blue (MB) cationic
dye (Fig. 1b) from aqueous solution by varying different
parameters that affect the adsorption which are pH, contact

time and the initial concentration of the adsorbate molecules.
METHODS

Reagents

Calcium hydroxide (Ca(OH);) analytical reagent was
supplied by BIOCHEM Chemopharma. Phosphoric acid
(H3POy4 at 80%) and methylene blue dye (MB, C;¢H,gCIN;S)
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Fig. 1. Chemical structure of starch (a), MB (b).

were supplied from Sigma Aldrich Company. The used
starch ((C¢H100s)n ) was extract from corn.

Preparation of the Adsorbents

Based on our previous works [30,14], the hydroxyapatite
(HA) was prepared through a precipitation method. To
formulate the HA, reaction I was followed by slowly
adding phosphoric acid (H;PO4) drop by drop (at a rate of
2 ml min') to a stirred aqueous suspension of calcium
hydroxide (Ca(OH),) with a concentration of 12.5 mg I,
This suspension was prepared by dispersing 5 g of Ca(OH)
in 400 ml of double-distilled water, with the calcium to
phosphor (Ca/P) molar ratio maintained at the stoichiometric
value of 1.67. The resulting mixture was stirred at 750 rpm
for 24 h at ambient temperature and normal atmospheric
pressure. After 24 h, the mixture was filtered using vacuum
filtration and then washed with double-distilled water before
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being dried at 60 °C for 6 h.

10Ca(OH)2 + 6H3POs — Ca10(PO4)6(OH)2 + 18H,O
@

Using the same steps and conditions as with pure HA, the
HA/Star-n composite was prepared via reaction II. However,
a suspension of starch in double-distilled water was first
prepared, into which calcium hydroxide was added to
promote the ionization of the starch's CH>OH groups and the
formation of Ca-starch complexes. Two weight ratios, "n," of
HA to Star were utilized, resulting in the creation of HA/Star-
1.4 and HA/Star-4 composites.

quantities of the various reagents and the percentages of

Table 1 provides the

Starch and HA present in each powder. In this study, the
amount of Ca?* divalent cations is important. Consequently,
we can estimate the formation of the inter-polymer complex
according to Fig. 2.

10Ca(OH),/Star + 6H3POs — Caio(PO4)s(OH)./Star +

18H,0 an
The Adsorbents Characterization
The materials that were prepared underwent

characterization using X-Ray Diffraction (XRD) analysis
conducted by utilizing a Rigaku IV instrument with CuKa
irradiation at 1.54 A and 2 theta (20) set at 0.01° over a range
of 20° to 70°. The purpose of the XRD was to examine the
formation of HA crystals in the presence of corn starch.
Additionally, Infra-Red  (FTIR)
spectroscopy was utilized to record the infrared spectra using

Fourier Transform
an Agilent Technologies Cary 600 series instrument with a
resolution of 4 cm™!, from 4000 cm™' to 400 cm!. Pellets were
created by mixing the sample with KBr at a ratio of 1:100
(Sample/KBr), and the resulting FTIR spectra were used to
identify the characteristic transmittance bands in each
material.

Preparation of Methylene Blue (MB) Aqueous
Solution and Adsorption Experiments

The preparation of the dye stock solution involved
dissolving 500 mg of MB in one liter of double-distilled
then diluted
concentrations for future use. MB solution was then mixed

water, which was to obtain various
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Fig. 2. In-situ formation of HA/Star-n bio-composite.

Table 1. Recapitulative Table Represents in each Elaborated Powder: the Mass of Starch mgar (g); the Weight Ratio between
Calcium Hydroxide and Starch (mcaon)2/msiar); the Weight Ratio between Hydroxyapatite and Starch (mua/msir) Called “n”;
the Percentage of HA (HA(%)) and the Percentage of Starch in each Composite (Star (%))

Mgtar MCa(OH)2/Mstar (mpa/Msiar) =n HA Star

(g) (%) (%)
HA (Ref) 0 - - 100 0
HA/Star-1.4 5 1 1.4 57.23 42.77
HA/Star-4 1.67 3 4 80.02 19.98

with the adsorbent and stirred at 400 rpm. After a designated
duration of contact time, the adsorbents were separated from
the solution by means of centrifugation. The concentration of
the supernatant was assessed using the UV-Vis Optizen
1412V-FB spectrophotometer, with the optimum absorption
wavelength for the dye being 664 nm. q. (mg g!) and RE (%)
represents the adsorption capacity and adsorption efficiency,
respectively, are calculated by means of the equations below:

ge=(Co—Ce) V/m (D

RE (%) =100 (C, - Cc)/Co 2)
The values for Where “Cy” and “C.” represent the initial and
equilibrium concentrations (mg 1) of MB aqueous solution,
while “V” represents the volume of MB solution (I) and “m”
represents the mass (g) of the adsorbent used in each
experiment.

