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SYNTHESIS OF MAGNETIC COBALT FERRITE NANOPARTICLES FOR 
THE REMOVAL OF EXCESS FLUORIDE IONS 

FROM AQUEOUS SOLUTIONS
Fatemehsadat Masoudi,a Ali Naghizadeh,b,* Mohammad Kamranifar,a Amir Hossein Mahvic

Birjand and Tehran, Iran

ABSTRACT: The aim of this study was to evaluate, using batch methodology, the effect
of various parameters such as pH, adsorbent dose, contact time, magnetic fluoride
concentration, and temperature on fluoride adsorption using cobalt ferrite
nanoparticles (CoFe2O4NPs). The adsorption parameters were determined by the
Langmuir, Freundlich, Temkin, and Dubinin-Radushkevich isotherm models and
pseudo-first-order kinetics and pseudo-second-order kinetics. Finally, the
thermodynamic parameters (∆H, ∆S, and ∆G) of fluoride adsorption on magnetic cobalt
ferrite nanoparticles were considered. The results showed that in optimum conditions
for fluoride adsorption by magnetic cobalt ferrite nanoparticles, pH=3, adsorbent
dose=0.2 g/L, fluoride concentration=10 mg/L, contact time=10 min, the maximum
absorption capacity is 8.75 mg/g. The adsorption process follows the Langmuir
isotherm and pseudo-second-order kinetics. In the study of the thermodynamic results
of the adsorption process, positive values of ∆S and ∆H and a negative value of ∆G were
obtained
Key words: Adsorption; Cobalt ferrite; Fluoride; Magnetic nanoparticles. 

INTRODUCTION

The quality of drinking water may have a significant impact on the health of a
community and therefore the chemical nature of surface water and ground water is a
criterion to be considered in the selection of the drinking water sources in
communities.1 Fluorine, one of the elements of the earth’s crust, the most
electronegative element, and located in the group of halogens in the periodic table.
has a strong tendency to combine with cations, and therefore it is not found in a free
state in nature. Fluorine forms several mineral compounds, including cryolite,
fluorapatite, and fluorspar. Fluoride, the ion of fluorine, is mainly released into
groundwater through the dissolution of fluoride-containing rocks.2-5 The discharge of
agricultural and industrial sewage, such from the production of aluminum, steel,
glass, etc., also causes large amounts of fluoride to enter ground water.6 Fluoride
contamination in water is a major problem across the globe and, although upper
limits for fluoride in drinking water of approximately 0.5 to 1.5 mg/L have been
recommended by some, including the World Health Organization,7-9 a recent review
estimated the benchmark dose level (BMDL, the lower one-sided 95% confidence
limit of the benchmark dose [BMD], for pregnant women to prevent developmental
neurotoxicity in the foetus is about 0.2 mg/L or lower.10 Available statistics show that
the fluoride ion level in drinking water may reach 20 mg/L in areas of northern
Africa.6 Also, in some cities of Iran, the fluoride content is higher than 1.5 mg/L.11

Fluoride in drinking water can cause dental, skeletal, and non-skeletal fluorosis.
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Fluorosis weakens the structure of the teeth and skeletal system and can slow down
growth. High concentrations of fluoride can lead to health hazards such as headache,
depression, digestive disorders, nausea, impaired cognitive functioning, decreased
immunity, and abortion.2,12,13 Many research publications in Iran have reported on
fluoride in air, food, and water.14-19 

Given the adverse effects of fluoride ion in drinking water, especially water from
groundwater resources, the main source of drinking water in most societies, it is
necessary to consider the removal of excess fluoride from water. Many methods have
been used to remove excess fluoride from the water including adsorption, chemical
precipitation, and electro dialysis.20-23 The absorption process is commonly used as
an affordable, nature-friendly method to remove pollutants from water sources.24 The
adsorption process is usually carried out on activated carbon. However, activated
carbon is an expensive adsorbent and this has restricted its use.25 Other adsorbents
used to remove fluoride include montmorillonite,26 bone charcoal,27 and zeolite.28

So far, the efficiency of magnetic cobalt ferrite nanoparticles (CoFe2O4NPs) has not
been investigated in the removal of fluoride ion from water. Magnetic CoFe2O4-
TiO2NPs containing titanium dioxide-based spinel ferrite can be retrieved and
reused.29 The advantages of these nanoparticles include resistance to chemicals,
mechanical blows, and heat.30,31 The aims of this study were to investigate, using a
batch flow process, the efficiency of synthesized magnetic ferrite cobalt
nanoparticles in removing excess fluoride from aqueous solutions and to examine the
effects of pH, adsorbent dose, reaction time, initial fluoride concentration, and
temperature on the adsorption process. 

