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Enhanced defluoridation by
nano-crystalline alum-doped
hydroxyapatite and artificial
intelligence (Al)

modeling approach

Nitin Pratap Varma®*, Alok Sinha?*, Sunil Kumar Gupta?,
Jaydev Kumar Mahato'* and Priyankar Chand?

Department of Environmental Science and Engineering, Indian Institute of Technology, Dhanbad, India,
2Environmental Science and Engineering Department, Indian Institute of Technology Bombay,
Mumbai, India

The study aimed to investigate the defluoridation capacity of nano-
hydroxyapatite (HAP) [Ca;o(PO4)s(OH),] and alum-doped hydroxyapatite
(AHAP) [CagAl(PO,4)6.(OH),] as an environmental friendly adsorbent. The
physicochemical characteristics of both the material (HAP and AHAP) were
examined using XRD, FE-SEM-EDS, and BET techniques. The batch adsorption
study revealed a fluoride removal efficiency of up to 83% (AHAP) and 74% (HAP)
under acidic conditions (pH-2). The doping of alum alters the surface chemistry
and enhances the affinity of AHAP for fluoride adsorption. The pseudo-second-
order kinetic (R?-~0.9941) and Langmuir isotherm (R?-0.9425) models best
describe the adsorption mechanism and behavior. The thermodynamic
analysis indicated the spontaneous and endothermic nature of the adsorption
process. The study also tested the applicability of the artificial neural network
(ANN) modeling approach using MATLAB R2013a to simulate the simulated
absorptive efficiency of AHAP. This study suggests that AHAP proved an
effective adsorbent for defluoridation.
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1 Introduction

Fluoride is one of the most profuse elements and is found in groundwater around the
globe. For both humans and animals, it is a crucial trace element (Shaji et al., 2024). The
potential benefits or hazards of fluoride in water are determined by its concentration and the
overall quantity consumed. The impact of fluoride levels in drinking water extends beyond
human health, affecting various living organisms. Elevated fluoride concentrations
influence the tissues of osseous (teeth and bones) and soft (liver, kidney, brain, etc.)
(Jagtap et al,, 2012; Ali et al,, 2021; Choubisa et al., 2023). Additionally, alterations in the
function and metabolism of the liver and kidneys are induced by increased fluoride levels
(Yang et al., 2019; Singh et al., 2022). The main cause of fluoride in drinking water is the
dissolution of fluoride-bearing minerals and rocks like fluorspar, cryolite, fluorite, and
fluorapatite. However, unregulated industrial discharge is one of the biggest concerns
pertaining to fluoride contamination (Chouhan and Flora, 2010). According to the World

01 frontiersin.org


https://www.frontiersin.org/articles/10.3389/fenvs.2024.1363724/full
https://www.frontiersin.org/articles/10.3389/fenvs.2024.1363724/full
https://www.frontiersin.org/articles/10.3389/fenvs.2024.1363724/full
https://www.frontiersin.org/articles/10.3389/fenvs.2024.1363724/full
https://www.frontiersin.org/articles/10.3389/fenvs.2024.1363724/full
https://crossmark.crossref.org/dialog/?doi=10.3389/fenvs.2024.1363724&domain=pdf&date_stamp=2024-03-05
mailto:nitinpratapvarma@yahoo.com
mailto:nitinpratapvarma@yahoo.com
mailto:jay_devkumar@rediff.com
mailto:jay_devkumar@rediff.com
https://doi.org/10.3389/fenvs.2024.1363724
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/environmental-science
https://www.frontiersin.org
https://www.frontiersin.org/journals/environmental-science
https://www.frontiersin.org/journals/environmental-science#editorial-board
https://www.frontiersin.org/journals/environmental-science#editorial-board
https://doi.org/10.3389/fenvs.2024.1363724

Varma et al.

