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ABSTRACT

Fluoride in drinking water above permissible levels is responsible for human and skeletal fluorosis.
In this study, iron oxide nanoparticles (Fe,O,-NPs) were synthesized through an electrochemical
method and used as an adsorbent for fluoride removal from aqueous solutions. The adsorption
results indicated that Fe O,-NPs could quickly capture fluoride in the initial 20 min, and the kinetic
data could be well described by the pseudo-second-order model with a rate constant k, of 0.100-0.187
g/mg.min. The adsorption isotherm data fitted better to the Langmuir model (R? = 0.969) relative to
Freundlich (R? = 0.851), Temkin (R? = 0.743), and Dubinin-Radushkevich (R? = 0.904) models, indi-
cating that monolayer adsorption occurred on the Fe,O,-NPs, and there was no interaction between
adsorbed fluoride. Based on thermodynamics, the negative enthalpy (AH® =-0.011 kJ/mol) indicated
that the adsorption process was exothermic, and the negative entropy (AS° = 0.5 kJ/mol.K) sug-
gested that the degree of freedom at solid solution level declined during the adsorption process. In
addition, the influences of important parameters including pH, adsorbent dosage, initial fluoride
concentration, contact time, and temperature were investigated, and the optimal adsorption condi-
tions were determined as pH 6, Fe,O,-NPs 0.02 g/L, initial fluoride 25 mg/L, contact time 45 min, and

temperature 25°C.
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1. Introduction

The mineral constituents present in natural waters or
contaminated source waters are found to become a potential
risk for public health. Fluoride is a problematic inorganic ion,
and the presence of excess fluoride in drinking water leads to
serious health issues [1-3]. At low concentrations, it is essen-
tial for bone and teeth health, while at high concentrations,
it leads to many health complications such as dental and
skeletal fluorosis [4]. These complications are more serious
in tropical regions where people consume large amounts of
water, and the fluoride concentration increases in response to
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strong evaporation [5]- In more extreme cases, it causes alter-
ation of DNA structure, paralysis, and even death at ultra-
high concentration [6]. Over 20 developed and developing
countries have regions with endemic fluorosis, including
Argentina, USA, Morocco, Libya, Algeria, Japan, Iraq, Egypt,
Jordan, Kenya, Sri Lanka, China, Saudi Arabia, Thailand,
India, Turkey, Syria, South Africa, Tanzania, and Iran [7].
According to the World Health Organization (WHO), the
maximum acceptable concentration of fluoride in drinking
water is 1.5 mg/L [8].

Considering the adverse health effects resulting from high
fluoride concentration, suitable methods should be adopted
to remove fluoride from water. There are various methods for
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the defluoridation of water including coagulation, membrane
process, electrochemical treatment, ion exchange, and adsorp-
tion [9-11]. Many of these methods, such as electrochemical
techniques and membrane processes, cannot be used on a
large scale due to high costs of operation, repair and main-
tenance, high electricity consumption, production of toxic
by-products, and complex operation. In contrast, adsorption
process that is controlled by main physicochemical interac-
tions, such as Van der Waals forces, hydrogen bonds, polar-
ity, dipole-dipole interaction, and m—m interaction, is one of
the most cost-effective methods for water treatment [12-14].
It exploits the ability of certain solids to preferentially concen-
trate specific substance from solution onto their surfaces [15].
Especially, the development of various nanoadsorbents, which
offer unique advantages including large specific surface area,
selective and abundant adsorption sites, short intraparticle
diffusion distance, tunable pore size, and easy regeneration
and reusability, has attracted a great deal of attentions [16-18].

