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Hydroxyapatite (Ca;o(PO4)s(OH),) calcium phosphate is a robust and viable magnetic material for the treatment of polluted air,
water, and soil. Because of its unique structure and appealing properties such as high adsorption capabilities, acid-base
adaptability, ion-exchange capability, and thermal stability, hydroxyapatite (HAp) has a lot of potential in the field of envi-
ronmental management. An aqueous extract of Monoon longifolium leaves was used for the preparation of hydroxyapatite
nonparticles as the adsorbent for fluoride ion removal from aqueous solution in this work, resulting in bio-based hydroxyapatite
nanoparticles. The prepared adsorbent was characterized by using instrumental techniques such as TGA/DTA, XRD, AAS, FT-IR,
and UV-Vis spectroscopy as well as SEM. The batch adsorption approach was used to determine the optimum adsorption
efficiency of HAp NPs under various experimental conditions. As a result, the best removal efficiency corresponds to 0.75 g HAp
NPs, 15mg/L, and pH 7 at 50 minutes (96%). The equilibrium adsorption data were better fitted into the Freundlich isotherms
(R*=0.99), and the pseudo-second-order kinetic model was found to be suitable (R*=0.99) for the kinetic model. Fluoride ion
adsorption on HAp NPs is spontaneous, endothermic, and possible at temperatures over 318 K, according to thermodynamic
calculations. The results hint at a conclusion that the synthesized HAp NPs were an efficient adsorbent for the removal of fluoride
ions and the overall process can be an economical choice for scaled-up water treatment processes.

1. Introduction

Water is one of the most necessary components for all kinds
of life and essential in maintaining biodiversity on the
planet. Every human being has a basic need for daily con-
sumption. Pure water is scarce and hard to get. Water can be
contaminated by natural sources or industrial effluents. One
of these contaminants is fluoride ions derived from various
sources. Fluorite (CaF,), cryolite (Na;AIFPOyg), and fluo-
roapatite (Cas(PO,);F) are all found along with groundwater
[1, 2]. Fluoride ion levels in drinking water that are too high
have become a major topic of worry across the globe, causing
serious health hazards. Excess fluoride consumption has

been linked to the development of fluorosis, changes in DNA
structure, a decrease in brain function in children, and even
death when the dosage reach dangerously high levels [3]. As
a result, lowering the fluoride ions levels in contaminated
drinking water to a safer extent is a topic of research priority.

Fluoride ions can be removed from aqueous solutions
using a variety of techniques. Due to their effectiveness,
convenience, simplicity of design, ease of work up, and
operation, adsorption-related techniques is more cost-
effective and environmentally benign [4]. Several locally
available and naturally occurring adsorbent materials,
such as the most common activated alumina, activated
carbon, activated clay, ceramic materials, bleaching earth,
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diatomaceous earth, and carbonaceous materials produced
from coffee grounds, have recently been tried in the context
of identifying efficient and economical defluoridating agents
[4-6].

However, the applicability of these adsorbents is limited,
particularly in rural places in underdeveloped nations, due
to their low efficiency, high production cost, and technical
problems, as well as disposal issues. For these reasons,
a considerable number of studies have dealt with various
types of other absorbent materials. As a result, a significant
number of studies on a variety of new absorbent materials
have been carried out. Because of their chemical closeness to
human bone and teeth, lack of secondary pollution, ease of
supply, and strong defluoridation capacity, synthetic HAp
NPs remain a leading candidate [7-10].

Hydroxyapatite is a bioceramic substance that is
chemically related to human bones and hard tissues [11]. The
most frequent crystal structure of hydroxyapatite is hex-
agonal, which belongs to the P63/m space group and has
lattice parameters of a = b=9.432 and ¢ = 6.881 [12]. There is
two types of Ca sites: the first has nine oxygen atoms and
forms a polyhedron, while the second has five oxygen atoms
and one hydroxyl group and forms an octahedron. Hydroxyl
ions are present in columns perpendicular to the plane at the
corners at regular intervals. Phosphate groups are present on
the hexagonal exterior, and HAp is stable due to its unique
tetrahedral structure [13]. The net positive charge of HAp
NPs allows for the adsorption of negatively charged
fluoride ions.