Health Organization (WHO), 1.5 mg/L for drinking water and
8 mg/L for industrial discharge are the recommended maximum
concentration limits (MCLs) (WHO, 2008). In groundwater, the
amount of fluoride ions can reach more than 30 mg/L. The daily
consumption of 20-80 mg of fluoride over the duration of
10-20 years causes skeletal fluorosis, which causes severe bone
damage (Singh et al., 2016; Lacson et al., 2021). It has also been
reported to cause dental fluorosis, DNA aberrations, neurological
damage, and interference with normal organ metabolism (Xiong
et al., 2007; WHO, 2008; Chen et al., 2011; Singh et al., 2016;
Amalraj and Pius, 2017). Around 200 million people worldwide
have been reported to be affected by fluoride pollution. Fluorosis
has adversely impacted India, with more than 66 million
individuals, including 6 million children under the age of 14,
being affected by this prevalent geochemical disease (Ayoob and
Gupta, 2006; Prasad et al., 2014). Thus, it is crucial to defluoridate
drinking water that contains a high amount of fluoride to protect
public health. As a result, different methods for defluoridating
aqueous solutions have been developed over the past decade.
Defluoridation of potable water is achieved through

various physical and chemical methods (Chouhan and
Flora, 2010). Bio-sorbents made from plant materials and
bacterial bioremediation are two biological methods for
phytoremediation and defluoridation of the air. Defluoridation
technologies have been described, viz., adsorption, chemical
precipitation, electrocoagulation, nanofiltration, reverse osmosis,
and ion exchange (Ahmad et al., 2015; Nkansah et al., 2022).
Among them, adsorption, especially mineral-based and surface-
modified adsorbents, has shown promising results in removing
excess fluoride from water, and it is one popular method for
defluoridation (Mohapatra et al., 2009; Bhatnagar et al., 2011;
Loganathan et al, 2013). Hydroxyapatite, Ca;o(PO4)s(OH),
(HAP) as calcium phosphate-based bioceramics is widely used
in biotechnology and medical applications to repair damaged parts
of the body as an implant. HAP as an adsorbent has demonstrated
comparatively good defluoridation performance in several studies
(Bhatnagar et al,, 2011; Tang et al., 2022). Previous studies have
demonstrated that the HAP’s surface hydroxyl groups are an active
site for adsorption.

In current scenarios, significant efforts have been made to
advance new and cost-effective sorbents for fluoride removal by
impregnating low-cost adsorbents with chemicals, aiming to
enhance defluoridation efficiency. Fluorine is a very undesirable
element with a strange tendency to induce attraction by charged
ions like metallic elements. Aluminum is frequently used in
defluoridation methods due to its highly electropositive nature,
which makes it easily able to interact with fluorine atoms. Tripathy
et al. (2006) demonstrated 99% defluoridation performance using
alum-impregnated activated alumina (Tripathy et al., 2006).
Amalraj and Pius (2017) also demonstrated a significant
fluoride adsorption efficiency of 26.03 mg/g using aluminum
hydroxide-modified activated carbon. Hydroxyapatite has also
been successfully modified with Aluminum (AHAP) to acquire
an advanced defluoridation capacity of 32.57 mgF-/g than
unmodified hydroxyapatite (HAP) with 16.38 mg F—/g capacity
(Nieetal, 2012). Sasaki et al. (2017) have revealed that accelerated
defluoridation results from the AI’* ions’ effective transport of F-

to the hydroxyapatite/fluorapatite precursor.
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Artificial Neural Network (ANN) has gained increasing
consideration for water quality prediction and treatment modeling
simulation in recent years. This approach is particularly suitable in
applications where the mechanisms underlying process performance
are highly complex and non-linear, such as the adsorption process.
Hence, ANN is a suitable approach for modeling the adsorptive
efficiency of adsorbents (Mahato and Gupta, 2022).

In this study, the influence of alum (KAI(SO,), 12H,0) on the
adsorption of F~ under biomimetically synthesized nano-crystalline
HAP and Alum-doped HAP (AHAP) is examined. The adsorption
parameter is studied beneath by contact time, pH, and reaction
temperature on F~ adsorption. Isotherms and kinetic models are also
used to validate the experimental data. The kinetic, thermodynamic,
and equilibrium analyses support the AHAP’s absorption
mechanism. In addition, the adsorptive efficiency of AHAP was
also simulated with the Artificial Neural Network (ANN) modeling
approach using MATLAB R2013a.