Iron oxide nanoparticles (Fe,O,-NPs) are known to be a
promising nanoadsorbent for removing contaminants from
aqueous environments, owing to their rich sources of raw
materials, relatively easy synthesis, inexpensiveness, rapid
reaction, high adsorption potency, and low toxicity [19-22].
Fe,O, is an important member of spinel-type ferrite family,
with a cubic inverse spinal structure of space group Fd3m
and an edge length of 0.839 nm [23]. Unfortunately, few
studies have investigated the removal of fluoride from water
by adsorption onto Fe,O,-NPs. In addition, most previous
studies synthesized Fe,O,-NPs by co-precipitation method
and used various surfactants to improve the surface area and
to prevent the aggregation of nanoparticles [24]. However,
the introduction of surfactants in the synthesis of Fe,O,-NPs
may cause secondary pollution due to the potential toxicity
of surfactants to aquatic organisms with the practical use
of Fe,O,-NPs adsorbent in water treatment [25]. Therefore,
green synthesis methods are needed to reduce the potential
safety risks of Fe,O,-NPs adsorbent.

In this study, Fe,O,-NPs were synthesized through a sur-
factant-free electrochemical method and characterized by
field emission scanning electron microscopy (FESEM), X-ray
diffraction (XRD), vibration sample magnetization (VSM), and
dynamic light scattering (DLS) techniques. The adsorption of
fluoride from aqueous solution by as-prepared Fe,O,-NPs was
comprehensively studied including adsorption kinetics, equi-
librium isotherm, and thermodynamics. Also the influences
of important parameters on the adsorption process including
pH, adsorbent dosage, initial fluoride concentration, contact
time, and temperature were systematically investigated.

2. Materials and methods
2.1. Preparation of Fe,O,NPs

Iron(Il) sulfate heptahydrate (FeSO,*7H, O, Sigma-
Aldrich, Germany) and sodium hydroxide (NaOH, Sigma-
Aldrich, Germany) were of analytical grade and were used
as received without further purification. Fe,O,-NPs were
synthesized using previously reported green surfactant-free
electrochemical method [26], but here under vacuum system
instead of the closed distilled water system. The reaction
solution was NaOH aqueous solution with a pH value of 12.5.

2.2. Characterization of Fe,O,-NPs

FESEM was performed using a Mira 3-XMU instru-
ment with 700,000 x magnification (TESCAN, Brno—-Czech
Republic). XRD analysis was carried out using a D8 Advance
X'Pert X-ray diffractometer with Cu Ka radiation (Bruker,
Billerica, MA, USA). VSM was conducted using a Kavir
precise magnetic instrument (Meghnatis Daghigh Kavir
Company, Iran). DLS was measured using a Zetasizer Nano
ZS instrument equipped with a He-Ne laser source (633 nm)
with vertically polarized light (Malvern Instruments, UK).

2.3. Fluoride adsorption experiments

Different concentrations of fluoride solution were pre-
pared from the stock solution of sodium fluoride (NaF,
500 mg/L); 100 mL of the fluoride solution was poured into
an Erlenmeyer flask using a volumetric flask. If required, the
solution pH was adjusted with 1 M HCI and NaOH solutions.
Thereafter, certain amounts of Fe,O,-NPs were added into
the Erlenmeyer flask, and the mixture was then immediately
shaken on a shaker at a speed of 180 rpm. The samples were
taken at set time intervals and filtered using Whatman filter
paper (0.45 um). The fluoride concentration of the samples
was measured based on 4500-FD standard method using a
spectrophotometer (CE-1021, Shimadzu, Tokyo, Japan) at
the absorbance wavelength of 570 nm [27]. Studies indicate
parameters such as adsorbate concentration, adsorbent dose,
contact time, pH of the solution, and temperature that are
crucial for optimizing the use of adsorbents in water treat-
ment [15]. Thus, in this study, the important operating
parameters were gradiently changed to evaluate their effects
on the adsorption process, including pH (3, 5, 6, 7, 8, and 9),
adsorbent dosage (0.02, 0.05, 0.06, 0.07, and 0.09 g/L), initial
fluoride concentration (5, 10, 15, 20, and 25 mg/L), contact
time (20, 40, 60, 80, 100, and 120 min), and temperature (25°C,
35°C, and 45°C). Each experiment was replicated twice, and
the mean values were reported. The adsorption capacity
of fluoride onto Fe,O,-NPs (g, mg/g) and the removal effi-
ciency (R, %) at equilibrium were calculated by the following
equations [28]:

~ (C,-C )V
iy 1)
Rz(cﬂcif)xmo% )

0

where C; (mg/L) and C, (mg/L) are the initial and equilibrium
concentration of fluoride in aqueous phase, respectively,
V (L) is the volume of the solution, and M (g) is the mass of
Fe,O,-NPs.

