Journal of Hazardous Materials 183 (2010) 512-520

Contents lists available at ScienceDirect

Journal of Hazardous Materials

journal homepage: www.elsevier.com/locate/jhazmat

Defluoridation from aqueous solution by lanthanum hydroxide

Choon-Ki Na*, Hyun-Ju Park

Department of Environmental Engineering, Mokpo National University, 61 Dorim, Chungkye Muan, Jeonnam 534-729, South Korea

ARTICLE INFO

Article history:

Received 25 February 2010

Received in revised form 8 June 2010
Accepted 12 July 2010

Available online 21 July 2010

Keywords:

Defluoridation

Lanthanum hydroxide
Sorption isotherms

Kinetic modeling
Competing anions
Thermodynamic parameters

ABSTRACT

This research was undertaken to evaluate the feasibility of lanthanum hydroxide for fluoride removal from
aqueous solutions. A batch sorption experiments were conducted to study the influence of various factors
such as pH, presence of competing anions, contact time, initial fluoride concentration and temperature
on the sorption of fluoride on lanthanum hydroxide. The optimum fluoride removal was observed in
the pHeq <7.5. The presence of competing anions showed no adverse effect on fluoride removal. The
equilibrium data reasonably fitted the Langmuir isotherm model, and the maximum monolayer sorption
capacity was found to be 242.2 mg/g at pHeq < 7.5 and 24.8 mg/g at pHeq > 10.0. The pseudo-second-order
kinetic model described well the kinetic data, and resulted in the activation energy of 53.4-68.8 kJ/mol. It
was suggested that the overall rate of fluoride sorption is likely to be controlled by the chemical process.
Thermodynamic parameters such as AG°, AH° and AS° indicated that the nature of fluoride sorption is
spontaneous and endothermic. The used lanthanum hydroxide could be regenerated by washing with
NaOH solution. Results from this study demonstrate the potential usability of lanthanum hydroxide as a

good fluoride selective sorbent.

© 2010 Published by Elsevier B.V.

1. Introduction

Fluoride in the environment occurs through natural presence
in the earth’s crust and industrial activities, especially, semicon-
ductor, electroplating, coal fired power stations, aluminum, glass,
ceramic and fertilizers industries [1,2]. The effluents of these indus-
tries have higher fluoride concentrations than natural waters,
ranging from ten to thousands of mg/L [3]. The discharge of such
wastewater leads to the fluoride contamination of surface and
ground water. Fluoride is known as both beneficial and detrimental
effect on human health. It is well known that fluoride can effec-
tively prevent dental caries when a relative low level is constantly
maintained in the oral cavity. On the contrary, an excessive fluoride
intake leads to various diseases such as dental and skeletal fluoro-
sis and non-skeletal fluorosis [4,5]. The optimum level of fluoride in
drinking water for general good health is considered to be between
1.0 and 1.5mg/L [6]. US EPA established a discharge standard of
4 mg/L for fluoride from wastewater treatment plant [7].

Various treatment technologies based on adsorption and
biosorption [9-11], ion-exchange [12], chemical precipitation
including electro-coagulation/flotation [13,14], and membrane
processes, such as reverse osmosis [15], Donnan dialysis [16],
nano-filtration [17], and electrodialysis [18] have been suggested
for fluoride removal. Most of these methods suffer from vari-
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ous problems such as high operational and maintenance costs,
low selectivity and capacity, secondary pollution and complicated
procedure involved in the treatment. Comparatively, adsorption
seems to be a more attractive method for the fluoride removal in
terms of cost, simplicity of operation and selectivity. Numerous
adsorbents like activated alumina [19], clay [8,20], hydroxyap-
atite [21], activated carbon [22], ion-exchange resin [23], quick
lime [24], waste residue [25,26], and geomaterials [27-30] have
been tested for fluoride removal. In recent years, rare earth ele-
ment impregnation of porous adsorbents or carrier materials was
found to be significantly effective for improving the selectivity
and sorption of fluoride. For example, lanthanum-impregnated sil-
ica gel [31], lanthanum- and yttrium-impregnated alumina [32],
lanthanum-impregnated chelating resins [33], lanthanum-loaded
fiber [34], neodymium- and lanthanum-modified chitosan [35,36]
have shown very promising results for fluoride removal from aque-
ous solutions.