Currently, HAp NPs play a significant role in the en-
vironmental remediation effort. It can remove several
contaminants such as Cu?*, Pb**, Cd**, Co?*, and Ni*" as
well as NO*~, PO,>", F, phenol, nitrobenzene, and Congo
red because of its large surface area, excellent adsorption
capacity, easy availability, less toxicity, and enhanced effi-
ciency [14, 15]. As a result, the utilization of HAp NPs as an
adsorbent in wastewater treatment can be termed a suitable
and acceptable solution.

Due to their small pores and delayed diffusion process,
HAp NPs have a limited capacity for storing larger molecules
[16]. Controlling the particle size of HAp NPs during
synthesis has always been a hurdle for the end user and the
particles are prevented from agglomeration. Agglomera-
tion usually causes a reduction in surface energy and is
a favored phenomenon. The creation of core-shell type
surface-functionalized HAp NPs has attracted a lot of at-
tention since the polymer shell inhibits the agglomeration
NPs and increases their stability [17-20]. The usage of bio-
extracts as a polymer matrix improves the efficient function
of nanoparticles and environmental safety. For example,
Monoon longifolium (M. longifolium) leaf extract has acidic
functional groups that aid in cationic fluoride ion removal;
the plant is also widely available in Ethiopia’s tropical
zones. Meanwhile, employing extracts of various parts of
different plants as a capping agent in nanoparticle pro-
duction could be a viable strategy to improve adsorption
efficiency, suspension in a particular medium dispersion
stability, structural variety, thermal stability, and recovery
after use [21, 22].
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In this research, we looked into a simple and eco-friendly
method for generating HAp NPs using M. longifolium leaf
extract. M. longifolium was used to convert calcium ions into
nanoparticles without agglomeration and provide suitable
functionality. X-ray diffraction (XRD), UV-visible spectros-
copy (UV-Vis), Fourier transform-infrared (FT-IR) spectros-
copy, and scanning electron microscopy (SEM) were used to
investigate the surface morphology, structure, and adsorption
properties of HAp NPs. The adsorption ability of HAp NPs for
fluoride ion removal from synthetic water was tested under
various conditions (pH, contact time, and adsorbent/adsorbate
ratio, and dosage). To learn more about the occurrences during
the processes of adsorption, researchers used adsorption ki-
netic, thermodynamics, and isotherm models.

2. Materials and Methods

Without any refining, the following chemicals and sub-
stances of analytical grade were used: CaCl,.2H,O (Blux
lab), H3PO, (labol cheme), HCI (Sigma Aldrich), and NaF
(Sigma Aldrich). To make synthetic solutions of fluoride ion,
as a blank and also, for sample dilution, and other purifi-
cation purposes, ultra-pureMilli-Q water was employed. To
sonicate all of the glassware, a 5% HCIl solution was
employed, followed by rinsing with Milli-Q water.

2.1. HAp Nanoparticle Synthesis. After finding the optimum
synthesis parameters, HAp NPs were synthesized using
M. longifolium leaf extracts through the green process as
follows. A solution of 0.6 M orthophosphoric acid (H;PO,)
was also prepared and combined with the calcium chloride
solution. After that, the M. longifolium leaf extract was added
to the aforementioned mixture and agitated for 1 hour;
NH,OH was gradually added until the pH reached 10. This
combination was constantly agitated for 3 hours, resulting in
the formation of a colloidal solution. To allow the water to
slowly evaporate, the solution was heated in a hot air oven at
45°C for 24 hours. The drying process was continued at
125°C for 12 hours to remove the leftover water, resulting in
a yellowish, brittle, and porous dry substance. Finally, the
dry product was calcined in a muffle furnace for 3 hours at
800°C, resulting in ultra-fine HAp NPs [23-25].

2.2. Characterization. A UV-visible spectrometer was used
to record the absorption spectra (SCOROD-50, Germany).
Powder samples of HAp NPs were carefully mixed with KBr
powder and squeezed into thin transparent pellets for re-
cording FT-IR spectra, which were done on a Perkin Elmer
Spectrum 65 Spectrometer. D8 Advanced BRUKER AXS
GmbH, Germany, was used to obtain the XRD patterns. Cuk
radiation was used at a scan rate of 0.02/s (1.5406 A0, 45kV,
40mA). A scanning electron microscope was used to in-
vestigate the surface morphologies (JEOL-JSM6610 LV).

