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ABSTRACT: The equilibrium, kinetic, and thermodynamic parameters of the
adsorption of the fluoride ion (F) on to synthetic nano sodalite zeolite (SNSZ) was
studied in a batch system. The SNSZ was characterized by scanning electron
microscopy (SEM), X-ray fluorescence (XRF), X-ray diffraction (XRD), and Fourier
transform infrared spectroscopy (FTIR) techniques. The experimental data were
analyzed by the Langmuir, Freundlich, Redlich-Peterson, Koble-Corrigan, and
Temkin isotherm models. The equilibrium data fitted well to the Langmuir model with
a maximum adsorption capacity of 25.44 mg/g at 298 K. The pseudo-second-order
kinetic model best described the adsorption process. The results proved that the
SNSZ was an effective adsorbent for removal of F from aqueous solution.
Thermodynamic parameters including the Gibbs free energy (AG), enthalpy (AH), and
entropy (AS) were also calculated. These parameters indicated that the adsorption of
F on to SNSZ was feasible, spontaneous, and endothermic in nature.

Keywords: Adsorption isotherm; Fluoride; Kinetics; Synthetic nano sodalite zeolite;
Thermodynamics.

INTRODUCTION

The fluoride ion (F) is a natural mineral which is present in many foods as well
as in drinking water and wastewater.!™ Although the use of F topically has been
recommended for the prevention of dental caries, F is not an essential element and
is not necessary for the development of healthy bones and teeth.” A high intake of
F can lead to a number of adverse health effects including dental and skeletal
fluorosis and a lowering of the IQ in children.>’” While the World Health
Organization set in 1984 and reaffirmed in 1993 a guideline of 1.5 mg F/L (1.5
ppm) as a “desirable” upper limit, it also allows countries to set country standards,
their own national standards or local guidelines.&9 Lower country standards have
been set of 0.6 mg/L in Senegal, West Africa.!” and of 1 mg/L in India, with a
rider to the Indian limit of the “lesser the fluoride the better, as fluoride is injurious
to health.”!” The removal of excessive F from drinking water is a vital for
preserving health.

Many methods for the removal of excessive F from aqueous solutions have been
investigated in recent years including. adsorption,ll'15 ion exchange,16
precipitation,!” electrodialysis,!®  nanofiltration,!” and ultrafiltration.2°
Considerable attention has been devoted to the study of different types of low-cost
materials for F adsorption from aqueous solution such as hydrated
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cement,zlLemna minor,22 Azolla ﬁliculiocies,z3 canola,15 calcite,24 amorphous
alumina,25 red mud,26 and montmorillonite.?”

The aim of the present study was to evaluate the feasibility of using synthetic
nano sodalite zeolite for the removal of F from aqueous solutions.

MATERIALS AND METHODS

Synthesis of sodalite zeolite: The synthetic nano sodalite zeolite (SNSZ) was
provided by the hydrothermal crystallization method using sodium metasilicate
(Na,0O3S1:5H,0) and sodium aluminate (NaAlO,) as sources of silica and
aluminum, respectively. In a standard synthesis, solution A was prepared by
dissolving 18.235 g Na,05Si-5H,0 (43% H,0, 29% Na,O, 28% SiO,) in 8 mL
double distilled water at 80°C. Solution B was prepared by dissolving 3.097 g
NaOH in 12 mL double distilled water and this solution was then used for solving
1.837 g of NaAlO,. Then, solution A was added to solution B drop wise under
vigorous stirring and stirring was continued for 1 hr until hydrothermicity was
achieved. The molar composition of the above reactants was as follows: 1.0
Al,O3: 3.8 Si05: 2.1 Na,O: 50 H,O. Subsequently, the above gel was transferred
to Teflon lined stainless steel autoclaves and heated at 100°C for 20 hr under static
conditions. At the end of the process, the product was separated via centrifuge
(5,000 rpm), washed several times with double distilled water until the pH value of
the solution was about 8.0, and dried overnight at 80°C.

