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ABSTRACT: The aim of the present study was to study the removal of fluoride from
synthetic aqueous solutorganicions by ammonium aluminium sulfate (NH4)AI(SO,),.
Response surface methodology (RSM) was employed in order to optimize and analyse
the operating variables of the initial fluoride concentration, the sorbent dosage, the pH,
and the contact time. The maximum percentage removal of fluoride in the optimum
conditions (initial fluoride concentration = 6.80 mg/L, adsorbent dose = 3.25 g/L, pH =9,
and time = 16.5 min) was 100%. The high value of the coefficient of determination
(R?=0.97) indicated the adequacy of the linear model to predict the removal of fluoride.
Isotherms results showed that the Freundlich model provided the best fit for the fluoride
adsorption. The experimental data also followed closely the pseudo second-order
kinetic model with a correlation coefficient of 0.99. This study revealed that ammonium
aluminium sulfate is an efficient adsorbent for the removal of fluoride.
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INTRODUCTION

Fluoride, particularly as a topical application, is used in several countries to prevent
and treat dental caries.! However, the continuous consumption of drinking water
containing excessive amounts of fluoride can result in various problems such as
dental and skeletal fluorosis, and the various forms of non-skeletal fluorosis
including thyroid disorder, brain damage, renal and hepatic impairment, and
osteosarcoma.””’ Many studies have shown a fluoride level in water sources,
particularly ground water, that is higher than the upper acceptable level
recommended by the WHO (1.5 mg/L) in the many parts of world, including Africa,
Mexico, India, and China.31% Also in some of regions in Iran, the fluoride
concentration is above the guideline value of WHO. '!"13 High levels of fluoride in
drinking water can occur from either geological deposits or industrial wastewater
contaminated with fluoride such as from glass and ceramic manufacturing
industries,14 aluminum and zinc smelters,15 and superphosphate fertilizer and
semiconductors production  industries.!®!” During recent decades, in order to
remove fluoride from drinking water, various techniques have been used such as ion
exchange,l8 precipitation,l9 reverse osmosis,”’ elec‘[rodialysis,21 Donnan dialysis,22
nanofiltration,> and adsorption.24’25 Among these techniques, the adsorption process
is a cost effective method with a simple method of operation for the removal of
excessive fluoride from drinking water. Considering this issue, many adsorbents have
been developed such as modified activated carbons,26 chitin, chitosan,27 zeolite,28
and modified ferric hydroxide.29 Ammonium aluminum sulfate (ammonium alum) is
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a white crystalline double sulfate that can be applied in water treatment due to its
inexpensive, nontoxic and availability properties. 0

The application of the conventional method of studying a process, by changing
only one factor at a time while keeping the other factors constant, cannot determine
the interactive effects of all the factors involved. In addition, this method requires a
large number of experiments for the determination of the optimum conditions and is
time-consuming. The limitations of the conventional method can be reduced by
statistical experimental design such as by using response surface methodology
(RSM). RSM is a collection of statistical techniques whose main goal is optimizing
processes and the evaluation of the main and the interactive effects of factors.3! The
main objectives of the present study were the modeling and optimization of fluoride
adsorption from synthetic aqueous solutions by ammonium aluminum sulfate
(NH4)AI(SOy4), (AAS) using response surface methodology (RSM). Also, the
influence of co-existing anions, the adsorption kinetics, and the adsorption isotherm
were investigated.

MATERIALS AND METHODS

Preparation of ammonium aluminum sulfate (AAS): Ammonium aluminum sulfate
(AAS) was placed in a furnace at 350°C for 30 minutes and then cooled in a
desiccator. Finally, it was crushed in a mortar and sieved through 10 and 30 mesh
screens to obtain uniform particles and used for the experiments. Figure 1 shows
ammonium aluminum sulfate before and after thermal treatment.

Figure 1. Ammonium aluminium sulphate. A: before thermal treatment and crushing; B: after
thermal treatment and crushing.

Characterization of ammonium aluminum sulfate: Determination of adsorbent
surface morphology was done by using scanning electron microscopy (Vega\Tescan-
Lmu).

