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Abstract—Removal of fluorides from water is essential for humans and animals because it causes den-
tal and bone deficiency. The maximum permissible limit of fluoride is 1.5 mg/L, according to the
World Health Organization. Recently it became known that countries like Pakistan, India, Sri Lanka,
China, Argentina, etc. have high fluoride concentration in groundwater. In the present work, calcium
peroxide nanoparticles adsorption behaviour and its fluoride removal efficiency from an aqueous
phase was studied. Adsorption technique was used to concentrate fluoride on the adsorbent. The
advantage of using adsorption is that it is a technique which is easy to implement and relatively cheap.
To characterise the structure, size and morphology of adsorbent nanoparticles, Fourier-transform
infrared spectroscopy, X-ray powder diffraction, scanning electron microscopy with energy dispersion
X-ray spectroscopy, and Raman spectroscopy were applied. In batch adsorption experiments, the pro-
cess parameters varied were: pH (2—12); contact time (5—60 min); adsorbent dosage (0.05—1 g); con-
centration (10—100 mg/L), and temperature (5—60°C). The kinetic study has shown that the experi-
mental data are consistent with pseudo second order model with the regression coefficient 0of 0.99. The
adsorption equilibrium is best describable by Langmuir isotherm model with adsorption capacity of
89.6 mg/g. The process thermodynamic was also studied to confirm the proposed mechanism of flu-
oride adsorption on the adsorbent. The isothermal multistage adsorption was investigated to under-
stand the mechanism of calcium peroxide nanoparticle adsorption for fluoride removal. The maxi-
mum fluoride adsorption capacity calculated for CaO, was 89 mg/g, with 90% defluoridation effi-
ciency. The results suggested that calcium peroxide nanoparticles can be considered as a promising
adsorbent for fluoride removal.
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INTRODUCTION

Fluoride pollutants in drinking water attract great attention worldwide due to their hazards towards
humans, such as dental problems, bone deficiency, cancer, thyroid, brain damage, etc [1]. According to
World Health Organization, the maximum permissible concentration of fluoride in drinking water is
1.5 mg/L; at the same time, more than 250 million people consume drinking water which has fluoride
concentration above this value. Recently, countries like Sri Lanka, Pakistan, India, China, Argentina etc.
have high fluoride concentration in ground water [2]. Therefore, the development of new cost-efficient
technologies aimed at the removal of fluoride from ground water to minimize the risk to living organisms
is a challenge for the foreseeable future.

There exist several technologies for defluoridation, such as adsorption, precipitation, ion-exchange,
electrocoagulation, electrodialysis, reverse osmosis and membrane filtration [3]. Among all these,
adsorption methods are considered as most promising ones, due to their efficiency and cost-saving nature
with respect both to operation and maintenance. Also, nanomaterials and nanotechnologies have done a
revolutionized change throughout all field of invention [4]. Nanoparticles (NPs) are very efficient, in par-
ticular in the field of adsorption, because of their high surface area and small size. Most materials exhibit
better performance in neutral pH but are unstable at high pH values, so it is necessary to adjust pH in
industrial and in ground fluoride water [5].
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In numerous studies various adsorbents were successfully applied for fluoride removal, such as iron
oxide, clay, quick lime, activated carbon, hydroxyapatite, hydrated cement, brick powder, chitosan, metal
oxides, red mud, alum impregnated activated alumina, zirconium and zirconium impregnated collagen
fiber. Nanoparticles of calcium peroxide (CaO,) were proposed for arsenic removal, for toulene
removal from petroluem products, for the removal of o.-toluic acid, for treatment ofindustrial waste water,
etc [6—8].

CaO, has the most advantages of larger surface area which enhances the speed of reaction and ensures
low process cost. In the currentresearch, CaO, NPs were synthesized using coprecipitaion method and
used as an adsorbent for fluoride removal. NPs were charaterized using FTIR, XRD, and SEM/EDX.
Efficiency of fluoride removal has been studied at varied values of different parameters such as contact
time, temperature, pH, adsorbent dose, initial concenration of fluoride and agitation speed. Kinetic
model, thermodynamics and isotherm characteristics were estimated to reveal the adsoption rate and
maximun adsorption capacity. To access possible economic benefits, the regeneration studies for the reuse
of the adsorbent were also performed.