RESULTS AND DISCUSSIONS

The Adsorbent Characterization
Figure 3 displays the characteristic bands of corn starch,
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Fig. 3. FTIR spectra of HA, Star, and HA/Star-n.

pure HA, and the two bio-composites. In the native starch, a
broad band from 2990 cm™' to 3668 cm™! (v1) indicates the
stretching mode of OH groups. Stretching vibration of the
C-H bond is represented by the double bands at 2943 cm’!
and 2905 cm’' (v2) [28,29], whereas the presence of
intermolecular hydrogen bonds is confirmed by the band at
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1658 cm™! (v3). The transmittance bands from 1340 cm™! to
1468 cm’! (v4) are attributed to the symmetric deformation
of CH; groups and asymmetric stretching of C-H bonds [31].
The C-O vibration is identified by the band at 1161 cm™! (v5),
indicating the existence of B-configuration [28]. The strong
band located at 935 cm™ (region of v5) is attributed to the C-
O-C bond of anhydroglucose units (AGU) [29].

The FTIR spectrum of HA confirms the formation of
calcium phosphate through the presence of bands at
1100 cm™ (v5) and 554 cm™ (v6) assigned to the phosphate
groups. The bending mode of adsorbed water in the
hydroxyapatite structure is represented by the small band at
1632 cm™ (v3) [32,33]. The broad envelope observed
between 2632 cm’! and 3706 cm™! (vl) indicates the O-H
stretching vibration of adsorbed water and the O-H stretching
vibration of the hydroxyapatite. The stretching mode of O-H
groups at the surface of HA crystals is identified by the very
small peak at 3568 cm™' (v7). Furthermore, the presence of
carbonated hydroxyapatite is confirmed by the bands at 1419
cm’! and 1457 cm™! (v4) [34].

Concerning the HA/Star-n, its spectra contain both the
bands attributed to the HA structure and bands attributed to
the polymer part with a slight shift in the position of bands
indicating the interaction between the polymer and the HA
crystals, i.e. the formation of the bio-composite.

Figure 4 shows XRD diffractograms indicating the
presence of peaks centered at 26°, 32°, 40°, 50° and 64°,
which are characteristic of the carbonated hydroxyapatite
structure according to the PDF card no 01-072-9863. The
presence of the same diffraction peaks in the two composites
allows us to deduce that starch does not have a negative effect
on the formation of hydroxyapatite. Despite the significant
amount of starch in the two composites, the intensity of the
peaks is similar in all three diffractograms. This can be
attributed to a balance between the quantity of the mineral
phase and the level of crystallinity in each composite.

Methylene Blue Dye Removal

Effect of pH. Numerous studies have shown that pH is a
critical parameter in the adsorption process, as it affects both
the functional groups of the adsorbent and the adsorbate. In
this study, the removal of MB dye by HA, Star, and HA/Star-
n was investigated by varying the pH of the MB aqueous
solution from 2 to 12 using HCI1 (1 M) and NaOH (1 M).
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Fig. 4. XRD patterns of HA and HA/Star-n.

Figure 5 illustrates that the curve representing the
retention efficiency of MB by HA is divided into two distinct
parts. In the first part, the hydroxyapatite shows a decrease in
retention efficiency (RE(%)) from 55.81% to 22.39% up to
pH 6. In the second part, the retention efficiency starts
increasing and reaches 91.34% at pH 12. This behaviour can
be attributed to the presence of a positive charge in the MB
molecules. Atalower pH, the HA surface becomes positively
charged through protonation reaction with H*, which does
not attract the positively charged MB molecules. As the
the HA
deprotonation reaction, giving it a negative charge that

solution pH increases, surface undergoes
interacts easily with the positive charge of MB molecules.
Similar phenomena have been observed in other recently
reported studies [28,35]. In the case of starch, the retention
efficiency (RE (%)) increases significantly with increasing
pH up to pH 10, as shown in Fig. 6. However, the increase in
pH from pH 10 to pH 12 has little effect on RE (%), which
decreases from 73.26% to 70.1%.