Adsorption experiments: Ammonium aluminum sulfate was treated at various
temperatures including 200, 300, 350, and 400°C and for a time of 30 min in order to
find the best temperature for proper activation. At a furnace time of less than 30 min,
the solid form of ammonium aluminum sulfate deformed like paraffin which may not
have acted as an adsorbent. Therefore, we selected 30 min for the treatment because
at exactly 30 min the paraffin form converts into a solid form. A comparison between
ammonium aluminum sulfate and thermally treated ammonium aluminum sulfate for
the removal of fluoride from aqueous solution is shown graphically in Figure 2. As
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can be seen in the figure, the highest removal percentage of fluoride was observed for
the adsorbent prepared at 350°C.
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Figure 2. Comparison between ammonium aluminum sulfate and thermally treated ammonium
aluminum sulfate for the removal of fluoride.

In this study, the influence of the independent variables such as the initial
concentrations of fluoride, the sorbent dosage, the contact time and the pH on the
removal efficiency of fluoride was investigated. In the beginning, a stock solution of
fluoride with a concentration 1000 ppm in 1 L of deionized water was prepared. The
pH of the solutions containing the desired concentrations of fluoride was adjusted by
using 0.1N HCl and NaOH. Different doses of adsorbent were added to 50 mL of the
fluoride solutions and were shaken for a predetermined time. After shaking, the
solutions were filtered using a 0.45 um membrane filter and the residual
concentration of fluoride was analyzed by a UV-visible spectrophotometer. All the
batch adsorption experiments were conducted at temperature 25°C and 150 rpm. All
experiments were carried out in duplicate and the results were reported as mean
values. Fluoride removal efficiency was calculated from Equation (1):

Co-C
Removal (%) = -2 - e x 100 (1)
0

Where:
Cy is the initial concentration of fluoride (mg/L)

C, is the equilibrium concentration of fluoride (mg/L)

Experimental design and data analysis: Response surface methodology (RSM),
based on central composite design (CCD), was applied to investigate the effect of the
independent variables such as the initial concentration of fluoride (A), the adsorbent
dosage (B), the contact time (C), and the pH (D) on fluoride adsorption from
synthetic aqueous solutions by AAS. Also, this method can predict the main and the
interactional effects between the different factors and the optimizing of the
adsorption process to achieve the desired objective. In this study, the levels of the
independent variables were coded as 1 (factorial points), +2 (axial points), and 0
(center point) as shown in Table 1. Also, the alpha value chosen was 2 (o = 2). The
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data range was selected based on studies in the literature and preliminary
experiments.>>>3 The independent variables in these experiments were coded based
on the following equation:

A= L0 @)

Where:
A, is the dimensionless coded value of the independent variable

X; is the uncoded value of the independent variable
Xp is the value of uncoded independent variable at the center point
AXis the step change

The number of 38 runs was designed so that the runs carried out were: 16 runs at
factorial points, 16 runs at axial points, and 6 replicates at the center point for the
evaluation of the pure error. This process was analyzed by a model of the linear
polynomial, the simplest polynomial model, that is shown in following equation.

Y = B o+ Xpx 3)
Where:

Y is the removal efficiency of fluoride

Po is a constant amount

f;is the regression coefficient for linear effects
x; is the independent variable

The results were analyzed using Design-Expert®, version 7.0.0, statistical software
and interpreted by the analysis of variance (ANOVA). The F value and the p value
were applied to determine the significance of the models. The adequacy of the model
was confirmed by a lack of fit test (any of many tests of a null hypothesis that a
proposed statistical model fits well).!-3*

Table 1. Experimental range and levels of the independent variables (fluoride concentration [A],
adsorbent dosage [B], contact time [C], and pH [D])

Independent variable Unit Coded level
-2 -1 0 1 2
Fluoride concentration (A) mg/L 2 6.5 11 15.5 20
Adsorbent dosage (B) g/L 1 3.25 5.5 7.75 10
Contact time (C) min 2 16.5 31 45.5 60
pH (D) - 2 45 7 9.5 12

RESULTS AND DISCUSSION

Adsorbent characterization: Figure 3 shows the SEM image of the alum
nanoparticles. According to the results of the SEM image, the range of the size of the
alum nanoparticles is 21-33 nm and the average of nanoparticle size is about 26 nm.
As the figure shows, the accumulated nanoparticles have spherical morphologies.
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Figure 3. Scanning electron microscopy (SEM) image of the structure of the thermally treated
ammonium aluminium sulfate (AAS).

