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Abstract

This study involved the preparation of magnetized activated carbon (Fe;O,—~HSAC) by first activating hazelnut shell waste,
followed by coating it by Fe;O, nanoparticles. The Fe;0,~HSAC thus prepared was evaluated as an adsorbent possessing
the potential for fluoride to elimination, under a variety of conditions. From the findings, it is evident that by using the
Fe;0,~HSAC as an adsorbent 100% fluoride removal could be accomplished under the optimum conditions cited (adsorbent
dose =0.75 g/L; pH=3-5; and temperature = 323 K). The Halsey and Freundlich isotherm models both concurred strongly
with the equilibrium adsorption data, and from the results of the Langmuir model, the maximum adsorption capacity was
achieved at 146.2 mg/g when the temperature was 298 K and pH was 5. The pseudo-second-order kinetic model offered the
best explanation for the adsorption process. Besides, both the intra-particle diffusion and liquid film diffusion models were
found to control the kinetic mechanism of the fluoride adsorption onto the Fe;0,~HSAC. The quantity of adsorption energy
provided using the Dubinin—Radushkevich model was 4.59 kJ/mol, indicating that the physical adsorption was predomi-
nant. Further, the negative values of Gibbs free energy change (AG°=-2.73 to -8.11 kJ/mol at temperature =288 to 318 K,
respectively) and the positive values of enthalpy change (AH° =56.01 kJ/mol) and entropy change (AS°=0.198 kJ/mol. K)
suggest that the nature of the adsorption thermodynamics is endothermic, spontaneous, and physical. From this study, the
observation of the outstanding performance of the Fe;O,—~HSAC helped to conclude that this is a material of promise as a
treatment agent in the fluoride elimination from contaminated water and wastewater.
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1 Introduction

Among the natural elements present in profusion in the
rocks composing the crust of the earth, fluoride is also
found in significant quantities in the water bodies of many
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regions around the globe, due to the indiscriminate disposal
of industrial, weathering, and geochemical dissolution of
fluoride-rich rocks into aquatic environments [1, 2]. Fluoride
gains easy entry into the human body via various sources,
namely water, food, air, medicine, and cosmetics [3]. The
commonest fluoride source, however, is drinking water.
Based on the dosage and length of exposure, fluoride exerts
both favorable and injurious effects on human health [4].
According to the WHO, fluoride levels in drinking water
should not exceed 1.5 mg/L [5]. For both humans and ani-
mals, fluoride is crucial, only in small quantities, for the
prevention of tooth decay and in the building of good bone
structure [6]. For human beings, it is accepted as a micro-
nutrient as it prevents tooth decay. However, high fluoride
doses, based on its concentration in the drinking water, can
induce fluorosis, both dental and skeletal [7-10].

The rural areas of developing countries clearly reveal
fluorosis as a health hazard, especially where the econ-
omies are poorly developed and the issue of unsafe
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drinking water has escalated due to technological chal-
lenges [11, 12]. Therefore, for many countries, lowering
the fluoride concentration to less than the WHO-stip-
ulated limit, through the expansion of inexpensive and
environment friendly anti-fluoridation technologies, is
very significant [13, 14]. Hence, several techniques have
been employed to achieve fluoride removal, including
adsorption via the use of activated alumina, alum, ash,
ion exchange resins, and membrane processes, such as
ion exchange and electrodialysis, precipitation/coagu-
lation, and chemical precipitation; however, a majority
of these methods involve drawbacks such as expensive
maintenance and operation expenditure, secondary pol-
lution, and complex treatment methods that are tough to
employ. Membrane separation principally involves the
reverse osmosis and nanofiltration processes [15, 16].
Although very high purity water can be produced this
way, the high energy consumption and membrane deposi-
tion are the main disadvantages. During electrodialysis,
the electrical potential of the fluoride ions facilitates
their transportation through the semipermeable mem-
brane, an expensive process which is also easily influ-
enced by other soluble ions [17].

In the community, fluoride removal is accomplished
by adsorption, the favored method because it is inexpen-
sive, easy to operate, highly efficient, and convenient
to access, besides being environmentally benign. It also
does not demand operational skills or the use of electric-
ity for its performance and includes the advantage of
reusing and recycling the adsorbents. This makes it ideal
for use in the rural areas of less developed regions of the
world [18]. Another benefit is that it can be employed in
a water supply system which is decentralized. As vari-
ous adsorbents are available in large amounts and are
very affordable, they are potential candidates for fluoride
elimination in distant locations [19].

In water and wastewater treatments, the most exten-
sively used adsorbent is commercially activated carbon.
It possesses the outstanding properties of having a large
area, high porosity, and a chemical nature. However,
because it is expensive, efforts have been directed at
exploring a variety of cost-effective materials to pro-
duce activated carbon. From among several options,
greater attention has been paid, in the recent years, to
agricultural wastes as they are widely available in large
amounts and are very economical [19]. In fact, agricul-
tural wastes mostly contain lignin and cellulose, besides
other composites, including the functional groups such
as alcohols, aldehydes, ketones, carboxylates, phenols,
and ethers [20]. These groups absorb the hydrogen ions
and replace them with the ions present in the solution or
by donating an electron pair to form a complex with the
ions in the solution. As agricultural wastes possess fibers
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and have high porosity and low molecular weight, they
can be used as effective and inexpensive adsorbents in
contaminant elimination [19]. In this study, the focus was
on preparing and producing activated carbon from the
waste shells of the hazelnut (Corylus avellana), as they
are always discarded as solid wastes, in many regions
around the globe. From the reports available, it is evi-
dent that the global, annual production of hazelnuts is
one million and one hundred thousand tons. In fact, Iran
stands sixth in the world for the production of this nut,
registering an output of thirty-one thousand tons. There-
fore, from an environmental perspective, the production
of activated carbon will be a good solution for one of the
biggest environmental issues, namely the processes of
agricultural waste collection and its disposal [21, 22].