2 Materials and methods

2.1 Chemicals

All the reagents used for synthesis include di-ammonium
hydrogen phosphate [(NH,),HPO,] (Merck, India) and calcium
[Ca(NO3),.4H,0] India).
Ammonium solution and polyvinyl alcohol (PVA) were acquired

nitrate  tetrahydrate (Rankem,
from Acros Organics and used without supplementary refinement.

Analytical grade alum (Aluminium potassium sulfate
dodecahydrate, KAI(SO,),-12H,0), sodium fluoride (NaF), sodium
hydroxide (NaOH), and nitric acid (HNOs) were purchased from
Merck (India). The stock solution of fluoride was prepared with
deionized water using NaF, where HNO; (0.1 M) and NaOH (0.1 M)

solutions were used to adjust the pH of the solution.

2.2 Synthesis of Al-doped hydroxyapatite

(HAP) (Cayo(POy6(OH),)  was
synthesized biomimetically using a chemical co-precipitation

Nano-hydroxyapatite

technique utilizing di-ammonium hydrogen phosphate and
calcium nitrate tetrahydrate as precursors with PVA as stabilizing
matrix, which controls the shape and size of HAP. The co-
precipitation process is the most commonly used method
for synthesizing HAP and has been discussed elsewhere (Sinha
et al,, 2003; Sinha et al., 2008). Setting the atomic ratio of [Ca +
P] to 1.67 allowed
hydroxyapatite (HAP).

Hydroxyapatite suspension was prepared using 5 g of dried HAP
nanoparticles suspended in 100 mL double distilled water (DDW)
followed by pH measurement of suspension (pH 7.5). To the

the biomimetic synthesis of nano-

suspension, 5.7 g of alum was added, and the pH was adjusted
using IN HNOj;. The suspension’s final pH was set at 3, and it was
stirred for 1.5 h at 70°C, followed by incubation for 1 h. Alum-doped
HAP (AHAP) nanoparticles were obtained by processing the
precipitates, cleaning them with DDW several times, and then
air-drying them at 650°C for 24h. The chemical structure of
HAP and AHAP is illustrated in Figures 1A, B.
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FIGURE 1
The chemical structure of (A) HAP and (B) AHAP.
2.3 Characterization of the adsorbents _(G-Cy,
@4=""7 (1)

The superficial morphology of HAP and AHAP was
characterized by a Scanning Electron Microscope (FE-SEM, Zeiss
Supra 55VP, United States) on a high-resolution instrument
equipped with a Gemini Field Emission Column and an Energy
Dispersive X-ray Spectrometer (EDS) probe (Phoenix) equipped
with a sapphire detector for digital signal processing for semi-
quantitative chemical analysis. X-ray diffraction (XRD) patterns
of synthetic HAP and AHAP were captured before and after fluoride
adsorption on an X-ray powder diffractometer, the (XRD, Bruker
Advanced X-Ray Solutions, GMBH, Germany) to examine the
structure of the adsorbent. The specific surface area of the HAP
and AHAP was determined by the BET surface area analyzer
(NOVA 4000e, Quantachrome Instruments, United States).

2.4 Adsorption experiments

Batch adsorption experiments were carried out in 100 mL
Erlenmeyer flasks using the working volume of 50 mL. The flasks
were closed and kept in an orbital thermostat shaker (Rivotek,
Kolkata, India) after adding HAP/AHAP (0.5 g/L) to the fluoride
solution at 180 rpm for 1h. The effect of pH was examined with
different pH values, i.e., 2, 3, 4, 5, 6, 7, 8, and 9 on adsorption. The
effect of contact time was also analyzed by shaking the sample for 6 h
at optimum pH. The adsorption kinetics were carried out at a
constant temperature of 303 K. The thermodynamic study was
293K, 303K, and 313K. The
concentration was measured using pH/ISE meter (Orion Model,
EA 940 Expandable Ion Analyzer) attached to fluoride-selective
electrode (Orion Model 96-09). The blank solution was also run
parallelly for fluoride measurement. All the experiments were

conducted at fluoride

performed in triplicate.
The equilibrium uptake of fluoride was calculated using Eq. 1:
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where g, is the measure of fluoride adsorbed on the adsorbent (mg/g)
at time ¢, C, is the initial concentration of F~ in solution (mML™), C,
is the concentration of F~ in solution (mg L) after time ¢, V is the
volume of solution in (L) and W is the adsorbent weight (g) used.
The data reported here are the average of the three readings from
each experiment.