EXPERIMENTAL
Materials

Calcium chloride (CaCl,, 99.5%), ammonia solution (NH; - H,0, 25%), polyethylene glycol solution
(PEG 200), hydreogen peroxide (H,0,, 35%) were procured from Merck company. All chemicals were
used without further treatment and of analytical grade. Deionized water was used for all the experiments.

Prepration Method

CacCl, (3 g) was dissolved in deionized water (30 mL) followed by polyethylene glycol (120 mL) and
ammonia solution (15 mL). Hydrogen peroxide (H,0,) (15 mL) was added at the rate of three drops per
minute under constant solution stirring. Subsequently, the solution was stirred for 2 h until it becomes yel-
lowish in color; the pH value of this solution should be 11.5. Afterwards solution was centrifuged at 2000
rpm for 10 min and washed with deionized water twice. Then, NPs were dried in vaccum oven at 90°C for
1 h6].

Instrumentation

Fluoride measurement was done using Orion star pH/ISE bench-top meter kit Selective Electrode
(Orion 720 A" Thermo Scientific). The functional groups present in the adsorbent were detected by FTIR
spectrometer. X-ray powder diffraction (XRD) analysis was conducted by X-ray diffractometer (PAN
analytical X’pert PRO) using Cu X-ray tube (A = 1.5406 A) to identify the phases present in the NPs.
Scanning Electron Microscope (SEM) (Zeiss Ultra 55) was used to characterize the surface morphology,
size, and structure of adsorbent. The sample was sputter-coated with a thin film of gold for conductivity
for 15 sec. After coating the sample was kept in carbon tape for SEM analysis. For the elemental quanti-
tative analysis, Energy dispersive X-ray spectrometer (EDX) attached to the SEM was used.

Batch Experiments

Fluoride adsorption efficiency was studied in batch experiment using CaO, NPs as an adsorbent for
various parameters. Each experiment was performed in 100 mL flask of fluoride solution with desired
amount of adsorbent kept in orbital shaker. After shaking the solution was centrifuged at 2000 rpm. Later,
solution was measured in fluoride meter. The percentage of fluoride removal was calculated using the
equation:

oo = So=Cey 100, (1)
G

where C, and C, are the fluoride initial and equilibrium concentrations (g/L), respectively.
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RESULTS AND DISCUSSION
Material Characterizations

FTIR analysis was performed to indicate the presence of the functional groups in the CaO, NPs adsor-
bent; the result is shown in Fig. 1a, where the bond formation in the range of 400—4000 cm~! is evidenced.
Stretching of OCaO bond is observed in 550 cm~! band and the other two peaks which correspond to O—O
stretching are present at 715 and 766 cm~'. Moreover, peaks at 873 and 1464 cm~! show the presence of

carbonate and 1795 cm~! peak indicates the presence of C=0 bond. The peak at 3640 cm~' corresponds
to stretching of O—H bond [7].

XRD Analysis

X-ray diffraction patterns analysis was performed to discover the NPs phase of CaO, as shown in
Fig. 1b. The diffraction pattern exhibits peaks at 20 values of 30.6°, 35.9°, 47.7°, 51.6°, 53.5° and 60.7°
corresponding to characteristic peaks (002), (110), (112), (200), (103) and (202), which indicate the exis-
tence of tetragonal phase, in good agreement with the CaO, reference pattern (JCPDS-03-0865) [8].

SEM and EDX

The morphology of CaO, NPs was studied by SEM with EDX analysis; the results are shown in Fig. 1c.

It appears clearly that NPs are spherical in shape while EDX shows the elements C, O, Ca, N, Au present
in NPs [9].