In recent times, the coating of adsorbents with mag-
netic nanoparticles was investigated to raise the adsorp-
tion capacity and to promote its recovery value from
aqueous media [23-25]. Tran et al. have examined the
adsorption removal of methylene blue (MB) from waste-
water by using magnetic Fe;0,4/zeolite NaA nanocompos-
ite (Fe;04,/ZA). They found that the removal efficiency
and the adsorption capacity were increased rapidly with
Fe;0, loading (~3.3-9.3% wt.) in the Fe;0,/ZA com-
position [26]. In fact, one of the most economically and
operationally significant factors is the separation of the
spent activated carbon at the culmination of the treatment
process, particularly in the adsorption treatment systems.
As an effective solution to the separation issue, as well as
a means to boost the removal efficiency through extend-
ing the surface area, magnetization of the adsorbent used
has been identified as a technique of great promise. Mag-
netization of the activated carbon with the Fe;O, mag-
netic nanoparticle coating revealed a powerful effect on
raising both the adsorption capacity and action of the
coated activated carbon when contrasted with the non-
coated activated carbon [18, 19].

Therefore, the aim of the current study is to synthesize
activated carbon derived from the shell waste of hazelnut,
as an effective adsorbent, after magnetizing it by coat-
ing it with Fe;O, magnetic nanoparticles. Evaluation of
the synthesized adsorbent (Fe;O0,~HSAC) was done for
the elimination of the fluoride residuals present in water
bodies. The adsorption capacity and mechanism were
assessed in terms of the isotherm, kinetics, and thermo-
dynamic studies. The removal efficiency of fluoride by
the adsorbent employed was investigated for different
values of pH, contact time, initial fluoride concentra-
tion, and adsorbent concentration, using batch experi-
ments. For five sequential fluoride adsorption—desorp-
tion cycles, the degree of regeneration was estimated.
Besides, using advanced characterization techniques, the
structural and morphological properties were studied.
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2 Materials and methods
2.1 Chemicals

Sodium fluoride anhydrous (99%), 0.1 M hydrochlo-
ric acid (36.5%), sodium hydroxide (>98%), SPADNS
reagent (90%), zirconium acid (30%), and ZnCl, (28%)
were procured from Merck Company. The FeCl,.4H,0
(=99%) and FeCl;.6H,O0 (>98%) were supplied by
Sigma—Aldrich Company. First, 2.21 g of sodium fluo-
ride anhydrous was dissolved in distilled water in a volu-
metric flask (1 L) to prepare the 1000 mg/L stock solu-
tion of sodium fluoride (NaF), which was diluted to a
specific degree. Other standard fluoride solutions were
prepared, in the concentrations essential to calibrate the
fluoride ion-selective electrode (FISE), through succes-
sive dilutions of the stock solution, by adding distilled
water.

2.2 Preparation of adsorbent

Using the chemical precipitation method, the prepara-
tion of the Fe;O, nanoparticles was carefully done [18].
First, 80 mm of 0.2 m solution of FeCl;.6H,0 and 0.1 m
FeCl,.4H,0 were mixed in a flask, in a 2:1 ratio by vol-
ume. Next, 10% NH,OH solution was added to the mix-
ture, and for one hour, the reaction was left to continue,
at room temperature until the pH reached 10 and the
solution color changed to black. The precipitate (Fe;0,
nanoparticles) was then drawn out with the help of a
super magnet bar. Finally, this was washed many times
using deionized water.

Simultaneously, to produce the activated carbon,
hazelnut shells were gathered from local sources in
northern Iran. The first step involved washing the hazel-
nut shells several times using distilled water to ensure
removal of the surface impurities. Next, after it was dried
at 105 °C, it was crushed and sieved in a hammer mill.
For the production of activated carbon, 5 g of hazelnut
shell was mixed with 40 ml of 28% ZnCl, for 6 h, on a
shaker, set at a speed of 120 rpm. Then, the microns were
filtered through a 0.45-pm membrane and dried at once
at 105 °C for 24 h. The resultant mixture was placed
in a vertical furnace, under inert atmosphere, at 650 °C
temperature for 1 h, in the presence of nitrogen passed in
at 300 ml/min flow rate and 10° C 1/min heat rate. The
activated carbon thus produced was washed well with
0.05 M HCI and distilled water ensuring that the residual
ZnCl, was removed; this was continued until the leached
solution reached neutral pH (between 6 and 7). Finally, it
was dried under 110 °C temperature for 24 h and stored
in a desiccator (termed HSAC here).

The Fe;O,~HSAC was prepared by mixing 4 g of HSAC
with 20 ml of 1 M nitric acid solution. This was placed in
an ultrasonic bath at 80 °C for 3 h, after which it was passed
through 0.45-micron filter and then dried immediately at
105 °C for 6 h. Next, 3 g of carbon was added to 200 ml
of deionized water and 2 g of the Fe;O, nanoparticles was
mixed into this solution. Now, this was placed in an ultra-
sound bath at 80 °C for one hour. The adsorbent was first
subjected to one wash in 200 ml of ethanol and then washed
and filtered three successive times with distilled water.
Finally, it was dried immediately at 100 °C for 24 h.

2.3 Characterization analysis

The crystal structure of the adsorbent used in this work
was studied under X-ray diffraction spectroscopy (XRD,
PW1730 model, Philips) in which the Cu-Ka radiation
source was in the 2-theta range (20-70° range). Using
TEM analysis, the adsorbent employed was determined
using the LEO 912 AB model. The surface physical mor-
phologies of the HSAC and Fe;0,~HSAC were inspected
with the help of the SEM/EDX (Mira 3-XMU model).
The measurements of the FTIR spectra were taken in the
4000-400 cm~! range, using 8 scans at 4 cm™! resolution,
adopting the KBr pellet method, by a Thermo Nicollet
AVATAR 5700. A surface-area analyzer (ASAP2020,
USA) helped to identify the specific surface area and
pore-size distribution, while the relevant indices were
assessed through the Brunauer—-Emmett—Teller (BET)
and Barrett—Joyner—Halenda (BJH) analysis, respectively.
A vibrating sample was used to estimate the magnetic
responses of the Fe;O,~HSAC and Fe;O0, (Micromeritics
Instrument Corp., Norcross, GA, USA) with an applied
force between -8000 and 8000 Oe, at room temperature.

