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ABSTRACT

A novel adsorbent, lanthanum-impregnated green sand (LIGS), was investigated as an
adsorbent for removal of fluoride from water. LIGS was prepared by thermally impregnat-
ing lanthanum onto green sand at 950˚C. It exhibited high fluoride removal capabilities than
most other conventionally used sorbents. LIGS was characterized using X-ray powder
diffraction and scanning electron microscopy techniques to understand its physicochemical
properties. Agitated non-flow batch adsorption experiments were conducted for fluoride
removal using LIGS as sorbent. Controlling parameters such as equilibrium sorbent dose,
kinetics, influence of pH, and competition of anions were investigated. Isothermal data were
analyzed using Langmuir, Freundlich, BET, Sips, and Dubinin–Radushkevich isotherm
models to know the sorption potential as well as the mechanism involved in sorption.
Regeneration experiments were carried out to assess the reusability of sorbent. It was
observed that LIGS could efficiently remove fluoride from various initial concentrations to
permissible limits. More than 90% of fluoride was found to be removed in 240 min from
normally occurring initial fluoride values of 10 mg L−1. The sorption was found to follow
pseudo-second-order equation model, suggesting chemisorption. Normally occurring pH
conditions were found favorable for fluoride sorption. Sips isotherm model was found to fit
well and the maximum adsorption capacity of LIGS for fluoride removal was found to be
3.74 (mg g−1). Though most ions did not interfere much, competition was evidenced from
the anions, nitrates, and bicarbonates for fluoride sorption onto LIGS.
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1. Introduction

Fluorosis is a burning problem being faced by
human beings at various places across the globe,
which is caused due to excessive presence of fluoride

in drinking water. The World Health Organization has
set a maximum contamination level of 1.5 mg L−1 of
fluoride in drinking water [1]. Presence of fluoride up
to 37 mg L−1 has been reported in several regions of
world [2]. Various technologies such as chemical pre-
cipitation [3], membrane separation [4], ion exchange
[5], adsorption [6], and electro coagulation [7] have*Corresponding author.
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been tried with varying degrees of success. Chemical
precipitation using lime and alum, commonly known
as Nalgonda technique [8], is widely adopted. How-
ever, huge quantity of sludge generation and residual
aluminum in water are major problems related to it.
Among various techniques, adsorption is considered
to be more adaptable and can be used at household
level [9]. Study of literature revealed that various sor-
bents were tried for removal of fluoride from water
which gave various sorption capacities. Lanthanum-
impregnated activated alumina gave a maximum
adsorption capacity of 6.7 mg g−1 [10], Raphanus sati-
vus peels biomass 19.82 mg g−1 [11], Lanthanum
hydroxide 242.2 mg g−1 [12], Lanthanum-impregnated
chitosan flakes 1.27 mg g−1 [13], Lanthanum-incorpo-
rated chitosan beads 4.7 mg g−1 [14], metallurgical
grade alumina 12.57 mg g−1 [15], alum-impregnated
activated alumina 40.68 mg g−1 [16], manganese
oxide-coated alumina 2.851 mg g−1 [17], and magne-
sia-amended activated alumina 10.12 mg g−1 [18].
Activated alumina, though widely applied, has got
certain drawbacks such as suitability at low pH condi-
tions and low rate of sorption. Recently, rare earth ele-
ments such as lanthanum, cerium, and yttrium have
been tried and used for removal of heavy metals from
water [19]. Lanthanum hydroxide was successfully
demonstrated for defluoridation by Na and Park [12].
Jagtap et al. have shown that lanthanum-impregnated
chitosan flakes can remove fluoride efficiently from
water [13]. However, the problem with pure lantha-
num in removing fluoride from water is its electrolytic
dissolution in water and formation of complexes with
fluoride. So, a method of fixing lanthanum onto a sub-
strate has to be devised. Green sand (GS) is a promis-
ing sorbent medium for removing pollutants from
water. Waste GS was found to remove zinc from
water according to Lee et al. [20]. In the present inves-
tigation, lanthanum was impregnated thermally onto
GS and tried as an adsorbent for fluoride removal.
Various sorption experiments such as equilibrium dos-
age, kinetics, influence of competing ions, and regen-
eration studies were carried out and their influences
were evaluated.