2.5 Artificial neural network (ANN) modeling

Applying an ANN model has recently been quite prevalent for
predicting water quality. This study used a three-layered
backpropagation neural network with a neural transfer function
(purelin) at the output layer and a tangent sigmoid transfer
function (tansig) at the hidden layer using MATLAB R2013a. The
pH, contact time, and initial fluoride concentration were considered
input parameters, and the percentage adsorption of fluoride was the
output parameter. Of all the batch adsorption data sets, 70% was used
for training, 15% for validation, and 15% for testing. All the data were
normalized using the min-max normalization method to facilitate
network learning and meet the required algorithm. This method
normalizes the raw values in the range of 0-1 for better prediction and
has the advantage of preserving all relationships in the data.

3 Results and discussions

3.1 Characteristics of the nanosized HAP
and AHAP

The surface area of the HAP and AHAP examined by the BET was
154 m’> g" and 209 m” g', respectively, indicating an enhancement in

frontiersin.org
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FIGURE 2

XRD diffraction pattern of (A) HAP and (B) AHAP.
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surface area after alum doping. The smaller particle size of the metal
ions-doped HAP increased surface area. Various studies have
acknowledged the increase in surface area after doping HAP
(Karunakaran et al, 2019). X-ray diffraction patterns of synthesized
HAP and AHAP are represented in Figures 2A, B. XRD peaks were
used to characterize the crystallographic evidence about the materials.
The XRD spectra of the HAP spectra show its crystalline nature
(Figure 2A), confirming the presence of crystalline HAP, as
demonstrated by (101), (111), (002), (210), (211), (112), (300), (202),
(310), (311), (113), (203), (222), (312), (213), (321), (410), (411), (322),
(313), (304), and (323), respectively. In addition, the aluminum doping
might induce phase transformations within the hydroxyapatite
structure. This could result in the formation of new phases or the
disruption of the original crystal lattice, leading to a reduction in
crystallinity. The XRD patterns of the synthetic AHAP (Figure 2B)
and those of HAP were nearly identical. No peaks that resemble alum
were found. There is no significant change in the peak structure after the
composition formation. This may be due to the incorporation of an
aluminum compound into hydroxyapatite. Similar XRD patterns were
reported by Nie et al. (2012) and Kolekar et al. (2016).

FIGURE 3

(A) FE-SEM image of AHAP (B) SEM-EDS analysis of AHAP (C) EDS analysis of AHAP before fluoride adsorption. (D) After fluoride adsorption.
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FIGURE 4
Effect of initial pH and time on the adsorption rate (mg g™) of
fluoride by HAP and AHAP.

SEM-EDS spectra analysis was conducted to evaluate the
morphology microstructure and for quantifiable elemental
component analysis of HAP and AHAP samples. Figure 3A
shows an FE-SEM image of HAP revealing two particles of
different shapes attached, forming a highly porous structure.
Figure 3B shows the signal-originated structure for Al and S in
the EDS spectra due to alum doped on HAP. Figure 3C shows the
EDS spectra after the adsorption of F~ onto HAP, and Figure 3D
reveals surface adsorption of F~ onto AHAP.

3.2 Effect of pH

pH of the solution significantly affects the adsorption
behaviors (Mahato and Gupta, 2020). It controls the adsorbent
and adsorbate’s surface charges in solution. The highest uptake of
F~ was obtained at pH 2 for both HAP and AHAP, as shown in
Figure 4. The adsorption of F~ decreased monotonously with an
increase in the pH of the solution. This suggests that as pH values
were increased, the presence of OH™ in the solution was
increased, which could potentially compete with F~ for the
adsorption sites. This could be due to the two ions with
similar charge and ionic radius (Nie et al., 2012). AHAP was
found to be insoluble in all pH studies, exhibiting its applicability
at a wider pH range.

