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Deleterious effect of high concentration fluoride in water resources on the health 
of human. The MgO supported Fe-Co-Mn nanoparticles were produced via co-
precipitation method and characterized by SEM and FTIR techniques. In the work, 
the adsorption process optimization was performed by response surface modeling 
with the help of Minitab 16 software. The effect of  independent parameters such 
as pH ( 3-11), the initial dose (0.02-0.1 g/L), the initial concentration of the fluoride 
(10-50 mg/L) and reaction time (30-180 min) were optimized to obtain the best 
response of fluoride removal using the statistical Box-Behnken in response 
surface modeling procedure. Conditions for the pH(5), the initial concentration 
of nanoparticle (0.05 g/L),  the initial concentration of fluoride (50 mg/L) and the 
process time(90 min) were obtained as Min respectively. Under these conditions, 
the removal efficiency of the fluoride by MgO capped Fe-Co-Mn nanoparticles 
equal to 84.64% were achieved. ANONA high correlation coefficients for the 
proposed model was also obtained (adjusted –R2=0.9993 and R2=0.9984). The 
equilibrium data were analyzed using Langmuir, Freundlich,  Temkin and Dubinin-
Radushkevich isotherm models.  The Langmuir model was found to be describing 
the data. Kinetic studies showed that the adsorption followed a pseudo-second 
order reaction.
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INTRODUCTION
Fluoride is introduced into groundwater and 

surface water resources through wastewaters of 
iron, glass making, steel making, fertilizer, and 
aluminum making industries (1,2). Presence of 
fluorine at low concentrations in water resources 
has considerable effects in supplying and preserving 
the health of bones and teeth (3,4). WHO has 
limited the standard level of fluorine in drinking 

water to 1.5 mg/L, with lower values stated for 
children (5,6). Fluoride in the human body, given 
the duration of exposure, leads to dental fluorosis 
and skeletal fluorosis. Dental fluorosis which, is 
more specific to children leads to increased enamel 
porosity, diminished mineral content of teeth, and 
vulnerability of teeth (7-9). Further, fluoride causes 
other diseases such as osteoporosis, infertility, 
etc. (10, 8-12). It also affects the metabolism of 
other elements such as calcium and potassium 
in the body (13). High fluoride concentrations in 
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ground waters in 30 countries have caused more 
than 260 million people to experience health 
problems (14). Thus, use of different technologies 
for defluorination from water resources with high 
fluorine concentration or those contaminated with 
fluoride is essential (3). Various methods have 
been developed for fluoride removal categorized 
as absorption, membrane processes, coagulation 
and chemical precipitation, nanofiltration, 
reverse osmosis, and ion exchange (15-18). The 
selection of each of these methods depends on 
the concentration, region, and water resources 
available (12). Coagulation and precipitation are 
cheaper, but they cause production of harmful 
materials. On the other hand, membrane processes 
such as reverse osmosis have a high maintenance 
cost, and the ion exchange is very costly (19). 
Among these methods adsorption is a widely used 
method for defluoridation which depend on ions 
(adsorbate) in liquid diffusing to the surface of a 
solid (adsorbent)(9).

Adsorption is known as the most fundamental 
and efficient method which is environmentally 
friendly, inexpensive, efficient, and easy in 
operation (17, 20, 21). Adsorption technique 
for fluoride removal by using several adsorbents 
such as activated carbon, bentonite, red mud, 
iron oxide, zeolites, fly ash and charcoals (22-
24). In the current study, the nanoparticles of 
MgO-FCN were synthesized via co-precipitation 
method. Their structural and magnetic properties 
were studied by Scanning Electron Microscope 
(SEM). MgO-FCN-NPs was investigated  as a 
fiuoride sorbent by considering the combined 
effects of some significant parameters such as PH, 
adsorbent dose , contact time and F concentration 
by building a mathematical model that accurately 
describes the overall process. Fluoride removal 
by MgO-FCN-NPs were investigated using Box-
Bhnken design in response surface methodology, 
that most common and efficient design. It has 
advantage such as reduction consumption, in the 
number of experiment and cost (25). Moreover, 
the experimental data were analyzed by Variance 
(ANOVA), R2 and lack of fit test to evaluate the 
significant of the model.  