2. Materials and methodology

2.1. Chemicals

All chemicals used in this study were of analytical
reagent grade and were procured from E. Merck Ltd.,
India. All glassware used were of Pyrex quality and
were soaked and washed with nitric acid and distilled
water before use. A stock solution of fluoride (100 mg
L−1) was prepared in the laboratory by dissolving

221.0 mg of anhydrous sodium fluoride to make up to
a liter of distilled water. Required dilutions of fluoride
solutions were prepared from the stock solution.
Lanthanum carbonate was purchased directly from
Indian Rare Earths Ltd, at Aluva, Kerala, India. GS
was procured from Hyderabad, Telangana, India. It
was crushed and sieved to pass through a 75 micron
sieve to get uniform size. Thermo Scientific Evolution
201 UV–Vis Spectrophotometer was used for analyz-
ing the concentration of fluoride.

2.2. Adsorbent preparation

About 0.5 g of lanthanum carbonate was mixed
with 50 ml of distilled water, and dilute HCl was
added drop wise to it until the lanthanum carbonate
dissolved completely. To this, 20 g of GS of 75 μm
mean size was added. This mixture was mixed for 3 h
with a magnetic stirrer. The liquid was filtered off and
the solids were washed thoroughly with distilled
water. It was then dried and heated in a muffle fur-
nace at 950˚C for 4 h and cooled. This material is
called lanthanum-impregnated green sand (LIGS) and
used as adsorbent for all further investigations.

2.3. Characterization

X-ray powder diffraction (XRD) studies were
carried out on LIGS, before and after adsorption of
fluoride to understand its mineralogy. An X-ray dif-
fractometer of Phillips PW-1830 with Cu, K-alpha
radiation was used for this purpose. Scanning electron
microscope (SEM) of Carl Zeiss EVO MA 15 was used
to study the surface morphology of LIGS.

2.4. Determination of pH zero point charge (pHzpc)

In brief, six conical flasks each consisting of 0.01 M
NaCl of 50 mL were taken. The pH values of these
solutions were adjusted to 2, 4, 6, 8, 10, and 12 using
either 0.1 N H2SO4 or 0.1 N NaOH. One gram of LIGS
was introduced into each of these flasks and agitated
at room temperature for 48 h with a shaker. Now pH
of each solution was measured and a plot was drawn
between initial pH and pH after 48 h of agitation. The
intersection point of the straight line and curve
obtained from points drawn initially and after 48 h of
agitation gave pHzpc.

2.5. Experimental methodology

Appropriately, spiked fluoride solution of 100 mL
each was taken in 250 mL Teflon flasks and measured
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quantities of adsorbent were added to it. The flasks
were shaken on a rotary shaker of make Kaizen Impe-
rial agitated at 160 rpm. After reaching the equilib-
rium (240 min), the samples were filtered off using a
Whatman size 42 filter paper and analyzed for fluo-
ride concentration. Fluoride was measured using
SPANDS method detailed in APHA [21]. The effect of
contact time for removal of fluoride was investigated
by adding 6 g L−1 of LIGS into varying concentrations
of fluoride. pH studies were carried out by adjusting
the solution pH from 3 to 12 using sulfuric acid and
sodium hydroxide. Isothermal studies were carried
out to know the adsorption capacity of LIGS by vary-
ing the initial fluoride concentration from 5 to 70 mg
L−1. pH measurements were carried out using a pH
analyzer of make Hanna.

3. Results and discussion

3.1. Characterization

XRD patterns obtained before and after sorption
are shown in Figs. 1 and 2, respectively, which were
analyzed using the software database provided by
joint committee on powder diffraction standards.

In Fig. 1, characteristic peaks corresponding to alu-
minum and iron were observed at 2θ values of 26.85,
33.25, 44.65, and 55.25. Also characteristic peaks corre-
sponding to Lanthanum were observed at 36.25, 64.55,
and 73.25, indicating the presence of lanthanum on
GS. In Fig. 2 characteristic peaks got shifted to 2θ val-
ues of 27.55, 44.65, and 45.65, marking the presence of
lanthanum fluoride and thus, confirming adsorptive
intake of fluoride onto LIGS.

Figs. 3 and 4 show the SEM images of LIGS before
and after sorption of fluoride, which clearly indicate
the deposition of fluoride.

3.2. Equilibrium adsorbent dose

Knowing the appropriate sorbent dose is crucial in
further investigations and also to design a sorption
system. Fig. 5 depicts a comparison of influence of
doses of LIGS and GS on fluoride removal.

