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ABSTRACT

This study assesses the fluoride adsorption characteristics of red brick paving blocks or red pavers
which is locally available and a cheap potential adsorbent for defluoridation. Batch experiments were
conducted to evaluate basic parameters such as pH, contact time, dosage, and adsorbent capacity.
The adsorption data were incorporated with kinetics (Lagergren pseudo-orders) and isotherm models
(Langmuir, Freundlich, Dubinin—-Radushkevich [DR], and Temkin) to comprehend the mechanism and
types of adsorption. The data recorded in the study agreed with the applied models. The mechanism
of interaction between red paver and fluoride was of complex nature as Freundlich and DR isotherm
models suggest that adsorption is physisorption with little ion exchange mechanism while Lagergren’s
pseudo-second order kinetics and Langmuir isotherm model outlined that adsorption could be
chemisorption. The highest percentage of fluoride removal was achieved at pH range of 6-7 with 62%
removal. Elemental and mineral phases on red paver before adsorption were characterized by X-ray
diffraction and wavelength dispersive X-ray fluorescence and WD-XRF, major elemental and mineral

components were CaO, Fe,O,, SiO, and Al,O, and ankerite, dolomite, calcite, and lime, respectively.
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1. Introduction

Fluoride is the anionic form of the highly reactive ele-
ment fluorine, which is naturally found as part of numerous
minerals. Several hydrogeologic processes release fluoride
into groundwater which elevates fluoride levels in regional
groundwater systems [1-3]. Fluoride is an important micro-
nutrient for humans as it prevents dental caries and facilitates
the mineralization of hard tissues [4]. As per the WHO guide-
lines, the maximum permissible limit of fluoride in drinking
water is 1.5 ppm [5]. Elevated levels of fluoride in ground-
water could be a serious matter of concern for human health
[6,7]. It has become a fact that fluoride is the main cause of
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dental and skeletal fluorosis which are irreversible changes
in teeth and bones, respectively, having no cures to date [8].
The literature on fluoride also reports that it interferes with
synthesis of DNA and metabolism of various bio-molecules
[9,10]. High fluoride in groundwater is a global problem with
WHO estimating that more than 260 million people living all
over the world consume water with undesirable fluoride con-
centration [11]. Occurrences of dental and skeletal fluorosis
due to consumption of high fluoride has been reported from
several countries of the world such as Pakistan, India, China,
Japan, Sri Lanka, Iran, Turkey, Algeria, Mexico, Korea, Italy,
Brazil, Malawi, Jordan, Ethiopia, Canada, Norway, Ghana,
and Kenya [6,12-14]. Among these countries, rift valley
nations are the most afflicted from where the highest known
concentration of fluoride in the groundwater has been
reported as in Lake Nakuru, Kenya, 2,800 mg/L [15].
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Groundwater resources of Thar Desert areas of Sindh
province, Pakistan, have also been identified as containing
high fluoride concentrations and the inhabitants are consum-
ing groundwater with F~ concentrations as high as 44 mg/L.
Since fluorosis is untreatable and the only prevention is to
consume water that has fluoride concentration below the
maximum permissible limit, it becomes indispensable to treat
water to bring fluoride levels to the desirable limit. For the
purpose of removing fluoride from drinking water to bring it
under the WHO recommended limit, a number of techniques
have been developed which includes, membrane processes
such as reverse osmosis membrane process, dialysis and
electrodialysis, adsorption techniques, synthetic resins, and
biopolymers [16]. Among these techniques, adsorption is the
most extensively applied technique because of its simplicity,
rapidity, low operating cost, and the ability to regenerate
adsorbents for reuse. Several classes of materials have been
proposed for the adsorption of fluoride such as alumina and
aluminum-based adsorbents, bauxite, red mud, clays, soils,
and carbon-based materials are to name some [17]. Red brick
paving blocks are used as a paving material for the exterior
flooring and are manufactured in high compression machine
using concrete materials such as Portland cement, fine
aggregate, and crushed aggregate. Sometimes few typically
selected admixtures such as calcium chloride, marble dust,
barite, kiln dust, ground limestone, brick powder, calcium
stearate, etc., are used for improving the properties of con-
crete. It is estimated that Karachi alone has a daily demand
of 0.5 million prefabricated construction blocks, such as solid
blocks, hollow blocks, pavers, and kerbstones [18] which sub-
sequently generates a huge amount of solid waste material
that can be utilized for the defluoridation purpose. In the
present study, the potential of red paver (RP) was evaluated
for removal of fluoride from aqueous media through batch
experiment. Furthermore, kinetics studies were carried out
to understand the mechanism of adsorption and parameters
such as adsorbent dose, adsorbate concentration, pH, and
contact time were also optimized.