The aim of this study is to understand the role of lanthanum for
fluoride removal. In the present study, the sorption properties of
lanthanum hydroxide, La(OH)s for fluoride removal from aqueous
solution have been investigated in a batch mode. Sorption stud-
ies were conducted under various experimental conditions, such
as contact time, initial fluoride concentrations, temperature, pH
and the presence of competing anions. The experimental data were
described with various isotherms and kinetic models generally
adapted in the literatures to identify the adsorption mechanism.
The possibility of lanthanum hydroxide for repeating use was also
examined by a desorption study.
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2. Experimental
2.1. Materials and reagents

Lanthanum hydroxide (La(OH)3, 99.9%) used as the sorbent for
defluoridation experiments was purchased from Daejung Chem-
ical Co., Korea. The lanthanum hydroxide used has a grain size
range of 0.36-76.32 pm (mean diameter 10.20 wm) and the spe-
cific surface area of 715.4m?/g. The pH of point of zero charge
(PHpzc) determined by the potentiometric titration method was
between 8.7 and 8.8. A stock solution of fluoride (0.1 mol/L) was
prepared by dissolving NaF (Sigma-Aldrich Co., USA) in deionized
water and diluted to 0.002-0.008 mol/L as needed. The chemicals,
NaCl, NaHCO3, NaNOs, NaH,PQO4, and Na;SO4 were used as the
anion sources competing with fluoride ion in the working solu-
tion for sorption experiment. All reagents were of the highest grade
available and were used as received. Polystyrene-based PA308 resin
(-N*(CH3)3Cl~, Samyang Co., Korea) which is a strong base anion-
exchange resin was used as a comparative sorbent.

2.2. Sorption experiments

Sorption experiments were carried out in batch conditions
where 0.01-0.1g of sorbent was added to 250 mL HDPE bottles
containing 100 mL of working solution of known ion species and
concentrations. The effect of different pH values on fluoride sorp-
tion was studied by adjusting the pH of solution using either 0.1 M
HCl or 0.1 M NaOH solutions to the required pH range of 2.5-10.5.
The bottles were settled in an incubator shaker and then contin-
uously shaken at 120rpm for a predetermined time period. The
reaction temperature was set in the range of 25-45°C. After the
predetermined sorption time, solid and liquid phases were sepa-
rated using 0.2 wm membrane filter, fluoride concentrations in the
liquid phase were measured. The sorption capacity, g (mg/g) was
calculated using the following mass balance equation:

V(G -0)

CE (1)

where Cy and C are the initial and final liquid-phase concentrations
of fluoride (mg/L), respectively. V is the volume of solution (L) and
W is the dry weight of sorbent used (g).

For desorption study, fluoride-loaded lanthanum hydroxide that
was separated from solution by filtration after the sorption experi-
ment was washed with deionized water and dried at 80°C. 0.1 g of
dried fluoride-loaded lanthanum hydroxide was placed in a HDPE
bottle containing 20 mL of 0.1-2.0 M NaOH, and then shaken at
120rpm for 1h at 25°C. The final concentration of fluoride in the
desorption medium separated by filtration was determined using
ion chromatography. The percentage of desorption was calculated
from the amount of fluoride-loaded on lanthanum hydroxide and
the final concentration of fluoride in the desorption medium.

