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ABSTRACT

Groundwater of the Thar Desert in Sindh province of Pakistan is known to have high fluoride con-
centration whose use for drinking purpose has led to a catastrophic prevalence of dental and skele-
tal fluorosis. Therefore, as a remedial measure to this problem, with an aim to bring fluoride levels
in drinking water below the WHO limit of 1.5 mg/L, adsorption experiments have been carried out
in this study in the batch and column modes and extended to the pilot scale investigations using
alumina as the adsorbent. The batch mode experiments helped optimize the adsorption parame-
ters such as adsorption time, adsorbent dose, and pH and the values were found to be 50 min, 2.0 g,
and 6-7, respectively. Batch adsorption data further showed greater compatibility with Freundlich
adsorption isotherm as well as pseudo-second-order model. The thermodynamic experiments
revealed that the process is endothermic and spontaneous with Gibb’s free energy ranging from —7.56
to —8.13 kJ/mol. A percentage removal of almost 95% in the batch mode was encouraging to carry
the study to the column mode which represents a more pragmatic approach. Column experiments
were carried out in a column of 33 cm length and 3.4 cm of the internal diameter which resulted in
the breakthrough adsorption capacity of 4.98 mg/g at an initial fluoride concentration of 10 mg/L.
Thomas and Yoon-Nelson adsorption models fitted well with the data with high values of deter-
mination coefficients. The maximum adsorption capacity Q and the rate constant K, obtained
via Thomas model were found to be 8.82 mg/g and 0.0012 L/min mg, respectively, and the values
of K, and 1 from Yoon-Nelson model were found to be 0.0128 min™ and 426.83 min, respectively.
The column containing 5.0 g of alumina reached exhaustion after passing 7.1 L of 10.3 mg/L fluo-
ride solution. It was subsequently regenerated with 1% NaOH with a desorption efficiency of 92%.
Based on these results, a pilot plant was designed that contained 60 kg bed of alumina in a vessel
of 13 inch internal diameter and 60 inch height. Experiments with pilot plant revealed that the
plant can serve around 20,000 L of fluoride-safe drinking water if the initial fluoride concentration
of the water is approximately 10 mg/L. The plant was successfully used up to the third cycle with
decreasing efficiency of fluoride removal. These results are highly encouraging and pragmatic which
will be helpful in engineering a real-time plant for the people of Thar desert to provide them with a
fluoride-safe drinking water and overcome the menace of the fluorosis completely from the area.
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1. Introduction

As per World Health Organization (WHO), beside
arsenic and nitrate, fluoride is considered one of the great-
est chemical concerns of water for human consumption [1].
Fluoride is variably present on different segments of
earth including crustal rocks, soil, river water, groundwa-
ter, and sea water [2]. The contamination of groundwa-
ter by fluoride is due to its extensive distribution in the
geological environment and slow dissolution of fluoride
containing minerals in rocks [3,4]. Incidences of high flu-
oride in groundwater have been witnessed in number of
areas around the world especially the developing coun-
tries [5,6]. In Lake Nakuru, Kenya the natural fluoride
concentration has been reported as high as 2,800 mg/L [7].

Accumulation of fluoride in groundwater has been a
threat all around the globe as groundwater is the predomi-
nant source of human intake of fluoride [8]. The maximum
permissible limit of fluoride in groundwater, set by WHO
is 1.5 mg/L [1]. An excess intake of fluoride has been linked
with severe health related effects characterized by irrevers-
ible and permanent deformities of bones and teeth known
as skeletal and dental fluorosis respectively [9]. At adequate
fluoride levels in the range of 1.50—4.60 mg/L dental fluo-
rosis is observed and at certain higher levels that exceeds
5 mg/L symptoms of skeletal fluorosis are visualized [10].

Hydrochemical studies have shown that groundwater
resources of Thar Desert in Pakistan are also highly affected
with fluoride and endemic fluorosis has been observed in
whole region with different intensities, including dental
and skeletal fluorosis irrespective of age and gender [11].
The granitic basement of Thar Desert is rich in fluoride
bearing minerals and influence of different geochemical
processes elevates the groundwater with fluoride. Since
people of Thar Desert completely rely on this groundwater
for drinking purpose therefore a substantial area of Desert
is affected by fluoride toxicity and its impacts on human
health are severe in the form of prevalence of fluorosis.