2.4 Experiments

Adsorption and defluoridation were carefully scru-
tinized for optimization of the different parameters
selected in these experiments, including contact time,
initial fluoride concentration, adsorbent dose, and pH,
all of which have the ability to influence the effi-
ciency of the fluoride adsorption on the Fe;O,~HSAC.
The batch system was adopted to study the adsorp-
tion by stirring 0.5 g/L of the adsorbent in 100 ml of
10 mg/L fluoride solution, in 250-ml plastic bottles,
keeping the pH at 5, for 90 min. A stirrer with a hot
plate was used to stir the fluoride solutions, at room
temperature. Adjustments were made to the pH as
desired, by the addition of 0.1 M NaOH or 0.1 M HCI.
To detect any likelihood of errors, all the tests were
done in two steps. Therefore, a final count of 64 sam-
ples was involved, keeping in line with the parameter
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optimality and repetition of the experiments. In order
to achieve accuracy, the fluoride electrode selected
was calibrated prior to every experiment. Calibration
of the pH meter was performed for each measurement,
with the help of pH calibration buffers. Maintain-
ing the temperature at 25 +2° C, all the experiments
were completed. The calibration curve was achieved
using different fluoride concentrations prepared from
100 mg/L of the stock solution. Each of the samples
prepared was studied by adding 1 ml of zirconium acid
reagent and 1 ml of SPADNS reagent. Once the color
change was observed, the samples were subjected
to testing for fluoride content, at 570 nm, employ-
ing the UV-Vis spectrophotometer (DR5000, Hach).
Finally, based on the following equations, the adsorp-
tion capacity (uptake) and removal efficiency of the
Fe,0,~HSAC for fluoride were assessed [27, 28].

Cy-C.)V
qe=<0Te) (1)

(Co - Ce) x 100

% Removal = —MM 2)

Co
where q, (mg/g) refers to the fluoride uptake capacity
observed at equilibrium, C; and C, (mg/L) indicate the
starting and residual fluoride concentrations, V (mL)
implies the sample volume, and M (mg) represents the
quantity of the Fe;O,~HSAC used. Then, to identify the
correlation coefficient (R?), the isotherm and kinetic
models were assessed, taking into account the follow-
ing: values of the statistical goodness-of-fit parameters
of the sum of square errors (SSE), Chi-square test (x?),
hybrid fractional error functions (HYBIRD), and Mar-
quardt’s percent standard deviation (MPSD), as shown
by Egs. (3-6) [29-31].

Sum of squared errors (SSE) = Z:;l(qmp ) )

2
. n (('Ieexp - ('Iecal)
Chi — square test (x*) = Z'—1 _— 4)
= Yecal
Geerp = Geca)’
Hybrid fractional error functions (HYBIRD) = 2” . {M] (5)
= Gecal

n Geexp — Yecal 2
Marquardt s percent standard deviation (MPSD) = Zi . [u]

= Gecal

(6)
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where g,,,, and g, represent the experimental and calcu-
lated uptakes determined, respectively, from Eq. (1) and the
application of the theoretical model with the experimental
data.

3 Results and discussion
3.1 Morphological and structural characterization

The SEM analysis of the Fe;O,—~HSAC, prior to and post-
fluoride ion adsorption, is revealed in Fig. 1a-b. In Fig. 1a,
the adsorbent, with its variety of pore sizes, and disorgan-
ized structural pattern, is shown depicting the morphology
of an undisturbed hazel shell. From Fig. 1b, a considerable
transformation is evident from a morphological matrix to
spongy porous texture, due to the iron oxide impregnated
within the carbon structure [32]. This implies the creation of
iron oxide particles dispersed sufficiently well to cover the
HSAC. Furthermore, post-adsorption, the fluoride ions fill
these adsorbent pores, as shown in Fig. 1b.

The synthesized Fe;0,~HSAC was analyzed in terms of
size and morphology using TEM. From the Fe;O0,~HSAC
image (Fig. 1c), it was clear that most nanoparticles have
a spherical shape. From the image, most of the particles
appeared “rounded cubic” in shape and clumped together,
possibly caused by the Fe;O,—HSAC magnetic properties.
A histogram showing particle size distribution was plotted
(Fig. 1d) with 13.1 nm particle size on average and 14.8 nm
standard deviation. According to the XRD analysis, the syn-
thesized Fe;O,—~HSAC showed a crystallite size of 12.7 nm
as will be illustrated later, which concurred with the find-
ings of the TEM, revealing size distribution between 11.0
and 15.0 nm.

Examination of the crystal structure and phase purity
of the synthesized Fe;O,~HSAC nanoparticles was also
contemplated. From Fig. le, the typical XRD pattern of
the HSAC and Fe;O,—HSAC samples is evident. It can be
seen from the HSAC XRD that the activated carbon pat-
tern showed an amorphous halo centered at 20 =23°, which
refers to the reflection of the plane (002), a common feature
of non-crystalline structures such as activated carbon. In
the XRD pattern, the stronger peaks imply high purity and
good crystalline structure, while the broadening of the peak
represents the creation of the Fe;O,—~HSAC nanoparticles
[18]. In the Fe;O0,~HSAC XRD spectrum, six main crys-
tallization peaks at 20 =30.08, 35.50, 43.15, 53.38, 57.07,
and 62.81° were detected, corresponding to the 220, 311,
400, 422, 511, and 440 diffraction planes. The XRD peak
seen at 20 =35.50° was produced by the Fe;0O, incorpora-
tion, while the peaks 20 =30.08° and 43.15° were caused
by the joint contribution of the Fe;0, and HSAC [33]. The
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Fig. 1 SEM images of Fe;0,—
HSAC before (a) and after
adsorption (b), TEM images of
Fe;0,—HSAC (c¢), particle size
distribution histogram (d), XRD
patterns of HSAC and Fe;0,—
HSAC (e), FTIR spectra (d)
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appearance of these well crystallized phases in the XRD
analysis is related to the combined effect of magnetizer
F;0, and graphite structure from the activated carbon dif-
fractions. This fact is also confirmed by the complete crys-
tallography transformation of hazelnut shell structure which
has an amorphous crystallinity [34]. Thus, the results of the
XRD analysis for Fe;O0,—~HSAC confirm that Fe;O, nano-
particles have been successfully incorporated into HSAC.
For the crystal structure of the prepared nanocomposite,
the face-centered cubic with lattice constant a=8.4272 A
was identified, which suitably corresponded to the JCPDS
(89-3854) data (a=8.393 A). The Scherrer formula, cited
below, was applied to determine the average crystallite size
of the Fe;0,~HSAC samples [35]. Based on this formula,
the average crystallite size of Fe;0,~HSAC nanocomposite
was 12.7 nm.