Effect of Adsorption Parameters on Fluoride Removal

Influence of adsorbent dose and contact time. Batch experiment study was performed to examine the
effects of CaO, NPs adsorbent dose on fluoride removal efficiency at pH 7, as shown in Fig. 2a. Fluoride
removal increased with the increase of the adsorbent dose from 0.1 to 0.7 g/L, but for higher doses no such
rise was observed, that is, the removal remained constant up to 1.0 g/L dose. The maximum removal effi-
ciency thus achieved correspond to the adsorption capacity of 89 mg/g. The plateau of removal efficiency
should be ascribed to the unavailability of active sites. Similar trend line was described in the literature
[10]. The dependence of fluoride removal efficiency on contact time in batch experiment was studied by
keeping the adsorbent dose 0.7 g/L at pH 7; the results are illustrated in Fig. 2b. In batch adsorption, the
fluoride acceptance was found to increase until 40 min with 89 mg/L adsorption capacity. After 40 min,
adsorption process slows down because of the unavailability of vacant sites. The same results were reported
in the literature [11].

Impact of Temperature and Initial Fluoride Concentration on Adsorption Efficiency

To study the effect of temperature and initial fluoride concentration in aqueous solution on the fluo-
ride removal efficiency, batch experiments were performed. The effect of temperature in the range of 5 to
60°C at the adsorbent dose 0.7 g/L, pH 7, contact time 40 min and mixing at 200 rpm was studied. It was
noticed that initially with the temperature increase the efficiency also increased, but then decreased at fur-
ther increase of temperature. This could be explained by the increase of the randomness of fluoride ion
motion at higher temperature [12]. The maximum adsorption obtained at 25°C with 89 mg/L adsorption
capacity. The same dependence on temperature was reported in literature [13].

The dependence of fluoride adsorption by CaO, NPs on its initial concentration was studied at the
concentration range of 10 to 100 mg/L at the optimum process parameters: adsorbent dose 0.7 g/L, pH 7,
contact time up to 40 min, and mixing at 200 rpm. It was found that the fluoride removal efficiency
decreases with the concentration increase. Highest adsorption was observed at 10 mg/L with 89 mg/g
adsorption capacity. This trend was reported in literature [14].

Influence of pH

The interaction between fluoride ion and CaO, NPs depends on the pH impact. To reveal the mech-
anism of this interaction, the studies were performed in the pH range of 2 to 12; the results are shown in
Fig. 2c. It is seen that the adsorption capacity first increases with pH, and then the decrease occurs above
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Fig. 1. Characterisation of CaO, nanoparticles: (a) FTIR spectra; (b) XRD; (c) SEM-EDX.

certain pH value. In acidic medium, fluoride ions become partly protonated, forming the hydrofluoric
acid; this leads to the decrease of adsorption. The pH in alkaline medium the adsorption is lower than that
at the neutral pH, because the repulsion exists between the fluoride negative ions and hydroxide ions.
Therefore, the optimum pH value using CaO, NPs as adsorbent for fluoride removal is 7, with 89 mg/g
adsorption capacity. This also had been confirmed when the pH,,,. value was determined. The similar pH

trend was also described in literature [15].
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Fig. 2. Dependence of CaO, nanoparticles adsorption capacity with respect to fluoride removalon: (a) adsorbent dose;
(b) contact time; (c) pH.

Adsorption Kinetics, Isotherm and Thermodynamics

The adsorption kinetics study reveals the mechanism of adsorption process. To analyse adsorption
kinetics for the fluoride removal using CaO, NPs adsorbent, the time dependent pseudo-first order and
pseudo-second order models were applied. The kinetic data are shown in Fig. 3a and Table 1. The corre-
spondence of either model to the studied process was based on the regression coefficient R? value, and on
the agreement between the experimental and calculated values of g,.
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Fig. 3. Graphical estimation of kinetic model type and parameters: (@) pseudo-first order; (W) pseudo-second order.