2.3. Fluoride Adsorption Study. The aquatic contaminant,
sodium fluoride, was chosen as the model adsorbent. The
tests were carried out in 250 mL Erlenmeyer flasks with
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100mL of the test solution in each flask. The pH of the
proposed solution was adjusted using 0.1 M NaOH or HCI.
The highest adsorption performance of the HAp NPs was
determined by means of the batch fluoride ion sorption
technique, by modifying the required contact time, tem-
perature, initial fluoride concentration, adsorbent dosage,
and pH. Adsorption kinetics was studied by obtaining
samples from equilibrium solutions in Erlenmeyer flasks at
various time intervals. An ion-selective electrode (ISE) di-
rectly attached to a potentiometer was used to determine the
fluoride ion content in the supernatant. All experiments
were performed in triplicate, and mean values are reported.
All measurements were made at room temperature. The
adsorption capacity and removal efficiency were calculated
using

:Mx 100, (1)
m

C,-C
revival efficiency = OC € x 100, (2)

o

where v denotes the volume of the solution (L), m is the mass
of the adsorbent (g), and C,, C,, C, =initial equilibrium and
adsorbate concentrations after time t.

3. Results and Discussion
3.1. Characterization

3.1.1. Analysis of the UV-Visible Spectrum. The use of UV-
visible spectrum analysis to confirm HAp NP synthesis was
investigated. The spectral properties of Ca metal are related
to a prominent peak in the UV-visible spectrum between 200
and 220 nm as shown in Figure 1. Due to the encapsulation
by the polymer in the leaf extract, the pick corresponds to the
surface Plasmon resonance (vibrations) of HAp NPs, and it
is the hallmark signal for HAp NPs. This finding is quite
similar to those of prior investigations [26]. There were no
other peaks in the spectrum, showing that the HAp NPs
synthesized by this rapid and green approach were of sig-
nificant purity.

3.1.2. FT-IR Analysis. FT-IR spectroscopic analysis revealed
the presence of phytochemicals that acted as capping agents
for the synthesis and stabilization, like phenols, amines,
ether, and carboxylic acids, and also used to evaluate the
functional groups in HAp NPs [27]. Figure 2(a) represents
the spectrum of M. longifolium leaf extract. The spectrum
shows peaks at 3457, 2088, and 1627 cm™ L. The strong and
broader band at 3457c¢m™! indicates -OH functional
groups available in alcohols and phenolic substances
contained in the plant extract. The C-N stretching of the
cyanide group is represented by the absorption peak at
2088 cm ™', The presence of aldehydes, ketones, and esters is
indicated by absorptions in the complex range, i.e., from
1600 to 1760 cm™", and corresponds to the C=0 stretching
(28, 29].
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FiGure 1: UV-Vis absorption spectrum of HAp NPs synthesized
using aqueous extract of M. longifolium leaf at room temperature.
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Figure 2: (a) FT-IR spectrum of the aqueous extract of
M. longifolium leaf and (b) HAp NPs.

The FT-IR spectrum of the HAp NPs is presented in
Figure 2, and it has peaked at 3431, 1066, 608, and 551 cm™".
The strong peak at 3431 cm ™" corresponds to the charac-
teristic stretching hydroid group [30]. The formation of HAp
NPs is confirmed by absorption peaks at 551, 608, and
1066 cm™". The absorption peaks at 551, 608, and 1066 cr~ !
prove the synthesis of HAp NPs, and the peaks at 608 and
551 cm™! correspond to the bending vibrations of O-P-O in
the phosphate group PO}™ [31]. The results of this in-
vestigation are in accordance with those of Zhang and
Poinern et al. [32].