The specific surface area of SNSZ was determined by the BET method using the
Gemini 2357 of Micrometrics Co. Scanning electron microscopy (SEM) of the
SNSZ were carried out using a (Philips, Eindhoven) scanning microscope
equipped with an energy-dispersive X-ray (EDX) (Seron Technologies Inc., Korea
[South]). The FTIR spectra (Nicolet 5700 instrument, Thermo Corp, USA) were
recorded in the range of 400— 4000 cm™! in order to detect the sodalite functional
groups.

Adsorption experiments: All chemicals (NaF, HCI, and NaOH) and reagents
(SPADNS reagent and ZrOCl,.8H,0) used were of analytical reagent grade and
were purchased from Merck Co. All glassware and sample bottles were soaked in
diluted HNOj solution for 24 hr and washed three times with deionized water. The
NaF (Merck) was used for the preparation of the standard F stock solution. The
required concentration of F solution was prepared by appropriate dilutions of the
stock solutions. The pH of the solutions was adjusted to the desired value with 0.1
M HCI and NaOH solutions.

The batch experiment was carried out to measure the adsorption characteristics
of F by the SNSZ. The SNSZ (0.3 g) was added to 100 mL of synthetic F solutions
of varying concentration (10-100 mg/L). After equilibrium, the samples were
filtered and the filtrate was then analyzed for residual F concentration. The
experiments were performed in duplicate. 1 mL of ZrOCl,.8H,O and 1 mL
SPADNS was added into prepared samples. The sample was measured by
spectrophotometer in A;,,, =570 nm. All experiments were performed at a pH
equal to 7.
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RESULTS AND DISCUSSION

Characterization of synthetic nano sodalite zeolite: The characterization of the
SNSZ was done using scanning electron microscopy (SEM), X-ray fluorescence
(XRF), X-ray diffraction (XRD), and Fourier transform infrared spectroscopy
(FTIR) techniques.

The SEM image of the particles is shown in Figure 1, which shows the
morphology of the synthesized zeolite with a small particle size in the range of 30—
80 nm.

26 KV 20.0 KX KYKY-EM3200 SN:0662

Figure 1. Scanning electron micrograph of sodalite zeolite

The specific surface area is related to the number of active adsorption sites on
the SNSZ. The specific surface area of the SNSZ was determined to be 214.5 m?/
g.

The chemical composition of the zeolite was determined by XRF and it includes:
72.6% w/w SiO,, 15.48% Al,05, 3.24% Na,0, 3.09% K,O0, 2.48% CaO, 0.98%
MnO, 0.84% Fe, 03, 0.67% MgO, 0.28% P,05, 0.19% SOj3, and 0.16% TiO,.

The XRD powder pattern of the SNSZ is presented in Figure 2. The
crystallization products matched the characteristic peaks of the SNSZ at 20 values
of 14.1°, 22.5° 31.9°, and 34.7° that were reported by Buhl, suggesting successful
synthesis of sodalite nanozeolite with a good crystalline structure.
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Figure 2. X-ray diffraction of synthesized sodalite zeolite

The sodalite structure has come under scrutiny by means of the FTIR technique
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Figure 3. FTIR spectrum of sodalite zeolite
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Adsorption isotherms: The experiments to determine the adsorption isotherms
were performed with an adsorbent amount of 3 g/L at pH 5. The important
parameter in designing the absorption system is the prediction of the adsorption
capacity. This can be obtained by analyzing the isotherm data. The equations of
isotherms are shown in Table 1.

Table 1. The equations of different isotherms31-33
Model a Isotherm equation
, 1 ( 1 1 ) 1
Langmuir = x + —
Qe am KL Ce Om
. 1
Freundlich logge = —— logCq + InKg
n
. ACq
Redlich-Peterson Ln a1 = gihCg +InB
Qe —
. 1 1 B
Koble-Corrigan - = PO
% ACe A
Tempkin de = BiIn(k) +B4In(Ce)

The isotherm parameters and the coefficients of determination (Rz) are listed in
Table 2. All the values of R? in Table 2 were bigger than 0.85 except for the
Freundlich and Temkin models so the three isotherms with R? values >(0.85,
Langmuir, R-Peterson, and Koble-Corrigan, were used to fit the experimental data.
This showed that the adsorption process might be a homogeneous adsorption. As
shown in Table 2, the constants of K;, q,,, and Kg were all increased with
increasing temperature. These results indicated that F can be easily taken up by
SNSZ from aqueous solutions.