3. Results and discussion
3.1. Characterization of Fe,O,-NPs

Fig. 1 presents the FESEM image of Fe,O,-NPs, and the
obtained nanoparticles showed a relatively uniform size with
an estimated mean value of 21 nm. Fig. 2 shows the XRD
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Fig. 1. FESEM image of Fe,O,-NPs.
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Fig. 2. XRD pattern of Fe,O,-NPs.

spectrum of Fe,O,-NPs. The Bragg peaks at 20 of 30.5° (220),
35.9° (311), 43.5° (400), 53.5° (422), 57.3° (511), 63.1° (440), and
74.1° (533) are the expected signals from Fe,O,-NPs [29]. The
average crystallite size (D) of Fe,O,-NPs was calculated by
the Scherer formula [30]:

_ Kx
BcosO

©)

where K is the dimensionless shape factor and has a typical
value of about 0.9, A is the wavelength of Cu Ka (1.542 A), B
is the full width at half maximum (FWHM) of the line, and 6
is the diffraction angle using (311) plane reflection from the
XRD pattern. The calculated crystallite size of Fe,O,-NPs is
22 nm, which agrees with the FESEM observation. Fe,O,-NPs
were further characterized by VSM (Fig. 3). Results indicated
that the magnetic saturation of Fe,O,-NPs was considerably
lower than that of bulk Fe O, (= 92 emu/g) [31], as is expected
for the nanoformulation. From the VSM curve, it was also
observed that the coercivity of Fe,O,-NPs was in agreement
with the expected value for magnetite nanoparticles as
reported in literature [29,31].
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Fig. 3. Magnetization curve of Fe,O,-NPs.

DLS is a useful and effective tool to obtain the hydro-
dynamic size of nanometer-sized particles based on their
Brownian motion within a dispersion solution. To charac-
terize nanoparticles by the DLS technique, the normalized
intensity—intensity autocorrelation function of the scattered
light from nanometer-sized particles as a function of time,
8%(g,7), for a given delay time 7 is given by the following
equation [32-34]:

(1(g.t)1(q,t+7))
(I*(a.1))

where g is a particular wave vector, 7 is the delay time, I
is the scattered light intensity, and the angular brackets <>
denote the expected value operator. The normalized auto-
correlation function can be converted to the autocorrelation
function of the scattered light electric field by the Siegert
relationship [32-34]:

& (q,7)= (4)

'S (q,r) =1+ |C exp(—l"r)|2 (5)

where C is the instrumental constant and I" is the decay
rate. For a solution containing mono-disperse particles, the
first-order function g'(q,7) is represented by a single expo-
nential decay curve [32-34]:

8'(9,7)=Cexp(-T1) (6)

The decay rate I' can be converted to the diffusion
coefficient using Eq. (7) [32-34]:

D= @)

=™

Finally, the hydrodynamic radius of particles (R,) can be
calculated using the Stokes-Einstein relation [32-34]:
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where K, is the Boltzmann’s constant, T is the temperature
(K), and n is the viscosity of continuous phase.

With DLS measurement, the change in hydrodynamic
size of Fe,O,-NPs before and after adsorption was investi-
gated. Fig. 4 shows the plot of the autocorrelation function
of Fe,O,-NPs before and after adsorption by the DLS as a
function of relaxation time. After calculation, the hydrody-
namic size of Fe,O,-NPs before and after adsorption was
24.9 and 29.9 nm, respectively. Therefore, the aggregation of
Fe,O,-NPs during the adsorption process was very weak, and
Fe,O,-NPs adsorbent may be reused for many cycles after
proper regeneration.