D = 0.91/pCOSH %

3500 3000 2500 2000 1500 1000 500

Wavenumber (em™)

60 70 80

where D (nm) indicates the average crystallite size, § (radi-
ans) refers to the half maximal peak width identified at any
20 (radians) in the XRD pattern, and A (0.1540 nm) repre-
sents the wavelength of the applied X-ray.

The FTIR spectra, shown in Fig. 1f, display several func-
tional groups present on the HSAC and Fe;0,~HSAC sur-
faces. In the case of the FTIR spectrum of the HSAC sam-
ple, a broad absorption band is visible at about 3179 cm™ !
this corresponds to the O—H stretching vibration of the
hydroxyl functional groups arising from hemicellulose,
cellulose, lignin, and other polymeric compounds [36].
At bands 2909, 2841, and 14,265 cm™!, small peaks were
observed, related to the C—H stretching vibrations (both
symmetric and asymmetric) [20]. Further, the band identi-
fied at 1611 cm™! reflects the C=O stretching vibrations of
the carboxylate group [37]. These functional groups repre-
sent a partial carbonization of hazelnut shell, which implies
that the end product of F;0, and hazel shell were not fully
carbonated. Further, on examining the FTIR spectrum of
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the Fe;O,—HSAC, a shift was detected in the HSAC band at
1611 to 1547 cm™'; this shift is caused by the ferric carboxy-
late produced in response to doping with the Fe;O, [19].
The other groups observed in the FTIR spectrum, which
were allocated to the bands at 3139 cm™! (O-H stretching
vibration), 2901, 2839 cm™! (C—H stretching vibrations),
1547 cm™! (C =0 stretching), and 1465 cm™! (C—H stretch-
ing), and the vibration of the functional group of -CO, -OH,
and CH at 879 cm™' (aromatic C-H bending) clearly indi-
cated the presence of the HSAC. Also, a new intensive peak
visible at 547 cm™! reveals the Fe—O stretching mode of the
layer of Fe;0,.

The sample was examined and its porous structure was
evaluated using the N, adsorption—desorption analysis. In
Fig. 2a-b, the N, adsorption and desorption isotherms and
distribution of pore size are displayed. From the BET test,
the specific surface area of Fe;O,~HSAC is around 624.4

Fig.2 N, adsorption—desorp- a

mzlg, which is below the HSAC (685.6 mzlg), and can be
possibly caused by the overlapping of the active adsorbent
sites by Fe;0,.

As depicted in Fig. 2a, the characteristic-type IV hys-
teresis loop is observed in the P/P0 range from 0.6 to 1.0,
implying a mesoporous structure present in the samples.
The distribution of pore size, as evident from Fig. 2a-b, was
calculated using BJH. This suggests that the sharp peaks
for the HSAC and Fe;0,-HSAC, respectively, are present
at 9.5 nm and 13.2 nm. Other peaks are also seen, for both
the adsorbents, revealing several mesopores in the samples,
strongly concurring with the SEM results. The rich internal
mesoporous structure can raise the contact surface between
the adsorbent and adsorbate, resulting in adequate numbers
of active sites available for the adsorbent—ion reactions.

The results for the properties of the Fe;0,~HSAC and
HSAC are listed in Table 1, namely moisture, total pore
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method (a-b) and magnetic
hysteresis loops (c)
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Table 1 _Characteristics of the Material Moisture %  Pore volume Average pore C% H% Fe% N% 0%
FC3O4—HSAC and HSAC (sz/g) diameter (nm)
Fe;0,~HSAC 0.14 0.612 15.2 422 3.2 9.9 1.1 432
HSAC 0.1 0.604 11.6 478 395 041 1.18 464
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volume, and the quantities of the different elements such as
carbon, nitrogen, iron, oxygen, and hydrogen. As evident,
in HSAC the percentage of iron was very low; however, in
the Fe;O,~HSAC synthesized, the iron percentage achieves
9.9%, an indicator of the iron entering into the intended
composition.

With the aid of the VSM physical property measurement
system, the magnetic characterizations of the Fe;O, NPs
and Fe;0,~HSAC were tested at ambient temperature. This
study was performed by assessing the effect of the saturation
magnetization (Ms) and coercive field (Hc) by employing a
magnetic field in the — 10,000 to 10,000 Oe range. As each
of the particles can act as a thermally agitated permanent
magnet, the Fe;O, NPs normally display superparamagnetic
behavior. Materials like these usually represent the hyster-
esis loops (M-H curves). The Ms values of the Fe;0, NPs
and Fe;0,~HSAC were identified as 70.85 and 49.36 emu/g,
respectively (Fig. 2¢). The exaggerated hysteresis loops pre-
sent, more strongly confirm their superparamagnetic prop-
erty; however, lowering the saturation magnetization of the
Fe;0,~HSAC indicates a weakening of the magnetic power
of the nanoparticles caused by the HSAC grafting on the
particle surface.

The experiment on magnetic separation promoted the
Fe;O,—HSAC dispersion through shaking or ultrasonication,
in order to produce a stable suspension, avoiding either set-
tlement or aggregation within 48 h. Through the application
of a magnetic field, the particles can be rapidly separated
from the solution, and the particles thus collected were once
again dispersed into the solution after the magnetic field was
removed; the noteworthy events included the approval of
the outstanding magnetic responsivity and the characteristic
dispersibility of the Fe;O,—~HSAC.