2. Materials and methods
2.1. Conditioning of red paver

RPs used in this study were collected randomly from the
local market without any chemical treatment, where RPs are
commonly used for construction purposes. The RPs were
crushed to increase the surface area and then sieved mechan-
ically to get uniform sized particles of RPs for experiments.
The sieved RPs were washed multiple times with de-ionized
water to remove the fine dust, and then filtered and oven
dried at 105°C for use in experiments.

2.2. Reagents

All the reagents used were of AR grade. Fluoride stock
solution of 1,000 mg/L was prepared by dissolving 2.21 g
anhydrous sodium fluoride in 1-L volumetric flask with
de-ionized water. All the working standards were prepared
by proper dilution of stock solution with de-ionized water.
Total ionic strength adjustment buffer (TISAB-IV) solution
was prepared by dissolving 58 g of sodium chloride, 57 mL

of glacial acetic acid and approximately 150 mL of 6 M NaOH
in a volume of 1,000 mL. The pH was initially adjusted to the
selected values with dilute HCI and NaOH solutions.

2.3. Instrumentation and mode of analysis

A pre-determined amount of uniformly sized RP parti-
cles was added into 100 mL conical flask containing a spe-
cific volume of the known initial concentration of fluoride
solution. The mixture was agitated using orbital shaker at
constant rpm and specific interval of time. Thereafter the
mixture was filtered using Whatman # 41 filter paper. The
fluoride concentration and pH of the adsorbate samples were
determined by using Thermo Scientific Orion 5-Star pH/ISE/
DO/conductivity meter. To maintain the pH of the solution at
6 and to eliminate the interference of complexing ions, sam-
ples were diluted in 1:1 ratio with TISAB-IV solution before
analysis. The fluoride ion selective electrode was calibrated
prior to each experiment to determine the slope and inter-
cept of the electrode. The pH electrode was also calibrated
using pH calibration buffers whenever the measurements
were made. Temperature-controlled orbital shaker, Model
IST-3075R made Jeio Tech, South Korea, was used for batch
mode adsorption studies.

2.4. Batch adsorption equilibrium studies

The batch mode adsorption experiment was conducted
at ambient temperature, 150 rpm and particle size of 250 pm
size to study the effect of variables such as solution pH,
adsorbent dosage, contact time, and initial concentration of
fluoride on the defluoridation.

Equilibrium time was optimized by taking 1.0 g RP
particles and 10 mg/L initial fluoride solution, shaken for the
different intervals of time from 10 to 120 min. The adsorption
capacity of RP particles was established using 1-6 g of
adsorbent (RP particles) shaken with 10 mg/L initial fluoride
concentration at equilibrium time. Effect of adsorbate con-
centration on fluoride removal capacity of RP was demon-
strated using 5-50 mg/L initial fluoride concentration at a
constant dose of adsorbent. Effect of pH on defluoridation by
RP particle was studied between pH 3.0 and 12.0.

The amount of fluoride (mg) adsorbed per unit mass of
the adsorbent (g) was calculated from Eq. (1):

C.-C,
(S5 v

where g is the fluoride adsorbed (mg/g), C, is the initial con-
centration of fluoride (mg/L), C, is the concentration of fluo-
ride in solution at equilibrium time (mg/L), V is the adsorbate
volume (L), and m is the mass of adsorbent (g).

2.5. XRF and XRD analysis

The X-ray fluorescence (XRF) spectrophotometer (Bruker
AXS 54 Pioneer) was used to determine the elemental profile
of the adsorbent. Phase and mineral identification was done
by Siemens D5000 powder diffractometer (X-ray diffraction
(XRD)) from 10° to 90° 20 using a step size of 0.05°/s.
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Identification was evaluated with the help of the Diffracr
searching software version 7.0.108 by comparing the data
(peaks and relative intensities) with peaks and relative inten-
sities from a very large set of “standard” data provided by
the International Center for Diffraction Data.

3. Results and discussion
3.1. Characterization of adsorbent
3.1.1. Elemental analysis

Results of XRF analysis of red pavers along with oxides
form of the elements, and their quantities in percentage have
been given in Table 1. Major elements in oxide form were
CaO (60.64%), SiO, (23.60%), Fe,O, (7.45%), and ALO, (4.13%).
The oxides/hydroxides of these metals have a high affinity
for fluoride and favor the ion exchange mechanism [19,20].

