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a b s t r a c t
Fluorine is found in high concentrations in the earth’s crust and in the groundwater. In this research, 
fluoride adsorption at the concentrations of 1–10 mg/L in the aqueous solutions was optimized by 
response surface methodology using sonocatalyst process in a frequency of 30 kHz by zeolitic imid-
azole framework-8 (ZIF-8) in dosage between 0.01 and 0.09 g/L, and pH from 3 to 11. According 
to the results, optimum conditions with removal efficiency of 92.17% was found at the fluoride 
concentration of 1.2 mg/L, ZIF-8 dosage of 0.08 g/L, and pH 6.52. Experimental data were well fitted 
on the Freundlich model (R2 = 0.99); therefore, the adsorption was multilayer with a favorable affin-
ity between fluoride and ZIF-8. The maximum adsorption capacity of ZIF-8 was obtained to be 
33.11 mg/g. Also, the pseudo-second order model had the best agreement with data (R2 = 0.99). 
Finally, this study demonstrated that the sonocatalyst process in combination with ZIF-8 is a 
promising and efficient method for adsorption of fluoride from aqueous solutions.
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1. Introduction

Fluoride is one of the elements in drinking water, which
can impose effects on the human health depending on the con-
centration and exposure duration. In the last three decades, 
several studies have reported the dental and skeletal fluoro-
sis due to the presence of fluoride ion more than the WHO 
guideline, that is, 1.0–1.5 mg/L [1]. Fluoride has been found 
above the concentration limit provided by WHO guideline in 
several cities in Iran, for example in Mashhahd, Yazd, Shiraz 
and Zahedan [2,3]. Also, fluoride concentration above the 
WHO guideline has been reported in the drinking water of 
several countries [4–8]. Therefore, the high concentration of 

fluoride in water bodies has been considered as a universal 
problem, mainly in the groundwater and the hence removal 
of fluoride from the water sources is a major challenge for 
public health. 

The conventional methods have been applied for removal 
of fluoride from water resources included chemical precip-
itation, adsorption, ion exchange, reverse osmosis, electro 
coagulation and nano-filtration [9–11]. Advanced oxidation 
process (AOP) as an efficient method is broadly applied to 
remove the different pollutants in aqueous solutions [12]. The 
usage of ultrasonic waves for mechanical mixing has been 
considered as a new method in the AOPs. It can intensify the 
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production of free radicals such as (•O, •OH, •H) or oxidiz-
ing agents such as hydrogen peroxide [13]. The existence of a 
catalyst can improve the breakdown of pollutants during the 
cavitation mechanism through further nuclei and increase 
the number of collisions [14]. Today, it is suggested to apply 
the low cost and novel adsorbents for treatment of pollutants 
in the water and wastewater [15]. Zeolitic imidazole frame-
works (ZIFs) consist of mineral part of zinc metal (ZnN4) and 
the organic part (2-methylimidazole), and are novel adsor-
bents among metal-organic frameworks (MOFs) [16]. MOFs 
have been successfully used for the removal of several pol-
lutants including methylene blue dye [17], arsenic [18], fluo-
ride [19–21] and antibiotic [22]. To the best of our knowledge, 
there has been no research regarding the fluoride adsorption 
under the sonocatalyst process by using ZIF-8 from aqueous 
solutions. 

2. Materials and methods

2.1. ZIF-8 synthesis

0.59 g of Zn(NO3)2·6H2O and 1.30 g of 2-methylimidaz-
ole (2-MIM) were added into 40 mL of deionized water to 
synthesize ZIF-8. Then, this solution was mixed for 4 h at 
20°C. The products were separated by using centrifugation, 
washing with deionized water drying at 60°C for 24 h, and 
then, keeping it in a desiccator until use [23]. 

Characterizations of the ZIF-8 was analyzed by using 
scanning electron microscope coupled with the energy- 
dispersive X-ray spectroscopy (SEM-EDX) (HITACHI Model 
S-4160, Germany), X-ray diffraction (XRD) (Philips, Model 
XPERT PW 3040/60, The Netherlands) and Fourier transform 
infrared spectroscopy (FTIR) (HP 6890).