It can be observed that as the dosage of both LIGS
and GS were increased gradually, a fluoride removal
of 90 and 57%, respectively, took place at 6 g L−1 for
both sorbents. This is less than the value observed by
Jagtap et al. [13] who found that lanthanum-impreg-
nated chitosan flakes could remove up to 98% of fluo-
ride from an initial concentration of 15 mg F−/L.

Fig. 1. X-ray diffraction pattern of LIGS before adsorption.

Fig. 2. X-ray diffraction pattern of LIGS after adsorption.

Fig. 3. SEM image of LIGS before adsorption of fluoride.
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3.3. Influence of pH

pH of solution is a significant parameter that influ-
ences fluoride sorption. Fig. 6 shows the influence of
pH on defluoridation by both LIGS and GS.

It can be observed from Fig. 6 that fluoride
removal was low at low pH values as well as at very
high pH values. However, the optimum removal was
observed to be at a range of pH 6–9. The mechanism
involved, which caused lower rates of adsorption at
low pH values, could be formation of weakly charged
HF ions, which have a low affinity for the sorbent
[22]. HF ions could have formed due to abundant
availability of H+ ions at low pH values. Experimental
investigations have shown that pHzpc of LIGS was 8.7.
Also, it was observed that fluoride removal was high
between pH 6 and pH 9. This could be due to net

positive charge on the sorbent surface up to a pHzpc

value of 8.7 and the less availability of either H+ ions
or OH− ions in the range of pH 6–8.7. The concentra-
tion of OH− ions increases considerably after pH 8.7.
This could result in competition of OH− ions against
F− ions for sorption onto the active sorption sites of
LIGS. Also, the repulsion of the ions of fluoride by the
negatively charged LIGS surface could have resulted
in decreased fluoride removal above a pH of 8.9.

3.4. Kinetics of fluoride adsorption onto LIGS

Kinetic studies reveal the optimum time for sorp-
tion process to reach equilibrium in batch mode. Fig. 7
shows the optimum time required for LIGS at various
concentrations of fluoride to reach equilibrium.

Fig. 4. SEM image of LIGS after adsorption of fluoride.

Fig. 5. Comparison of influence of doses of LIGS and GS
on fluoride removal.

Fig. 6. Influence of pH on defluoridation by LIGS and GS.

Fig. 7. Kinetics of fluoride removal by LIGS at various
initial concentrations of fluoride (adsorbent dose = 6 g L−1).
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It can be observed that initial fluoride concentra-
tion does not influence the time to reach equilibrium,
and that the time required to reach the equilibrium
was 240 min for all initial concentrations of 5, 10, 20,
and 30 mg F−/L.

To understand the kinetics of sorption further, the
data were fitted into pseudo-first-order, pseudo-
second-order, intraparticle diffusion, and Bangham
models. According to pseudo-first-order model, the
rate of adsorption is proportional to driving force
and concentration gradient, whereas according to
pseudo-second-order model, the rate of adsorption is
proportional to the square of driving force [11].

3.4.1. Pseudo-first-order model

The linear form of pseudo-first-order model is
given by Eq. (1) [23]

log qe � qtð Þ ¼ log qe � k1t

2:303
(1)

where qe and qt are the amounts of fluoride adsorbed
(mg g−1) at equilibrium and at time t (min), respec-
tively, whereas k1 (L min−1) is the adsorption rate con-
stant of first-order adsorption. A plot is drawn
between time (min) and log (qe – qt) and a trend line is
drawn to this. Slope of this line gives the value of K1

(L min−1) and its intercept on y-axis gives the value of
qe (mg g−1). The plot of pseudo-first-order equation is
given in Fig. 8. The values of K1 (L min−1) and qe
(mg g−1) found from the plot are given in Table 1.

3.4.2. Pseudo-second-order model

The linear form of pseudo-second-order model is
given by Eq. (2) [24]

t

qt
¼ 1

k2q2e
þ t

qe
(2)

where k2 is the rate constant of pseudo-second-order
(g(mg min)−1). A plot is drawn between time and t/qt
and a trend line is drawn to it. The equilibrium
sorption capacity qe (mg g−1) is found from the slope
of the trend line and the value of k2 can be found by
its intercept value on y-axis. The plot of pseudo-
second-order equation is given in Fig. 9. The calcu-
lated (cal) values of K2 and qe are given in Table 1. On
a comparison of coefficient of correlation (R2) values
of trend lines between pseudo-first-order plot and
pseudo-second-order plot, it was observed that the
best fit was with pseudo-second-order plot. Further-
more, it was observed that the experimental values of
constants were close to calculated values in case of
pseudo-second-order model rather than with pseudo-
first-order model. This indicates that the type of
sorption involved is chemisorption.