3.1.2. Mineral phase analysis

Mineral phases, their formulae, and percentages have
been given in Table 2. Major minerals in the composition
of red pavers were dolomite (73.90%), lime (10.80%), calcite
(7.30%), and ankerite (5.20%).

Table 1
Elemental chemical composition (oxide form) of red brick paving
block sample by XRF technique

Elemental composition %

SiO, 23.600
ALO, 4130
Fe,0, 7.458
CaO 60.640
K0 0.526
MgO 0.992
Na,0 0.445
TiO, 0.488
Cl 0.034
S0, 0.775
P,0, 0.559

Table 2

Phase and mineral identification of RP sample by XRD technique

Compound name  Formula Quantities (%)
Ankerite Ca(Mg, . Fe,,,(CO,), 52
Dolomite CaMg, . Fe ,,(CO,), 73.9
Calcite CaCO, 7.3
Lime CaO 10.8

3.2. Batch mode adsorption studies
3.2.1. Equilibrium time

The effect of contact time on percentage removal of
fluoride is shown in Fig. 1 and it is observed that optimum
contact time to remove maximum fluoride (i.e.,, 62.7%) is
110 min. The data demonstrate that the adsorption of fluo-
ride ion by RP is faster in the first 50 min and equilibrium is
established in 110 min after which the curve tends to become
linear and may approach the saturation which reflects the
monolayer coverage. It could be suggested that during
the initial stage of adsorption, many vacant surface sites
were available for adsorption. However, as the experiment
proceeds, the remaining vacant surface sites are difficult to be
occupied due to repulsive forces between the adsorbed F- on
the solid surface and the bulk phase.

3.2.2. Equilibrium pH

Adsorption of F- onto RP was studied in the pH range of
3-12 and the results are shown in Fig. 2. The results showed
that adsorption was maximum (i.e., 62.7%) in the pH range
of 6-7 which is consistent with results obtained by other
researchers [20-22]. The adsorption is probably favored by
low pH since anion adsorption is coupled with the release
of OH ions. In the acidic pH range, the amount of fluoride
adsorbed is slightly decreased and this can be attributed to
the formation of weak hydrofluoric acid [23]. In the alkaline
pH range, there is a sharp drop in adsorption, which may be
due to the competition of the hydroxyl ions with the fluoride
for adsorption onto the oxides present in RP [24].

3.2.3. Equilibrium concentration

The effect of initial fluoride concentration on adsorption
capacity mg/g and percent adsorption is also shown in
Fig. 3. With an increase in fluoride concentration, percentage
fluoride adsorption decreases whereas the amount of
fluoride adsorbed per fixed mass of adsorbent increases. This
indicates that the adsorbent surface offers a limited number
of active sites compared with the relatively large number of
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Fig. 1. Effect of equilibrium time on the percentage adsorption

at different time intervals (adsorbent dose = 1 g, adsorbate
concentration = 10 mg/L, pH =7).
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Fig. 2. Effect of pH on the percent adsorption as a function of
pH of adsorbate (initial concentration of fluoride = 10 mg/L,
adsorbent dose =1 g, contact time = 110 min).

80 T T T T T [ 1 3
1 L 1.2
75{ ®m I
] L 1.4

v/ L 1.0 —
| o9
65 v L o8
\ v/ o7
| 0.6
- Los §
-04 &
45_- V/ \.7-\- o3
. T g L 0.2
w© . . . : —+o01

0 10 20 30 40 50
Initial fluoride concentration (mg/l)

3
1
9

jon capacity

% adsorption
8

Fig. 3. Plot of amount of fluoride adsorbed per gram of adsorbent
and the percentage of fluoride adsorption on adsorbent as a
function of initial fluoride concentration (adsorbent dose =1 g,
contact time = 110 min, pH =7).

active sites required for the high initial fluoride concentra-
tion [25]. Adsorption capacity was found to be of the order of
0.19-1.08 mg/g of adsorbent.

3.2.4. Adsorbent dose

The effect of adsorbent dosage on adsorption capacity
and percentage removal of RP at optimized pH and initial
fluoride concentration is shown in Fig. 4(a) and it indicates
that percentage fluoride removal increases, and adsorption
capacity decreases as the adsorbent dose is increased. The
percentage removal of fluoride increased with an increase in
adsorbent dose and nearly 91.0% of fluoride was adsorbed
with 6.0 g of adsorbent. However, an adsorbent dose of
1.0 g was optimized for the further study because, after 1.0 g
adsorbent dose, the adsorption capacity did not seem to
decrease that sharply. An adsorption capacity of 0.31 mg/g
and percentage F~ removal of 62% was achieved at an opti-
mized dose of 1.0 g.