3.2. Adsorption kinetics

Adsorption of fluoride onto Fe,O,-NPs over time is dis-
played in Fig. 5. It is observed that Fe,O,-NPs could quickly
capture fluoride from aqueous solution. The adsorption
mainly occurred in the first 20 min and could rapidly reach
equilibrium within 45 min for a varying initial fluoride con-
centration from 5 to 25 mg/L. The equilibrium adsorption
capacity ranged from 23.25 to 123.35 mg/g.

Several kinetics models to examine the controlling mech-
anisms of adsorption process, such as chemical reaction, dif-
fusion control, and mass transfer, are described in literatures
[35,36]. Five kinetics models, namely pseudo-first-order,
pseudo-second-order, intraparticle diffusion, Elovich model,
and Bangham model, were used in this study to investigate
the adsorption of fluoride on Fe,O,-NPs, and they can be
expressed as [35,36]:

Pseudo-first-order model : Ln(qe - q,) =Lng, -kt )
14
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Fig. 4. The autocorrelation function of Fe,O,-NPs before and after
adsorption versus relaxation time. Adsorption conditions: pH 6,
Fe,O,-NPs 0.02 g/L, initial fluoride 25 mg/L, contact time 45 min,
and temperature 25°C.
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Fig. 5. Adsorption kinetics of fluoride onto Fe,O,-NPs.

Experimental conditions: pH 6, Fe,O,-NPs 0.02 g/L, initial
fluoride 25 mg/L, and temperature 25°C.

Pseudo-second-order model:i = ! >+ £ (10)
9 k4. q.
Intraparticle diffusion model: g, = kpt°'5 +C (11)
. 1 1
Elovich model: g, = ELn(aB) + BLH t (12)
Bangham model : g, = k.t"" (13)

where g, (mg/g) and g, (mg/g) are the adsorption capacities
of fluoride at time ¢ (min) and equilibrium, respectively. k,
(min™), k, (g/mg.min), k, (mg/g.min*?), and k, (mg/g.min)
are the rate constants of the pseudo-first-order, pseudo-
second-order, intraparticle diffusion, and Bangham mod-
els, respectively. For intraparticle diffusion model, C is the
intercept (mg/g). If the intraparticle diffusion is involved in
the adsorption process, then the plot of t°5 versus g, would
result in a linear relationship, and the intraparticle diffusion
would be the controlling step if this line passed through the
origin (C = 0). When the plots do not pass through the origin
(C # 0), this is indicative of some degree of boundary layer
control, and this further shows that the intraparticle diffusion
is not the only rate controlling step, but also other processes
may control the rate of adsorption [37]. For Elovich model,
a (g/mg.min) is the initial rate, and parameter § (g/mg)
is related to the extent of surface coverage and activation
energy for chemisorptions.

Parameters of the five models are listed in Table 1. The
goodness of fit of the models was expressed by the coefficients
of determination (R?), and a relatively high R? value indicated
that the model successfully described the kinetics of fluoride
sorption by Fe,O,-NPs. It was observed that, at low initial
fluoride concentrations (5-20 mg/L), the sorption data were
well represented by the pseudo-first-order model with the R?
values in the range of 0.997-1. However, when at the high
initial fluoride concentration of 25 mg/L, no linear relation-
ship was observed between Ln(g, - g,) and t (R*>=0). Therefore,
it was not appropriate to use the pseudo-first-order model to
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Table 1

Parameters of kinetics models for adsorption of fluoride onto
Fe,O,-NPs. (Experimental conditions: pH 6, Fe,O,-NPs 0.02 g/L,
initial fluoride 25 mg/L, and temperature 25°C.)