MATERIALS AND METHODS

The materials needed in this study were cobalt nitrate powder, iron nitrate powder,
soda, sodium fluoride, and SPADNS solution purchased from Merck Company.
Deionized water was used in all experiments. In order to determine the concentration
of residual fluoride a spectrophotometer DR6000 (Hach) was used, the samples were
mixed with a shaker (multishaker, Model NB-101MT, Korea), a pH meter was used
to determine pH (pH meter HQ411d, Hach), and an incubator shaker (combishaker,
Model NB-101MT) was used for temperature stability.

Firstly, a solution containing 0.021 mole of cobalt nitrate powder, 0.002 mole of
iron nitrate powder, and 100 mole of deionized water was prepared. Then 20 mole of
soda were added slowly. The solution is placed at 80ºC for 2 hours. After that, the
magnetic nanoparticles were separated from the solution using a magnet and washed
with deionized water. Finally, put the powder was placed in an oven to dry.32 The
properties of the synthesized nanoparticles were investigated by a scanning electron
microscope (SEM), a transmission electron microscope (TEM), Fourier transform
infrared spectroscopy (FTIR), X-ray diffraction (XRD), and a vibrating-sample
magnetometer (VSM). In this study, the experiments were carried out with the
variables of pH (3, 5, 7, 9, and 11), concentration of synthesized cobalt ferrite (0.2,
0.4, 0.6, and 0.8 g/L), initial concentration of contaminant (1, 2, 5, and 10 mg/L),
contact time (5, 10, 20, 40, 60, and 90 min), and temperature (15, 25, 35, and 45ºC).
Fluoride stock solution was prepared by dissolving 0.221 mg of sodium fluoride salt
in 1 L of deionized water and fluoride solutions were obtained from dilution of the
stock solution. 1 and 0.1 N HCL & NaOH were used to set pH. Solutions were placed
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on a 250 round shaker and after a specific time, the adsorbent was separated from
filter by filter paper and the remaining pollutants were measured by the
spectrophotometer. The investigation of the optimum adsorption conditions was
determined by the influence of variables including pH, adsorbent dose, contact time,
initial fluoride concentration, and temperature. At first, the effect of pH solution on
fluoride adsorption by cobalt ferrite was determined in the range of 3 to 11 and the
optimal pH was determined. Then, at the optimal pH, the effect of adsorbent dose on
the adsorption process was investigated. In next step, the effect of the contact time
and the initial fluoride concentration was investigated using pH and adsorbent dose
and finally, by adjusting the other variables, the effect of temperature on the
adsorption process was investigated. The following formula was used to calculate the
adsorption capacity of magnetic CoFe2O4NPs in the removal of fluoride (mg/g).               

Where, Co is the initial fluoride concentration in the solution (mg/L), Ce is the
residual fluoride concentration at the equilibrium moment (mg/L), V is the sample
volume (L), and M is the mass of CoFe2O4NPs in grams.33 

ISOTHERM MODELS: 
In this study the Langmuir, Freundlich, Brunauer-Emmett-Teller theory (BET),

Temkin, and Dubinin-Radushkevich adsorption isotherm models were used for
mathematical modeling.

Langmuir model:

 Where, qe is the amount of adsorbed fluoride per unit mass of adsorbent (mg/g), Ce
is the fluoride concentration in the solution at the equilibrium moment (mg/L), qm is
the maximum adsorption capacity (mg/g), and K is the Langmuir constant.26 The
dimensionless parameter RL (separation factor) is a property of the Langmuir
equation which is calculated using equation 3. Using this parameter, the type of
adsorption process can be determined.