2.3. Analysis

The concentration of fluoride and other anions in the solution
were determined by single-column ion chromatography (Waters
LC, USA) assembled with a 50 pL injection loop, analytical column
(Waters IC-pak A, 4.6 mm x 50 mm), suppressor module (Alltech
model 335 SPCS), conductivity detector (Waters 432), and data
module (Autochro-Win, Young-in Instrument Co., Korea). The pH
of the solutions was measured using an Orion 3-Star bench-top pH
meter (Thermo Fisher Scientific Inc., USA). The point of zero surface
charge (pHpzc) value of the lanthanum hydroxide was estimated
by the potentiometric titration method as described [37]. The sur-
face area and particle size of the lanthanum hydroxide used were
analyzed by a TriStar I 3020 surface area and porosity measur-

Fig. 1. Effect of pH on the defluoridation capacity of lanthanum hydroxide.

ing system (Micromeritics Instrument Co., USA) and a laser particle
size analyzer (Mastersizer S, Malvern Instruments Ltd., UK), respec-
tively. The mineral composition of the lanthanum hydroxide was
characterized by X-ray diffractometer (X'pert-pro MPD, PANalyti-
cal, The Netherlands).

3. Results and discussion
3.1. Effect of pH on defluoridation

The effect of pH on the sorption of fluoride on the lanthanum
hydroxide was examined at different initial fluoride concentrations
ranging from 0.002 to 0.008 M and a constant dosage of sorbent
of 0.5g/L. The pH of solution was controlled to be 2.5-10.5 after
the sorption equilibrium by adding HCl and NaOH solution. Fig. 1
shows the results of the equilibrium uptake of fluoride ion onto
the lanthanum hydroxide as a function of the equilibrium pH of
solution. As shown in Fig. 1, the equilibrium uptake of fluoride ion
onto the lanthanum hydroxide slightly decreased at high initial
fluoride concentration but remained nearly constant at low ini-
tial fluoride concentration with increasing the pH of solution up
to 7.5-8.0. The maximum sorption pH range was broader at lower
fluoride concentrations. This implies that some surface sites were
saturated for higher surface loadings. When pH approached pHp;c
(8.7-8.8), fluoride sorption sharply decreased with the increase of
pH regardless of the initial fluoride concentrations because the pos-
itively charged surface sites, which served as fluoride binding sites,
significantly decreased with the increase in pH. At high pH, further-
more, it is also inferable that the competition between hydroxide
ion (OH™) and fluoride ion (F~) limits the uptake efficiency. The
results are in good agreement with the similar work done by other
workers for granular ferric hydroxide [38]. They have reported that
the mechanism of fluoride sorption on metal oxide surfaces can be
described as an exchange reaction against OH~ of surface groups
[39,40]. It is expected that similar process will occur on the lan-
thanum hydroxide. Thus, it is believed that ion-exchange reaction
is a major mechanism for removal of fluoride ion by lanthanum
hydroxide:

La(OH); + 3F~ — LaF; +30H" 2)
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Fig. 2. XRD patterns of lanthanum hydroxide before and after fluoride sorption.

La(OH); + 3F~ + 3H* — LaF3 +3H,0 3)

Experimental results show that the final pH was always higher
than the initial pH, and the lower the pH, the more fluoride was
removed from solution. The anion-exchange type defluoridation
mechanism as suggested is consistent well with the observed
increase of the final pH of solution (Eq. (2)) and increase of the
defluoridation efficiency at low pH (Eq. (3)). Furthermore, as shown
in Fig. 2, the XRD patterns show that the lanthanum hydroxide was
converted into the lanthanum fluoride after the sorption of fluoride,
and confirm that the exchange reaction between hydroxide ions of
lanthanum hydroxide and fluoride ions in the solution occurred.

3.2. Effects of competing anions

One of the major problems which limit the wide application of
sorption method to eliminate pollutants is the ion selectivity for a
sorbent. Fig. 3 shows the effects of competing anions such as Cl-,
HCO3~, NO3~, HPO42~, and SO42~ on the uptake of fluoride ion
onto the lanthanum hydroxide and the commercial PA resin. The
experiments were conducted under a binary system, where con-
tains 20 mg/L of fluoride ion paired with 0, 20, 50, and 100 mg/L
of each competing anion. As shown in Fig. 3, it is obvious that the
defluoridation capacity of lanthanum hydroxide was not influenced
significantly by the presence of competing anions within the con-
centration range tested. On the contrary, the PA resin showed a
significant decrease in uptake of fluoride ion as the concentration
of competing anions increases. It was also found that defluorida-
tion efficiencies of magnesia-amended activated alumina [41] and
neodymium-modified chitosan [35] are not significantly affected
by co-existing ions excepting bicarbonate.