2.2. Experimental design

Response surface methodology (RSM) was used to study 
the effect of independent variables (Table 1) on the response 
(fluoride removal efficiency) and optimize the value of 
variables.

RSM is a complex of the mathematical and statistical 
approaches that are used to optimize processes. The main 
advantages of this approach are the reduced number of 
experiments, calculating the complex interaction between 
the independent variables, analysis and optimization as well 
as the improvement of existing design [24].

This method applies the central composite design (CCD) 
as an experimental design to fit a model by the technique of 
least squares. In this method, significant variables are deter-
mined in a factorial design. Then, experiments are designed 

according to the Montgomery method in a rotatable CCD for 
independent variables [25]. An empirical second order poly-
nomial regression model is set on the experimental method 
results (Eq. (1)):
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where Y shows the response; xi and xj are independent 
variables (i and j ranging from 1 to k); β0 is the constant 
term; βj is the linear coefficient, βij is the interaction coef-
ficient, and βjj is the quadratic coefficient; k is the number 
of independent variables (k = 3 in the current study) [24]. 

2.3. Batch adsorption studies

Batch adsorption studies were investigated based on the 
experimental design in triplicate. pH values were adjusted by 
using H2SO4 or NaOH (1 N). Also, NaF (2.21 g) was dissolved 
in the distilled water (1,000 mL) to prepare a stock solution 
of fluoride. 

Fluoride solutions at different concentrations, ZIF-8 
dosages, and pH values were agitated by magnetic stirrer 
at 200 rpm, and then sonicated in an ultrasonic bath (Elma 
Ultrasonic model TI-H-25, Germany) at 30 kHz for 45 min. 
After that elapsed, the samples were filtered (0.45 μm, 
Whatman filter paper) and the residual fluoride concen-
tration was analyzed by a UV-visible spectrophotometer 
(PerkinElmer, Lambda 25, United States) at a maximum 
wavelength of 570 nm according to the standard methods for 
the examination of water and wastewater [26]. The amount 
of the adsorbed fluoride at equilibrium (qe) and as well as the 
fluoride removal efficiency (Y) was calculated using Eqs. (2) 
and (3), respectively: 

q V
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Y
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where Ce and C0 are the equilibrium and initial con-
centrations of fluoride (mg/L), respectively, qe is the 
adsorbed fluoride on the adsorbent (mg/g) at the equi-
librium conditions, V is the volume of the solution (L), 
M is the mass of the adsorbent (g), and Y is the removal 
efficiency [27].

Table 1
Independent variables and their levels (coded and uncoded)

Independent variables Unit Symbol Level of variables

–1.68 –1 0 +1 +1.68

Fluoride concentration mg/L X1 1 2.82 5.5 8.18 10
ZIF-8 dosage g/L X2 0.01 0.03 0.05 0.07 0.09
pH – X3 3 4.62 7 9.38 11
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2.4. Statistical analysis

The relationship between the independent variables 
and response was explored in the multiple regression 
analysis through the generalized least square using the 
Design-Expert software (version 10). The mean difference 
of fluoride removal between independent variables was 
compared in a two-way analysis of variance (ANOVA) 
test. The p-value less than 0.05 was defined as a significant 
level.

3. Results

3.1. ZIF-8 characterization

The SEM and EDX images are shown in Figs. 1a and b, 
respectively. Fig. 2 presents the XRD pattern of ZIF-8. FTIR 
spectrum of ZIF-8 is displayed in Fig. 3. 

3.2. Central composite statistical analysis

The results of CCD and fluoride removal percentage 
in terms of predicted and actual responses are represented 
in Table 2. Second order model was considered as the best 
regression model between input variables and fluoride 
removal percentage as the response.

Response was evaluated as a function of fluoride con-
centration (X1), ZIF-8 dosage (X2), and pH (X3) and calcu-
lated as the sum of a constant, three first-order effects (X1, X2 
and X3), three interaction effects (X1X2, X1X3 and X2X3) and 
three second order effects (X1

2, X2
2 and X3

2) (Eq. (1)). ANOVA 
results for the fitted polynomial model are presented in 
Table 3. The fitness between predicted and actual responses 
is shown in diagnostics plot in Fig. 4. The p-value for lack 
of fit was gained to be insignificant (p-values > 0.05).