3.2 Study of the effects
3.2.1 Adsorption time and initial fluoride concentration

At different fluoride concentrations (25-100 mg/L), as
shown in Fig. 3, the removal efficiency of fluoride by
Fe;,0,~HSAC was plotted in relation to the adsorption time
(10-150 min). The importance of this experiment was the
identification of the equilibrium time at which the highest
possible adsorption was accomplished. As is evident, the
first half-hour of the adsorption time was when the high-
est removal occurred; however, after 75 min, the adsorption
efficiency achieved full equilibrium status. As the contact
time increased, the contact between the fluoride ions and the
Fe;O,~HSAC also increased, causing the rise in the adsorp-
tion rate, which is more evident in the first few minutes;
however, as the contact time increased, the adsorption rate
decreased. This may have been caused by a reduction in the
concentration of the soluble fluoride and a lower number of

100

% Removal
(@)Y
o

——-25mg/L.  —<50mg/L
30 ——75mg/L ——100 mg/L
20 A

T T 1

T T T T T
10 20 30 45 60 75 90 120150
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Fig.3 The removal efficiency of fluoride by Fe;O,~HSAC at different
times of adsorption and concentrations of pollutant

sites present on the Fe;O,~HSAC surface for active adsorp-
tion because during the early phases of the adsorption, sev-
eral vacant sites were available. However, over time, the
fluoride ions occupied these sites [38, 39]. Almost at the
exact same time as the results of the effect exerted by the
adsorption time, Fig. 3 shows the outcomes of the fluoride
removal efficiency and the Fe;O,~HSAC removal efficiency
as a function of the initial concentration of the fluoride (25,
50, 75, and 100 mg/L). Obviously, when the fluoride concen-
trations were low, the removal rate escalated, even exceed-
ing the rate noted at high concentrations. This phenomenon
occurs because the adsorbent used possesses limited num-
ber of adsorption sites which, as the pollutant concentration
rises, speeds up their saturation capacity, and thus induces a
reduction in the removal efficiency. The results given from
Fig. 3 show good correspondence with the results reported
in earlier works [40, 41].

3.2.2 pHand pH,_, values

pzc
From Fig. 4, the results of the effects of the pH value on
the fluoride adsorption using Fe;O,~HSAC are given.
In fact, the charge on the adsorbent surface is an impor-
tant factor that ascertains the electrostatic interaction
between the surface of adsorbent and adsorbate (pol-
lutant) molecules which, in turn, affects the adsorption.
The Fe;O,~HSAC surface charge is dependent upon
the chemical and electronic properties of the functional
groups present on its surface, as well as upon the pH
of the solution, during the actual adsorption [42]. The
pH value, at which the negative and positive concentra-
tions of the surface become equal (meaning the surface
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Fig.4 Effect of pH values on 0.8 - 100
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is electrically neutral), is termed the pH,,. parame-
ter. When the pH values drop to below the pH,,., the
Fe;0,~HSAC surface carries a positive charge, favor-
ing the anion adsorption. On the contrary, when the
pH values are higher than the pH,, the Fe;0,~HSAC
surface carries a negative charge [43], supporting the
cation adsorption. From the results displayed in Fig. 4,
the pH,, for Fe;0,~HSAC is 6.2, which shows that when
the pH of the solution drops to less than 6.2, the fluo-
ride ion adsorption onto the Fe;O,~HSAC composite is
enhanced. In this study, for a concentration of 25 mg/L
and an adsorbent dose of 0.75 g/L, at temperature of
25 °C and duration of 75 min, the pH tests were con-
ducted in the range from 3 to 11. According to the results
revealed in Fig. 4, the removal percentage shows a rapid
reduction from 99.1 to 44.2% in response to the pH rising
from 3 to 11. As cited earlier, the pH,, for Fe;0,~HSAC
was around 6.2. Therefore, at pH > 6.2, the adsorbent
surface carried a negative charge and hindered the trans-
port of the fluoride anions (F7) from gaining access to
the binding sites on the Fe;O,~HSAC caused by elec-
trostatic repulsion. Besides, when the pH is high, fairly
high concentrations of the OH- strongly contend with
the fluoride ions for adsorption onto the active sites on
the surface of the Fe;O,~HSAC, resulting in lowering
the adsorption capacity. At pH < 6.2, a significant rise
in the adsorption was observed, induced by the intensive
fluoride anion adsorption, carrying a negative surface
charge of Fe;O,~HSAC [44]. In the pH between 3 and
5, a small difference was observed in the adsorption.
Therefore, in the rest of this study, pH 5 was chosen for
easier adjustment during the experiments.

@ Springer

3.2.3 Fe;0,-HSAC dose

In the adsorption experiments, one of the crucial param-
eters that help to establish the quantity of the adsorbent
required to power the adsorption process is the opti-
mal adsorbent dose. The optimal dose of Fe;O0,~HSAC
was estimated using the batch adsorption experiments,
through mixing a variety of adsorbents in the 0.1 to 1 g
range using 50 ml of the 25 mg/L fluoride solution,
maintaining the pH at 5, temperature at 25° C, in contact
time of 75 min. From Fig. 5, the Fe;0,~HSAC adsorption
capacity is observed to reduce in all the dose ranges; in
the initial stage, the removal efficiency escalates rapidly
after which it achieves equilibrium at 0.75 g/L a dose.
This may occur probably because when high doses of
adsorbent are present, the adsorption sites show either
overlap or accumulation, which decrease their contact
with the fluoride ions [45]. The optimal dose of the
absorbent selected in this study was 0.75 g/L, as this was
the minimum Fe;O0,~HSAC dose, at which the removal
as well as the adsorption efficiency was high.

3.2.4 Adsorption at different temperatures
and thermodynamic study

The experiments performed to investigate the effect
of temperature on the uptake of fluoride onto the sur-
face of the Fe;O,—~HSAC adsorbent were done at 15,
25, 35, and 45° C under the conditions cited: pH =75,
initial concentration 100 mg/L, and quantity of adsor-
bent=0.75 g/L. In Fig. 6, the experimental findings are
listed. The adsorption capacity is observed to rise from
89.2 to 125.6 mg/g with the equilibrium time of 75 min;
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the rise in temperature from 15 to 45° C suggests that
the adsorption of the fluoride onto the Fe;O,~HSAC was
more advantageous when the temperature was high. This
heightened adsorption capacity of the Fe;O,~HSAC for
fluoride in response to temperature may be linked to the
improved mobility of the fluoride ions present in the
solution [46]. Further, any increase in the temperature
boosts the fluoride diffusion rate across the external
boundary layer and internal pores of the Fe;O,~HSAC
particles because the viscous forces in the aqueous phase
are less resistant [27].