The Langmuir constant K| indicates the affinity for the binding of F. A high K
value indicates a high affinity. From Table 2, the monolayer or maximum
adsorption capacity of SNSZ (q,,), increased as the temperature increased. The
values of q,, obtained were 21.18, 25.44, and 28.36 mg/g at 273, 298, 323 K,
respectively.

The obtained values of 1/n (0.1<1/n<1) indicated a higher adsorb ability for F at
all the temperatures studied. The results indicate that as the temperature increased,
the ability of the SNSZ to adsorb F also increased.

Examination of the data showed that two isotherms (Redlich-Peterson and
Koble-Corrigan) were appropriate descriptions of the data for F adsorption over
the concentration ranges studied. The constants g and n were near to 1, and these
indicate the isotherms were approaching the Langmuir form.
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Table 2. Isotherm parameters for fluoride ion adsorption on to SNSZ

Temperature (K)

273 298 323
am (Mg/g) 21.18 25.44 28.36
Langmuir KL (/mg) 0.284 0.325 0.376
R 0.597 0.684 0.749
R? 0.998 0.997 0.998
Ke (mg/g) 3.95 4.56 4.87
Freundlich 1/n 0.211 0.284 0.314
R 0.824 0.819 0.808
A (L/g) 12.45 15.46 17.84
Temkin B 1.745 2.234 2.645
R 0.804 0.786 0.815
A 14.22 18.34 21.46
B 1.841 2.283 2.457
Redlich-Peterson
g 0.692 0.745 0.792
R? 0.924 0.948 0.953
A 8.144 9.871 11.32
B 0.152 0.292 0.413
Koble-Corrigan
n 0.382 0.483 0.527
R? 0.973 0.959 0.976

Adsorption kinetics: The adsorption kinetics data are one the most important
areas for understanding the mechanism of the adsorption and for assessing the
performance of the adsorbents. Different kinetic models including the pseudo-
first-order, pseudo-second-order, and intra-particle diffusion models were applied
for the experimental data to predict the adsorption kinetics.

The pseudo-first-order equation can be written as follows:3*

kqt
Log(de—qy) = logge - ——
2.3
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where g, (mg/g) and q; (mg/g) are the amounts of F adsorbed at equilibrium and
at time t, respectively, ky (min'l) is the pseudo-first-order rate constant. A straight
line of In(q.-q;) versus t suggests the applicability of this kinetic model, and q. and
k, can be determined from the intercept and slope of the plot, respectively.

The pseudo-second-order model is in the following form:>>

1 t
= +

t
q koGe? de

where k, (g/mg min) is the rate constant of the second-order equation. The plot
of t/q; versus t should give a straight line if the pseudo-second-order kinetic model
is applicable and q, and k, can be determined from the slope and intercept of the
plot, respectively.

The intraparticle diffusion equation is expressed as:30

ge = kKt + C

where k (mg/g min'/ %) is the rate constant of intraparticle diffusion model. The

values of k and ¢ can be determined from the slope and intercept of the straight
line of q; versus t1/2, respectively.

For evaluating the kinetics of F-SNSZ interactions, the pseudo-first-order, the
pseudo-second-order, and the intra-particle diffusion models were used to fit the
experimental data.

The pseudo-first-order rate constant k; and the value of q. were calculated from
the plot of In(q.—q) versus t, and the results are given in Table 3. The correlation
coefficient (Rz) is relatively too low which may be indicative of a bad correlation.
In addition, the q, cal determined from the model is not in a good agreement with
the experimental value of the q, exp. Therefore, the adsorption of F on to SNSZ is
not suitable for the first-order reaction.