MATERIALS AND METHODS
Materials

Chemicals were used without further 
purification for this work. Sodium fluoride ) NaF( 
, NaOH and  H2SO4 (supplied by Sigma-Aldrich 

Co, Germany), Mn(NO3)2.6H2O (99%), Co (NO3)2 
.6H2O (99%), Fe (NO3)3.6H2O (99%) NaOH (98%), 
HCl (37%) were purchased from Merck. 

Synthesis of MgO-FCN-NPs 
MgO-FCN-NPs were produced using previously 

described method with little modification [26]. 

Characterization of MgO-FCN-NPs 
SEM (Mira 3-XMU apparatus proficient of 

700,000 x magnifications) was used to study 
morphology of nanoparticles

Batch study
A stock solution of fluoride (1000 mg/L) was 

prepared by dissolving sodium fluoride in distilled 
water, and certain concentrations of fluoride were 
obtained by further dilutions. The pH of each last 
solution was adjusted by adding 0.1N  H2SO4 and 
0.1N NaOH solution  and the pH were measured 
using an MT65 pH meter. Following design of 
experiments, 100 ml of fluorine solution with 
different pHs, absorbent doses, contact times, and 
initial fluorine concentration was poured in 250-
ml flasks, at room temperature, and mixing ratio 
of 120 rpm on a shaker. Fluorine concentrations 
with concentrations of interest were prepared 
through diluting the stock solution of fluorine. 
Once the contact time was finished, the samples 
were filtered using Whatman filter paper 0.45 µm, 
and the final absorption level of the solution was 
read at a maximum wavelength of 570 nm using 
spectrophotometer UV/Vis (Shimadzu Model: 
CE-1021-UK), and the removal efficiency (Y) was 
determined according to the following Equation 
(1).(27-29). 
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BOX-Behnken design method
Optimization of fluoride removal by the MgO-

FCN-NPs was performed through surface response 
methodology via Box-Behnken model. The effect 
of four independent variables of pH, nanoparticle 
dose, contact time, and initial concentration was 
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examined for defluorination, performed at five 
levels, according to Table 1.The percentage removal 
of fluoride as a response to each experiment and 
their predicted result is shown in Table 2. 

By applying RSM method, the following 
equation which represents the experimental 
relationship between the tested variables and 
defluorination as coded was determined.

Y = b0 + b1A + b2B + b3C + b4D + b11A2+ 
b22B2+ b33C2+ b44D2+ b12AB+ b13AC + b14AD 
+ b23BC + b24BD + b34CD

Where, Y is the response variable of each of the 
levels of factors (removal percentage)

was therefore correlated to the set of regression 
coefficients (β):intercept (β0), linear (β1, β2, 
β3), quadratic coefficients (β11, β22, β33) and 

 

 

Table 1. Coded and actual values of variable of the experimental design

Table 2.  CCD of two variables and their responses.
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interaction(β12, β13, β23) .
The individual and interaction effects of the 

variables were designed using two- and three-
dimensional plots(30,31).The quality of the 
polynomial equation fitting was evaluated using the 
coefficients obtained including R2 and adjusted-R2, 
in order to measure the most suitable model (32).

RESULTS AND DISCUSSIONS
Characterization of MgO-FCN-NPs

Morphology of MgO-FCN-NPs was 
characterized by SEM technique and SEM image of 
MgO-FCN-NPs is shown in Fig. 1.

The SEM image displays that the material consists 
of nearly spherical articles with changed sizes. 

FTIR spectra of fluoride and fluoride/
nanoparticle is presented in Fig.2.

As seen in the Fig.2 related to fluoride/
nanoparticle, the absorption band at 657.73 cm-1 is 
related to M-O (M= Mn, Co, Fe) bond. The amine 
group (CH3-N-CH3) is dedicated to the absorption 
peak of 1640.6 cm-1.  Absorption band at 2068.65 
cm-1 and broad band at 3459.14 cm-1 is related to 
the =C-H aromatic group and the – COOH group 
of Rhodamine B (The interaction of Rhodamine B 
with cluster structure) respectively. In Fig.2  related 
to before adsorption, the peak at 1548.34 cm-1 is 
assigned to the M-O bond, which was shifted to the 
right in the previous spectrum due to Rhodamine 
B of the electronegative electron groups, which was 
657.73 cm-1. A absorption peak at 1662.95 cm-1 
can be attributed to the structure of the – O-H is 
due to the M-OH bond and band at 3472.80 cm-1 
was assigned to presence of H2O in the structure.