Where, RL>1 is undesirable adsorption, RL=1 is linear adsorption, RL=0 is
irreversible adsorption, and 0<RL<1 is desirable adsorption.34 

Freundlich model:                           

=             (1) 

 =  +                       (2) 

                       (3) 

= +         (4)
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Where, qe is the amount of adsorbed fluoride in (mg/g), Ce is the concentration of
adsorbed fluoride in solution at equilibrium moment (mg/l), and 1/n and kf are
Freundlich constants. Therefore, the graph logqe against logCe is a straight line
whose gradient is 1/n and its y-intercept is logkf.35 

BET isotherm equation: 

 Where, Cs is the saturation concentration of solute in mg/L, Kb is a constant
obtained through the equation and represents the energy between the adsorbate and
the adsorbent surface and it has a direct relationship with adsorption energy, and
Qmax is the adsorbate value per unit mass of adsorbent (g) to form a single molecular
layer on the adsorbent (mg/g).35

Temkin linear isotherm: 

 In this equation B= RT/bT. R is known as the gas constant (R=8.314 J.K-1.mol-1)
and T is the absolute temperature in Kelvin. Using the isotherm A and B curves, the
gradient and y-intercept of the curve were determined, respectively. In this equation,
AT (L/mg) is a bond constant related to the maximum bond energy, and bT(J/mol) is
the Temkin isothermal constant that is proportional to the adsorption heat.36

Dubinin-Radushkevich isotherm: 

Where, qe is the amount of fluoride adsorbed on the magnetic CoFe2O4NPs (mg/g)
in the equilibrium state and qm is the adsorption capacity of adsorbent on per unit
mass. The parameter β is the Dubinin-Rudeshkuvich adsorption constant and is a
potential which is described by function 8:

Where, R is the gas constant, T is the Kelvin temperature, and Ce is the equilibrium
concentration of soluble matter in solution. Then, the graph of lnqe against ε will be a
line from which the β value is obtained from the gradient of the line and according to
equation 9 information about the adsorption energy, E, (kj/mol) can be obtained.37

q

                    (5) 

                              (6)      

 

Wh i f Fl id

(7)

) i ilib i

          (8) 

(9) 
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KINETICS OF THE ABSORPTION PROCESS: 
In this study, the pseudo-first-order and the pseudo-second-order kinetic equations

were used to analyze the test data. The linear equations of the kinetics are as follows:
Pseudo-first-order:

 Pseudo-second-order: 

Where, qe (mg/g) is the adsorbed fluoride on the adsorbent surface at time t (min),
K1 is the pseudo-first-order constant (min-1), and K2 is the pseudo-second-order
constant (g/mg/min).33 

THERMODYNAMICS OF THE ADSORPTION PROCESS:
Equation 12 was used to study the thermodynamics of the adsorption process:

 Where, ∆Gº is the Gibbs free energy (kJ/mol), R is the gas constant (8.134 J/mol/
K) and T is the absolute temperature (K). The parameters of the standard enthalpy
∆Hº and the standard entropy ∆Sº in the adsorption process are calculated by
equations 13 and 14. 

Where, Kc (L/g) is the ratio of the amount of fluoride adsorbed on the adsorbent
(mg/g) to the residual amount of fluoride in solution (mg/L). To determine the
thermodynamic parameters of the process, the curve lnkc against 1/T was used. The
slope of the resulting line represents the ∆H value (kJ/mol) and the y-intercept
indicates the ∆Sº (J/mol K).32

RESULTS

Specification of the synthesized absorbent: Figure 1 shows the scanning electron
microscopy (SEM) images of magnetic CoFe2O4NPs. The analysis of the
morphology of nanoparticles shows that the diameter of the nanoparticles is less than
100 nm.

Pseudo-first-order                 (10)= 

 =  Pseudo-secon

 = -RT                                      (12) 

=  -                                          (13) 

=                                                        (14) 

(11) 
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The transmission electron microscopy (TEM) image of magnetic CoFe2O4NPs is
shown in Figure. 2. Analysis of the size of the nanoparticles by TEM analysis showed
that the diameter of the nanoparticles was less than 100 nm.

 
       Figure 1. Scanning electron microscopy (SEM) images of magnetic CoFe2O4NPs.