Also, electron-stimulated desorption (EDS) analysis was performed to investigate
the chemical composition of the alum nanoparticles. In the EDS spectrum of the
AAS, the peaks of the elements of Al, S, and O were observed (Figure 4).

Intensity (counts)

AlKou
400 o4 <“— AlKo
350 o]

300 e O
Ka |SKo SKp
250 o]

wo | |

1 50 150 SSKI';ﬁ
100 100]
50 s

0 o] P O RO W ORI A s s w =

[ ‘ : T ‘ ‘ D

0 5 10 15 20
Energy (keV)

o]

Figure 4. The electron-stimulated desorption (EDS) spectrum of ammonium aluminium sulfate
(AAS).
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Evaluation of experimental results using RSM: The results of the experiments
according to the central composite design are shown in Tables 2A and 2B.

Table 2A. Response values based on central composite design (CCD) for runs 1to 27

Run order Fluoride pH Adsorbent Contact F removal
concentration dose time (%)
(ppm) (g/L) (min)
1 11.00 2.00 5.50 31.00 53
2 20.00 7.00 5.50 31.00 79
3 15.50 9.50 3.25 45.50 97
4 11.00 12.00 5.50 31.00 100
5 6.50 9.50 7.75 16.50 95
6 11.00 7.00 1.00 31.00 91
7 11.00 7.00 5.50 60.00 69
8 1550 4.50 7.75 16.50 55
9 6.50 4.50 3.25 45.50 68
10 6.50 4.50 7.75 16.50 59
11 1550 4.50 3.25 45.50 70
12 6.50 9.50 3.25 45.50 100
13 11.00 7.00 5.50 31.00 78
14 6.50 9.50 3.25 16.50 100
15 2.00 7.00 5.50 31.00 81
16 11.00 7.00 5.50 31.00 79
17 6.50 9.50 7.75 45.50 82
18 1550 9.50 7.75 45.50 80
19 11.00 7.00 10.00 31.00 60
20 11.00 7.00 5.50 60.00 70
21 11.00 7.00 5.50 31.00 78
22 1550 9.50 7.75 16.50 85
23 11.00 2.00 5.50 31.00 45
24 20.00 7.00 5.50 31.00 73
25 11.00 7.00 5.50 31.00 77
26 2.00 7.00 5.50 31.00 80

27 1550 4.50 7.75 45.50 53
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Table 2B. Response values based on central composite design (CCD) for runs 28 to 38

Run order Fluoride pH Adsorbent Contact F removal
concentration dose time (%)
(ppm) (g/L) (min)

28 11.00 7.00 5.50 2.00 86
29 15.50 4.50 3.25 16.50 74
30 6.50 4.50 7.75 45.50 57
31 11.00 7.00 10.00 31.00 60
32 11.00 12.00 5.50 31.00 100
33 11.00 7.00 1.00 31.00 94
34 11.00 7.00 5.50 2.00 84
35 11.00 7.00 5.50 31.00 79
36 15.50 9.50 3.25 16.50 97
37 6.50 4.50 3.25 16.50 76
38 11.00 7.00 5.50 31.00 78

The adequacy and the significance of the developed model were determined by the
analysis of variance (ANOVA). The analysis of variance and the results obtained
from the regression analysis are presented in Table 3.

Table 3. ANOVA of the response surface linear model for fluoride removal
(df=degrees of freedom)

Source Sum of df Mean F value p value
squares square

Model 7964.13 4 1991.03 259.56 <0.0001
A-Fluoride concentration 60.5 1 60.5 7.89 0.0083
B-Adsorbentdose 1891.13 1 1891.13 246.53 < 0.0001
C-Time 288 1 288 37.54 < 0.0001
D-pH 5724.5 1 57245 746.27 < 0.0001
Residual 253.14 33 7.67
Lack of fit 192.8 20 9.64 2.08 0.0895
Pure error 60.33 13 4.64
Correlation total 8217.26 37