 
Fig.1 SEM image of nanoparticles 
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Figure 2. FTIR spectra of fluoride and fluoride/nanoparticle  

  

Fig.1. SEM image of nanoparticles

Fig. 2. FTIR spectra of fluoride and fluoride/nanoparticle
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RSM approach and statistical analysis 
Statistical analysis  of the results (RSM) lead to 

empirical relationship that mathematically express 
F removal percentage as function of interaction 
and individual contribution of variables.

The coefficients of Relation (12) were obtained 
using Minitab 16 software, whereby the following 
second order relation between the response variable 
and resulting independent variables after removal 
of parameters with minimal impact was obtained.

Final Equation in Terms of Coded Factors:
Fluoride removal =+123.36-0.58A+3.74B-

1.08C+19.11D-0.047AB+0.17AC+0.078AD+0.73BC-
0.23BD-0.016CD-1.17A2-1.80B2-0.17C2-0.42D2

The equation of fluoride removal indicates that 
the initial concentration of fluoride and contact time 
have had a positive effect and direct relationship 
on fluoride removal, and had a desirable effect on 
optimization. On the other hand, pH and absorbent 

dose have been negative, representing the inverse 
relationship between the parameter and response 
(33).To analyze the significance and the fitness of 
the obtained model, analysis of variance (ANOVA) 
is used. Table 3 presents the results of ANOVA (34).

R2 shows that to what extent variability in the 
response variable can be explained by experimental 
factors and their interaction effects. R2 predicted 
for fluoride was equivalent to (0. 0.9984), which 
had a logical proportion with R2

ADJ (0.9993). 
Therefore, there was a good match between the 
values predicted by the model and the results 
obtained from the experiments. Furthermore, the 
obtained value (0.999) suggests that around 99.9% 
of the variability in the extent of removal has been 
justified by the independent variables. Comparison 
between the actual efficiency and predicted 
efficiency in the fluoride absorption process 
using MgO supported Fe-Co-Mn NPs has been 
presented in Table 4, revealing that there is a good 
and acceptable relationship between the obtained 
experimental values and the predicted values given 
the value of R2.

Values of Prob>F at less than 0.05 showed the 
model terms are significant for F removal-value 
for the model is less than 0.05, confirming that the 
presented model can well predict experimental 
results.The results of second order regression 

 

 

 

Table 3.  ANOVA for Response Surface Quadratic Model

 

 

Table 4. Model summary of the experimental design of fluoride 
adsorption from aqueous solution using MgO-FCN-NPs
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model indicated that that second order model with 
Fmodel=2856.91 and prob>F<0.0001 was very 
significant (31).The lack-of-fit test compares the 
Pure error to residual error from replicated design 
points. The lack-of-fit F-value 0.0341 is significant 
as the p-value is < 0.05. 

The coefficient of variations (CV) represents 
variability of the model results. A model is 
considered replicable if its CV is less than 10% 
(30). CV in this study has been 0.34, suggesting 
replication of the results obtained from the model 
(35). The difference between the response obtained 
from the experiment and response fitted by the 
model is called the residual. The points obtained 

from the experiment should lie on a straight line, 
whereby it can be concluded that the residual has 
a normal distribution (36). As can be observed in 
Fig.3, The residual has normal distribution.

Effect of interaction variales
The solution pH can affect dissociation of 

applied groups on the active sites of nanoparticles, 
structure of pollutants, and bonds of the 
nanoparticles surface (37).