               200 nm

        Figure 2. Transmission electron microscopy (TEM) images of magnetic CoFe2O4NPs.
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FTIR analysis: In Figure 3, the results of the FTIR spectrum scan of the magnetic
CoFe2O4NPs are shown. The range of the spectrum was 400–4000 cm-1. The
specified peaks in this spectrum are: 3406 cm-1 (OH and -NH2), 1625 cm-1 (C=C
group), 1360 cm-1 (C-H group), 898 and 963 cm-1 (OH out plane vibration), and 410
and 600 cm-1 (presence of ferrite nanoparticles).38

XRD analysis: Figure 4 shows the images of the X-ray diffraction (XRD) analysis
of the magnetic CoFe2O4NPs. The location and intensity of the peaks represent the
crystalline structure and the cubic spline of the formed nanoparticles which is very
close to the (literature) values with JCPDS NO.01-1121. In addition, the average
grain size of the synthesized nanoparticles, calculated by the Scherer formula, was 8
nanometers.32 

VSM analysis: The ferromagnetic hysteresis loop of the magnetic CoFe2O4NPs is
shown in Figure 5. The saturation magnetization value for the cobalt ferrite magnetic
nanoparticles was 42 emu/g.

Determination of pHzpc: Deionized water solutions with a pH range of 2 to 12
were prepared to determine the pH point of zero charge (pHzpc) using HCl and
NaOH. Then, 25 mg of magnetic CoFe2O4NPs were added to 50 mL of the solution.
After 24 hours, the pH of the solutions measured by the pH meter. Figure 6 shows
that pHzpc for magnetic CoFe2O4NPs was about 7.3.

Effect pH on adsorption process: In Figure 7, the effect of the pH in the range of 3–
11 on the fluoride adsorption by the magnetic CoFe2O4NPs is shown. In the present
study, solutions containing 1 mg/L fluoride were prepared. After adjusting the pH to
3, 5, 7, 9, and 11, 0.5 g of adsorbent dose was added to each of the solutions. After 60
minutes, the concentration of residual fluoride in the solution was measured by a
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Figure 3. Fourier transmission infrared spectroscopy (FTIR) spectrum of magnetic CoFe2O4NPs.
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spectrophotometer. The maximum fluoride adsorption occurred at pH=3. This pH
was therefore selected as the optimum pH for the adsorption process. The fluoride
adsorption capacity by these nano particles at this pH was 1.28 mg/g. 
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                Figure 4. X-ray diffraction (XRD) analysis of magnetic CoFe2O4NPs.
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 Figure 5. Vibrating sample magnetometer (VSM) analysis of magnetic CoFe2O4NPs.
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Effect of adsorbent dose: As shown in Figure 8, at pH=3 with an initial fluoride
concentration of 1 mg/L, and a contact time of 60 min, increasing the dosage of
adsorbent from 0.2 to 0.8 g/L reduced the amount of fluoride removal. The maximum
adsorption capacity of fluoride with 0.2 g/L of adsorbent was 2.25 mg/g. Therefore,
in subsequent experiments, an adsorbent dose of 0.2 g/L was selected as the optimal
dose.

     Figure 8. Effect of adsorbent dose of fluoride removal by magnetic CoFe2O4NPs.

   Figure 6. Determination of the pH point of zero charge (pHzpc) pH for magnetic CoFe2O4NPs.

                     Figure 7. Effect of pH on fluoride removal by magnetic CoFe2O4NPs.
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Effect of initial fluoride concentration and contact time: Figure 9 shows the results
of varying the initial fluoride concentration (1, 2, 5, and 10 mg/L) and the contact
time (2, 5, 10, 20, 40, 60, and 90 min) at the optimal pH (pH=3) and adsorbent dose
(0.2 g/L). The adsorption capacity, at all the concentrations of fluoride, increased
with increasing contact time to 10 minutes, and then remained almost constant. The
adsorption capacity with various initial fluoride concentrations (1, 2, 5, and 10 mg/L)
in the first 10 minutes by the magnetic CoFe2O4NPs was 0.95, 2.55, 4.91, and 8.75
mg/g, respectively. As a result, 10 minutes was chosen as the equilibrium time. 