These circumstances emphasize the importance of
defluoridation studies which has prompted the develop-
ment of numerous defluoridation techniques including
adsorption, reverse osmosis, coagulation and precipitation,
and electrodialysis [12]. Among these techniques, adsorp-
tion is unique due to its wide range of application and
cost-effectiveness. An extensive list of materials has been
compiled by Bhatnagar et al. [13] showing variety of adsor-
bents for defluoridation which includes, among others,
alumina and aluminum-based adsorbents, iron-based sor-
bents, mixed metal oxides, carbon based sorbent, and nat-
ural materials. Among those adsorbents, activated alumina
has been classified as the best demonstrated available tech-
nology (BDAT) by the WHO and USEPA due to its greater
affinity and selectivity for fluoride [14]. Therefore, number of
reports have presented the insight into the fluoride adsorp-
tion onto alumina and alumina-based adsorbents [15-19].

As far as the methodology of adsorption studies is con-
cerned, batch mode is predominantly reported which is
usually limited to the treatment of small volumes of effluent
and is useful in determining the effectiveness of the adsor-
bent in terms of adsorption capacity and other thermody-
namic and kinetic parameters. The batch mode has found

numerous uses in industry, however, from a drinking water
perspective where bulk volumes are treated, adsorption with
column have found more acceptance because the function-
ality of the column mode of adsorption is closer to the real-
time plants. The adsorption of fluoride using alumina as an
adsorbent in a column mode has been previously studied
[20-22]. The experiments of the present study are part of an
extensive study to propose a practical solution in the form
of a defluoridation plant workable in the Thar desert to pro-
vide the inhabitants of the Thar desert with the fluoride-free
drinking water. The novelty of the present study lies in the
experiments related to the defluoridation pilot plant which
will give a realistic estimate of the parameters required
for the real plants to be installed in the coming future.

2. Materials and methodology

Commercial alumina, 28 x 48 Tyler mesh dimensions
was purchased from BASF India with the pore volume
0.52 cc/g, surface area 380 m?/g, and bulk density of 40 Ib/
ft’). All the reagents and chemicals used in this study were
of AR grade and were purchased from local markets of Karachi.

2.1. Analytical method

Stock solution of 1,000 mg/L fluoride was prepared
in 1 L volumetric flask by dissolving 2.21 g of anhydrous
sodium fluoride in deionized water (conductivity < 1 uS/
cm). All the standard solutions were prepared by appro-
priate dilution of the stock solution with deionized water.
The pH of deionized water was about 6.5-7.0, and all the
experiments were conducted at ambient temperature
(30°C + 2°C). The fluoride concentration in the influent
and effluent were determined by using a fluoride ion-
selective electrode coupled with Thermo Scientific Orion
5-Star pH/ISE/DO/conductivity meter. Total ionic strength
adjustment buffer (TISAB-IV) was prepared by dissolv-
ing 58 g of sodium chloride, 57 mL of glacial acetic acid,
and 150 mL of 6 M NaOH solution with a little deionized
water, and the volume was made up to 1,000 mL. Samples
for fluoride analyses were diluted to 1:1 with TISAB-IV
solution to maintain the pH of solution at 5.5 and to elimi-
nate the interference of complexing ions. The fluoride ion-
selective electrode was calibrated prior to each experiment
to determine the slope and intercept of the electrode.

2.2. Batch mode studies

The batch experiments were conducted to study the
effect of variables like contact time, adsorbent dosage,
initial solution pH, and initial fluoride concentration and
temperature on the defluoridation. Equilibrium time was
optimized by taking 0.5 g alumina with 10 mg/L initial
fluoride solution, shaken for the different interval of time
from 10 to 100 min. Concentration variable was optimized
from 10 to 30 mg/L initial concentration at constant dose of
adsorbent. Effect of pH on defluoridation by alumina was
studied between pH 2.0 and 12.0. For temperature variation,
a batch of fixed volume of varying fluoride concentration
(i.e, 10-30 mg/L) with optimized amount of alumina and
time was run in a temperature controlled incubated shaker
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(JEIO TECH, Korea, model number IST-3075R) at tempera-
ture ranging from 25°C to 40°C.

The percent adsorption capacity was calculated from
the following equations:

C.-C
%Adsorption _( ’ z ! ]100 1)
(C.-c,)v
%Q, =—+— @
m

where Q, is the mg of fluoride adsorbed per unit g of
the adsorbent called adsorption capacity, m is the mass
of adsorbent, and V is the volume of fluoride solution,
C,and C are the initial and final concentrations of fluoride,
respectively.