3.1.3. Powder XRD Analysis. X-ray diffraction (XRD) is
a versatile, nondestructive analytical method for identifi-
cation and quantitative determination of various crystalline
forms present in powder and solid samples [33]. The XRD
pattern of sensitized HAp NPs powder is shown in Figure 3.
This pattern shows a series of diffraction peaks in the whole
spectra of 20 values ranging from 26 to 49° (Figure 3). The
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FiGure 3: (a) XRD pattern of synthesized HAp NPs and
(b) standard diffraction angle.

distinct diffraction peaks at 26.07°, 27.85°, 31.28°, 32.34°,
34.43°, 46.37°, and 49.63° correspond to (102), (210), (200),
(211), (300), (222), and (212) miller planes, respectively.
This confirms the crystalline structure of the HAp NPs
produced, and a similar finding was reported by Sonmez
et al. [33].

A typical XRD pattern of the synthesized HAp NPs is
compared with the standard values of JCPDS file no. 01-074-
0565. All possible peaks can be indexed to the pure hex-
agonal phase of HAp NPs (P63mc). This confirmed the
successful formation of HAp NPs. Furthermore, the green-
synthesized HAp NPs have an average crystallite size of
13.17nm, and Debye-Scherrer’s equation was used to
identify the nano-sized structure of the composite particle
formed (equation (3)).

KA

DZW, (3)

where CuK is the irradiation wavelength; D is the crystalline
domain’s mean particle size; § = full width at half-maximum
(FWHM) of the diffraction peak in radian; and 6=Bragg’s
diffraction angle crossbanding to the miller indices
(211) plane.

3.1.4. Surface Morphology. The morphological structure of
the prepared nanocomposite was revealed in SEM. These
analyses are useful in the establishment of crystalline
structure, chemical composition, and crystal orientations.
Figure 4 shows the SEM images of the synthesized HAp NPs
at various magnification levels (X1500, X3500, X700, and
X10000).

It was observed from the surface morphology of the
synthesized HAp NPs that it is hexagonal. It can also be seen
from the micrograph that the material is homogeneous and
bigger particles are formed by the agglomeration of smaller
ones which might be due to the interactions and van der
Waals forces existing among HAp NPs [34]. The particle size
distribution of NPs was evaluated using Image] software,
which treated the NPs as spheres and accordingly calculated
the size distribution from the deduced area. It was dis-
covered that the majority of the particles are in the 10-50 nm
range (Figure 5).

Journal of Chemistry

Determination of pHpzc. Point-of-zero charge (pHpzc) was
determined using the method described in [35]. Accord-
ingly, pH 7.70 was found to be a pHpzc (Figure 6). The
pH values of the adsorbents fall in the acidic to the slightly
neutral region. Under pHpzc, the adsorbents’ net surface
charge is positive, while above pHpzc, it is negative. Thus,
determining the pHpzc value aids in determining the ap-
propriate pH level for adsorption studies. To create a pre-
dominantly positive charged surface, the pH values should
be kept below 7.70 [36, 37].

3.2. Adsorption Study

3.2.1. Effect of Solution pH. The pH of a solution affects the
surface charge of adsorbents as well as the degree of ioni-
zation of some pollutants. The adsorption of other ions is
also influenced by the pH of the solution because the hy-
drogen ion and hydroxyl ions are effectively adsorbed [38].
In acidic conditions, OH™ groups of HAp NPs can interact
with H" in solution to form positively charged surfaces [39].
In alkali condition, OH™ ions competing for adsorption sites
on the adsorbent surface, and fluoride ions, are repelled by
the negatively charged adsorbent surface [40].

In the present study, the influence of pH was investigated
by changing the value from 1 to 13. When the pH range
changed from 1 to 7, both the percentage removal and
adsorption capacity rose from 73 to 93% as shown in Fig-
ure 7. When pH is increased to 13, the percentage removal
and adsorption capacity decreased to 81% and 13.24 mg/g,
respectively, showing that the maximum percentage removal
occurred at pH 7.0 and that increasing the pH further did
not result in any increase in the percentage removal or
adsorption capacity of the nanoparticles. To achieve opti-
mum removal efficiency and fluoride ion absorption ca-
pacity, neutral pH was chosen as the ideal one. The results of
this investigation are in accordance with the study by
Mwakabona et al. [41], who found that when pH increased,
both removal efficiency and adsorption capacity enhanced
gradually until an equilibrium point was reached.