For the HA/Star-n bio-composite, the retention efficiency
(RE (%)) curves can be divided into three distinct parts. The
first part, ranging from pH 2 to pH 6, shows a significant
increase in RE (%) for both HA/Star-1.4 and HA/Star-4. In
For the HA/Star-n bio-composite, the retention efficiency
(RE (%)) curves can be divided into three distinct parts. The

first part, ranging from pH 2 to pH 6, shows a significant
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Fig. 5. MB adsorption efficiency versus pH for HA, Star, and
HA/Star-n. [MB] = 10 mg I'', Vg = 40 mg I'', mugs= 25 mg,
t=3h, T =20 °C, 400 rpm.
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increase in RE (%) for both HA/Star-1.4 and HA/Star-4. In
the second region, from pH 6 to pH 8, a slight decrease in RE
(%) is observed. However, as shown in the same figure, from
pH 8, RE (%) begins to increase again, and reaches 82.34%
and 83.24% for HA/Star-4 and HA/Star-1.4, respectively.

By comparison, the results indicate that HA/Star-4 and
HA/Star-1.4 exhibit behavior similar to that of native corn
starch in the pH range of 2-6 and 8-12. Therefore, it can be
deduced that starch is the primary component of HA/Star-n
that plays a crucial role in MB retention. In fact, HA/Star-n
has an intrinsic behaviour that corresponds to a decrease in
RE (%) when the pH rises from 6 to 8. However, in the same
pH range, the curves presented in Fig. 5 clearly show an
increase in retention efficiency (RE (%)) when the pure
phases (HA and native starch) were used separately.

Figure 5 also reveals that the minimum value of RE
(22.39 %) is achieved at pH 6 when hydroxyapatite was used
as adsorbent material. At the same pH, the RE is higher and
equals 56.58% when MB is removed using corn starch.
However, when the bio-composite is used for MB retention,
the retention efficiency is significantly improved. The values
obtained are 68.69% and 73.59% for HA/Star-4 and HA/Star-
1.4, respectively. As a result, the effect of contact time and
MB concentration was carried out at pH 6 using the
composite HA/Star-n.

Effect of contact time. Figure 6 depicts the impact of
contact time on the adsorption efficiency. In these
experiments, 40 mg of HA/Star-n was added to 40 ml of MB
solution with a concentration of 20 mg 1-!. The adsorption
process can be divided into two distinct phases, with the first
phase lasting 140 min. During this phase, MB is fixed onto
the surface of the adsorbents and diffuses into the pores of
the bio-composites, which can be observed through different
series of adsorption followed by partial desorption of MB
molecules for both adsorbents. It is noteworthy that the
highest RE (%) is achieved after 30 min of contact between
the MB aqueous solution and HA/Star-4, while the maximum
is observed at 60 min for the composite HA/Star-1.4.

After 140 min of the adsorbent and adsorbate being in
contact, the adsorption of MB reached a plateau in the second
phase, indicating that the equilibrium had been attained. The
presence of the plateau means that the adsorption of MB
reached the equilibrium under the experimental conditions
considered and means also that the rate of adsorption is
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Fig. 6. Time-dependent RE (%) of MB removed by HA/Star-
n. [MB] =20 mg I'', Vmp = 40 mg 1", maes= 40 mg, pH = 6,
T =20 °C, 400 rpm.

balanced by the rate of desorption. As a result, a contact time
of 3 h was established as the equilibrium contact time for the
remainder of the study.

The experimental data were fitted by means of the pseudo-
second-order model given by Eq. (3).

L+le 3

. t
Pseudo-second order equation: — = —
a Koz = de

K (g mg! min') is the rate constant and q. (mg g™')is the

adsorption capacity at equilibrium. These constants were
determined from the slopes and intercepts of the lines
obtained by plotting t/q; against t.