Adsorption isotherm: The study of the absorption isotherm indicates how
interactions occur between the adsorbent and the pollutant.The correlation
coefficients for fluoride removal by magnetic CoFe2O4NPs with the various models
are shown in Tables 1A and 1B. 

Figure 9. Effect of the initial fluoride concentration and the contact time on fluoride removal by
magnetic CoFe2O4NPs.

Table 1A. The results of calculations for the fluoride absorption isotherms of magnetic 
CoFe2O4NPs for the Langmuir, Freundlichl, and BET isotherm models

                                         Isotherm model               Constant                  Value

 

ff f i i i l i d i l id l b

0

2

4

6

8

10

0 20 40 60 80 100

q
e

 (
m

g
/g

) 

time (min) 

Co= 1 (mg/L) Co= 2 (mg/L)

Langmuir qmax (mg/g) 14.46 
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RL 0.50 

R2 0.99 

Freundlich kf  (mg/g)  2.98 

1/n 0.68 
n 1.47 

R2 0.96 
BET 1/A.Xm 1.75 

(A-1)/(A.Xm) 1.87 
A 4.27 

Xm 2.28 
R2 0.39 
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The Langmuir adsorption isotherm, with a correlation coefficient R2= 0.99, gave
better results than the other isotherms.

The adherence of fluoride adsorption on magnetic CoFe2O4NPs from isotherms is
as follows:

Langmuir isotherm > Freundlich isotherm > Temkin isotherm > Dubinin-
Radushkevich isotherm > BET isotherm. 

Adsorption kinetics: The kinetic results from the adsorption process are shown in
Table 2. According to the results, the adsorption process is more correlated with
second-order kinetics.

R2 0.96 

Dubinin-

Radushkevich

2/kJ2 0.00 

E, kJ/mole 1.58 

qm, mg/g 7.63 

R2 0.88 

ki ti Th ki ti lt f th d ti h i

                                    R2               0.96

Table 2. Results of the calculations of the fluoride adsorption kinetics by magnetic CoFe2O4NPs

Table 1B. The results of calculations of the fluoride absorption isotherms of magnetic 
CoFe2O4NPs for the Temkin and Dubinin-Radushkevich isotherm models

                                Isotherm model                              Constant                  Value

                   Temkin
0.39

Temkin AT, L/mg 3.31 

bT 815.39 

B 3.04 

Temkin

Dubinin-Radushkevich

Adsorbent C0 

(mg/L) 

Pseudo-first-order Pseudo-second-order qe,exp(mg/g) 

    K1 

(min-1) 

qe, cal 

(mg/g) 

R2 K2 (g/mg 

min) 

qe, 

cal(mg/g) 

R2 

CoFe2O4NPs

0.81 0.02 0.92 0.82 0.12 1.70 0.98 1.80 

1.84 0.00 1.37 0.08 0.13 3.22 0.99 4.25 

4.30 0.00 1.51 0.03 0.12 5.10 0.99 6.30 

8.00 0.00 1.14 0.14 0.53 8.85 1.00 10.25 
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Effect of temperature and thermodynamic parameters on fluoride adsorption by
magnetic CoFe2O4NPs: Determination of the standard enthalpy and entropy
parameters (∆H and ∆s) and the Gibbs free energy is important for studying the effect
of temperature and the thermodynamics of fluoride adsorption. The effect of
temperature on the thermodynamic parameters of the fluoride adsorption process by
magnetic CoFe2O4NPs was investigated at temperatures of 288K, 298K, 308K, and
318K (Table 3 and Figure 10). 

DISCUSSION

According to the findings of this research, the pHzpc for magnetic cobalt ferrite
nanoparticles is about 7.3. Investigations show that at pHs higher and lower than 3,
the adsorbent surface charge is negative and positive, respectively. At a pH above 3,
due to the presence of more hydroxyl anions, negative charge is induced on the
absorbent surface. Therefore, at these pHs, due to the anionic nature of fluoride, an
electrostatic repulsion force between the adsorbent and fluoride is produced and the
amount of fluoride absorption decreases. However, at lower pHs, the number of
protons increases and, when placed on the adsorbent surface, raise the adsorption
power and electrostatic force between the adsorbent and fluoride which has an

308 8.5 -0.75 

318 9 -0.96 

 