Fig 4. Illustrates the two-dimensional and three-
dimensional diagrams of the extent of removal 
as a function of nanoparticles dose and pH for 
performing the process with a solution at constant 

 
 

Figure.3 The studentized residuals and normal % of probability residuals for defluoridation 
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Fig. 3. The studentized residuals and normal % of probability residuals for defluoridation

 

Figure4. 3D surface and 2D contour plot of the interactive effect of pH and dose on F removal 

efficiency by MgO-FCN-NPs at constant F concentration and time 

  

Fig. 4. 3D surface and 2D contour plot of the interactive effect of pH and dose on F removal efficiency by MgO-FCN-NPs at constant 
F concentration and time
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concentration of fluoride 20 mg/L and contact time 
of 60 min, where the removal efficiency reached its 
maximum(99.9%) at pH=5 and nanoparticles dose 
of 0.05g/L

With an elevation of pH, fluoride removal 
efficiency from aqueous solutions decreases. 
Further, with the rise of the nanoparticles dose, 
Fluoride removal efficiency increased and reaches 
an optimal point.  Thereafter, with elevation of the 
nanoparticles content, the removal efficiency will 
find a descending trend. The optimal value of the 
nanoparticles dose is obtained as 0.05g/L. 

At acidic pHs, H+ ions dominate the 
nanoparticles surface, whereby the nanoparticles 
surface finds a positive flux, the electrostatic 
attraction force between fluoride anions and 
nanoparticles surface grows, thereby enhancing 
the removal efficiency (27,38). At higher pHs and 

with accumulation of OH+ ion on the nanoparticles 
surface, the repulsive force between the 
nanoparticles surface and fluoride ion increases, 
causing diminished efficiency (27,39). A similar 
result was reported by Vardhan and Srimurali(18).

Another influential parameter affecting the 
efficiency of contaminant removal processes is the 
absorbent dose. Fig.5, Fig.6 and Fig.7 demonstrate 
the effect of interactive parameter of MgO supported 
Fe-Co-Mn NPs dose and other variables. Here, the 
Defluoridation  value  first  increased  slightly  with 
elevation of the nanoparticles dose from 0.02 to 
0.05g/L (98.5-99.9%), After which with the rise of 
the MgO-FCN-NPs dose from 0.05 to 0.1g/L, the 
repulsive force between the nanoparticles results in 
inaccessibility of all active sites of the nanoparticles 
for the fluoride ion (27,40), where there removal 
efficiency reaches 94%.

 

Figure5.3D surface and 2D contour plot of the interactive effect of dose and F concentration on F 

removal efficiency by MgO-FCN-NPs at constant pH and time 

  
 

 

Figure6.3D surface and 2D contour plot of the interactive effect of pH and F concentration on F 

removal efficiency by MgO-FCN-NPs at constant dose and time 

  

Fig. 5. 3D surface and 2D contour plot of the interactive effect of dose and F concentration on F removal efficiency by MgO-FCN-NPs 
at constant pH and time

Fig. 6. 3D surface and 2D contour plot of the interactive effect of pH and F concentration on F removal efficiency by MgO-FCN-NPs 
at constant dose and time
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Fluoride ion has been initially absorbed on the 
free sites of the nanoparticles at the beginning of the 
process 90 min(99%) at a high rate, and over time 
the removal efficiency did not have a considerable 
increase and remained almost constant.

At the beginning of the process, the entire 
surface of the absorbent has been active and 
fluoride solution concentration has been high. 
Therefore, they are rapidly absorbed by the 
active sites of the nanoparticles where a layer of 
fluoride ion has formed on the external surface 
of nanoparticles, which blocks the pores of the 
absorbent, and over time, absorption on the 
internal surface of nanoparticles becomes limited 

(41). With the rise in fluoride concentration, the 
removal efficiency grows due to the concentration 
of fluoride on the surface of nanoparticles and 
increase the probability of collisions between 
nanoparticles molecules and fluoride (42). Study 
conducted by Viswanathan and Menakshi, (2008) 
reported that fluoride removal was rapid in the 
first 40 minutes, followed by a constant amount, 
and also reported an increase in fluoride uptake by 
increasing fluoride concentration(43). Fig. 8 shows 
the simultaneous effect of time and initial fluoride 
concentration on the fluoride removal efficiency by 
MgO-FCN-NPs and also Fig. 9 shows the effect of 
time and pH on fluoride removal.