Kinetic Fluoride concentration (mg/L)
parameters 5 10 15 20 25
Pseudo-first-order

q, (mg/g) 2326 4831 73.08 98.06 -°

k, (min™) 0.215 0328 0.267 0355 -

R? 0.9997 0.9999 0.9999 1 0
Pseudo-second-order

k, (g/mg.min) 0.135 0.100 0.187 0.115 0.109

q. (mg/g) 2118 4807 7299 98.03 12345

R? 0.9999 0.9999 1 1 1
Intraparticle diffusion

k, (mg/gmin®?) 0.0711 - 0.0611 0.0478 0.0528

C 22.694 48422 72544 9771 12299

R? 0.6212 0.0358 0.3747 0.2807 0.9504
Elovich

a (g/mg.min) - - - - -

B (g/mg) 3916 - 4.009 6.093 5.500

R? 0.6649 0.013 0.4428 0.2247 0.9364
Bangham

k. (mg/g.min)  22.241 - 72.064 97.421 122.674

m 91.74 - 293.25 598.80 680.27

R? 0.5521 0 0.2564 0.0333 0.9153

2 Cannot be calculated or gain the abnormal values.

predict the sorption kinetics of fluoride onto Fe,O,-NPs for
the entire fluoride concentration range.

Adsorption is a multistep process involving transport of
the solute molecules from the aqueous phase to the surface
of the solid particles followed by diffusion of the solute mol-
ecules into the pore interiors. In a batch system with rapid
stirring, there is a possibility that the transport of adsor-
bate from solution into the pores of the adsorbent is the
rate controlling step. This possibility was tested in terms of
intraparticle diffusion model [38]. The results showed that
the intraparticle diffusion model could not fit well with the
kinetic data due to the lower R? values (0.0358-0.9504) and
larger C values (22.694-122.99) (Table 1), suggesting that the
intraparticle diffusion was not the rate controlling step for
the sorption of fluoride onto Fe,O,-NPs.

The Elovich model is useful to describe the chemisorp-
tion kinetics, which are often interpreted as a combination
of two or three simultaneous first-order reactions [39]. No
linear relationship was found between g, and Lnt (R*=0.013-
0.9364) (Table 1). Thus, the Elovich model is not applicable
for the adsorption of fluoride onto Fe,O,-NPs. Similarly, the
experimental data did not show a good fit for the Bangham
model (R? = 0-0.9153) (Table 1), which confirmed that the
pore diffusion is not the only rate-controlling step [40].

Finally, pseudo-second-order model has the best fit
for adsorption kinetics of various initial concentrations of

fluoride, indicating that the adsorption of fluoride onto
Fe,O,-NPs was a chemical adsorption process. Fig. 6 shows
the linear fitting lines of pseudo-second-order model. Other
works also reported that the adsorption of fluoride onto
ion-exchange fiber [41] and KMnO,-modified activated car-
bon [42] followed the pseudo-second-order kinetic pattern.

3.3. Adsorption isotherm

An important physiochemical subject in terms of the eval-
uation of adsorption processes is the adsorption isotherm,
which provides a relationship between the amount of fluoride
adsorbed on the solid phase and the concentration of fluoride
in the solution when both phases are in equilibrium [43]. To
analyze the experimental data and describe equilibrium sta-
tus in adsorption between solid and liquid phases, Langmuir,
Freundlich, Temkin, and Dubinin-Radushkevich isotherm
models were used to fit the isotherm data. These models pro-
vided comprehensive and complete view about mechanism,
surface properties, and adsorbing condition [35,36].

For the Langmuir model, it is assumed that adsorbates
attach to certain and similar sites on the adsorbent’s surface
and the adsorption process occurs on the monolayer. Further,
all adsorption sites have the same continuity in relation to
the adsorbate molecules and no transition process happens
from the adsorbate on the adsorbent surface [44], which can
be presented by the following equation [28]:

— quLCe

14
1+K,C, (14)

9.

where g, (mg/g) is the amount of fluoride adsorbed per spe-
cific amount of adsorbent, C, is equilibrium concentration of
the fluoride solution (mg/L), K, (L/mg) is Langmuir constant,
and q, (mg/g) is the maximum amount of fluoride required to
form a monolayer. The Langmuir equation can be rearranged
to linear form for the convenience of plotting and determin-
ing K, and g, with drawing the curve 1/q, versus 1/C, [35,36]:

(15)

tiq, (min/mg+g)