30 45 60 75 90

120 150
Time (min)

In thermodynamic studies, the Gibbs free energy
change (AG®), enthalpy change (AH®), and entropy
change (AS°®), which are the thermodynamic param-
eters, were determined to assess the thermodynamic
feasibility and spontaneity of the process under inves-
tigation. The thermodynamic parameters were cal-
culated, using the variations in the thermodynamic
distribution coefficient K, with temperature change,
according to the equation [47]:

Kd = qe/ce (8)
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The equation given below is applied to calculate the AH®

and AS° [48]:
AS  AH

Ln(Kd) = X ~RT C)

The slope and the intercept of the straight line achieved
by plotting the Ln (K,) vs. 1/T to produce it are employed
to estimate the values of AH® and AS°®, respectively, as
revealed in Table 2. The AH® value obtained was 56.01 kJ/
mol, whereas the AS° value was 0.198 kJ/mol. The positive
value acquired for the AH® may be indicative of the endo-
thermic and physical nature of the fluoride ion adsorption
by the Fe;O,—~ACLM. Further, the positive AS° value sug-
gested that a rise in the degree of freedom was identifiable
at the solid-liquid interface, which caused the fluoride ions
to be immobilized onto the surface of the Fe;0,~ACLM
nanocomposite.

The equation given in the following was applied to cal-
culate AG® [49]:

AG® = AH® — TAS® (10)

The free energy change (AG®) was found to have a nega-
tive value, which represents a product-favoring spontane-
ous reaction. As observed, a rise in the temperature resulted
in more negative values for the AG®, providing proof
that the spontaneity levels of the reaction rise correspond
to the increase in temperature. The higher temperatures
appeared more favorable for the fluoride adsorption onto
the Fe;O,—~ACLM adsorbent [50, 51]

3.3 Adsorption isotherms

The models for statistical error validity were contemplated
for both isotherm and kinetics data. A good understanding
of the fluoride solution—Fe;O0,~HSAC adsorbent interaction
is reached by examining the isotherm models. Six types of
isotherms were used in this study, the equations of which
are shown in Table 3 [52, 53]. They are the Freundlich,
Temkin, D-R, Halsey, Jovanovich, and Langmuir models.
Using the high regression coefficient and lower error coef-
ficient, a better fit with the equilibrium data could be deter-
mined, as displayed in Table 3. In the case of the Halsey and

Table 2 Thermodynamic parameters for fluoride adsorption onto the
Fe,0,~HSAC

T (K) AG® (kJ/mol) AH’ (kJ/mol) AS’ (kJ/mol K)
288 -237 56.01 0.198

298 —3.44

308 -5.88

318 -8.11

@ Springer

Freundlich isotherms, the regression coefficient exceeds 0.99
and reveals a lower error coefficient than the other isotherms,
both of which explain the properties of adsorption for het-
erogeneous surfaces.

It is recognized that Ky (adsorption capacity based on
Freundlich model) and ng (adsorption intensity) represent
the typical parameters of the Freundlich model. These two
parameters are determined depending upon the straight line
acquired from plotting log Q, against log C.. In addition, the
surface heterogeneity and favorability of the fluoride adsorp-
tion onto the Fe;O,~HSAC are determined by parameter 1/
ng. When values exceeding unity are identified for 1/ng,
cooperative adsorption can be confirmed, as determined in
this study (1/np=3.82).

For Langmuir model, from the slope and intercept of the lin-
ear plot of C/Q, vs 1/C,, the K; and Q,,,, were determined. In
addition, the dimensionless and separation Langmuir factor (R; )
is recognized as useful in establishing whether the adsorption
process of the fluoride onto the Fe;O,~HSAC was conducive;
in other words, it explains the favorability or otherwise of the
character of the adsorption; therefore, according to this defini-
tion, adsorption is unfavorable when R; > 1; it is linear when
R; =1; itis favorable when 0<R; < 1; and it is irreversible when
R; =0 [43]. In the present study, the R; value was found to be
0.192, which is below one, and therefore typical for favorable
adsorption. The mechanism of the fluoride and Fe;O,~HSAC
system having a Gaussian energy distribution onto a heterogene-
ous surface is usually determined by D—R. The parameters of
this model, i.e., Q,, and B, were determined from intercept and
slope of linear plot of In g, vs & 2 Further, in the D-R model, the
mean energy (E) drops below 8 kJ/mol, which drives the main
physisorption of fluoride [54].

Further, Table 4 gives the comparison of the maximum
adsorption capacity derived from the Langmuir isotherm
with that of the other adsorbents, for the elimination of fluo-
ride, and as is evident, the adsorption capacity of this adsor-
bent is greater than that of the other adsorbents for fluoride
removal. In addition, the Fe;0,~HSAC adsorption capacity
was higher than that for HSAC, indicative of the role of the
Fe;0, in the enhancement of adsorption capacity of HSAC.