Distribution coefficient K, reflects the binding ability of
the surface for ions and is dependent on pH and type of sur-
face. Fig. 4(b) shows plot of K, values as a function of adsor-
bent dose. Initially, K, values decrease sharply and then it
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Fig. 4. (a) Plot of amount of fluoride adsorbed per gram
of adsorbent and the percentage of fluoride adsorption on
adsorbent as a function of adsorbent dose (initial fluoride
concentration = 10 mg/L, contact time = 110 min, pH =7). (b) Plot
of distribution coefficient as a function of adsorbent dose (initial
fluoride concentration =10 mg/L, contact time = 110 min, pH=7).

approaches linearity (i.e, no significant change) which
reflects the homogeneous nature of RP surface [26].
The distribution coefficient values were calculated using

Eq. (2):

K,=—ftx— )

where K, is distribution coefficient, C, is the initial concen-
tration of fluoride (mg/L), C, is the concentration of fluoride
in solution at equilibrium time (mg/L), V is the adsorbate
volume (L), and m is the mass of adsorbent (g).

3.3. Kinetics of adsorption

To clarify the adsorption kinetics of fluoride onto RP,
two kinetic models Lagergren’s pseudo-first order and pseu-
do-second order models were applied to the experimental
data. The kinetics of adsorption of fluoride by red brick was
carried out and the plotted results were shown in Fig. 5. The
adsorption kinetics is very fast, that is, in the first 50 min most
of the fluoride is adsorbed. With further increase in time, a
slight increase in adsorption is observed up to about 110 min
after which it is essentially constant. Adsorption probably
takes place on the surface only with very little diffusion tak-
ing place into the pores.
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Fig. 5. (a) Plot of Lagergren’s pseudo-first order and

(b) pseudo-second order models (initial concentration of
fluoride = 10 mg/L, adsorbent dose =1 g, pH=7).

The pseudo-first order model assumes that the fluoride
ion only adsorbs on one adsorption site of the adsorbent sur-
face and is represented as Eq. (3):

Linear form of pseudo-first order is:

In(q, -q,)=9,, —kt 3)

where g, and g, (mg/g) are adsorption capacities at equilib-
rium and specific interval of time ¢ (min), g,  is the Lagergren
maximum adsorption capacity (mg/g) and k (min’) is the rate
constant.

On the other hand, the essential assumption of the
pseudo-second order model is that one target ion is adsorbed
onto two surface sites. Linear form of pseudo-second order is
represented as Eq. (4):

t_ 1t .
9, kg, 4, @)

where q, and g, (mg/g) are adsorption capacity at equi-
librium and specific interval of time t (min), and k, is the
pseudo-second order rate constant (g/mg min).

Table 3 lists the results of rate constant studies for fluo-
ride ion in single combination by the pseudo-first order and
pseudo-second order models. The value of correlation coeffi-
cient R? for the pseudo-second order adsorption model is rel-
atively high (0.999), and the adsorption capacities calculated
by the model (0.345 mg/g) are also close to those determined
by experiments (0.314 mg/g; Fig. 3).

Table 3

Comparison between adsorption kinetic parameters and
coefficients of correlation associated to the Lagergren’s
pseudo-first order and pseudo-second order kinetic (initial
fluoride concentration = 10 mg/L, adsorbent dose=1 g, pH =7)

Adsorption kinetic models =~ Parameters Values
Lagergren’s R? 0.966
pseudo-first-order kinetic (min™) 0.0395
model

q,, (mg/g) 0.236
Lagergren’s R? 0.999
pseudo-second-order k, (g/mg min) 0.081
kinetic model

g, (mg/g) 0345

However, the value of R? for the pseudo-first order model
was 0.966 but value of adsorption capacities is not much
satisfactory, that is, 0.236 mg/g (Table 3). Therefore, it has
been concluded that the pseudo-second order adsorption
model is more suitable to describe the adsorption kinetics of
fluoride ion over RP. This suggests that the rate limiting step
in this adsorption process may be chemisorption and there is
an involvement of valent forces by the sharing or exchange of
electrons between adsorbent and adsorbate [27].