3.3 Effect of contact time

The outcomes of the study on the impact of interaction time on
the adsorption of F~ by HAP and AHAP are shown in Figure 5. It
can be observed from the figure that a quick removal of F~ takes
place in the first 2 h, followed by a subsequent reduction in the rate
of removal till equilibrium at 3 h. Additionally, it was found that as
the contact time increased, so did the amount of adsorption. After
3 h, the maximum adsorption capacity for both HAP and AHAP
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FIGURE 5

Effect of contact time on the defluoridation performance.

FIGURE 6
Effect of initial fluoride concentration and time on the adsorption

amount mg g™) of fluoride by HAP and AHAP.

was achieved; afterward, there was almost no further increase in the
adsorption. As a result, a fixed equilibrium contact time was chosen
for the subsequent absorption experiment.

3.4 Effect of initial fluoride concentration

Figure 6 demonstrates the adsorption capacities of HAP and
AHAP for F~, through adsorbent-adsorbate solutions at different
concentrations of fluoride (0.217-1.08 mM/L). Visibly the
adsorbed amount of F~ increases by increasing the initial
F-concentration. This is caused by the fact that there are more
adsorbate ions present close to the adsorbents (Saber-Samandari
et al., 2014).
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3.5 Adsorption kinetics studies

The fluoride adsorption rate is highly dependent on contact time. To
examine the dynamics of adsorption progression on HAP and AHAP,
the pseudo-first-order, pseudo-second-order, Elovich, Bangham, and
intraparticle diffusion models were applied. The pseudo-first-order
rate reaction mechanism is explained in (Figure 7A). Pseudo-first-
order equation is expressed as shown in Eq. (2):

log (q. — q:) = log q. = 5= 2k )

where g, and q; (mg g') is the amount of F~ adsorbed at equilibrium and
at time ¢ (min), respectively, and k; (min™) is the pseudo-first-order rate
constant. Mousa et al. (2016) proposed a kinetic experimental model
based on the free sites between inter-particle diffusion. The pseudo-
second-order model is used on the hypothesis that adsorption follows a
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FIGURE 7
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second-order mechanism, whereas the rate of sorption is proportional
to the square of the number of untenanted sites (Ho et al., 2000).
Pseudo-second-order equation is expressed as shown in Eq. 3.

t 1 t

== (3)
@ kg g

where k, represent the pseudo-second-order rate constant (g mg’
"min”). The different parameters of the kinetics models are
concisely shown in Table 1. The pseudo-second-order model can
accurately represent the adsorption kinetics much more effectively
than the pseudo-first-order model despite having strong correlation
coefficients (R*~0.9941) Figure 7B and strong arrangements between
experimental gy, and calculated q. values. In this instance, the
adsorption of F- is likely caused by surface complexation reactions at
specific adsorption sites, and the adsorption rate-limiting step may
be chemisorption (Ersan et al., 2015).
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Pseudo first order plots for F~ adsorption (A), Pseudo second order plots (B), Intraparticle diffusion model plots (C), Bangham model plots (D), and

Elovich plots (E).
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TABLE 1 Kinetic parameters for F~ adsorption using HAP and AHAP.

Kinetic models Parameters HAP AHAP
Pseudo-first-order e ca (mg/g) 18.10 15.990
ky (min™") 0.0292 0.0403
R’ 0.9862 0.9686
X 0.231 0.211
seudo-second-order e ca (mg/g) 22.053 21.930
k> (g/mg min) 0.001 0.003
R’ 0.9941 0.9918
X 0.0038 0.0781
Intraparticle diffusion ky (mg/g min) 1.443 1.580
C 2.175 3914
R’ 0.8531 0.8057
Elovich a (mg/g min) 4.9022 22318
B (g/mg) 0.297 0339
R’ 0.8684 0.9024
be 1.666 0.2119
Bangham a 0.941 0.873
kg (g) 6.591 13.156
R’ 0.9780 0.9445
be 0.1387 0.1925

This process is a rate preventive method and should be
further envisaged. Pseudo-first-order and pseudo-second-order
models cannot distinguish diffusion mechanisms during
sorption. The diffusion mechanisms during the sorption
process cannot be distinguished by pseudo-first-order or
pseudo-second-order models. In order to better understand
the intraparticle diffusion mechanism, Weber and Morris plots
are useful as shown in Figure 7C, where q, can be calculated using