Coefficients of the second order model were estimated 
through the procedure of multiple regression analysis in 
RSM. The fitted model in terms of the actual factors for the 

 
Fig. 1. Characterization of ZIF-8, (a) SEM image, (b) EDX image.

Fig. 2. XRD pattern of ZIF-8.
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Fig. 3. FTIR spectrum of ZIF-8. X axis: wavelength (cm–1). Y axis: transmittance (%).

Table 2
Central composite design (CCD) and observed responses for fluoride removal

Run Coded variables Actual variables Fluoride removal (%)

X1 X2+ X3 Fluoride  
concentration

ZIF-8  
dosage

pH Experimental Predicted+

1 0 0 –1.68 5.50 0.05 3.00 83 87
2 0 0 0 5.50 0.05 7.00 82 84
3 –1 1 1 2.82 0.07 9.38 86 91
4 0 0 0 5.50 0.05 7.00 77 84
5 1 –1 1 8.18 0.03 9.38 57 58
6 0 –1.68 0 5.50 0.01 7.00 75 75
7 –1 –1 1 2.82 0.03 9.38 75 75
8 –1 1 –1 2.82 0.07 4.62 85 89
9 1 –1 –1 8.18 0.03 4.62 87 87
10 0 1.68 0 5.50 0.09 7.00 82 94
11 1 1 –1 8.18 0.07 4.62 85 94
12 0 0 0 5.50 0.05 7.00 81 84
13 –1 –1 –1 2.82 0.03 4.62 81 82
14 –1.68 0 0 1.00 0.05 7.00 85 89
15 0 0 0 5.50 0.05 7.00 77 84
16 0 0 0 5.50 0.05 7.00 84 84
17 0 0 1.68 5.50 0.05 11.00 58 64
18 0 0 0 5.50 0.05 7.00 80 84
19 1.68 0 0 10.00 0.05 7.00 76 79
20 1 1 1 8.18 0.07 9.38 66 74
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significant coefficients is shown in Table 3 (p-values < 0.05) is 
given by Eq. (4):

Y X X

X

fluoride Removal  % . . .

.

( )( ) = + + × × +

×

( ) − ( )52 51 4 91 32 94

7 53
1 2

3(( ) − −× × + × × ×( ) ( ) ( ). . .0 86 39 77 0 551 3 2 3 3
2X X X X X
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where X1, X2 and X3 are fluoride concentration, ZIF-8 dosage, 
and pH, respectively.

3.3. Validation of the model

According to the numerical optimization results, pre-
dicted maximum efficiency based on the fitted regression 
model (Eq. (4)) was found to be 90.67% in the optimum 
value of variables, that is, 1.2 mg/L, 0.08 g/L and 6.52 for 
fluoride concentration, ZIF-8 dosage, and pH, respectively. 
The experimental fluoride removal efficiency based on the 
optimum conditions obtained was attained to be 92.17% in 
triplicate experiments. 

3.4. Effect of various parameters on the fluoride removal efficiency

Contour plots of significant two-way interactions accord-
ing to Table 3, that is, fluoride concentration with pH and 
ZIF-8 with pH are graphically displayed in Figs. 5a and b, 
respectively. In these plots, the effect of two variables on the 
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Fig. 4. Diagnostic plot of removal efficiency; predicted vs. actual.

Table 3
Analysis of variance (ANOVA) results for the fitted polynomial 
model for fluoride removal in sonocatalyst process by ZIF-8

Source Sum of squares df Mean square p-value

Model 1,355.45 9 150.61 <0.0001
X1 162.69 1 162.69 0.0004
X2 78.6 1 78.60 0.0044
X3 675.46 1 675.46 <0.0001
X1X2 8 1 8 0.27
X1X3 242 1 242 <0.0001
X2X3 40.5 1 40.50 0.0253
X1

2 2.46 1 2.46 0.5317
X2

2 1.56 1 1.56 0.6172
X3

2 140.49 1 140.49 0.0006
Residual 58.67 10 5.87
Lack of fit 19.03 5 3.81 0.78
Pure error 39.63 5 7.93

Note: X1: Fluoride concentration, X2: ZIF-8 dosage, X3: pH. R2: 0.95, 
Adjusted R2: 0.92, Predicted R2: 0.90.
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Fig. 5. Contour plots of fluoride removal (%) as a function of (a) 
fluoride concentration and pH, (b) ZIF-8 dosage and pH.