From these results, it is obvious that lanthanum hydroxide has a
high affinity for fluoride ion and there is no significant influence of
competing anions on its defluoridation capacity, and hence that the
lanthanum hydroxide can be used effectively as a fluoride selective
sorbent.

3.3. Effect of sorbent dose

The effects of sorbent dose on the defluoridation efficiency at
three different initial concentrations of fluoride in the solution were

Fig. 3. Effect of competing anions on the defluoridation capacity of lanthanum
hydroxide and PA resin.

shown in Fig. 4. It was observed that residual concentration of flu-
oride (Fig. 4(a)) and defluoridation capacity (Fig. 4(b)) decreased
with the increase in sorbent dose; e.g., when the initial concen-
tration of fluoride ions was 0.008 mol/L, the residual concentration
of fluoride decreased from 123 to 0.83 mg/L with the increase in
sorbent dose from 0.1 to 0.6 g/L; defluoridation capacity decreased
from 290 to 251 mg/g. It was also found that the residual concen-
tration of fluoride rapidly decreased up to a certain range in sorbent
dose due to the increase in sorbent/sorbate ratio, however further
increase in sorbent dose did not show any remarkable decrease in
the residual concentration of fluoride. This may be because of the
very low equilibrium concentration of fluoride ion, in which driv-
ing force responsible for sorption becomes negligible. The minimal
dosages of the lanthanum hydroxide for reducing the residual fluo-
ride ions to lower than 1.0 mg/L are found to be approximately 0.2,
0.4, and 0.6 g/L at 0.002, 0.005, and 0.008 mol/L of initial fluoride
concentration, respectively.

3.4. Sorption isotherms

In order to study the sorption isotherm of the lanthanum
hydroxide for fluoride, the lanthanum hydroxide of 0.05 g was con-
tacted with the fluoride solution of 100 mL having concentrations
in the range of 10-170 mg/L at two different initial pHs of 2.6 and
5.6. Each sample was allowed to equilibrate for 72 h at 25°C, with
constant shaking of 120 rpm, prior to analysis for the final fluoride
ion concentration.

The experimental data obtained at different pH of solutions were
plotted in a linearised form of Langmuir and Freundlich isotherm
models as shown below:

C 1 Ce
==t = 4
Ge  bgm = qm @
Inge=InKe+1InCe (5)

where Ce is the equilibrium concentration (mg/L), ge is the amount
sorbed at equilibrium (mg/g), gm is the Langmuir constants related
to the maximum monolayer sorption capacity (mg/g), b is an
energy term (L/mg) which varies as a function of surface cover-
age strictly due to variations in the heat of adsorption, K¢ and n
are the Freundlich constants related to the sorption capacity of the
sorbent and the magnitude of the sorption driving force, respec-



C.-K. Na, H.-J. Park / Journal of Hazardous Materials 183 (2010) 512-520 515

tively. The sorption data of fluoride on the lanthanum hydroxide
selectively followed Langmuir and/or Freundlich isotherm models
depending on the pH of solution as shown in Fig. 5. The calculated
isotherm parameters along with regression coefficients are given
in Table 1. The Langmuir isotherm model described the experimen-
tal data well regardless of the pH conditions of solution (Fig. 5(a)),
indicating that fluoride is sorbed in the form of monolayer cov-
erage on the surface of the lanthanum hydroxide. The maximum
monolayer sorption capacity (qm) of the lanthanum hydroxide
for fluoride is found to be 242.2 and 24.8 mg/g at pHeq <7.5 and
pHeq > 10.0, respectively. The comparison of gm values of the lan-
thanum hydroxide used in the present study with those reported in
the literature shows that the lanthanum hydroxide is more effective
for removal of fluoride ions, as shown in Table 2.