Eq. 4.
4 =kt +C @

Here, k, and C represent intraparticle diffusion rate constant and
intercept, respectively, in mgg’' min>. When the diffusion
mechanism is measured by intra-particle diffusion, the intercept
C should cross the derivation (Saruchi, 2019). However, if the plot
does not pass across the basis, as in this study, having an intercept
(C) indicates the thickness of the boundary layer; a larger intercept
suggests a greater boundary layer effect (Table 1). Additionally, it
suggests that while intraparticle diffusion plays a role in
adsorption, it is not the only rate-limiting mechanism. Other
mechanisms, such as film diffusion, may also be involved. Most

possibly, surface adsorption (pseudo-second-order) and
intraparticle diffusion may occur simultaneously (Ghorai
et al., 2013).

Adsorbate pore diffusion activities studied by the Bangham
model (Figure 7D) which is expressed linearly as Eq. (5):
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Co Mk
loglog| —°— ) = log[ —E_) 4 41
o8 Og( Co - th> °g<2.303v ) +ologt (5)

where C, is the initial concentration of F~ (mg L"), V is solution
volume (mL), M is the adsorbent weight (g/L), ¢, is the amount of
adsorbate retained at time ¢ (mg g"), and « (<1), kp are constants,
which can be attained from slope and intercept, respectively.
Bangham’s plot should be linear if intraparticle diffusion is the
only rate-controlling step. In the present study, the plot was in the
linear form for each adsorbent with a good correlation coefficient
value (>0.9), suggesting that a pore diffusion mechanism governs the
adsorption of fluoride onto HAP and AHAP.

solid
heterogeneous, the Elovich equation (Figure 7E) illustrates the

Assuming that the actual surfaces are actively
second-order kinetic, but the equation does not suggest any
specific mechanism for adsorbate-adsorbent interaction (Sparks,
1989). It is widely acknowledged that a semi-empirical equation
can adequately describe the chemosorption process (Zhang and
Stanforth, 2005) and can be expressed as Eq. (6).

L (aB) + < In (1) (©)

q = —In(af) + -In
B B

where ¢; (mg g') represents the amount of adsorbate adsorbed at
time ¢, « is a constant related to chemisorption rate, and f is a
constant that illustrates the level of surface exposure. The two
constants (o and f3) were obtained from the intercept and slope
of the plot of g, versus In(t), respectively, as shown in Table 1. The
kinetic sorption curve fit well with the model with R* > 0.8684
(Table 1). If the configuration is determined solely by equation, it
may be assumed that diffusion is the rate-determining step, and this
equation should apply in situations where the desorption rate can be
neglected (Pavlatou and Polyzopouls, 1988; Rudzinksi and
Panczyk, 1998).

3.6 Adsorption isotherms

Adsorption isothermal studies of HAP and AHAP were carried
out at different temperatures between 293 K and 313 K. Langmuir
(1916), Freundlich (1906), and Temkin and Pyzhev, (1940) isotherm
models have all been investigated to examine the synergistic
behavior between the adsorbent and adsorbate molecules and the
designed parameters are shown in Table 2. The Langmuir isotherm
is valid for monolayer sorption because the surface is uniform and
composed of a finite number of equivalent and identical localized
sites, with no steric hindrance or lateral interaction between the
adsorbed molecules, even on adjacent sites. According to the
Langmuir Isotherm, the sorption of pollutants on solids can be
described by Eq. 7:

1 1 1 1

=—+ —
q.e Q QKL Ce

(7)

where, g, = fluoride removal capacity at equilibrium (mgg™'); Q =
maximum monolayer coverage capacities (mg g'); K. =
Langmuir isotherm constant (L mg"'); C, = at equilibrium
concentration (mg L"). Plot of 1/q. vs. 1/C, yields the values
of slope and intercept from which the values of K; and Q were
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TABLE 2 Parameters for different isotherm models for F~ adsorption using AHAP.