 

 

Figure7.3D surface and 2D contour plot of the interactive effect of time and dose on F removal 

efficiency by MgO-FCN-NPs at constant F concentration and pH 

  

Fig. 7. 3D surface and 2D contour plot of the interactive effect of time and dose on F removal efficiency by MgO-FCN-NPs at constant 
F concentration and pH

 

 
 

 

 

Figure8.3D surface and 2D contour plot of the interactive effect of time and F concentration on F 

removal efficiency by MgO-FCN-NPs at constant dose and pH 

  

Fig. 8. 3D surface and 2D contour plot of the interactive effect of time and F concentration on F removal efficiency by MgO-FCN-NPs 
at constant dose and pH
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Figure9.3D surface and 2D contour plot of the interactive effect of time and pH on F removal 

efficiency by MgO-FCN-NPs at constant F concentration and dose 

  

Fig. 9. 3D surface and 2D contour plot of the interactive effect of time and pH on F removal efficiency by MgO-FCN-NPs at constant 
F concentration and dose
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Table 5. The Kinetic equationsed in the study (27,28,37)

Isotherm and kinetic modeling 
Isotherm is a parameter representing the 

relationship between the concentration of the 
absorbate and the absorption capacity of the 
absorbent. In this study, Freundlich, Langmuir, and 

Temkin absorption isotherms have been used for 
mathematical modeling of the fluoride absorption 
process. After plotting different absorption 
diagrams, considering their correlation coefficients, 
it can be concluded which type of absorption 
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curve has a great fit with experimental data of the 
absorption process.

Kinetic equations are used to describe the 
behavior of transfer of the molecules of the 
absorbate per unit of time on the surface of 
absorbent and investigating the variables affecting 
the reaction rate. In the present study, pseudo-first 
order and pseudo-second order plus interarticular 
effusion kinetic models have been used to 
investigate the factors affecting the reaction rate of 
fluoride absorption process on MgO-FCN-NPs.

The equations and parameters of isotherms 

and adsorption kinetics are presented in Table 5, 
and the values of isotherm parameters and fluoride 
absorption kinetics by the MgO-FCN-NPs have 
been calculated and presented in Table 6. The 
result reported that correlation coefficients (R2) for 
Langmuir are more than another isotherm(0.894). 
So that indicated that the experimental data fitted 
well with the Langmuir model. 

Optimization of the absorption process in removing 
fluoride by MgO-FCN-NPs

 In order to obtain the optimal conditions for 

 

20 40 60 80 100 120 140 160 180 200

0.5

1.0

1.5

2.0

2.5

3.0

3.5

4.0
 0.999
 y=0.02+0.01

t/q
t, (

m
in

.g
/m

g)

Time, min

Fig. 10.

 

Table 6. Kinetic and Isotherm parameters for adsorption of F onto MgO-FCN-NPs for optimal condition
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fluoride removal using the absorption process, the 
optimization process in a mixed search of level of 
variables at which the maximum fluoride removal 
occurs. Minitab software chooses the level of 
response during the best operational conditions 
within the range of operational variables of pH, 
nanoparticles dose, contact time, and initial 
concentration of input fluoride to the process and 
predicts them, as presented in Table 7.

To confirm the results obtained from the 
prediction of the model, an experiment was 
performed under optimal conditions. The results of 
the experiment had a good match with the extent 
of fluoride removal predicted by the model under 
optimal conditions.

CONCLUSIONS
The effect of parameters such as Ph, fluoride 

concentration, dose nanoparticle and time on 
adsorption fluoride by MgO-FCN-NPs can be 
well described by Quadratic model using response 
surface methodology based oneBox-Behnken 
design.The optimum values of the differences was 
determined in the adsorption process for fluoride 
the aqueous phase were 50 mg/L for initial F 
concentration, Ph 5for solution, and 0.05 g/L 
for dose MgO-FCN-NPs . The equilibrium data 
obtained for MgO-FCN-NPs

Is fitted to the Langmuir adsorption isotherms 
more than other model that indicated by higher 
correlation coefficient value of ().  The values of the 
coefficient of determination, R2 (0.9984) and the 
adjusted R2 (0.9993) indicates that the process can 
be described by the RSM. The synthesized MgO-
FCN-NPs have been applied successfully for the 
adsorptive removal of fluoride from its aqueous 
solution.
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