Considering that pseudo-second-order model is the
best fitting model, further analysis were done to
understand the initial sorption rate (h) and half
adsorption time (t1/2) [25] from Eqs. (3) and (4),
respectively.

h ¼ k2q
2
e (3)

t1=2 ¼ 1

k2qe
(4)

The calculated values of h (mg g−1 min−1) and t1/2
(min−1) are given in Table 1.

3.4.3. Intraparticle diffusion model

To find whether intraparticle diffusion is the rate-
limiting step, Fick’s second law [26] was applied to
the experimental data according to Eq. (5).

qt ¼ kidt
1=2 þ I (5)

where kid (mg g−1 min−1/2) is the rate constant of
intraparticle diffusion and I is boundary layer effect
(mg g−1). The value of I is directly proportional to
boundary layer thickness. A plot is drawn between qt

Fig. 8. Plot of pseudo-first-order equation for sorption of
fluoride onto LIGS. Adsorbent dose = 6 g L−1 and Initial
fluoride = 10 mg L−1.
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vs. t1/2, which gives a straight line whose slope and
intercept gives values of kid and I, respectively, if the
sorption mechanism follows intraparticle diffusion

model [27]. The plot of qt vs. t
1/2 is depicted in Fig. 10

and the values of kid and I are given in Table 1.
According to Ho [28], the line obtained from plotting
qt vs. t

1/2 should pass through the origin if intraparti-
cle diffusion is the rate-limiting step. However, from
Fig. 10, it can be observed that the line has not passed
through the origin and so intraparticle diffusion is not
the rate-limiting step. This indicates the simultaneous
involvement of both boundary layer diffusion and
intraparticle diffusion during the adsorption of
fluoride onto LIGS.

3.4.4. Bangham’s model

Kinetic data were evaluated using Bangham’s
model [29] to determine the slowest step during
adsorption, according to following equation:

log log
Co

Co � qtm

� �� �
¼ log

Kom

2:303 V

� �
þ a log tð Þ (6)

where Co is the initial concentration of adsorbate in
solution (mg L−1), while V is the volume of the solu-
tion (L), m is the weight of adsorbent (g), qt (mg g−1)
is the amount of adsorbate, adsorbed at time t (min),
and α and ko are constants. A graph was plotted
between log{log[Co/(Co− qtm)]} vs. log(t) and is
depicted in Fig. 11. If the plot gives a straight line
then it indicates that pore diffusion is the rate-control-
ling step [30]. However, from Fig. 11, it can be
observed that the plot yielded a curve which suggests
that pore diffusion is not the rate-controlling step. The
values of constants α and Ko are given in Table 1.

3.5. Adsorption isothermal studies

To understand the adsorption capacity of LIGS for
fluoride removal, isothermal data were analyzed using
various models. A standard isothermal graph between
Ce and qe was plotted for LIGS and GS to understand
the nature of sorption. Fig. 12 depicts the standard

Table 1
A comparison of parameters of kinetic models for adsorption of fluoride onto LIGS

Pseudo-first-order Pseudo-second-order Intraparticle diffusion Bangham model

qe (exp) = 1.51 (mg g−1) qe (cal) = 1.608 (mg g−1) Kid = 0.0734 (g mg−1 min−1) Kb = 0.401
qe (cal) = 1.202 (mg g−1) K2 = 0.0244 (g mg−1 min−1) I (cal) = 0.2908 (mg g−1) α = −2.9215
K = 0.0136 (min−1) h = 0.063 (mg g−1 min−1) R2 = 0.8693 R2 = 0.9422
R2 = 0.976 t1/2 = 25.487 (min)

R2 = 0.9959

Fig. 9. Plot of pseudo-second-order equation for sorption
of fluoride onto LIGS Adsorbent dose = 6 g L−1 and Initial
fluoride = 10 mg L−1.

Fig. 10. Intraparticle diffusion plot for sorption of fluoride
onto LIGS.
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isothermal plot of adsorption of fluoride onto LIGS
and Fig. 13 shows the standard isothermal plot of
adsorption of fluoride onto GS.

It can be noticed from Fig. 12 that both sorbents
are favorable for adsorption. The data were further fit
into Langmuir, Freundlich, Sips, BET, and Dubinin–
Radushkevich (D–R) models to arrive at the best
fitting model.