0 20 40 60 80 100 120
t (min)
Fig. 6. Pseudo-second-order kinetic plots for adsorption of

fluoride onto Fe,O,-NPs. Experimental conditions: pH 6, Fe,O,-
NPs 0.02 g/L, initial fluoride 25 mg/L, and temperature 25°C.
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The Freundlich model is an empirical relation between
g, and C.. It is obtained by assuming a heterogeneous sur-
face with nonuniform distribution of the adsorption sites on
the adsorbent surface and can be expressed by the following
equation [35,36]:
q,=K,C" (16)
where K. and 1/n are the Freundlich constants related to
adsorption capacity and adsorption intensity, respectively.
The Freundlich constants can be obtained by drawing the

Logg, versus LogC, based on experimental data in light to
linear equation [35,36]:

Logg, =LogK, + lLogCe (17)
n

In Temkin model, the surface absorption theory was cor-
rected considering possible reactions between adsorbent—
adsorbent and adsorbent-adsorbate. This model can be
expressed as the following equation [43]:
g, =BLnK, +BInC, (18)
where K, and B are Temkin constants, and B is related to the
heat of adsorption.

The empirical equation of Dubinin—-Radushkevich model
has been widely used to describe the adsorption of gases and
vapors on microporous solids and can be written as [45]:
Loggq, =Lng,, —B&’ (19)
where  (mol?/KJ?) is a constant connected with the mean free
energy of adsorption per mole of the adsorbate, g, (mg/g)
is the theoretical saturation capacity, and ¢ is the Polanyi
potential.

The parameters of the four isotherm models are listed
in Table 2. Examination of the Freundlich model fitting sug-
gested that this model was not a perfect one for the exper-
imental isotherm data (R? = 0.851). The value of Freundlich

exponent 1/n = 0.197 in the range 0.1-1 indicates the favor-
able adsorption [37]. The Temkin model assumes that heat

Table 2

Parameters of isotherm models for adsorption of fluoride onto
Fe,O, nanoparticle. (Experimental conditions: pH 6, Fe,O,-NPs
0.02 g/L, and temperature 25°C.)

Langmuir Temkin

q, (mg/g) 19.44 K, -a

K, (L/mg) 2.372 B 0.001
R? 0.969 R? 0.743
Freundlich Dubinin-Radushkevich
K, 20564.5 q, (mg/g) 4.830
1/n 0.197 f (mol¥/KJ?) -707.2
R? 0.851 R? 0.904

2 Gain the abnormal value.

of adsorption (function of temperature) of all molecules in
the layer would decrease linearly rather than logarithmic
with coverage [46]. The Tempkin fitting gained a R? of 0.743,
suggesting this model cannot well describe the sorption equi-
librium of fluoride onto Fe,O,-NPs. The low B value (0.001)
is an indication of non-physical adsorption process [46]. The
Dubinin-Radushkevich isotherm is generally applied to
express the adsorption mechanism with a Gaussian energy
distribution onto a heterogeneous surface [47] and has often
successfully fitted high solute activities and the intermediate
range of concentrations data well. However, for the present
isotherm data, this model did not show a good fit with a R?
of 0.904. Among the four isotherm models, the Langmuir
model exhibited the best fit, according to the obtained R?
value of 0.969. This suggested that the Langmuir isotherm
was adequate for modeling the adsorption of fluoride onto
Fe,O,-NPs, which confirmed the monolayer coverage of fluo-
ride onto Fe,O,-NPs and also the homogenous distribution of
active sites on the material [37].

3.4. Effect of temperature and adsorption thermodynamics

The influence of temperature on fluoride adsorption
was investigated by conducting experiment at different
solution temperatures (298, 308, and 318 K). From Fig. 7,
it can be seen that increase in solution temperature had an
adverse effect on fluoride adsorption by Fe,O,-NPs. This
performance may be attributed to the fact that a rise in tem-
perature increases the tendency of fluoride ions to escape
from the interface, thereby diminishing the amount of
adsorption. Reduction in adsorption with increasing tem-
perature indicates the exothermic nature of the adsorption
process [45].