Pseudo-first order model assumes that the difference in adsorbed amounts per unit sorbent mass
between the value at equilibrium ¢, and the value at time 7g, is directly proportional to the adsorption rate
dq,/dt, which is expressed by Eq. (2):

In(g, — ¢,) =Ing, — k;t. (2)
The plot of In(g, — gq,) vst provides the slope as rate constant &, and intercept as equilibrium adsorption
capacity ¢q,. For this dependence the parameters thus estimated are listed in Table 1, and regression coef-
ficient was found to be 0.89. It was found that the calculated value of equilibrium adsorption capacity g, ...
does not agree with its experimental value g, ,,,, therefore the pseudo-first order model cannot be applied
to describe the adsorption of fluoride by CaO, NPs adsorbent, and the process is not diffusion controlled
[16].
To analyse the adsorption kinetics using the pseudo-second order model, which is described by the
equation [17]:
LA (3)
a kg, 4.
the graphical dependence of #/q, vs f was plotted, as shown in Fig. 3, which gives the kinetic constant &,
determined from the slope and equilibrium sorption capacity ¢, from the intercept. The values thus

obtained are listed in Table 1. The corresponding regression coefficient R22 was found to be 0.99; also, the
calculated and experimental values of equilibrium adsorption capacity are in a relatively good mutual cor-
respondence. It could be concluded therefore that the pseudo-second order model provides a better
description of the fluoride removal using CaO, NPs adsorbent process than the pseudo-first order model.

Adsorption isotherm was used to evaluate the CaO, NPs adsorbent efficiency. It gives the information
about the reaction viability, adsorbent surface properties, and mechanism which governs the adsorption.
In this present work, experimental data were fitted with two isotherms, Langmuir and Freundlich. For the
fitting, the experimental data for fluoride adsorption from its aqueous solution with initial concentration
10 mg/L and the CaO, NPs adsorbent dose of 0.7 g/L. The adsorption isotherm parameters obtained by
the two models are listed in Table 2.

Table 1. Kinetic constants and correlation coefficient for initial fluoride concentration 10 mg/L

Pseudo-first order kinetic model Pseudo-second order kinetic model
Ge.exp e calc kl R12 e calc k2 R22
2.5mg/L 1.11 mg/L 0.37 0.89 2.9 mg/L 1.1 0.99
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Table 2. Langmuir and Freundlich isotherm of CaO, nanoparticles for adsorption of fluoride at initial fluoride con-
centration 10 mg/L

Langmuir isotherm Freundlich isotherm
qpm 89 mg/g K, 0.764
b 0.014 mg/L n 1.105
R} 0.98 R} 0.72

Langmuir isotherm assumes that adsorbent active sites are evenly distributed over the surface and only
one molecule can be adsorbed at the active site; this mechanism corresponds to monolayer adsorption. It
is assumed also that there is no interaction between adsorbed molecules. The equation which describe
Langmuir model is [18]:

Lo L, )
de  nbCe G

where ¢, is the maximum fluoride adsorption capacity (mg/g), ¢, is the equilibrium adsorption capacity
(mg/g), b is the adsorption activity coefficient (L/mg) and C, (mg/L) is the concentration of fluoride at
equilibrium in solution. From the plot of 1/q, vs 1/C, shown in Fig. 4 the values g,, and b were estimated;
also, the regression coefficient Rz was found to be 0.98 which suggests that Langmuir model could pro-

vide a sound description of the fluoride adsorption on CaO, nanoparticles with highest adsorption

capacity of 89.6 mg/g [20]. On the contrary, Freundlich isotherm model which is described by the equa-
tion [19]:

logq, = logK; ++logC,, 5)
n

where K is the measure of adsorption capacity and 1/# is the adsorption intensity of heterogeneous sys-
tem, when fitted to the experimental data, yields the values of coefficients listed in Table 2, and the regres-

sion coefficient R; = (.72 which is essentially worse than that obtained for the Langmuir model. It could
be concluded therefore that the fluoride adsorption from its aqueous solution onto the surface of CaO,
NPs obeys the Langmuir monolayer adsorption model.
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Fig. 4. Graphical estimation of Langmuir isotherm parameters.
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Table 3. Gibbs’ free energy data for initial fluoride concentration 10 mg/L

AG°, kJ/mol
AH®, kJ/mol AS°, kJ/K/mol
15°C 25°C 30°C 35°C
-3.3 0.3 -7.8 —10.8 —12.3 —13.8