3.4 Adsorption kinetics study

The rate of adsorption kinetics was estimated to assess the bind-
ing rate of the fluoride onto the Fe;O,~HSAC and to explain the
mechanism involved in the process of sorption. The pseudo-
first order (PFO), pseudo-second order (PSO), Elovich, and
fractional power equation were some of the kinetics models
employed for different concentrations (25—-100 mg/L). Besides,
liquid film diffusion (LFD) and intraparticle diffusion (IPD)
models were used to model the experimental data to examine the
part that the IPD rate played in adsorption control [60—62]. From
the results of these studies, as shown in Table 5, it becomes
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Table 3 The isotherm parameters of fluoride adsorption onto the Fe;0,~HSAC adsorbent
Models Parameters
Langmuir : ' Quax 146.2
o~ an Tk M T ke Ky 0.042
K; =Langmuir isotherm constant (L/mg) R2 0.927
Qpnax= Maximum monolayer coverage—adsorption capacity (mg/g) R, 0.192
HYBRID 8.34
MPSD 11.6
SSE 6.95
X? 432
Freundlich Ky 2.45
logQ, = logKg + ilogCe 1ng 382
Q. =quantity of fluoride adsorbed/g adsorbent (mg/g). K =Freundlich indicator of adsorption capacity. np=adsorption R2 0.992
intensity parameter HYBRID 276
MPSD 3.75
SSE 1.94
X? 2.79
Temkin br 8.29
Qc = 5 InAp + (HinC, A 0.726
by =Temkin isotherm constant related to the heat of adsorption. A;=Temkin isotherm equilibrium binding constant (L/g). R2 0.879
R =universal gas constant (8.314 J/mol/K) B 208.8
T =absolute temperature in Kelvin. B=RT/b=constant related to heat of sorption (J/mol) obtained from either intercept or
slope HYBRID 9.25
MPSD 124
SSE 9.86
X? 9.4
D-R , 1 Qn 95.4
lsnicl;"}rllnq[i +BCL8] N R? 0.889
Qn =theoretica1cadsorpti0n isotherm saturation capacity (mg/g). B refers to the D-R isotherm constant (mol/kJ?). e is E 459
Polanyi potential HYBRID 11.2
MPSD 9.8
SSE 12.2
X? 8.76
lHalsey 1 1 Ky 4.73
02Q. = [(E)anH] - (E)IHCe ny 0.457
Ky =Halsey isotherm constant. n is the Halsey isotherm exponent R2 0.995
HYBRID 7.76
MPSD 4.54
SSE 391
X? 3.25
Jovanovic Qn 76.4
InQ, =1nQ, - K,C, K, 0.381
K;=Jovanovic isotherm constant (L/g) R 0.849
HYBRID 4.52
MPSD 8.47
SSE 9.72
X? 7.78
evident that from all the kinetic models examined, the high- Statistical error functions have also been used to endorse
est correlation coefficient (R?) was found to be related to PSO the kinetic models, which were also more suited for the
(>0.99). pseudo-second-order kinetics than the others. The PSO
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Table 4 Comparison of Adsorbent Q. (mg/
. . max (ME/) Reference Adsorbent Qpnax (Mg/g) Reference
adsorption capacities reported
for various adsorbents for Neem leaf  34.6 [30] Activated 523 [22]
fluoride powder Alumina
Sorghum 36.8 [14] Zeolite 56.2 [14]
Eucalyptus-  38.7 [17] Eggshell 56.4 [55]
AC powder
Bone Char 39.2 [56] MgO nano- 64.1 [31]
particles
Azolla 41.9 [57] Nano-alu- 65.1 [8]
mina
Chitosan 43.1 [58] MWCNT 71.2 [7]1
Brushite 45.2 59] Granular 732 [10]
ceramic
Lemna minor 51.3 [1] Fe,0,— 146.2 This study
HSAC
Table 5 Kinetic parameters for fluoride adsorption on Fe;O,~HSAC
Model Parameters 25 mg/LL.  50mg/L 75 mg/L 100 mg/L
Experimental Q, — 332 62.8 84.9 101.2
PFO 9e (cal) 12.7 349 53.4 75.3
Log (q.—q)=log q, — 33 t K, 0.032 0.039 0.034 0.045
g, =adsorption capacity at equilibrium time, Rz 0912 0.927 0.931 0872
q,=adsorption capacity at time t (mg/g), ﬁYBRID ;18§ ?'1722 ?12; ?12g
K, (1/min) =equilibrium rate constant for PFO ) : : ’
ARE 10.4 12.7 9.82 134
MPSD 12.6 14.1 12.3 7.25
PSO e (cal) 37.2 60.4 87.2 99.8
S=— 42 K, 0.0037  0.0012  0.0009  0.0006
o T S . R2 0.998 0.999 0.998 0.997
K, =equilibrium rate constant for PSO (g/mg. min) X2 212 1.65 124 1.47
HYBRID 2.19 1.42 1.51 1.64
ARE 1.25 1.02 223 1.69
MPSD 1.71 1.25 1.43 1.29
Elovich 9e (cal) 254 51.2 72.3 96.2
q = %In((xﬁ) + éln(z) ax10 11.9 8.42 6.24 5.17
. . I . . . B 0.0053 0.0035 0.0014 0.0009
q,=uptake at time (t). o is the initial adsorption rate (mg/g-min). f is the desorp- R2 0.854 0.892 0.912 0.895
tion constant (g/mg) during any one experiment X2 5'12 4'72 6‘89 9'15
HYBRID 114 8.12 8.24 7.29
ARE 8.43 7.15 9.43 10.6
MPSD 7.26 11.2 8.34 9.31
Fractional Power Qe (cal) 36.9 57.4 69.8 87.2
log (q,) = log(k) + vlog(t) \% 0.017 0.036 0.052 0.061
q,=uptake at time (t). k is a constant (mg/g). t is the adsorption time (min), and K2 27.2 35.5 43.6 53.9
v is a positive constant (< 1) (min~") Rz 0.872 0.897 0.971 0.976
X 114 7.24 11.2 9.24
HYBRID 9.61 7.11 8.25 12.4
ARE 6.24 4.24 7.13 11.3
MPSD 8.16 8.42 7.02 8.21

appeared to be the best model as the calculated adsorp-
tion capacity (q, (cal)) was compatible with the experi-

quantities of the ASRF data noted in the SSE, X2, HYDRID,
and MSPD (Fig. 7a).

mental adsorption capacity (qe.,), together with the lesser
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Fig.7 Plots presented from the analysis of pseudo-first-order (a),
pseudo-second-order (b), and intraparticle diffusion (c¢) kinetic mod-
els

In the fractional power model, the v and k parameters are
positive and rise with the increase in concentration, suggest-
ing a speedy kinetic process. As the g,,,, and g,,,, reveal close
correspondence between them, it indicates that the kinetic data
have the best fit with the fractional power model. When the con-
centrations were low g, the R? values too were low; however,

at higher concentrations better regression coefficients were
acquired, implying that the adsorbents could remove the con-
taminant when the fluoride concentrations were at higher levels.