275N. Khoshnamvand et al. / Desalination and Water Treatment 171 (2019) 270–280

removal efficiency is plotted, while the third variable is at the 
fixed central level. 

3.5. Effect of fluoride concentration on the fluoride removal

Contour plot of fluoride removal (%) as a function of 
fluoride concentration from 1 to 10 mg/L and pH between 
3 and 11 is visualized in Fig. 5a. An increased initial fluo-
ride concentration was resulted into the decrease removal 
efficiency.

3.6. Effect of ZIF-8 dosage on the fluoride removal

Removal efficiency is compared in the different ZIF-8 
dosages in the range of 0.01–0.09 g/L and pH from 3 to 11 
in Fig. 5b. Fluoride removal was improved in the ZIF-8 
dosage between 0.01 and 0.08 g/L. Then, efficiency was 
reduced in the ZIF-8 dosage more than mentioned range.

3.7. Effect of pH on the fluoride removal

Also, Figs. 5a and b have depicted the effect of pH 
between 3 and 11 on the fluoride removal at the different 
fluoride concentrations and ZIF-8 dosages, respectively. 
In both plots, increased efficiency was obtained in the pH 
range from 3 to 6.52 and it was decreased in pH values 
higher than 6.52.

3.8. Isotherm study

In the present study, four isotherm models including 
the Langmuir, Freundlich, Dubinin–Radushkevich and 
Temkin were analyzed. Information on the fitted isotherm 
models on experimental data is characterized in Table 4 
and Figs. 6a–d. As seen in Table 4, the value of R2 for the 
Freundlich model is maximum compared with other iso-
therm models (R2 = 0.99). The n value was found to be 2.22 
(Table 4). The maximum adsorption capacity (qmax) of ZIF-8 

for the fluoride adsorption in the current study was found 
to be 33.11 mg/g according to the Eq. (5):

K
q

C
f

m

n

=

0

1  (5)

where Kf is Freundlich adsorption constant (L/mg), qm is 
the Freundlich maximum adsorption capacity (mg/g), 
C0 is the initial concentration of the solute in the bulk 
solution (mg/L) and n is sorption capacity [28]. Maximum 
capacity of different adsorbents for fluoride adsorption is 
compared in Table 5.

3.9. Kinetic modelingW

Results of the fluoride removal efficiency at the con-
centrations of 1–10 mg/L during 10–45 min in the adsor-
bent dosage and pH value in optimum points were fitted 
on the four kinetic models, that is, pseudo-first order, 
pseudo-second order, intraparticle diffusion and Elovich. 
Other variables included ZIF-8 dosage and pH were set 
in the obtained optimum contents. Table 6 and Figs. 7a–d 
explain findings from the kinetic study. According to 
Table 6, the pseudo-second order kinetic model had big-
ger R2 values (R2 = 0.99), then it could be concluded that 
this model had a better agreement on the experimental 
data.

4. Discussion

Leaf-shaped ZIF-8 is shown in Fig. 1a. Condition of 
synthesis and type of solvent can affect the morphology 
of ZIF-8. Synthesized ZIF-8 in the present study had a 
mean particle size of 5,000 nm according to the SEM anal-
ysis. Main elements in the ZIF-8 were detected in EDX 
analysis (Fig. 1b) as nitrogen (N), oxygen (O) and zinc 
(Zn) with a weight percentage of 92.8%, 7.1% and 0.1%, 

Table 4
Results of isotherm study

ValueParameterPlotLinear formFormulaModel

22.73qmax (mg/g)Ce/qe vs. CeCe/qe = Ce/qm + 1/qm·kLqe = qm·b·Ce/1 + kL·CeLangmuir

0.29kL (L/mg)
0.87R2

5.01Kf (L/mg)log qe vs. log Celog qe = log kf + 1/n log Ceqe = kf Ce
1/nFreundlich