3.5.1. Langmuir isotherm

Langmuir isotherm assumes monolayer sorption
over a more or less homogeneous sorbent surface. The
linear form of langmuir adsorption isotherm is given
by the following Eq. (7) [31].

Ce

qe
¼ 1

Qmaxb
þ Ce

Qmax
(7)

where Ce (mg L−1) is fluoride concentration at equilib-
rium, qe (mg g−1) is amount of fluoride adsorbed at
equilibrium, Qmax (mg g−1) is maximum adsorption
capacity, and b (L mg−1) is a constant related to
energy.

3.5.2. Freundlich isotherm

Freundlich isotherm model indicates surface
heterogeneity of the sorbent surface. The linear form
of Freundlich isotherm is given in Eq. (8) [32].

ln qe ¼ ln Kf þ 1=nð Þ ln Ce (8)

where Kf is a constant related to adsorption capacity
and (n) is a constant which indicates adsorption
intensity.

3.5.3. BET isotherm

BET isotherm indicates multiple layers of adsorp-
tion. It also assumes that a given layer of sorbent need
not complete formation prior to initiation of subse-
quent layers. The linear form of BET isotherm is given
in Eq. (9) [33].

Ce= Cs � Ceð Þqe
� � ¼ 1=BQo þ B� 1ð Þ=BQo½ � Ce=Csð Þ (9)

Fig. 11. Plot of bangham model for intra-particle diffusion
of fluoride onto LIGS.

Fig. 12. Standard isotherm plot of sorption of fluoride onto
LIGS (fluoride concentration from 5 mg L−1 to 70 mg L−1).

Fig. 13. Standard isotherm plot of sorption of fluoride onto
GS (fluoride concentration from 5 mg L−1 to 70 mg L−1).
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where Cs (mg L−1) is saturation concentration of sol-
ute, Qo is number of moles of solute adsorbed per unit
weight of adsorbent, and B is a constant denoting the
energy of interaction with the surface.

3.5.4. Sips isotherm

Sips isotherm [34] combines the features of
both Freundlich isotherm and Langmuir isotherm. It

effectively overcomes the inherent limitations of both
Langmuir and Freundlich isotherms. At low values of
Ce, Sips isotherm acts as Freundlich isotherm, while at
high values of Ce, it exhibits the characteristics of
Langmuir isotherm.

The linear form of Sips isotherm is given by
following equation:

Table 2
Comparison of isothermal constants for adsorption of fluoride onto LIGS

Isotherm model Langmuir Freundlich BET Sips D–R

Isotherm
parameters

Qmax = 12.285 mg g−1 qe= 1.607 mg g−1 Qo= 0.397 mg g−1 qmax= 3.74 (mg g−1) Xm= 6.437 (mg g−1)
b = 0.971 n = 1.786 B = 76.32 Ks= 1.7065 K = 0.0056

E = 9.432 kJ mol−1

R2 0.9896 0.8983 0.9062 0.9469 0.8961

Table 3
Comparison of maximum adsorption capacities of various sorbents

Adsorbent qmax (mg g−1) References

Lanthanum-impregnated activated alumina 6.7 [10]
Raphanus sativus peels biomass 19.82 [11]
Lanthanum hydroxide 242.2 [12]
Lanthanum-impregnated chitosan flakes 1.27 [13]
LIGS 3.74 Present
Lanthanum-incorporated chitosan beads 4.7 [14]
Metallurgical grade alumina 12.57 [15]
Alum-impregnated activated alumina 40.68 [16]
Manganese oxide-coated alumina 2.851 [17]
Magnesia-amended activated alumina 10.12 [18]

Fig. 14. Influence of competing anions on sorption of
fluoride onto LIGS (initial fluoride = 10 mg L−1 and
Sorbent dose = 6 g L−1).

Fig. 15. Fluoride eluted at various concentrations of
sodium hydroxide (initial fluoride concentration =
10 mg L−1, initial sorbent dose = 10 g L−1, and time = 2 h).
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1

qe
¼ 1

qmaxKs

1

Ce

� �1
n

þ 1

qmax
(10)

where qmax(mg g−1) is the maximum sorption capacity
of sorbent and Ks denotes the intensity of sorption.

3.5.5. D–R model

Langmuir and Freundlich isotherms give only pre-
liminary information about adsorption mechanism.
Therefore, to understand the mechanism involved in
adsorption of fluoride onto LIGS, equilibrium sorption
data were analyzed using D–R isotherm equation [35].