3.2.2. Effect of Adsorbent Dose. The adsorbent dosage is
a critical factor that affects both the removal efficiency and
cost-effectiveness of the process. The effect of adsorbent
dosage was studded by increasing the adsorbent dosage. The
increase in the adsorbent dosage enhances the availability of
binding sites and leads to a rise in removal efficiency until
equilibrium is attained [42]. The adsorption measures the
ability of an adsorbent to remove adsorbate from the so-
lution. The adsorbent’s surface is made up of sites with
a wide variety of binding energies, according to the surface
site heterogeneity model. All sorts of sites are completely
exposed to adsorbate adsorption at lower doses for such
adsorbents, and the surface becomes saturated quickly,
resulting in maximum adsorption. However, as the adsor-
bent dosage increases, the availability of higher energy sites
diminishes and a greater fraction of lower energy sites gets
filled up, resulting in a drop in adsorption capacity [43].
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FIGURE 4: SEM images of the synthesized HAp NPs, at different magnifications.
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In the present study, the percentage removal and ad-
sorption capacity are investigated and illustrated in Figure 8.
As observed from the figure, the percentage removal of
fluoride ion increases significantly up to an adsorbent dose
of 0.75g/L; however, no significant change was observed
when the adsorbent dosage beyond 0.75 g/L rather than the
increase in the amount of sludge and the adsorption capacity
diminishes with increasing dose. The increase in removal
efficiency with increase of adsorbent dose is due to the
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FIGURE 6: pHpzc for HAp NPs.

increase in the availability of binding sites. As a result, 0.75 g
of adsorbent was discovered to be the best optimum dosage
and this result has better matching with some of the previous
research work [44, 45].

Effect of Contact Time. The effects of contact time on the
adsorption process were investigated to determine how
long it took to attain the equilibrium; HAp NPs were used
to remove fluoride ions from an aqueous solution at an
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optimal pH, adsorbent dosage, and initial fluoride ion
concentrations.

The experimental results reveal (Figure 9) that during the
first stage of adsorption, both the removal efficiency and
adsorption capacity of the adsorbent (HAp NPs) consid-
erably increased and then proceeded at a slower rate with the
contact time until a condition of equilibrium was attained. It
is possible to explain this phenomenon by the fact that there
are many vacant/empty surface sites available for adsorption
initially, but as time passes, the remaining vacant surface
sites became difficult to be filled and the process slows down
due to the repulsive forces between the solute molecules in
the solid and bulk phases [46]. The percentage removal and

Journal of Chemistry

84
— 1.10 ©»
—~~ / J— ~
3\0/ /5/5 5 %D
>~ -/ ~
2 78 O I
g 1.05 3
& - &
S @) -
g 1.00 3
o gl
E 2 &
& 2
™ 0.95 2
66| ©
0.90
10 20 30 40 50 60
Time

-l- %Removal

-O- Qt
FIGURE 9: Adsorption capacity and removal efficiency of HAp NP
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adsorption capacity did not increase as contact duration was
increased. Higher removal efficiency (82%) and adsorption
capacity (1.09 mg/g) were observed at 50 min; hence, 50 min
was considered as the equilibrium time.

3.2.3. Effect of Initial Fluoride Ion Concentrations. By
adjusting the starting fluoride ion concentrations from 2.5 to
20 mg/L and using the optimal value of other parameters, the
effect of initial fluoride ion concentrations on the adsorption
capacity and percentage removal rate by HAp NPs was
investigated. Figure 10 indicates that the removal efficiency
decreases from 96 to 73.3% when the initial concentration
increased from 2.5 to 20 mg/L. The reason for this could be
that the ratio of the initial number of fluoride ions to the
number of active sites is minimal at lower initial concen-
trations, resulting in higher removal efficiency; however, the
total number of possible adsorption sites for a fixed ad-
sorbent dosage was constant which become saturated at
higher concentrations. As a result, after reaching equilib-
rium, enhancement in the initial concentration did not
result in a substantial increase in F-removal efficiency or
adsorption capacity but merely result in some residual
fluoride ions in the aqueous solution. Therefore, the opti-
mum initial fluoride ion concentration observed was 15 mg.
A similar result was reported for fluoride ion removal
by the binary code system, aluminum-manganese oxide
composite [35].