Note: R-squared: 0.97; adjusted R-squared: 0.9655; predicted R-squared: 0.9575 (The adjusted
R-squared is used to compare the goodness-of-fit for regression models that contain differing
numbers of independent variables. The predicted R-squared is used to determine how well a
regression model makes predictions.)
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As shown in Table 3, the F and p values for the linear model are 259.56 and less
than 0.0001, respectively. The large F value and the small p value point to a high
level of statistical significance for the model. The p values less than 0.05 for the
model terms (A, B, C, and D) demonstrate that these are signiﬁcant.35 The Rz,
adjusted R2, and predicted R? values were 0.97, 0.96, and 0.95, respectively, which
indicates that there is a good correlation between the predicted and the actual values.
Also the high R? value indicates that the model is statistically valid. The
corresponding value for the lack of fit was 0.0895 (statistically insignificant) which
suggests a good fitted model.>!3% The coefficient of variation (CV) implies the ratio
of the standard error to the mean value of the observed response. In this model, the
CV value of 3.58 indicates that the model was favorable.

The coded linear equation was given by Design-Expert®software in which the
empirical relationship between the independent variables and the removal efficiency
of fluoride (%) was described. This equation (4) in terms of the coded factors is
shown as:

Fluoride removal = (77.42) — (1.38A) — (7.69B) — (3.00C) + (13.38D) (4)

Where:
A = initial fluoride concentration (mg/L)
B = sorbent dosage (g/L)
C = contact time (min)
D = solution pH

In equation (4), the negative coefficients for the model parameters A, B, and C
indicate that these parameters had an antagonistic effect on fluoride removal and the
positive coefficient for the model parameters D shows that this parameter had the
effect of enhancing fluoride removal.

A plot of the predicted results versus the experimental results for fluoride removal
is shown in Figure 5. As can be observed, there is good agreement between the
experimental values and the predicted values for fluoride removal by AAS.

Effect of initial fluoride concentration and adsorbent dose: Figure 6 depicts the
effect of the initial fluoride concentration on the fluoride removal percentage by AAS
at an adsorbent dose of 5.50 g/L, a time of 31 min, and a pH of 7. As shown, an
increase in the initial concentration of fluoride results in a decrease of the removal
efficiency of fluoride due to the lower availability of binding sites for the adsorption
of fluoride onto the AAS surface. As seen in Figure 7, increasing the sorbent dosage
from 3.25 to 7.75 causes a decrease in the fluoride removal from 85% to 70%.
Overall, a lower sorbent dosage and a lower fluoride concentration increased the
removal percentage.

Effect of pH: The effect of pH on the removal percentage of fluoride is presented in
Figure 8. It is obvious that the removal efficiency of fluoride increased when the pH
of the solution increased from 4.5 to 9.5. In the acidic pH range, the removal
percentage of fluoride deceased which may be due to an electrostatic and chemical
interaction between the adsorbent surface and the fluoride ion or the formation of
weak hydrofluoric acid.3” In an alkaline pH range with a pH > 7, the adsorption of
fluoride is very high compared to that with an acidic pH. The maximum removal of
fluoride occurred at pH 9.5.
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Figure 5. Predicted vs. actual values of the removal efficiency of fluoride.
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Figure 6. Effect of fluoride concentration on the removal percentage of fluoride by ammonium
aluminium sulphate (AAS).
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Figure 7. Effect of adsorbent dose on the removal percentage of fluoride by ammonium
aluminium sulphate (AAS).
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Effect of contact time: The removal of fluoride ions declined as the contact time
increased (Figure 9). The fluoride uptake was rapid during the initial contact time.
This means that only a short time is needed for the fluoride ions to make an attractive
complex with the AAS.
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Figure 9. Effect of time on the removal percentage of fluoride by ammonium aluminium sulphate
(AAS).

Process optimization and confirmation: The optimum conditions for fluoride
removal were determined. The predicted optimum values were: an initial fluoride
concentration of 6.80 mg/L, a sorbent dosage of 3.25 g/L, a pH of 9, and a contact
time of 16.50 min. To investigate the validity of the predicted results, several
additional experiments were conducted and the results indicated that there was a

good correlation between the experimental responses and the predicted one (Figure
5).