It was observed that the data obtained at high pH region
(pHeq > 10.0) fitted well the Freundlich isotherm model, with the
regression coefficient (r2) obtained higher than that obtained from
the Langmuir isotherm model (Fig. 5(b)). However, the Freundlich
model was not applicable to the isotherm data obtained at low pH
region (pHeq < 7.5) due to low 2 value (Table 1). The suitability of
Freundlich model in the isotherm data obtained at high pH region
is the indication of a multilayer sorption and heterogeneous nature
of the sorbent surface. It may be due to the increase of competition
of hydroxide ions with fluoride for sorption sites and negatively
charged surface sites on the sorbent at high pH condition of solu-
tion. Nevertheless, the magnitude of n value related to the sorption
driving force was in level of a favorable sorption process. Further-
more, high n value (n>1) indicates that the sorption driving force
is favorable at high concentrations but much less at lower concen-
trations [46,47].

3.5. Sorption kinetics

Fig. 6 shows the plots of fluoride sorption kinetic data obtained
at three different initial concentrations and at 25°C on the lan-
thanum hydroxide. It was obvious that the time required for
reaching equilibrium has increased with increasing the concentra-
tion of fluoride and that has been found to be 4h for the lowest
concentration (0.002 mol/L) while grater than 72 h for the highest
concentration (0.008 mol/L) studied. Fig. 7 shows the fluoride sorp-
tion kinetic data obtained at three different temperatures with a

Table 1
Langmuir and Fruendlich isotherm parameters.

fluoride concentration of 0.008 mol/L. The time required for reach-
ing equilibrium has reduced from >72 h to <16 h with the increase
of temperature from 25 to 45 °C, which indicates an endothermic
nature of the sorption process.

In order to interpret the experimental data, the time-dependent
sorption data have been analyzed using the linear form of
the pseudo-first-order kinetic equation and pseudo-second-order
kinetic equation.

The pseudo-first-order kinetic model of Lagergren is given as
[48]:

In(qe — qt) = In ge — k9t (6)

where ge and g; are the amount of adsorbate adsorbed at equilib-
rium and time t (mg/g), respectively, and k; is the rate constant
of pseudo-first-order adsorption (min~1). Fig. 8 shows a plot of
linearised form of the pseudo-first-order kinetic model using the
sorption data of Fig. 6. Only the first portion of sorption kinetics
gives a straight fitting line, indicating that the pseudo-first-order
kinetic model cannot be used to predict the defluoridation kinetics
of lanthanum hydroxide over the entire sorption period. The values
of k1 and ge, and the regression coefficients evaluated from the first
linear portions are presented in Table 3. As shown in Table 3, the
regression coefficients for the first-order-kinetic model obtained
at all the studied concentrations were relatively high (r2>0.98).
However, although 2 values are reasonably high, the calculated
ge values obtained from this equation do not give reasonable val-
ues, which are too low compared with experimental ge values.
In addition, it was observed that, at all initial fluoride concen-
trations studied, the sorption data were well represented by the
pseudo-first-order kinetic model only for the first 240 or 480 min
and thereafter they devised from the theory. This suggests that
the sorption process does not follow the pseudo-first-order kinetic
model.

The pseudo-second-order kinetic equation, which is more likely
to predict the behavior over entire sorption period and is in agree-
ment with chemical sorption being the rate-controlling step, is
given as [49]:

t 1 t
r_1 .t 7
qt kzqg Ge 7)