2.3. Column studies

Break through curve was studied to examine the per-
formance of adsorbent in dynamic mode and to evaluate
its sorption capacity at break through point. For this pur-
pose, fixed amount of alumina was introduced in column
of known frit, 33 cm length and 3.4 cm diameter. Keeping
WHO recommended limit of fluoride in drinking water as
break through concentration, pre-determined concentration
of fluoride solution was passed through the column at fixed
flow rate. The contact between solid phase of adsorbent
and fluoride in liquid phase of solution allowed an inter-
action which resulted in adsorption of fluoride. The point
when fluoride concentration in fixed volume of the effluent
was found to be equal or closer to 1.5 mg/L, was consid-
ered as break through point and mg of fluoride adsorbed
on g of adsorbent was calculated as the sorption capacity
at that point. Similarly, when the concentration of influ-
ent and effluent of column became closer or identical the
column was considered exhausted and then regenerated.

Similar approach was adopted for desorption studies
for the regeneration of column and concentration of NaOH
was optimized for the maximum desorption. For this pur-
pose, NaOH solutions of different strength were passed
through the exhausted column and fluoride level in effluent
was determined to estimate the desorption efficiency of a
strength of NaOH for regeneration of exhausted column.

2.4. Pilot plant studies

To estimate the efficiency of pilot defluoridation plant,
the breakthrough point study was extended to pilot plant
scale. For this purpose, defluoridation bed of 60 kg with
alumina was housed in a vessel of dimensions 13-inch
internal diameter and 60-inch height. A batch of fluoride
solution of 10 mg/L was passed through the fixed bed with
high flow rates of up to 30 L per minute. The mean resid-
ual concentration of fluoride in the effluent was determined
by taking the sample of effluent at initial, middle, and near
the end of passage of single batch. The bed was regenerated
after attaining the breakthrough point (i.e., at 1.5 mg/L)
with 1% NaOH solution and then reused for the next cycle.

3. Results and discussion
3.1. Batch mode adsorption studies
3.1.1. Equilibrium time

Fig. 1a reflects the impact of contact time on percent
fluoride removal and it demonstrates that a removal effi-
ciency of almost 84% has been achieved within 50 min of
time after which it becomes constant suggesting that at the
equilibrium has been established. At initial stage, adsorp-
tion was rapid due to the available vacant surface sites. After
50 min, the repulsive forces between the adsorbed F- and
the bulk phase F~ make it difficult for the remaining vacant
surface sites to be occupied. Fig. 1b shows that adsorp-
tion capacity reaches a maximum of 0.745 mg/g during a
time interval of 40-50 min and it remains almost constant
afterward showing that equilibrium was established, and
process approached monolayer formation.

3.1.2. Adsorbent dose

The removal efficiency of alumina in terms of percent-
age removal at optimized time and different adsorbent
doses is shown in Fig. 1c. The obtained data demonstrates
that removal efficiency increased with an increase in adsor-
bent dose and nearly 94.44% of F~ was adsorbed at 2.0 g
of alumina. However, after 2.0 g, there was no significant
increment in F~ removal. Therefore, the 2.0 g adsorbent
dose was used in further studies.

3.1.3. Equilibrium concentration

The effect of initial fluoride concentration on removal
efficiency of alumina in terms of percentage removal was
investigated by running inlet concentration of fluoride solu-
tion in the range from 10 to 30 ppm. The results have been
graphically presented in Fig. 1d which depicts a generally
increasing pattern with 84%-90% removal. Since uptake of
F- from solution to the solid phase of adsorbent depends
on fluoride to the available surface ratio of adsorbent,
therefore, it may be concluded that adsorption efficiency
increased due to increase in F- to available surface ratio.

3.1.4. Equilibrium pH

The effect of pH on the fluoride removal efficiency of
alumina was studied in the pH range of 2-12 and results
are shown in Fig. 2. The obtained data demonstrates that
adsorption was maximum at the near neutral pH of 6-7
and quite low at both ends of this range of pH. In the acidic
pH range, formation weak hydrofluoric acid along with
chemical and electrostatic interaction of the oxide sur-
face and fluoride ion plays important role in decreasing
the adsorption efficiency of alumina. At higher pH (higher
than neutral pH) the adsorption is lower because of stron-
ger competition with hydroxide ions on adsorbent surface
even though the oxide surface is positively charge [23].

3.1.5. Adsorption isotherm modeling

Isotherm studies explain the feasibility of adsorption
mechanism and defines the surface nature and affinity of
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Fig. 1. (a-d) Optimization of batch adsorption parameters.
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Fig. 2. Optimization of pH for the removal of fluoride using alu-
mina.

the adsorbent. The obtained data was integrated with well-

known Langmuir, Freundlich, and Dubinin-Radushkevich

(D-R) isotherm models whose linear forms are given below:
Langmuir isotherm model linearized equation:

C 1 C

e e

Qg - KLQmax Qmax
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where C, (mg/L) is the equilibrium concentration, Q, (mg/g)
is the sorption capacity, K| is Langmuir constant, Q _ (mg/g)
is the monolayer capacity.