2.22n
33.11qmax (mg/g)
0.99R2

7.14Kt (L/mg)qe vs. ln Ceqe = B1 ln kt + B1 ln Ceqe = RT/b ln (kt·Ce)Temkin
3B1

0.94R2

7.39qmax (mg/g)ln qe vs. ε2ln qe = ln qm–B·ε2qe = qm exp. (–B.ε2)Dubinin–Radushkevich
0.0002B
50E (kJ/mol)
0.89R2
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respectively. The major peaks in the XRD pattern (Fig. 2) 
were detected at 2θ among 1°, 18° and 30°. Strong peaks 
in the mentioned range could be a proper indicator to 
show the crystallization of the adsorbent. The XRD pat-
tern of the ZIF-8 synthesized in the current study was 
consistent to another study [29]. 

FTIR spectra in Fig. 3 in the range of 600–4,000 cm–1 

were attributed to the ligand 2-MIM. These peaks were 
in accordance with other studied [30]. Peaks from 600 
to 1,500 cm–1 can be allocated to stretching and bending 
types of the imidazole ring. The peak at 1,569 cm–1 was 
related to the stretching bond of C=N in 2-MIM. Peaks at 
1,178 cm–1 can be assigned the C–N stretching bond [30]. 
Peaks at 2,925 and 3,137 cm–1 may be achieved from the 
stretching mode of C–H in 2-MIM, inside the aromatic 
ring and the aliphatic chain, respectively. Peaks from 3,000 
to 3,500 cm−1 were associated to the water. A broad peak 
at ~3,400 cm−1 approved the symmetric and asymmetric 
stretching bonds of H2O [31,30].

Second order polynomial model was fitted between 
the actual responses obtained from the experiments and 
independent variables presented in Table 2. Based on the 
adjusted correlation coefficients value (R2) equal to 0.92, 
it could be concluded that there was an acceptable correla-
tion between predicted responses from the fitted model and 
actual data from experimental studies. Also, a good fitness 
between predicted and actual responses is visualized in 

Fig. 4. A high value of R2 cannot approve that the best model 
is selected. Therefore, the lack of fit can be a useful index 
to select the accurate regression model. Lack of fit value 
would be calculated through the difference between of sum 
of the squares for the actual response and its predicted val-
ues from the fitted model. An insignificant lack of fit was 
favorite (p-value > 0.05) because it showed the validation of 
model [24]. According to Table 3, the insignificant lack of fit 
with a p-value equal to 0.78 showed that the model could 
accurately predict responses. As seen in Table 3, all inde-
pendent variables included fluoride concentration, ZIF-8 
dosage, and pH had a significant effect (p-value < 0.05) on 
the fluoride removal in the present study. 

Based on Fig. 5a, fluoride removal was attenuated by 
the increased fluoride concentration. This finding could be 
justified due to the more active sites on the adsorbent sur-
face at the lower fluoride concentrations. Our result was in 
accordance to the other studies [32–34].

The increased dosage of ZIF-8 seriously improved the 
fluoride adsorption (Fig. 5b). The increased adsorption with 
an increased ZIF-8 dosage could be assigned to the higher 
surface area and more accessible active sites and also addi-
tional nuclei for the production of cavitation bubbles [35]. 
But, adsorption was decreased in the ZIF-8 dosage more than 
optimum value of 0.08 g/L, possibly due to the aggregation 
of ZIF-8 particles and consequently restriction of the active 
sites that contribute to the production of •OH in the solution. 

Table 5
Comparative investigation of maximum adsorption capacity of fluoride using different adsorbents

Adsorbent Maximum adsorption capacity (mg/g) Reference

Uio-66 functionalized with amine groups 41.5 [19]
ZIF-8 25 [21]
Uio-66 20 [21]
Metal organic frameworks 31 [20]
ZIF-8 33.11 This study

Table 6
Results of kinetic study

Fluoride concentration (mg/L)
Parameter

PlotFormulaModel

108531

0.030.010.020.040.03K1 (min–1)log (qe–qt) vs. tlog (qe–qt) = log qe–k1·tPseudo-first order
1.861.311.140.970.57qe (cal) (mg/g)
0.990.990.870.880.97R2