Figure 10. Effect of temperature on fluoride removal by magnetic CoFe2O4NPs 

y = -2299.7x + 7.6572 

R² = 0.9554 
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d
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Table 3. The values of the thermodynamic parameters of fluoride adsorption 
under optimal conditions

Adsorbent T (K) qe 

(mg/g) 

Thermodynamics Parameters 

(kJ/mol) (kJ/mol) K) 

CoFe2O4NPs 288 5 0.82 23.37 78.09 

298 6.25 0.21 

                   Figure 10. Effect of temperature on fluoride removal by magnetic CoFe2O4NPs.
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anionic nature.39 Wajima et al. found that the highest removal efficiency for
removing fluoride occurred at pH=3.40 

Our results show that as the dose of adsorbent is increased the amount of fluoride
adsorption per gram of adsorbent dose is reduced. The reason for this phenomenon is
the non-use of all active sites at the adsorbent surface, which reduces the adsorption
capacity of fluoride by magnetic CoFe2O4NPs. These results are consistent with the
results of the 2016 study by Naghizadeh et al.35 

The adsorption capacity increases with an increase in the contact time. This is due
to there being more contact with the adsorbent and the increase is more in the early
minutes and that, with increasing contact time, the absorption capacity reaches the
equilibrium level. This can be due to a lower concentration of the fluoride solution
and a reduction in the number of active sites at the adsorbent surface because, in the
early stages of adsorption, a lot of vacant spaces are available on the adsorbent and
these places are quickly occupied by fluoride molecules. As a result, the amount of
absorption reaches equilibrium. 

The initial concentration of fluoride in the adsorption process has a significant
impact. The adsorption capacity increased with increasing the fluoride concentration
because the increase in fluoride concentration increases the mass driving force and
leads to the transfer of more molecules of fluoride on to the surface of the
nanoparticles.41 The present research is consistent with the results of a study by
Asgari et al. on the removal of fluoride.42 

Our results showed that the adsorption process follows the Langmuir adsorption
isotherm. The Langmuir isotherm is based on a single layer adsorption on a
homogeneous surface and there is no interaction between the adsorbed molecules.39

For the absorption process it is desirable that 1> RL> 0. These results are consistent
with the study on the removal of fluoride by Sujana et al.43 

We found the pseudo-second-order kinetics, with a correlation coefficient R2=1,
explained the study data better than the pseudo-first-order kinetics with R2=0.14. In a
pseudo-second-order kinetic model it is assumed that the adsorption process is
carried out by chemical absorption, in which electron transfer occurs between the
adsorbent and the adsorbate. This is consistent with the study on fluoride removal by
Yuxin et al. who also found the process complied with the pseudo-second-order
kinetics.44 

The standard enthalpy and standard entropy were positive with values of 23.37 (kJ/
mol) and 78.09 (J/mol), respectively. The Gibbs free energy values decreased at the
temperature rose from 288K to 318K and was negative at 308K and 318K. When the
∆H is positive the fluoride adsorption process by nanoparticles is an endothermic
reaction and the adsorption of this ion is more favorable at high temperatures. When
the ∆S is positive the increase in temperature increases the efficiency in the common
solid and liquid phases. A negative ∆G indicates that the adsorption process becomes
spontaneous as the temperature rises. Our findings are consistent with those of
Viswanathan, et al. on the removal of fluoride who showed that the adsorption
process is spontaneous and endothermic.45 
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CONCLUSION

The SEM and TEM analyses indicate that the size of the magnetic CoFe2O4NPs
was less than 100 nm. The properties of the magnetic CoFe2O4NPs were determined
by FTIR and XRD analyses. By determining the magnetic property, we found that the
strong magnetic nanoparticles formed had a magnetic saturation of 42 emu/g (ms). In
this study, the optimal values of the parameters were pH=3, adsorbent dosage=0.2 g/
L, initial fluoride concentration=10 mg/l, and contact time=10 min. The study of
kinetics and adsorption isotherms showed that the adsorption process is more
consistent with the Langmuir isotherm and the pseudo-second-order kinetics. The
thermodynamics of the process showed that the values of ∆S and ∆H were positive,
the ∆G value was negative at the higher temperatures of 308K and 318K, and the
process was spontaneous and endothermic.
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