3.4. Adsorption isotherms

Adsorption isotherms are the prerequisite parame-
ters to understand the behavior of the adsorption process.
Along with the affinity of an ion for adsorption, the shape
of an isotherm also reflects the possible mode of adsorp-
tion. It also expresses the relation between the mass of
adsorbate at the solid and liquid phase at particular tem-
perature [28]. Understanding of the sorption capacities of
adsorbent materials, such as RP, facilitates to design and
develop treatment systems for particular adsorbate sys-
tems [29]. The adsorption isotherms data correlated with
the linear form of the Langmuir, Freundlich, DR, and
Temkin adsorption isotherm models for fluoride onto the
RP are shown in Fig. 6, whereas Table 4 shows the coeffi-
cients of determination (R?) and the isotherm constants of
the Freundlich, Langmuir, DR, and Temkin equations in
the single system.

3.4.1. Langmuir adsorption isotherm

Abasic assumption of the Langmuir model is that adsorp-
tion takes place at specific sites within the adsorbent surface.
Theoretically, therefore, a saturation value is reached beyond
which no further adsorption can take place. The Langmuir
isotherm suggests monolayer coverage of adsorbate over a
homogenous adsorbent surface [30]. The data obtained from
the adsorption experiment conducted in the present investi-
gation was fitted in the linear expression Langmuir isotherm

(Eq. (9)):

Qmax (5)
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Fig. 6. (a) Plots of Langmuir adsorption isotherm, (b) Freundlich adsorption isotherm, (c) DR isotherm and (d) Temkin isotherm
(initial concentration of fluoride = 10 mg/L, adsorbent dose =1 g, contact time = 110 min, pH = 7).

Table 4

Langmuir, Freundlich, Dubinin—-Radushkevich, and Temkin
isotherm constants for the adsorption of fluoride ion on RP
adsorbent (initial fluoride concentration = 10 mg/L, contact
time = 110 min, adsorbent dose =1 g, pH=7)

Isotherms Parameters Values
Langmuir R? 0.862
K, 16.211
Q.. 1.555
R, (0.013-0.114)
Freundlich R? 0.984
K, 0.153
1/n 0.562
n 1.778
DR equation constants ~ R? 0.955
B, 0.0370
q, 0.0025
E (kJ/mol) 8.602
Temkin R? 0.877
B, 3.097
K 1.118

T

Here K, is Langmuir constant and Q __ theoretical mono-
layer capacity, and their values were evaluated by slope and
intercept of the linear plot of C/q, against C, (Fig. 6(a)). The
Langmuir equation is applicable to homogeneous adsorption
where the adsorption of each molecule has equal adsorption
activation energy.

Table 4 presents the values of the parameters introduced
by the Langmuir isotherm, as observed from Table 4, the cor-
relation of the Langmuir isotherm was performed with the
fluoride adsorption data onto the RP. The feasibility of the
Langmuir isotherm can be expressed in terms of a dimen-
sionless constant, separation factor or equilibrium parame-
ter, R, which is defined as Eq. (6) [31]:

1

=) ©

where b is the Langmuir constant and C, is the initial con-
centration of the metal ions. R, values between 0 and 1 indi-
cate favorable adsorption while R, > 1 is unfavorable. From
our study, R, values for fluoride ion adsorption ranged from
0.013 to 0.114 which indicates that the adsorption process is
favorable.

3.4.2. Freundlich isotherm

The Freundlich model is used for heterogeneous surfaces,
with different sorption energies. Freundlich expression is an



T. Rafique et al. / Desalination and Water Treatment 108 (2018) 207-215 213

exponential equation and assumes the multilayer coverage
of the adsorbent surface. Theoretically, using the following
expression (Eq. (7)), an infinite amount of adsorption can
occur [32].

1

qe = KFC£; (7)

where K, and 1/n are the Freundlich constants. The constants
K, and 1/n were obtained by slope and intercept of the linear
form of the equation as shown below in Eq. (8):

1
Ing, =InK, +;lnCe (8)

Plotting Ing, vs. InC, (Fig. 6(b)) results in a straight line of
slope 1/n and intercept InK and the value of the linear regres-
sion coefficient (R?) was found to be 0.984, indicating that the
data substantially fits in the model. The values of K, and 1/n
calculated from Fig. 6(b) were found to be 0.141 and 2.078,
respectively, (Table 4).

The degree of non-linearity between solution
concentration and adsorption depends upon the value of 1 as
follows: if the value of 1 is equal to unity, the adsorption is
linear; a value below unity implies that adsorption process is
chemisorption; if the value is above unity then adsorption is a
favorable physical process [33]. The value of # in this study
has been found to be greater than unity, that is, 1.779 (Table 4)
which shows that adsorption process of fluoride onto the RP
adsorbent is fairly physisorption.