The IPD and LFD plots enabled the assessment of the mode
of fluoride diffusion into the Fe;0,~HSAC. For both models,
the coefficients are given in Table 6. For the LFD model, at
all the concentrations, the regression coefficient exceeded 0.97,
while for the IPD the regression coefficient involved three dis-
tinct steps with high values, as shown in Fig. 7b and c. Hence,
it is clear that both the IPD and LFD models play a crucial role
in adsorption kinetics. The three stages that the IPD model used
reveal that the first stage has a high rate, evident in the contact
time diagram up to 30 min, with a high-rate coefficient (Ky),
and over time, it gets lower in the second and third stages. As
the rate coefficient is low in the third stage, this stage can for
all practical intents be ignored. In the current study, during the
adsorption process, the involvement of the boundary-layer diffu-
sion was approved because the linear plots of the IPD and LFD
were not pass through the origin. Therefore, neither the IPD nor
the LFD is the only rate-determining step, and thus, the fluoride
removal from the aqueous solution by Fe;O,~HSAC is jointly
controlled by both the LFD and IPD [63]. Thus, the adsorbent
thickness (C) calculated using the IPD model (which exceeded
0 for all concentrations) clearly indicated that boundary-layer
thickness is significant in the process of adsorption. Among the
many parameters estimated in Table 6, the C>0 implies the
possible involvement of the diffusion model in determining the
rate controlling step.

3.5 Recycling process

For commercial applications, the potential of the adsor-
bents is assessed based on their regeneration and reuse,
which have been identified as the principal parameters.
The adsorption capacity of the adsorbent in this study,
for the fluoride ions (25 mg/L), under the optimal con-
ditions, cited in all the six consecutive cycles of the
adsorption—regeneration process was performed, to
determine the reusability of the Fe;O,~HSAC (Fig. 8).
Depending upon the results, after six cycles, a very slight
reduction was noted from 33 to 30.6 mg/g (correspond-
ing to a decrease in the removal efficiency from 99.1 to
91.8%) for the adsorption capacity of the Fe;0,—~HSAC
for fluoride. This may be explained depending upon the
loss of the active sites on the adsorbent from the sequen-
tial processes of desorption-regeneration—adsorption and
the creation of a stable merger between the fluoride and
active sites on the Fe;O0,—~HSAC surface [64]. However,
the Fe;O,~HSAC revealed remarkable reusability for the
fluoride removal, as only a slight drop in efficiency was
detected after six adsorption—desorption cycles, with
87.67% being achieved.
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Table 6 Model parameters of fluoride adsorption onto Fe;0,~HSAC in terms of intraparticle (IPD) and liquid film diffusion (LFD)

Model Parameters Concentration (mg/L)
25 50 75 100
LFD CL 0.051 0.162 0.104 0.097
In(1 - F) = -Kt+CL, F = % K2 0.061 0.047 0.045 0.053
F=fractional attainment of equilibrium. K= (1/min) is the film diffusion R 0981 0-991 0-973 0972
rate coefficient
IPD Stage 1
q=K, t"*+C
K, =1IPD rate constant (mg/g. min"?). C =boundary-layer thickness
K, 5.68 10.9 16.2 19.8
C 2.27 547 16.3 23.6
R? 0.954 0.968 0.965 0.966
Stage 2
K, 1.54 2.81 3.47 5.28
C 19.7 37.1 51.6 55.2
R? 0.983 0.998 0.995 0.919
Stage 3
K, 0.036 0.191 0.622 0.192
C 32.8 60.4 77.4 98.8
R? 0.976 0.998 0.962 0.998

100 130

I %Removal —e—qe 128
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% Removal
q.(mg/g)
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120

118

Cycle

Fig.8 Reusability study of Fe;0,~HSAC on fluoride uptake
(pH=5, Cy=24 mg/L, temperature 25+2° C, dose=0.75 g/L, and
time =90 min)

4 Conclusion

The preparation of the Fe,O,~HSAC magnetic nanocomposite was
done employing simple chemical and physical methods to remove
the fluoride ions from the aqueous solutions. Using the following
methods, namely SEM/EDX, BET/BJH analysis, FTIR, pHpZC,
TEM, and VSM, the adsorbent properties were ascertained. The
results from XRD and FTIR analysis have confirmed the microstruc-
tural/molecular transformations of hazel shell from an amorphous
to a well-crystallized product, which was caused by the magnet-
izer F;0,. Through magnetism measurements, a strong magnetic
nanocomposite was formed; the nanocomposite under study was
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found to have saturation magnetization of 49.36 emu/g. The out-
comes of the characterization analysis revealed that the synthesized
Fe;O,~HSAC has excellent adsorptive properties such as specific
surface area, functional groups, and morphology. Effect study
revealed that the ability of Fe;O,~HSAC for fluoride removal was
significantly dependent on the value of solution pH. Further, a thor-
ough investigation was contemplated, on the variety of factors that
affect the fluoride removal by the Fe;O,~HSAC nanocomposite.
An increase in the Fe;O,~HSAC mass was found to be related to
improved adsorption efficiency, with the highest removal percentage
of the fluoride achieved when 0.75 g/L of the adsorbent was used.
Besides, investigations performed to assess the influence exerted by
the adsorption time introduced the adsorption equilibrium time as
75 min. The eligibility of the PSO kinetic model for the adsorption
data was confirmed by fitting the data with the different kinetics
used when performing the kinetic studies. The outcomes of the stud-
ies connected with the adsorption process indicated the part each
of the different steps played, e.g., the fluoride diffusion through the
boundary layer to the outer surface of the Fe;0,~HSAC nanocom-
posite, IPD, LFD, and fluoride adsorption via the Fe;O,~HSAC
nanocomposite particles in the adsorption process under evalu-
ation. Thermodynamic studies were also performed by assessing
the various thermodynamic parameters. From the results, the fluo-
ride removal process performed by the adsorbent in this study, i.e.,
the Fe;0,~HSAC nanocomposite, was physical and endothermic
because a rise in the temperature of the solution was observed to
be related to the improvement the adsorption capacity; the AH®
and AS°® values were 56.01 kJ/mol and 0.198 kJ/mol.K. Further,



Biomass Conversion and Biorefinery (2024) 14:4687-4702

4701

negative values between -2.73 and -8.11 kJ/mol were identified for
the AG®, suggesting that this process was spontaneous in nature. The
Fe;0,~HSAC nanocomposite was utilized to removing the fluoride
from the aqueous media, and the findings revealed that almost 100%
removal occurred, and the nanocomposite could be re-used for six
consecutive high-performance periods.
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