Kinetics of fluoride adsorption: In order to describe the kinetic parameters of
fluoride adsorption on AAS, two models, the pseudo first-order and the pseudo
second order, were used. The pseudo first-order form can be represented using the
following equation:

ky

| — = | —
0g (9¢ —G1) 0g (qe) 5203

t (5)
Where:

g, is the absorption capacity for fluoride of ammonium aluminium sulfate (mg/g)
at equilibrium

qg;is the absorption capacity for fluoride of ammonium aluminium sulfate (mg/g)
attime t

kq (min~") is the rate constant of adsorption which can be calculated from the
slope of the linear plot of log (g, —gy) versus time

qe and q; are the adsorption capacity for fluoride of ammonium aluminium sulfate
(mg/g) at equilibrium and time t, respectively. k; (min"!) is the rate constant of
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adsorption which can be calculated from the slope of the linear plot of log (q, — q,)
versus time.

The pseudo second-order equation was defined as:

t 1 t
- = PR (6)
qt k2 Qe de

Where:

ko is the rate constant for the pseudo second order adsorption (min-1). It is given
by the slope of the plot of t/q; versus t37

ge is given by the intercept of the plot of t/q; versus t37

The intraparticle diffusion model was explored by using following equations:

Q =K, (%) +C 7)

Where:

Kp is the intra-particle diffusion constant and was obtained by the
slope of the plot of Q;against t0-5

C is the intra-particle diffusion intercept

In this equation, information related to the thickness of the boundary layer was
determined by C. The values of K, and C are the intra-particle diffusion constant and
intercept, respectively. K, was obtained from the slope of the plot of q; against {03,

The kinetic parameters and the correlation coefficient for fluoride adsorption by
AAS are represented in Table 4. The results of the adsorption kinetics revealed that

the pseudo-second order model with the correlations coefficient of R? = 0.99 gave the
best fit.

Table 4. Kinetic parameters and correlation coefficient for fluoride adsorption by AAS
C=concentrataion of fluoride (mg/L)

C Pseudo first order Pseudo second order Intraparticle diffusion

(MIL) g4, exp. a6 (Mglg) Ky (min~!) RZ g (mglg) Ky (min~T) R Ko R
(mg/g) (mg/g min~0-5)

5 2 0.46 0.006  0.81 1.31 0.653 0.99 0.047 0.90
10 4.5 1.41 0.003 0.82 275 0.404 0.99 0.048 0.72
15 6.2 1.65 0.005 0.90 4.13 0.403 0.99 0.073 0.88

The fitting of the experimental data with the pseudo-first-order, the pseudo-second-
order, and the intraparticle diffusion kinetic models is shown in Figure 10.
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Figure 10. Fitting the experimental data to the kinetic models. A: the pseudo-first-order kinetic
model; B: the pseudo-second-order kinetic model; and C: the intraparticle diffusion kinetic model.
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Adsorption isotherms studies: Isothermal studies were performed to evaluate the
adsorption mechanism of fluoride on to the AAS. From among several isotherm
models, four isotherm models was selected, i.e., Langmuir, Freundlich, Temkin, and
Dubinin—Radushkevich (D-R). The Langmuir isotherm describes monolayer
adsorption which in its linearized form can be expressed by following equation:

Ce _ 1 1

Ce (8)

de KLAdmax Amax

The Freundlich isotherm indicates the multilayer adsorption of contaminants on to
an adsorbent surface and the linear form of this isotherm is given by:

Ing, =anF+%1nCe 9)

The Temkin and Dubinin—Radushkevich (D-R) isotherm models were also
represented by following equations, respectively:

ge = BInA+BInC, (10)

Ing, =Ingq,, — K €2 (11)

In these equations, C, and q,, are the equilibrium concentration of fluoride (mg/L)
and adsorption capacity at equilibrium (mg/g), q,, is the maximum adsorption
capacity for the Langmuir isotherm (mg/g), Ky is the Langmuir adsorption constant
(L/mg), Kg and n are the Freundlich constants that expresses adsorption capacity and
adsorption intensity, respectively, and can be calculated from the slope and intercept
of the plot of In(q,) versus In(C,). B is a constant corresponding to the heat of
adsorption and A is the Temkin binding constant (L/g). B is the Polanyi potential
which can be calculated by RT In(1+1/Ce), where R and T are the gas constant and
temperature (Kelvin), respectively. Also, K is the adsorption energy constant.>>-°