The graphical representations of this model are given in
Fig. 7. The correlation coefficient (R?) suggests that the
adsorption of MB for both adsorbents is described by the
pseudo-second-order model, indicating a multi-stage
adsorption process. Thus, the adsorption rate is dependent on
the number of active sites in the adsorbent material. This
finding aligns with previous studies that also found the
adsorption of methylene blue onto various composites-based
hydroxyapatite to follow the pseudo-second-order model

[36-39].
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Fig. 7. Linear fit of MB adsorption experimental data

obtained by using pseudo-second-order model.
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Table 2 presents the characteristic parameters obtained
from Fig. 7. Notably, the adsorption capacities (qc) calculated
from the pseudo-second-order model align with the
experimental adsorption capacities (qe (exp)) observed after
140 min of contact between the adsorbent and adsorbate.

Effect of MB initial concentration. The effect of the
initial dye concentration was studied under the same pH and
contact time as previously explored, with concentrations
ranging from 15 mg 1"'to 100 mg 1"\, As illustrated in Fig. 8,
the quantity of MB adsorbed onto HA/Star-n (ge) increased
as the initial dye concentration (Co) rose, peaking at
50 mg I'' for HA/Star-1.4 and 40 mg 1! for HA/Star-4. This
resulted in an adsorption capacity of 45.51 mg g for
HA/Star-1.4 with a removal efficiency (RE) of 90.80%, and
an adsorption capacity of 23.53 mg g'! for HA/Star-4 with a
RE of 57.95%.

When the initial dye concentration (Cy) increases to more
significant concentrations of 50 mg 1" to 150 mg 17, it
becomes evident that both the adsorption capacity (q.) and
efficiency (RE) decrease. This is mainly due to the substantial
interactions between the adsorbate molecules, in comparison
to the interactions that exist between the adsorbate (MB) and
the adsorbent (HA/Star-n). Several authors also explain that
the decrease in q. as the Cy of dye rises is due to the excess
in dye molecules, which causes a longer contact time between
the active sites of the adsorbent and the adsorbate molecules
[38,40,41].

Based on the existing literature, it is important to note that
unmodified hydroxyapatite is not a suitable candidate for
retaining MB, as per our previous work and other studies [28,
42]. However, in the current study, HA/Star-1.4 is identified
as the most effective adsorbent. Table 3 shows that its
adsorption capacity is superior to other adsorbents reported
in various studies [42-48].
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Fig. 8. MB removal capacity (q.) and MB removal efficiency
(RE) as a function of the initial dye concentration,
Ve =40 mg I, mags= 40 mg, pH =6, T =20 °C, teq =3 h,
400 rpm.

Table 2. Characteristic Parameters Obtained by the Pseudo-second-order Model

HA/Star-1.4 HA/Star-4
qe (exp) Qe K, R? qe (exp) Qe K, R?
(mg g™ (mg g™ (min") (mg g™ (mg g™ (min™")
9.824 7.984 -0.059 0.991 11.267 7.641 -0.047 0.995
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Table 3. Maximal Adsorption Capacity qmax (mg g™) for MB
Removal by Different Materials

Material Qmax Ref.
(mg g
HA 0 [42]
Fly ash 3.074 [43]
HAP: Bentonite mix 20.70 [44]
Clay 6.3 [45]
Black Tea Wastes 3 [46]
Zeolite ZK 21.41 [47]
SDBS-modified ZSM-5 15.68
Hydroxysodalite 10.82
Crosslinked porous starch 9.46 [48]
HA/Star-4 23.53 This work
HA/Star-1.4 45.51
CONCLUSION

Based on the findings of the current study, it can be
inferred that HA/Star-n shows great potential as an adsorbent
for removing MB dye from aqueous solutions, particularly
due to its simple preparation method. Moreover, its
constituent phases, hydroxyapatite and corn starch, are non-
toxic and possess eco-friendly properties. The formation of
the composite was confirmed through FTIR analysis, and the
presence of crystalline hydroxyapatite within the polymer
The
experiments for batch adsorption were conducted while

chains was demonstrated using XRD patterns.
monitoring pH, contact time, and MB concentration. From
the study on the effect of pH on MB uptake, it was deduced
that the optimum pH for MB removal is 6, as it is close to the
natural pH of the MB aqueous solution. The kinetic study
showed that MB adsorption by HA/Star-n is a rapid process
that follows the pseudo-second-order kinetic model. The
study on the effect of initial dye concentration revealed that
both materials exhibited significant adsorption capacities,
with values of 23.53 mg g"! (RE = 57.95%) and 45.51 mg g’!
(RE =90.80%) for HA/Star-4 and HA/Star-1.4, respectively.
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