D–R equation is given by following equation:

X ¼ Xmexp �Ke2
� 	

(11)

where the Polanyi potential (ε) = RT ln[1 + (1/C)], X is
the amount of adsorbate adsorbed per unit weight of
adsorbent (mg g−1), Xm is the adsorption capacity
(mg g−1), Ce is the equilibrium concentration of fluo-
ride in aqueous solution (mg L−1), and K is the con-
stant related to adsorption energy. R is gas constant
and T is temperature in Kelvins.

The linear form of D–R equation is given by
following equation:

ln X ¼ ln Xm� Ke2 (12)

The mean free energy of adsorption (E) can be defined
as the free energy change, when one mole of ion is
transferred to the surface of sorbent, from infinity in
solution. The value of E is calculated from Eq. (13)[36].

E ¼ �2Kð Þ�0:5 (13)

The value of E describes the mechanism of adsorption
involved. If the value of E is <8 kJ mol−1, the mecha-
nism involved is physisorption, whereas if the value
of E is from 8 to 16 kJ mol−1, it indicates chemisorp-
tion. The value of E in case of adsorption of fluoride
onto LIGS was found to be 9.432 kJ mol−1, which sug-
gests that the mechanism involved is chemisorption.
A chemical reaction which involved conversion of lan-
thanum to lanthanum fluoride is also evidenced from
the peaks of XRD analysis depicted in Figs. 1 and 2,
before and after adsorption. The values of adsorption
parameters and values of coefficient of correlation (R2)
for all the above isothermal models are given in
Table 2. A comparison of maximum adsorption capac-
ities of various sorbents with LIGS is given in Table 3.

3.6. Influence of competing ions

Naturally occurring waters may consist of ions in
addition to fluoride ions and they may interfere in the
process of fluoride adsorption. To identify their influ-
ence, coexisting anions were spiked in addition to
fluoride and the effect on adsorption potential of LIGS
was observed. Fig. 14 shows the impact of competing
coexisting ions on fluoride uptake.

It is clear from the plot that chlorides, sulfates, and
phosphates had a negligible impact, whereas bicarbon-
ates and nitrates impeded the sorption process to a
considerable extent.

3.7. Regeneration studies

Material conservation is essential in any process.
To conserve the adsorbent, LIGS, its reusability was
examined by treating the loaded sorbent with various
eluents. A 4% NaOH solution was found to effectively
desorb 92% of adsorbed fluoride from LIGS. The
details of various doses of NaOH on the spent sorbent
and its potential to desorb fluoride are presented in
Fig. 15.

Efficiency of fluoride removal after consecutive
cycles of elution by NaOH is presented in Fig. 16.

It can be seen that at the third cycles the sorption
efficiency was 86%, whereas at fourth cycle it fell
down to 80%.

4. Conclusions

In this investigation, a new absorbent called LIGS
was prepared, characterized, and studied for its

Fig. 16. Removal of fluoride by LIGS after regeneration
with sodium Hydroxide (initial fluoride = 10 mg L−1, dose
of LIGS = 6 g L−1, pH = 7, and agitation time = 240 min).
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fluoride removable capabilities from drinking
water. LIGS was able to remove fluoride more
efficiently than GS. The main conclusions drawn are
as follows:

(1) pH wielded its influence on fluoride sorption.
But the favorable range was found to be
between pH 6 and pH 9 for LIGS and pH 5
and 7 for GS, which is a very favorable range
for normally occurring conditions of water.

(2) Fluoride sorption was rapid in the initial
60 min and gradually attained equilibrium at
240 min. Pseudo-second-order equation fitted
the data well indicating chemisorption. Mass-
transfer curves indicated that the diffusion
mechanisms involve both boundary layer dif-
fusion as well as intraparticle diffusion, occur-
ring simultaneously.

(3) Isothermal studies revealed that Sips isotherm
was the best fitting model and the sorption
capacity was found to be 3.74 (mg g−1).

(4) Competition of anions for active sites on LIGS
was exhibited by bicarbonates and nitrates,
whereas chlorides, sulfates, and phosphates
did not compete much.

(5) A 4% sodium hydroxide solution effectively
regenerated LIGS by desorbing 92% of
adsorbed fluoride. Three cycles of regenera-
tion retained the adsorption capacity of LIGS
by maintaining its fluoride removal potential
up to 86% from an initial fluoride concentra-
tion of 10 mg L−1.
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