The thermodynamic parameters including the standard
Gibbs free energy (AG®), enthalpy change (AH°®), and entropy
change (AS°) can be evaluated by the following equations
[35,36]:

K =2 (20)
[ Ce
AG®=-RTLnK_ 1)
100 -
98 -
§ 96 —+—5mgll
. —e—10mg/l
g 941 —e—15mg/l
& —=—20 mgll
92 - 25 mgll
90

295 300 305 310 315 320
Tempeture (K)

Fig. 7. Effects of temperature on adsorption of fluoride onto
Fe,O,-NPs. Experimental condition: pH 6, Fe,O,-NPs dosage
0.02 g/L, and contact time 30 min.
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Lng s aH
“ R RT

(22)

where K_is the equilibrium constant, g, (mg/g) is the amount
of adsorbed fluoride on Fe,O,-NPs at equilibrium, and C,
(mg/L) is the equilibrium concentration of the fluoride in
the solution. R is the universal gas constant (8.314 J/mol.K),
and T (K) is the temperature. The AH® and AS° values are
derived from linear plot against 1/T, which are from the slope
and intercept, respectively.

The adsorption kinetics of fluoride onto Fe,O,-NPs
were critically investigated at 298, 308, and 318 K, and the
thermodynamic parameters were calculated as shown in
Table 3. All the values of AG® were negative, and it showed
that the adsorption process was spontaneous. The decrease
of AG® happened with increase in temperature, indicating
that the increasing temperature resulted in the increase of
spontaneity. The negative AH® indicated that the adsorption
process was exothermic. According to Le Chatelier’s prin-
ciple, increasing the temperature reduced the reaction rate,
and it was followed by reducing the maximum adsorption
capacity. The negative AS° showed that the degree of free-
dom at solid solution level declined during the adsorption
process [48].

3.5. Effect of pH

The pH is an important parameter that influences on
surface charges of absorbents, ionization degree of different
pollutants, and separation of functional groups on absorbent
active sites [49]. To obtain the optimal pH value, experiments
were carried out by varying initial solution pH from 3 to 11,
and under the condition of 20 mg/L of initial fluoride con-
centration, 0.1 g/L of Fe,O,-NPs dose, and 30 min of contact
time. It can be seen from Fig. 8 that the adsorption of fluo-
ride was highly dependent on the pH of the solution, and
the maximum amount of removal of the fluoride (g, = 19.75
mg/g, R = 98.7%) was observed at pH 6. At relatively lower
pH, positive ions predominated the adsorption sites, and the
superficial charge of Fe,O,-NPs became more positive, which
was beneficial for the enhanced attraction between fluoride
anions and adsorbent surfaces [50]. On the other hand, with
the continuous increase of pH, the adsorbent surface was
deprotonated, and then the amount of OH" ions increased
on the nanoparticles’ surface, which played a competing
role for fluoride ions. In other words, with the adsorption
of OH" ions on Fe,O,-NPs surface, they occupied superficial
sites, and then they made the superficial charge negative,
causing increased repulsive force between fluoride anions

Table 3

Thermodynamic parameters for adsorption of fluoride onto
Fe,O, nanoparticle. (Experimental conditions: pH 6, Fe,O,-NPs
0.02 g/L initial fluoride 20 mg/L, and temperature 25°C. )

25 - 100

L 90

20 L 80
5 15 Leo =
E’ ——qe I 50 g
= 101 ——R,% L 40 2
L 30 &

5 L 20

10

0 ——— 0

2 3 4 5 6 7 8 9 10 11 12

pH

Fig. 8. Effect of pH on adsorption of fluoride onto Fe,O,-NPs.
Experimental condition: Fe,O,-NPs dosage 0.1 g/L, initial
fluoride 20 mg/L, temperature 25°C, and contact time 30 min.

and the adsorbent’s surface, and thus decreasing the adsorp-
tion amount of fluoride [51]. Similar results were reported
by Jagtap et al. [52] and Gloria et al. [53] that the removal of
fluoride was maximum at a pH of 7 and 6.7, respectively.