Parameters HAP

Temperature (K)

AHAP

Temperature (K)

293 K 293 K 293 K 293 K

Langmuir Q (mgg") 40.59 45.66 48.05 53.19 58.14 68.19
b (L mg") 0.520 0.595 0.627 0.598 0.612 0.653
R, 0.0188 0.0165 0.0157 0.0160 0.0161 0.0151
R’ 0.9425 0.9489 0.9408 0.9894 0.9931 0.9872
X2 0.0052 0.0065 0.0048 0.0047 0.0066 0.0002

Freundlich Ky (mg g") 13.00 14.19 14.98 4.402 5.922 7.532
n 3.05 2.61 2.37 1.153 1.073 0.952
R? 0.8690 09113 0.9296 0.9279 0.9363 0.9279
X2 0.0082 0.080 0.052 0.0482 0.0081 0.0004

Tempkin K, (Lgh 3.923 3.365 3271 4.300 5.438 6.539
B 9.9115 10.725 13.073 12.154 12.465 14.150
B (J mol™) 245.75 234.88 199.06 200.42 202.09 183.91
R? 09118 0.9257 0.9026 0.9369 0.9158 0.8683
X2 2.880 6.751 8.226 6.472 7.008 7.242

calculated. The computed maximum adsorption capability (Q)
for AHAP was 0.905 mML™" at 40°C, suggesting significantly
larger adsorption than HAP (0.558 mML™).
Ayad and El-Nasar (2010), an important characteristic of the

According to

Langmuir isotherm can be expressed in terms of a dimensionless
factor called the separation factor (Ry), which is defined by the
following Eq. (8):

1

Ri=—
L 1+KLCO

(8)
where K; (L mg™") is the Langmuir constant relates to the heat of
adsorption and C, is the initial concentration of F~ (mg L"). The
isotherm’s shape is determined by the value of RL, which can be
unfavorable (RL > 1), linear (RL = 1), irreversible (RL = 0), or
favorable (0 RL 1). RL was between zero and unity, indicating that F~
adsorption was advantageous, and as the temperature rose, it got
closer to zero, irreversible
et al., 2013).

The Freundlich isotherm assumes that multilayer sorption occurs

indicating adsorption  (Ghorai

to take up F- molecules on a heterogeneous surface. Eq. 9 is given below
and represents the linear form of the Freundlich isotherm model.

1
logg. = log K + " .logC, 9

Where C. = equilibrium concentration (mg L'); n = adsorption
intensity; q. = amount of adsorbate in the adsorbent at equilibrium
(mg g"); K¢ = Freundlich isotherm constant (mg g*) proportional to
adsorption capacity. The applicability of the Freundlich equation
was indicated by the linear plot of log g. vs log C.. The value of 1/n
determined from the Freundlich isotherm plot denotes adsorption
intensity. Generally, 0.1 < 1/n < 0.5 is regarded as easily absorbing;
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0.5 < 1/n < 1, some difficulties exist with the adsorption; 1/n > 1, it is
quite difficult to adsorb (Ozbay et al., 2013). When the F- ions were
either simple to adsorb or there were some challenges, the scale of
variation in 1/n, with a value ranging from 0.5 to 0.56, became
apparent, accelerating with an increase in reaction temperature.
Moreover, a value of 1/n below unity in this study implies the
occurrence of the chemisorption process (Wu, 2007).

Temkin isotherm model, specifically takes adsorbing species-
adsorbent Adsorbent-adsorbate
interactions cause all of the molecules in the layer’s heat of
adsorption to fall linearly with surface coverage. The adsorption is

interactions  into  account.

assumed to be characterized by a continuous distribution of binding
energies up to a maximum binding energy (Temkin and Pyzhev, 1940;
Mall et al., 2005). The linear form of Temkin isotherm equation is given
as shown in Eq. 10.

q. = BInKr + BInC, (10)

where B = %, and Kr is the Temkin isotherm constant (L g), 8 is
the Temkin constant related to the heat of sorption (J mol™), R is the
gas constant (8.314 J mol™" K™), and T is the absolute temperature
(K). Temkin isotherm parameters were obtained by plotting the
quantity sorbed g. against in C.. Linear plots for the Temkin
adsorption isotherm, which account for the chemisorption of an
adsorbent on the adsorbent, fit very well with the correlation
coefficients >0.93 (Table 3). This further supports the findings
that the adsorption of F~ onto HAP and AHAP is a
chemisorption process. The value of the Langmuir constant (Kp),
Freundlich constant (Ky), and Temkin isotherm constant (Kr)
increased with temperature, indicating a greater affinity at higher
temperatures between the active sites of the adsorbent and the
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TABLE 3 Thermodynamic parameters for the adsorption of F~ using AHAP.