pH of solution Langmuir isotherm

Fruendlich isotherm

qm (mg/g) b (L/mg) Kr (mg/g)(L/mg)'/" n r
pHeq <7.5 242.2 4.509 0.999 111.31 413 0.596
pHeq >10.0 24.8 0.022 0.965 2.16 2.34 0.987
Table 2
Comparative assessment of Langmuir monolayer sorption capacity of lanthanum hydroxide with some literature available data for other adsorbents.
Adsorbent gm (Mg/g) Experimental conditions Reference
Montmorillonite 3.37 pH 6.0, Cp: 2-120 mg/L [8]
Activated alumina 241 pH 7.0, Cp: 2.5-14 mg/L [19]
Hydroxyapatite 4.54 pH 6.0, Co: 2.5 x 10~ to 6.34 x 102 mol/L [21]
KMnO4-modified carbon 15.90 pH 2.0, Cp: 5-20 mg/L [22]
Quick lime 16.67 pH 6.61, Cp: 10-50 mg/L [24]
Granular ferric hydroxide 5.97 pH 6.0-7.0, Cp: 1-100 mg/L [38]
Iron-zirconium hybrid oxide 8.21 pH 6.8 +£0.1, Co: 5-50mg/L [42]
Iron-aluminum mixed oxide 17.73 pH 6.9+0.2, Co: 10-50 mg/L [43]
Iron-tin mixed oxide 10.47 pH6.4+£0.2, Co: 10-50 mg/L [44]
Magnetic-chitosan 22.49 pH 7.0, Cp: 5-40 mg/L [45]
Nd-modified chitosan 22.38 pH 7.0, Cp: 10-100 mg/L [35]
La-modified chitosan 11.90 pH 7.0, Cp: 10-20 mg/L [36]
Lanthanum hydroxide 242.20 PHeq <7.5 (PHinit, 2.6), Co: 10-150 mg/L This study
24.80 PHeq > 10.0 (pHipit. 5.6), Co: 10-170 mg/L
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Table 3
First- and second-order kinetic parameters.

Co (mol/L) Experiment Pseudo-first-order kinetics? Pseudo-second-order kinetics

qe (Mg/g) ki (min-1) qe (mg/g) r k2 (g/mgmin) qe (mg/g) r
0.002 754 2.13x 1072 1209 0.986 5.97 x 1073 75.5 1.000
0.005 172.8 2.25%x 1073 1459 0.999 3.74x 107> 173.2 0.999
0.008 237.3 1.13x 103 2203 0.985 1.31x10°3 246.4 0.999

2 Only for initial sorption period (0-240 min for 0.002 mol/L, 0-480 min for 0.005 and 0.008 mol/L).

Fig. 4. Effect of sorbent dose on the defluoridation of lanthanum hydroxide: (a)
equilibrium concentration and (b) defluoridation capacity.

where ge and g; are the amount (mg/g) of adsorbate adsorbed at
equilibrium and time t, respectively, and k; is the rate constant
of pseudo-second-order adsorption (g/mgmin). Fig. 9 shows the
linear plots of the pseudo-second-order equation using the data
of Fig. 6. The plots were found to be linear over the entire sorp-
tion period with good regression coefficients (1% > 0.99), confirming
the applicability of the pseudo-second-order kinetic model. The
pseudo-second-order rate constant (k;) and equilibrium capacity
(ge) determined from the slopes and intercepts of the plots (Fig. 9)

Fig. 5. Langmuir (a) and Freundlich (b) isotherm plots of fluoride sorption on lan-
thanum hydroxide.

arelisted in Table 3. The regression coefficients for the linear plots of
t/q: against t for the second-order kinetic equation were observed
to be close to unity for the contact time of 72 h. The theoretical
ge values for the fluoride-lanthanum hydroxide system were also
very close to the experimental ge values in the case of the pseudo-
second-order kinetic equation (Table 3).Itis clear from the accuracy
of the model that the sorption of fluoride on the lanthanum hydrox-
ide is more appropriately described by the pseudo-second-order
kinetic model. The confirmation of pseudo-second-order kinetics
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Fig. 6. Effect of initial concentration to sorption rate of fluoride on lanthanum
hydroxide.

indicates that in the sorption process, concentrations of both sor-
bate and sorbent are involved in rate-determining step, which may
be a chemical sorption or chemisorption [50]. The results showed
the decrease of k; values but the increase of ge values with increas-
ing initial fluoride concentration (Table 3). Thus, the rate of sorption
decreases with increasing solute concentrations, which is similar
to the results from various sorbents reported by other workers
[51,52].