3.6. Effect of Fe,0,-NPs dosage

The adsorbent dosage is an important parameter to study
the removal of fluoride from water by adsorption process,
because this parameter determines the adsorption capacity
of the adsorbent. To evaluate the effect of adsorbent dose on
the adsorption of fluoride, 0.02 to 0.09 g/L of Fe,O,-NPs was
used for adsorption experiments at the fixed conditions of
pH 6, 20 mg/L of initial fluoride concentration, and 30 min
of contact time. As it can be seen from Fig. 9, the removal
efficiency of fluoride decreased slowly with increase in the
adsorbent dosage from 0.02 to 0.09 g/L. A maximum removal
of fluoride (g, = 98.5 mg/g, R = 98.5%) was achieved at an
adsorbent concentration of 0.02 g/L. Therefore, the studied
adsorbent Fe,O,-NPs has a high adsorption potential, and at
very low dosage, it showed a very high adsorption capac-
ity and removal efficiency. However, with the elevation of
the adsorbent dosage, the fluoride removal was decreased,
which may be due to accumulation of adsorbent particles and
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Fig. 9. Effect of adsorbent dosage on adsorption of fluoride
onto Fe O,-NPs. Experimental condition: pH 6, initial fluoride
20 mg/L, temperature 25°C, and contact time 30 min.
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condition: pH 6 and temperature 25°C.

development of electric repulsive force between adsorbent
particles [53].

3.7. Effects of contact time and initial fluoride concentration

It is important to note that parameters such as the adsor-
bate concentration and contact time between adsorbent and
adsorbate species play a significant role in the removal of
pollutants from aqueous solutions. Therefore, the effect of
contact time on the fluoride adsorption by Fe,O,-NPs was
investigated for 120 min at different initial fluoride con-
centrations (Fig. 10). The fluoride was rapidly adsorbed in
the first 45 min (R = 93-98.68%) for various initial fluoride
concentrations, and then, the removal efficiency showed a
slight decrease from 45 to 120 min. Therefore, the removal
of fluoride ions increased with increase in contact time to
some extent, but further increase in the contact time did not
increase the uptake due to deposition of fluoride ion on the
vacant sites of adsorbent. Upon a fixed contact time, when
the initial fluoride concentration was increased, the removal
efficiency of fluoride also increased, which may be due to
excessive accumulation of fluoride ions around the adsor-
bent and increased chance of collision.

4. Conclusions

The adsorption of fluoride onto Fe,O,-NPs was compre-
hensively investigated. For adsorption kinetics, the pseu-
do-second-order models can well describe the experimental
data, indicating that the adsorption process was controlled by
chemical interaction. For adsorption isotherms, the Langmuir
model could fit the experimental data better than the other
models, suggesting a monolayer adsorption process. The
thermodynamics study showed that the adsorption process
was spontaneous, exothermic, and irreversible. In addition,
the effects of various operating parameters were investigated,
and the optimum conditions were determined as follows:
pH =6, Fe,O,-NPs = 0.02 g/L, initial fluoride = 25 mg/L, con-
tact time =45 min, and temperature = 25°C. Due to the strong
adsorption capacity and easy recovery through magnetism,
Fe,O,-NPs is a promising nanoadsorbent in the treatment of
fluoride-contaminated water.
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Symbols
AG® — Gibbs free energy change
AH° — Enthalpy change
AS° — Entropy change
G, — Initial concentration in aqueous phase
C, — Equilibrium concentration in aqueous phase
D — Crystallite size
DLS — Dynamic light scattering
Fe,O-NPs — Iron oxide nanoparticles
FESEM — Field emission scanning electron microscopy
k — Rate constant
K, — Freundlich constant
K, — Langmuir constant
K, — Temkin constant
M — Mass
q, — Adsorption capacity at equilibrium
g, — Maximum adsorption capacity
q, — Adsorption capacity at time ¢
— Universal gas constant
R (%) — Removal efficiency
T — Temperature
VSM — Vibration sample magnetization
XRD — X-ray diffraction
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