3.2.4. Effect of Solution Temperature on Adsorption. The
solution temperature affects the adsorption process in two
ways. Firstly, enhancing the temperature is known to in-
crease the rate of diffusion of adsorbate molecules through
the external boundary and interior pores of the adsorbent,
because of a decrease in the viscosity of the solution. The
second point is that temperature has an effect on the
equilibrium capacity of the adsorbent for a given adsorbate.
By fixing the optimum value of other parameters, the in-
fluence of solution temperature on the adsorption process
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was investigated at different temperatures: 25, 30, 35, 40, 45,
50, and 45°C.

The data presented in Figure 11 show the adsorption of
the fluoride ions by HAp NPs. With a temperature increase
from 25 to 45°C, the percentage elimination went from 70 to
90%. Similarly, as the temperature rises from 25 to 45°C, the
adsorption capabilities of HAp NPs rose from 0.466 to
0.593 mg/g. The enhancement in percentage removal with
temperature is due to the movement of the solute [47]. At
a higher temperature, the effective intraparticle diffusion of
adsorbate molecules into the pores of the adsorbent occurs.
This could be attributed to stronger chemical interaction
between the adsorbate and the adsorbent or the development
of newer adsorption sites. Siddiqui et al. found a similar
result in their investigation on the adsorption of lead (II),
cobalt (II), and iron (II) from an aqueous solution by ac-
tivated carbon [48].

3.3. Adsorption Isotherm. To use adsorbents as efficiently as
possible, the adsorption isotherm, which describes how the
adsorbate interacts with the adsorbent, is optimized. It is
necessary to establish a relationship between a sorption-
sorbate system and equilibrium data to remove fluoride ions
from the liquid phase. For both linear and nonlinear
analysis, the two most popular adsorption isotherm models
(Langmuir and Freundlich) were investigated.

3.3.1. Linear Isotherm Analysis. One of the most effective
methods for quantifying the distribution of adsorbates,
quantitatively assessing adsorption systems, and confirming
the theoretical premises of a particular model has been linear
regression [49]. Therefore, the accuracy of an adsorption
model’s fit to experimental data is often evaluated based on
the magnitude of the linear coefficient of determination,
with R? values closest to unity being judged to give the best
fit. Accordingly, linear regression of both the Freundlich and
Langmuir model parameters was calculated and is presented
in Table 1.

7

90 - - 126 —

= um— oo

x =

2 - . e —® 1120 F

|S) / ~—

3 /’ 1114 &

2 3

g 801 /:/ 1108 &
=

é 75 =/ 1102 §

3} / ol

. }.(
& o ] '/ 0.96 E
0.90 <

25 30 35 40 45 50 55
Temperature (°C)
-l- %Removal
-®- Qe

Figure 11: The influence of solution temperature on fluoride ion
removal percentage and adsorption capacity.

The findings from the linear adsorption isotherm analyses
are shown in Figure 12 and Table 1. R* values of the Langmuir
isotherm (0.994) were lower than those of the Freundlich
isotherm (0.999) as shown in Figure 12 and Table 1. This
suggests that the Freundlich isotherm model fits fluoride
sorption onto HAp NPs better. The fact that the Freundlich
isotherm model fits the events may be attributed to the creation
of multilayer sorbed fluoride ions due to a stronger chemical
contact than a physical link. The findings of the current study
are in agreement with some of the earlier results [50].

3.3.2. Nonlinear Isotherm Analysis. Using the original form
equation (Table 2), nonlinear optimization provides a rig-
orous mathematical method for figuring out the adsorption
model’s parameters. However, to evaluate how well a model
fits experimental adsorption data, an error function must be
chosen [51]. As a result, the various types of mistakes were
normalized before choosing the model’s parameters whose
error function accounted for the minimal sum of normalized
errors, indicating the best overall fit [52].

The findings demonstrate that the Freundlich model has
a very high coefficient of determination (R*>0.99) and
extremely low values of the error functions (X?), better
describing the phenomenon of HAp NPs adsorption. This is
further supported by observing the nonlinear plot between
the experimental data and the models as shown in Figure 13.
This is based on the hypothesis that the adsorbent surface is
heterogeneous and that the heat of adsorption is distributed
unevenly throughout the surface, indicating multilayer
adsorption [53].