3.6. Sorption thermodynamics

The experimental data obtained at different temperatures in
the range of 25-45 °C were used in calculating the thermodynamic
parameters of fluoride sorption using the lanthanum hydroxide.
The standard enthalpy change (AH°), standard entropy change
(AS°) and Gibbs free energy change (AG°) were calculated using

Fig. 7. Effect of temperature to sorption rate of fluoride on lanthanum hydroxide.

Fig.8. Pseudo-first-order kinetic plot for fluoride sorption on lanthanum hydroxide.

following equations:

AS°  AH°
In bM = R - RT (8)
AG® = AH® — TAS® 9)

where by is the Langmuir constant (L/mol) that relates to the
energy of sorption, R is the universal gas constant (k]J/mol K), and
T is the temperature (K). The plots of In by versus 1/T are shown
in Fig. 10. The values of AH° and AS° for fluoride sorption were
calculated from the slope and intercept of the plot, respectively,
by regression analysis. The values of AG® were calculated using
Eq. (9). Thermodynamic parameters for the sorption of fluoride on
the lanthanum hydroxide are given in Table 4. As shown in Fig. 10,
the plot of In by versus 1/T was found to be roughly linear but the
regression coefficient was too low (%2 <0.81) to determine exactly
the thermodynamic parameters using the slop and intercept of the
regression line. As an alternative, therefore, the distribution coeffi-

Fig.9. Pseudo-second-order kinetic plot for fluoride sorption on lanthanum hydrox-
ide.
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Fig. 10. Plot of InKy versus 1/T for fluoride sorption on lanthanum hydroxide.

cient (Ky) was used for evaluating the thermodynamic parameters
instead of the Langmuir constant by;. Ky is approximated here as
an empirical equilibrium constant defined as Cao/Ce at a particular
initial concentration. Cae (mg/kg) is the amount adsorbed on solid
at equilibrium. The plots of In K4 versus 1/T are shown in Fig. 10 and
the thermodynamic parameters evaluated are given in Table 4. The
evaluation of the thermodynamic parameters by using Ky is subject
to a number of limitations. One of the most important limitations
is the fact that the Ky is not a thermodynamic equilibrium constant
but merely an empirical constant that is valid under a particular set
of reaction conditions. The dependence of K4 on the initial concen-
tration is thus reflected in the calculated AH®°, AS°, and AG° values.
Nevertheless, the thermodynamic parameters evaluated systemat-
ically varied with the initial concentration within a narrow range
and roughly corresponded to those evaluated using by as shown
in Table 4. This result suggests the availability of K4 for the sorp-
tion thermodynamic study. The positive value of AH° demonstrates
that the sorption process is of endothermic nature. This behavior
indicates that higher temperatures are more preferred for higher
fluoride sorption. The positive value of AS° shows increased disor-
der at the solid-solution interface during the sorption of fluoride.
The sorption increases randomness at the solid-solution interface
with some structural changes in the sorbate and sorbent and an
affinity of the sorbent toward fluoride. Similar results for endother-
mic sorption of fluoride were also observed on granular ferric
hydroxide [38], hydrous iron(Ill)-tin(IV) bimetal mixed oxide [44],
Na* or AlI3*-incorporated ion-exchange resin [53], and protonated
chitosan beads [54]. The negative values of AG® at all temperatures
indicate that the sorption of fluoride onto lanthanum hydroxide
is spontaneous and thermodynamically favorable. The more nega-

Fig. 11. Arrhenius plot for fluoride sorption on lanthanum hydroxide.

tive the AG®, the stronger the driving force of adsorption reaction.
The decrease in the value of AG° with the increase of temperature
shows that the reaction is more spontaneous at high tempera-
ture which indicates that the sorption processes are favored by the
increase in temperature [55].