Process Thermodynamics Study

Adsorption nature and possibility of the process are determined by thermodynamics factors. There-
fore, the behaviour of thermodynamic quantities, viz. enthalpy variation AH, free energy variation AG,
and entropy variation AS was estimated within the studied temperature range. It was shown above that the
fluoride adsorption by CaO, NPs was more efficient at moderate temperatures, while the temperature
increase results in sharp adsorption decrease, i.e. the interaction of fluoride ion with NPs active centres
weakens at higher temperature. The behaviour of the studied system is governed by the electrostatic inter-
action between fluoride ions and CaO, NPs active centres. The fluoride adsorption becomes higher with
the decrease of temperature, as shown by the AG values calculated at different temperatures. The Gibbs
free energy values shown in Table 3 were calculated using and equations (6)—(8) [20]:

AG = RTInK,, (6)

AG = AH - TAS, @)

log q.m _ AS° _ AH®° , (8)
C, 2.303R 2.303RT

where K, is the equilibrium constant, R is the universal gas constant, and 7' is the absolute temperature.
From the slope and intercept of the plot of K. vs 1/7, the AH and AS values were determined.

Negative values of adsorption free energy variation indicate the realizability of reaction and sponta-
neous nature of the process at studied temperatures. During fluoride adsorption the AG value decreases
with the increase of temperature, which indicates that the reaction becomes less probable. Positive
entropy variation value indicates the increase of stochasticity of the interactions at the solution-solid inter-
face, which in turn indicates the increase in degrees of freedom at the CaO, NPs and fluoride solution
interface [21].

Regeneration and Desoprtion Study

The efficiency of CaO, NPs adsorbent was demonstrated by batch experiments performed in static
regime. Separate regeneration cycles were carried out at the conditions chosen as optimal to determine the
fluoride adsorption after each cycle. After the fluoride adsorption from its solution of 10 mg/L concentra-
tion, the adsorbent was vigorously stirred in NaOH solution for 30 min. Then the adsorbent was separated
by centrifugation and dried at 90°C to be further used at the same optimum conditions. The degree of
desorption and subsequent adsorption was 82—95%. The efficiency of fluoride removal up to 6th regen-
eration cycle was 82%. After 6th cycle the fluoride mass per unit adsorbent mass was 12.08 mg/g while
after the first cycle the value was 24.2 mg/g. The results of the studies visualised in Fig. 5, indicate the
CaO, NPs adsorbent reusability for the removal of fluoride from aqueous solution [22].

Probable Mechanism of Fluoride Adsorption

The mechansim of fluoride ion adsorption on CaO, NPs is probably as follows. The binding of CaO,
and fluoride ion can exist due to the elctrostatic attraction. Moreover, the bond of C=0 and the ion pair
attraction with the F~ ion cancontribute to the adsorption, which accelerates the adsorption process and
enhance the fluoride removal with CaO, NPs.

CONCLUSIONS

In the present work, CaO, NPs were synthesized at room temperature. The structure, size, crystallog-
raphy and morphology of the adsorbent were confirmed by FTIR, XRD and SEM/EDX. The maximum
adsorption capacity with respect to fluoride was above 89 mg/L, which was attained with in 40 min of
adsorption at 25°C, adsorbent dosage 0.7 g/L, pH 7 and fluoride concentration in aqueous solution
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Fig. 5. Estimation of sorbent regeneration properties: bars, fluoride adsorbed amount; points, fluoride desorption effi-
ciency, as dependent on the number of regeneration cycles.

10 mg/L. The percentage of adsorption decreased gradually with increase in initial fluoride concentration.
The results of the adsorption equilibrium studies show that fluoride adsorption on CaO, NPs obeys Lang-
muir isotherm with an adsorption capacity of 89.6 mg/g, indicating the monolayer adsorption on the NPs
surface. The estimation of thermodynamic parameters of adsorption (estimated AH®° value—3.3 kJ/mol)
suggests that the adsorption is spontaneous and exothermic in nature, and further confirms the physico-
chemical mechanism of adsorption process of fluoride. Regeneration studies have shown that the adsor-
bent can be reused up to 6th cycle with good adsorption efficiency. To summarise, this study demonstrated
that the synthesized adsorbent may be considered as promising for fluoride removal from aqueous solu-
tion.
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