To choose the best form for an adsorption study, linear
and nonlinear approaches to each adsorption isotherm were
compared. In the majority of circumstances, the linear
version of the Freundlich adsorption isotherm was found to
be preferable to the nonlinear form with small error
functions.

3.4. Adsorption Kinetics. Kinetic studies are especially
important in designing treatment systems whose effec-
tiveness depends on the rate at which fluoride removal
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TaBLE 1: Linear sorption isotherm model equation and parameter data.

Isotherm model Equation Parameter CV
dm 1.87
Ky 9.34
. R 0.011
Langmuir (1/(ge) = (1/(gw) * (D/(C) + () (q,) 25 0.994
Ky 1.65
1/n 0.84
Freundlich logg, =log Kp + (1)/ (n)logC, R? 0.999
0.80 0.8 -
0.75 y =0.0574x + 0.5357
’ R>=0.9937 0.6 -
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FIGURE 12: Isotherms models of (a) Langmuir and (b) Freundlich for the adsorption of fluoride onto HAp NPs.

TaBLE 2: Nonlinear sorption isotherm model equation, parameter,
and error function data.

Isotherm Equation Parameter ~ CV
model
Qumax 7.578
(mg g)
Langmuir g, = (QuK;C)/(1+K,C) K, 0.124
R? 0.993
X* 0.007
Kr 0.863
N 0.776
. _ 1/n
Freundlich q. = KxC R? 0.998

X? 7.76E — 04

occurs. In the current work, linear and nonlinear pseudo-
first- and second-order kinetics were used to conduct
a kinetic investigation for fluoride adsorption at various
time intervals.

3.4.1. Linear Kinetic Models. Batch adsorption tests with
0.75g HAp NPs in 15mL of fluoride ion solution were
performed for the linear kinetic model analyses. The kinetic
parameters obtained from both the first-order and second-
order models are shown in Table 3 and Figure 14. Both
theories fit the experimental data well in this case. A greater
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1.0 1
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Ce

O Experimental value
—— Langumier Isotherm

—— Freundlich Isotherm

FIGURE 13: Nonlinear regression of adsorption isotherm models.

correlation coefficient (R?) value was however obtained from
the pseudo-second-order (0.999) kinetic model, whereas
that obtained from the pseudo-first-order kinetic model was
lower (0.934), suggesting that chemisorption is the domi-
nant rate-determining process [54].
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TaBLE 3: Linear kinetic model equation and calculated parameter value.
Kinetic models Equation Parameter Cv
K, -0.0012
PFO log(q, —q,) =logqg, — (k1)/(2.303) ¢t qe 1.06
R’ 0.93
K, 0.624
e 1.14
PSO (1D/(q) - g = (/) ~kyt o 3
R 0.999
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FIGURE 14: (a) Pseudo-first-order and (b) pseudo-second-order kinetic models for fluoride ion adsorption on HAp NPs.

3.4.2. Nonlinear Kinetic Models. The number of parameters
in the nonlinear equation has a significant impact on the
goodness of the data fit for nonlinear kinetic models [55]. As
a result, nonlinear regression was used to estimate the pa-
rameters of the pseudo-first-order and pseudo-second-
orderkinetic models. The obtained kinetic parameters and
error function data are shown in Table 4 and Figure 15.
Accordingly, compared to the pseudo-first-order kinetic
equation, the pseudo-second-order kinetic equation has
a larger R? value and a lower X” value. This exhibit of pseudo-
second-order kinetics has a good correlation with the ex-
perimental data, and the adsorption process predominantly
followed the pseudo-second-order kinetic model. This sug-
gests that chemisorption may occur on the surface of an
adsorbent simultaneously as a layer of molecules.

3.5. Adsorption Thermodynamics. Equations (4) and (5)
were used to calculate the free energy change (AG), enthalpy
change (AH), and entropy change (AS) associated with the
adsorption process.

AG’ = -RTInKa, (4)
AS"\ [AH'
InK, =—)-[ =—.

TaBLE 4: Nonlinear kinetic model equation and calculated
parameter value.