Finally, Arrhenius equation has been applied to evaluate the
activation energy of fluoride sorption representing the minimum
energy that reactants must have for the reaction to proceed, as
shown by the following relationship [56]:

Ea
RT

where A is the temperature-independent factor (g/mg min), k; is
the pseudo-second-order rate constant value for the ions sorption,
E, is the activation energy in k]/mol. As shown in Fig. 11, the plots of
In k;, versus 1/T were found to be linear with acceptable regression
coefficient values 2 for all temperatures and initial fluoride con-
centrations studied. The activation energies for the sorption system
studied were derived from the slopes of the plots and were calcu-
lated to be 53.4-68.8 k]/mol, and tended to increase with increasing
the initial fluoride concentration in the solution (Table 4). The mag-
nitude of activation energy gives an idea about the type of sorption
which is mainly physical or chemical. Low activation energies are
characteristics for physical sorption, while higher activation ener-
gies suggest chemical sorption [57]. It is known that the activation
energy for physical sorption is usually <4.2k]/mol. An activated
chemical sorption means that the rate varies with temperature
according to the finite activation energy (8.4-83.7 kJ/mol) in the
Arrhenius equation [58]. In non-activated chemical sorption, the
activation energy is near zero [59]. The activation energies obtained

Ink;=InA-— (11)

Table 4

Thermodynamic parameters for sorption of fluoride on lanthanum hydroxide.
Co (mol/L) AH° (kJ/mol) AS° (J/mol K) AG° (kJ/mol) at studied temperature E, (kJ/mol)

25°C 35°C 45°C

0.001-0.012 21.07 157.62 —-25.71P —26.96" —27.03>
0.002 21.52 176.80 -31.17 -32.05 -33.82 53.40
0.005 14.24 129.30 —-24.30 —24.94 —26.23 65.34
0.008 11.39 113.41 —22.40 —22.97 -24.10 68.67

2 Langmuir constant, by, was used as the thermodynamic equilibrium constant.
b directly calculated by using AG® = —RT In by.
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were of the same magnitude as that of activated chemical sorption.
The positive values of E, also suggest that an increase in temper-
ature favors the fluoride sorption onto the lanthanum hydroxide
and the sorption process is an endothermic in nature.

3.7. Desorption study

In order to assess the possibility of recycling the sorbent for
reuse in multiple sorption cycle, fluoride desorption experiments
for the used lanthanum hydroxide were conducted using NaOH
solution with various concentrations in the range of 0.1-2.0 M. It
was found that fluoride desorption was 24.9, 43.2, 70.9, 86.3, 89.6
and 89.7% with 0.1, 0.2, 0.5, 1.0, 1.5 and 2.0 M NaOH, respectively,
when 100 mL fractions of NaOH solution per g fluoride-loaded
lanthanum hydroxide are added and shaken for 1h at 25°C. The
results indicated that the optimum concentration of NaOH for flu-
oride desorption is 1.0 M in terms of economical process. Although
further work should be performed systematically to optimize the
regeneration system, it may be concluded that the fluoride-loaded
lanthanum hydroxide undergoes effective desorption in the pres-
ence of electrolyte like NaOH.

4. Conclusions

The defluoridation capacity of lanthanum hydroxide remained
nearly constant up to pHeq 7.5-8.0, and thereafter sharply
decreased with increasing the pH of solution. The pHp,. was
approximately 8.75 (40.05) for this material. The co-exiting anions,
Cl-, HCO3~, NO3~, HPO42~ and SO42-, showed no adverse effect
on the fluoride removal by the lanthanum hydroxide. The equilib-
rium data fairly well fitted the Langmuir isotherm model, and the
maximum monolayer sorption capacity was found to be 242.2 mg/g
at pHeq <7.5 and 24.8 mg/g at pHeq > 10.0. The sorption process
followed the pseudo-second-order kinetic model. Thermodynamic
parameters such as AG°, AH° and AS° indicate that the nature of
fluoride sorption is spontaneous and endothermic. The activation
energy, E, for defluoridation of lanthanum hydroxide was found
to be 53.4-68.8 kJ/mol indicating an activated chemical sorption
process and increased with increasing the initial fluoride concen-
tration. The used lanthanum hydroxide could be regenerated with
NaOH solution where 86% of the sorbed fluoride was desorbed by
1.0 M NaOH. The results demonstrate that the lanthanum hydrox-
ide can be effectively used for removal of fluoride from aqueous
solutions with a good selectivity.
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