10.3389/fenvs.2024.1363724

Adsorbent -AG (kJ mol™?) AS (kJ molt K™) AH (kJ mol™)
293K
AHAP -0.306 —0.406 -0.412 1.95 0.005
HAP —0.425 -0.763 -1.577 7.509 0.023
AS Training: R=0.99962 B r5  Validation: R=0.99794
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FIGURE 8

ANN model plot on (A) the training set, (B) the validation set, (C) the test set, and (D) the whole dataset.

adsorbate. Also, it reveals the endothermic nature of the adsorption
process. Based on chi-square test statistics and regression
coefficients, these steps led to the best-fit model: For fluoride
sorption onto HAP and AHAP, Langmuir > Freundlich >
Temkin. Therefore, the Langmuir model (R*-0.9425) is the best-
fit isotherm equation for the adsorption of F~ onto HAP and AHAP.

3.7 Thermodynamic study

Thermodynamic parameters, like change in Gibb’s free energy
(AG®), and can be calculated using Eqs (11)-(12), change in entropy
(AS®), and change in enthalpy (AH®) were calculated using Van’t
Hoff’s equation from a plot of In K; versus 1/T and are documented
in Table 3.

AG° = -RTInK;, (11)
AG® AS®  AH°
InK;=—=— ——— 12
BT TRT TR T RT (12)
Frontiers in Environmental Science 09

where, K; = Langmuir adsorption constant (L mg™"); AS® = adsorption
entropy (J mol " K™'); AH = apparent enthalpy of adsorption (k] mol™);
AG® = adsorption free energy (k] mol'); R = gas constant
(0.008314kJmolK™'); T = solution temperature (K). The
experimental values of AG%, AS® and AH® were determined from the
linear plot of In Kj, vs. 1/T. The endothermic nature of adsorption is
confirmed by the positive values of AH® and AS°, which is supported by
the increase in the adsorption of F~ with temperature. It might be due to
the displaced water molecules’ higher translational entropy acquisition
than the entropy lost due to F- uptake onto HAP and AHAP. It is
evident that all of the tested temperatures had negative free energy
values (AG®). The positive AS® value implied that the adsorption
reaction is related to a dissociative mechanism and improved
randomness during adsorption because AS® > -107kJ mol-1
typically denotes a dissociative mechanism (Aksu and Isoglu, 2005).
The higher translational entropy might cause the displaced water
molecules to be acquired compared to what was lost from F-uptake
onto HAP and AHAP. All the tested temperatures had negative free
energy values (AG®). This demonstrates that the adsorption is
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spontaneous and advantageous from a thermodynamic standpoint.
Additionally, the greater driving force of adsorption implied by the
more negative value of (AG®) with a temperature rise indicated a higher
adsorption capacity (Saber-Samandari et al., 2014).

3.8 ANN simulation of AHAP's
adsorption efficiency

The ANN model obtained a good relationship from the training
data and performed relatively well in the validation and testing (Figures
8A-D). The value of correlation coefficients (R*- 0.9996) also confirms
the predictive ability of the ANN model for the simulation of the
adsorption efficiency of AHAP. Overall, the ANN modeling approach
performed satisfactorily for the batch adsorption experimental dataset
of the present study. The higher generalization capacity of ANN
increased its tolerance to noisy data, eliminating the chances of any
biased prediction (Mahato and Gupta, 2022).

4 Conclusion

HAP and AHAP were synthesized biomimetically using a
chemical co-precipitation technique.

Both adsorbents exhibited the effective capability of defluoridation
under acidic conditions. However, the maximum fluoride adsorption
capacity of AHAP (68.19 mg/g) was observed to be higher than HAP
(48.05 mg/g), which was attributed to the alum doping. The Langmuir
isotherms model was more suitable for fitting experimental data,
demonstrating the monolayer adsorption process. The application of
ANN modeling best simulated (R>- 0.9996) the adsorptive efficiency of
AHPA. The study provides promising development direction of AHPA
for effective and environmentally safe defluoridation.
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