Kinetic models Equation Parameter CV
K, 0.69

PFO g = q.(1-e %) qe 0.571
R? 0.8899
K, 0.162

PSO g = (g Kyt)/ (1 + q.Kt) qe 0.675
R? 0.988

R is the universal gas constant (0.008314 kJ/mol-K), T'is
the absolute temperature (K), and Ka is the adsorption
equilibrium constant. The Ka values can be calculated by
performing adsorption experiments at various tempera-
tures and using equation (4); AH® and AS° can then be
estimated using a plot of InKa vs. 1/T as described in
equation (5) [56].

The acquired data show that as the temperature in-
creased from 298 to 328 K, the adsorption capacity went up
(Figure 16), suggesting that fluoride ion adsorption is en-
dothermic. Table 5 summarizes the obtained Gibbs free
energy changes (AG") as well as other parameters. The
positive value of AH® and AS® reveals that when the un-
predictability of the system grows, the adsorption process
becomes endothermic [57]. Up to 318 K, AG” was positive,
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TaBLE 5: Thermodynamic parameters for fluoride ion adsorption on HAp NPs adsorbent.
Adsorbent Temp (K) K, AG® (KJ-mol™) AH® (KJmol™) AS JK “mol™) R?
298 -1.86 2.89
303 -1.61 2.30
308 -1.33 1.61
HAp NPs 313 -0.86 0.44 40.78 127.54 0.94
318 -0.57 -0.32
323 -0.52 -0.48
328 -0.51 -0.50

indicating that the reaction is not spontaneous at lower
temperatures (below 318 K), and the values of free energy
decrease as temperature rises, indicating that adsorption
becomes more spontaneous at higher temperatures. [58].
This phenomenon appears to be in accordance with the
kinetic outcome, suggesting that spontaneity is a manifes-
tation of chemical interaction.

3.6. Regeneration of the Adsorbent. Regeneration of used
HAp NPs was carried out to validate the reusability. The
fluoride ion desorption from exhausted HAp NPs was thus
studied (Figure 17). It was done by 40 minutes of shaking the
adsorbent in an extract of 0.1 N HCl solutions. Filtration was
used to separate the particles, which were then rinsed many
times with ultrapure water to eliminate the HCl and
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FIGURE 17: Recycling efficiency of HAp NPs on fluoride removal.

desorbed components. Finally, the HAp NPs that had been
regenerated was used three times for fluoride ion adsorption
at optimal circumstances.

4, Conclusion

For the adsorptive elimination of fluoride ions from an
aqueous solution, HAp NPs were successfully prepared
using a green synthesis approach. The synthesized HAp NPs
were characterized by UV-Vis, AAS FT-IR, XRD, TGA/
DTA, and SEM particularly, to investigate the shape,
structure particle size, crystallinity, and functional group.
Adsorption was studied as a function of pH, contact time,
adsorbent dosage, initial fluoride ion concentration, and
solution temperature using the batch method. The results
showed that increasing the adsorbent dosage and contact
time until the optimum results are achieved resulted in
enhanced fluoride ion adsorption, while increasing the
amount of initial fluoride ion concentration resulted in
decreased adsorption. pH of 7, adsorbent dose of 0.75g,
contact period of 40 min, starting fluoride ion concentration
of 10 mg/L, and temperature of 40°C were known to be the
optimum adsorption conditions.

The pseudo-second-order, Freundlich model, and the
spontaneity of the process best fit the fluoride ion adhesion
onto HAp NPs, according to a survey of kinetics, equilib-
rium isotherm, and thermodynamic research. According to
the regeneration test, the tired HAp NPs had similar removal
efficacy as the new ones. Thus, HAp NPs made using
M. longifolium leaf extract is recommended as a quick, ef-
fective, and inexpensive adsorbent for removing fluoride ion
from an aqueous solution. The present findings suggest that
the efficacy of synthesized HAp NPs in the removal of other
pollutants (metals, anions, or colors) in wastewater should
be studied. Furthermore, other adsorption equilibrium and
kinetic models such as the Tembkin, intraparticle diffusion,
pore diffusion, and Evolich models should be tested on the
adsorption data to get more insights into the mechanism of
adsorption involved.
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