3.4.3. Dubinin—Radushkevich equation

Dubinin-Radushkevich (DR) equation was widely used
to express the adsorption isotherms in micropores and was
selected for present study to estimate the characteristics
porosity of the RP and the apparent energy of adsorption
[34]. The model is represented as Eq. (9):

q.= BTanT + BTlnCe )

where (3 is related to the free energy of adsorption per mole
of the adsorbate as it migrates to the surface of the adsorbent
from infinite distance in the solution and ¢ is the DR iso-
therm constant related to the degree of adsorbate adsorption
by the adsorbent surface. The linear form of above equation
is given as Eq. (10):

2
1
Ing, =Ingq, -B, {RT 1n(1+Cg)} (10)
or
Ing, = Ing, - By an
1
here, (Polanyi Potential) ¢ = RT In(1+ ?) (12)

e

A plot of Ing, against ¢* (Fig. 6(c)) indicates a good agree-
ment between the isotherm model and the experimental
data. The values of g, and 3, calculated from the intercepts
and slopes of the plots (Fig. 6(c)) are shown in Table 4 with
the apparent energy (E) of adsorption from the DR isotherm,
which was calculated using Eq. (13):

1

E= 1
(2B,)?

(13)

Values of E ranging from 1 to 8 (kJ/mol) represent phy-
sisorption, 8-16 (kJ/mol) ion exchange and 16-40 (kJ/mol)
represent chemisorption process [35]. The higher the values
of g , the higher the adsorption capacity. The values of g,
from Table 4 are seen to be higher for RP. The values of the
apparent energy of adsorption shown in Table 4 depict phy-
sisorption process with little ion exchange mechanism [36].

3.4.4. Temkin isotherm

Temkin and Pyzhev considered the effect of some indi-
rect adsorbate/adsorbate interaction on adsorption isotherms
and suggested that because of interaction the heat of adsorp-
tion of all the molecules in the layer would decrease linearly
with coverage [37]. The amount of adsorbate can be given as
Eq. (14):

q, =BInK; +B;InC, (14)

where K. is the equilibrium binding constant (L/mg) corre-
sponding to maximum binding energy and (3, is a Temkin
isotherm factor related to the heat of the adsorption and is
given by:

Br=—- (15)

Here, b is related to heat of adsorption (J/mol), R is
the gas constant (8.314 J/mol K), and T is the absolute
temperature (K).

Plotting g, vs. InC, (Fig. 6(d)) resulted in a little deviated
straight line of slope B, and intercept K, which shows the
applicability of the Temkin model for adsorption of fluoride
ion onto the RP adsorbent. The Temkin isotherm constants,
K., B, and R? are presented in Table 4.

4. Conclusion

The study focused on the applicability of a new adsorbent
RP for removal of fluoride from aqueous solution in single
ion systems. The adsorption process was described well by
the Langmuir and Freundlich isotherm equations. The maxi-
mal adsorption efficiency of the RP has been found to be 62%
at optimized conditions. Results showed that the percentage
of fluoride removal is a function of adsorbent dose and con-
tact time at a given initial fluoride concentration. It increased
with time and adsorbent dose. Kinetically, the adsorption
process was favored by the pseudo-second order model and
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was found to occur in about 40 min with reasonable activation
energy and rate. The Langmuir, Freundlich, DR, and Temkin
isotherm adsorption models were applied on batch experi-
ments data and have been found reasonably well. The values
of dimensionless equilibrium parameter (R,) at different con-
centrations indicate the favorability of the process described
in the present study. On the basis of the above information
it is difficult to explain the mechanism of adsorption. The
applicability of pseudo-second-order kinetics and Langmuir
isotherm model outlines adsorption could be chemisorption
involving valent forces through the sharing or exchange
of electrons between adsorbate and adsorbent. Whereas
Freundlich model and mean free energy (i.e., 8.602 kJ/mol)
by DR model suggest physisorption process with little ion
exchange mechanism, hence it can be concluded that adsorp-
tion process for proposed study is complex in nature. There
is an involvement of both valent forces as well as van der
wall forces between adsorbents (RP) and fluoride. Overall
process was dominated by physisorption mechanism. The
analyses by XRF and XRD showed that the adsorbent had
major elemental oxides of CaO, SiO,, Fe,O,, and AL O, while
the major mineral phases were found to be dolomite, lime,
calcite, and ankerite.
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