0.020.030.040.080.34K2 (min–1)t/qt vs. tt/qt = 1/k2·qe
2 + (t/qe)Pseudo-second order

9.17.14.53.30.9qe (cal) (mg/g)
0.990.990.990.990.99R2

0.610.360.240.10.04Kp (mg/g min–0.5)qt vs. t0.5qt = kp·t0.5 + cIntraparticle diffusion
3.63.752.371.80.58C (mg/g)
0.980.960.930.950.99R2

0.71.231.794.3511.11β (g/mg)qt vs. ln tqt = 1/β ln (α·β) + 1/β ln tElovich
6.0932.1315.26194.9518.67α (mg/g min–1)
0.990.910.860.940.98R2
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Moreover, ultrasonic irradiation may scatter close to the cat-
alyst surface in the further contents of catalyst, so the deg-
radation rate of sonocatalytic could be limited. In addition, 
increased sonocatalyst can consume •OH at the interface 
of liquid–gas. Furthermore, higher dosages of sonocatalyst 
would produce the weak collapse of bubbles and reduce 
the production of •OH due to the accumulation of sono-
catalytic by-products in the cavitation bubbles [35].

Based on Figs. 5a and b, increasing pH from 3 to 6.52 
(optimum point) augmented fluoride removal efficiency. 
According to the pH of zero-point charge (pHzpc) for ZIF-8 
equal to 9.6 [13,16], the fluoride adsorption mechanism in 
pH values between 3 and 6.52 could be attributed to changing 
of the surface charge in the ZIF-8 and electrostatic attraction. 
Other studies have also concluded that removal efficiency 
may be decreased by increasing the solution pH [36,37]. 
A smaller efficiency in the acidic pH could be associated to 
dissolve the ZIF-8 in this pH range [16].

In the isotherm studies, the Freundlich was selected 
as the best isotherm model due to a higher value of R2 

compared with other models (Table 4). Therefore, the flu-
oride adsorption was multilayer and fluoride molecules 
responded first with the surface of ZIF-8 and after that 
with each other. The n index in the Freundlich model char-
acterizes adsorption intensity that its value in the range of 
2–10 indicates a favorable adsorption process [38]. So, the 
n value equal to 2.22 in this study (Table 4) represented a 
favorable adsorption process. The affinity between fluoride 
and ZIF-8 can be determined through RL (dimensionless) 
in the Langmuir model from Eq. (6):

R
bCL = +
1

1 0

 (6)

where C0 and b are the fluoride concentration (mg/L) and 
the Langmuir isotherm constant (L/mg), respectively. 

Adsorption process can be categorized according to 
the RL value as follows: unfavorable (RL > 1), linear (RL = 1), 
favorable (0 < RL < 1), or irreversible (RL = 0) [39]. The average 
of this parameter was found to be 0.53 in this study that 
approved the process of fluoride adsorption was favorable 
through applied adsorbent under the conditions of this 
research.

The pseudo-second order model had a larger R2 value 
(Table 6), then it could be stated that this model had a 
better agreement with the experimental data in this stud-
ies. Dominant of the pseudo-second order model showed 
that chemisorption process was the key mechanism in the 
adsorption process in current study [37]. Similarly in the 
study of Shams et al. [13] on the adsorption of phosphorus 
by cubic zeolitic imidazolate framework-8, the pseudo- 
second order model had a better fitness on the experimental 
data.

5. Conclusions

Results of the current study showed that sonocatalyst pro-
cess by the ZIF-8 had a good efficiency for fluoride removal 
from aqueous solutions. Process had a maximum efficiency 
of fluoride removal (92.17%) in the pH value = 6.52, ZIF-8 
dosage = 0.08 g/L and fluoride concentration = 1.2 mg/L. 

A good fitness of the Freundlich model on the experimen-
tal data approved a multilayer adsorption process with the 
maximum capacity of 33.11 mg/g. According to fitness of 
the pseudo-second order model on data, the chemisorption 
process was considered as the fundamental mechanism in 
the adsorption process. Findings showed that the sonocat-
alyst process in combination with ZIF-8 as the catalyst in 
examined conditions could efficiently remove fluoride from 
aqueous solutions.
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