From Table 3, the value of C obtained from the intraparticle diffusion model is
not zero, and the correlation coefficient is not satisfactory. Therefore, intraparticle
diffusion may not be the controlling factor in determining the kinetics of the
process.

The linear plot of t/q; versus t for the pseudo-second-order kinetic model is
shown in Figure 4. The pseudo-second-order rate constant k, and the value of q,
cal were determined from the model and the results are presented in Table 3. The
value of the correlation coefficient is very high (R?>0.997) and the calculated Je
cal value 1s closer to the experimental g, exp value.

In view of these results, the pseudo-second-order kinetic model provided a good
correlation for the adsorption of F on to SNSZ in contrast to the pseudo-first-order
and the intra particle diffusion models.
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Table 3. Kinetic parameters for the adsorption of the fluoride ion (F) on to SNSZ
at various concentrations of F

Co (mg F/L) ge exp (Mg/g) Kinetic models

Pseudo-first-order

K1 Qe R2
10 3.24 0.125 2.417 0.789
20 6.32 0.246 5.226 0.804
50 14.35 0.324 11.74 0.823
100 25.16 0.538 19.85 0.817

Pseudo-second-order

Ko Qe R?
10 3.24 0.095 3.511 0.997
20 6.32 0.068 6.742 0.998
50 14.35 0.041 15.26 0.998
100 25.16 0.019 26.72 0.999

Intraparticle diffusion

k C R?
10 3.24 0.152 1.251 0.835
20 6.32 0.194 1.844 0.859
50 14.35 0.237 2.529 0.814

100 25.16 0.296 3.438 0.866
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Figure 4. Pseudo-second order kinetics of fluoride (F) adsorption

Thermodynamic parameters: In engineering practice, entropy and energy
factors should be considered in order to determine what processes will occur
spontaneously. The Gibbs free energy change, AG®, indicates the degree of
spontaneity of the adsorption process and higher negative value reflects a more
energetically favorable adsorption. The Gibbs free energy change of adsorption is
defined as: 37

AG° = —RTLnK
where R is the universal gas constant (8.314 J/molK), T is the absolute
temperature (K), and K is the distribution coefficient. The K value was calculated

using following equation:

Je
Ce

K =

The enthalpy change, (AH), and the entropy change, (AS), of adsorption were
estimated from the following equation:34

AG® = AH° — T AS®
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This equation can be written as:>’
AS® AH°
Ln (K) = -
R RT

The values of AG®, AH®, and AS° for the adsorption of F on to SNSZ at different
temperatures are given in Table 4.

Table 4. Thermodynamic parameters of adsorption of 2-CP on to rice straw.

Temperature (K) AG® (KJ/mol) AH°® (kJ/mol) AS°® (J/mol K)
273 -3.51
298 -1.85 4.18 11.52
323 -0.264

The negative values of AG® in the temperature range of 273—-323 K indicates that
the adsorption process is feasible and spontaneous. In addition, the increase in the
magnitude of AG® at higher temperatures shows that there is an increase in the
spontaneity of the process with increased temperature. Thus, adsorption is more
favored at higher temperatures. The positive value of AH® confirms the
endothermic nature of the adsorption which is also supported by the increase in the
value of the F uptake with the rise in temperature. The positive values of AS°
shows the increasing randomness at the solid/liquid interface during the adsorption
of F on to SNSZ.

CONCLUSION

In this study, the ability of SNSZ to bind F was tested using the equilibrium,
kinetic, and thermodynamic aspects. Five isotherm models were used to express
the sorption phenomenon of the sorbate. The equilibrium data were well described
by the Langmuir model. The kinetics of F adsorption on to SNSZ were examined
using the pseudo-first-order, pseudo-second-order, and intraparticle diffusion
models. The results indicated that the pseudo-second-order equation provided the
best correlation for the sorption data. The negative value of AG® confirmed the
spontaneous nature of the adsorption process. The positive value of AS® showed
the increased randomness at the solid-solution interface during adsorption and the
positive value of AH® indicated the adsorption process was endothermic.
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