The adsorption isotherm studies were conducted under optimized conditions (pH =
9, adsorbent dosage = 3.25 g/L, and temperature = 25°C), fluoride concentrations
ranging from 5 to 50 mg/L and a contact time of 60 min (Figures 11A-11D). As
presented in Table 5, the maximum adsorption capacity of AAS for fluoride was
13.33 mg/g. The comparison of the maximum adsorption capacities of fluoride by the
various adsorbents is shown in Table 6. The fluoride adsorption on AAS was well
fitted by the Freundlich model with a regression coefficient (R?) of 0.99. This finding
has also been reported in the literature for fluoride removal by other adsorbents.*%*!
Other parameters related to the adsorption isotherms are also summarized in Table 5.
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Figures 11A-11C. Plots for the adsorption of fluoride by ammonium aluminium sulphate
(AAS) with various isotherm models. A: the Langmuir isotherm model; B: the Freundlich
isotherm model; and C: the Temkin isotherm model.
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Figure 11D. Plots for the adsorption of fluoride by ammonium aluminium sulphate (AAS) with
various isotherm models. D: the Dubinin—Radushkevich (D—R) isotherm model.

Table 5. Isotherm parameters obtained for fluoride adsorption
on to ammonium aluminium sulfate (AAS)

Isotherm model Parameter Value
Qmax 13.33
Laingmuir KL 0.092
R? 0.98
n 1.51
L .l
K (mg/g)(Emml)l" 1.75
Freundlich g2 0.99
A 0.92
B 257
Temkin r: 0.97
K 6.07
Qmax
Dubinin— e 6.35
Radushkevich g2 0.81
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Effect of the temperature on fluoride adsorption: In this study, the effect of
temperature on fluoride adsorption, under the optimum conditions of pH = 9,
adsorbent dose = 3.25 g/LL and a time range of 15—60 min, was evaluated. As shown

in Figure 12, a temperature increase from 30 to 50°C decreased the fluoride removal
efficiency during various time periods.
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Figure 12. Plot of the effect of temperature on fluoride adsorption by ammonium aluminium
sulphate (AAS).

Effect of co-existing anions: Various ions may be present in water and these can
affect the removal efficiency of the fluoride from an aquatic solution. In this work,
the effect of the interfering ions (chloride, sulfate, nitrate, phosphate, carbonate, and
bicarbonate) at different initial concentrations under optimized conditions was
assessed. The effect of coexisting ions on fluoride adsorption is shown in Figure 13.
Based on the figure, SO,> and PO,>~ anions have the highest effect on fluoride
removal. The extent of the inhibition of fluoride adsorption by the co-existing anions
may be due to the ionic radii. Also, the surface charge densities of PO43_ and SO42_
are higher than that of fluoride resulting in competition between the fluoride ion and
the other co-existing anions.*®
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Figure 13. The effect of coexisting ions on fluoride adsorption by ammonium aluminium sulphate
(AAS). (Fluoride concentration: 6.80 mg/L; pH: 9; contact time: 16.5 min; AAS: 3.25 g/L).

CONCLUSIONS

The present study indicates that ammonium aluminum sulfate (NH4)AI(SOy4), can
be used as an effective adsorbent for the adsorption of fluoride from aqueous
solutions. The experiments’ design, the data analysis, and the optimization of the
adsorption process were performed using RSM. The results illustrated that the best
model for predicting fluoride removal is a linear one. The R? value of 0.97 implies
that there was a good match between the experimental values and the predicted
values. The significance of the model was determined by the F value and the p value.
The optimum conditions for maximum fluoride adsorption (100%) were determined
to be: an initial fluoride concentration of 6.80 mg/L, a sorbent dosage of 3.25 g/L, a
pH of 9, and a contact time of 16.50 min. Of four isotherm models studied, the results
obtained fitted well (R2=0.99) with both the Freundlich model, which showed a
maximum adsorption capacity of 13.33 mg/g, and the pseudo-second-order kinetic
model. The presence of co-existing anions decreased fluoride adsorption in the
following order: SO,>~ > PO,>">NO;~ > Cl~> CO4%>~> HCO;".
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