The constants K, the feasibility of Langmuir isotherm
can be determined by calculating the separation factor (R,)
using following expression:
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where K| is the Langmuir constant and C, (mg/L) is the initial
concentration. Value R, = 0 indicates irreversible adsorption,
R, =1 linear, and R, > 1 unfavorable and R, values between
0 to 1 favorable adsorption and Q__ can be calculated
from the slope and intercept of the plots of C/Q vs. C,.

Freundlich adsorption model linearized equation:

InQ, =InK, +llan )
n

where n and K, both are Freundlich constants their values
can be derived from the slope and intercept respectively of
the plots of InQ, against InC, (Figs. 3a and b). The slope of
the plot is given by 1/n and it shows adsorption intensity and
surface heterogeneity whereby a value close to zero indicates
more heterogeneity and chemisorption.

Dubinin—Radushkevich (D-R) isotherm linearized
equation:
1 2
InQ, =Ing, -B,RT ln[1+cj (6)

where In(1 + 1/C)* is reduced into ¢, g, (mg/g) is the
monolayer capacity of adsorbent, (3, is a constant related
to adsorption energy, R (J/mol K) is a gas constant,
T is absolute temperature, Q, and C, have usual meanings.
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Fig. 3. Plots of (a) Langmuir and (b) Freundlich isotherm model for the removal of fluoride using alumina.
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Fig 4. Plots of D-R isotherm model for the removal of fluoride
using alumina.

The D-R plots for adsorption of fluoride ion on alu-
mina are presented in Fig. 6. Values of g, and B, were
computed from the intercept and slopes of the respec-
tive plots and the mean free energy of sorption E was
calculated by using the equation:

E=(28,)" )

The mean free energy provides the nature of adsorp-
tion process. If E value equal 8 kJ/mol it suggests phy-
sisorption, if E value lies within 8-16 kJ/mol it suggests
ion exchange process and E value greater 16 kJ/mol it
suggests chemisorption [24].

The data regarding respective parameters of each of the
isotherm model is presented in the Table 1. The Langmuir’s
monolayer capacity ranged within 0.15-0.19 mg/g and
were in ascending manner with temperature. Table 1 also
shows the values of separation factor (R,) in the Langmuir
isotherm lying between 0 and 1. The theory related to
Langmuir model suggest that values of R, within 0 and
1 indicate the feasibility of the adsorption process [25].
Similarly, the values of 1/n which shows the surface inho-
mogeneity in the Freundlich model are generally lower
than unity and approaching towards 1 with increasing

(b) 110 .
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Table 1
Values of parameters related to the two isotherms
Isotherms Parameters Values
models 208K 303K 308K 313K
K, 0.04 0.03 0.03 0.02
Lonommuie | Qo 015 017 017 0.9
& R, 021 026 028 032
R? 0.82 0.78 0.81 0.73
n 1.71 1.51 147 1.39
K 0.01 0.01 0.01 0.01
F dlich Y
reunaiet 058 066 068 072
R? 0.95 0.96 0.97 0.97
q, 0.07 0.07 0.07 0.07
DR By (10%) 8.60 9.80 9.90 10.30
A E (kJ/mol) 0.008 0.007 0.007 0.007
R? 0.77 0.80 0.82 0.83

temperature (0.58-0.72 from 298-303 K). This indicates
the loss of surface heterogeneity with little influence of
chemisorption, that is, cooperative adsorption [26]. Mean
free energy (E, < 8 k]J/mol) by D-R model reflects the week
Vander Waal interaction, that is, physical interaction between
adsorbate-adsorbent system [27]. However, as per the val-
ues of co-efficient of determination (R?) it is evident that
the adsorption data is more compatible with the Freundlich
isotherm than with Langmuir and D-R isotherm models.

The defluoridation mechanism of alumina has been
reported to be the exchange of F~ from aqueous media
with the OH- in the alumina adsorbent structure via the
complex formation which has been confirmed by the MAS
NMR spectroscopy [15].

3.1.6. Kinetic studies

To design a batch adsorption system kinetic studies
are essential as they provide valuable information regard-
ing the reaction pathways and the mechanism of adsorp-
tion process in addition to the rate at which a pollutant is
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removed at the solid-solution interface [28]. To sever this
purpose, the adsorption kinetic data has been applied on
two kinetic models namely Lagergren’s pseudo-first-order
and Ho’s pseudo-second-order models to illustrate the best
fitting model. Additionally, intra particle diffusion model
has also been utilized to see the solute transport from
solution to the adsorbent.

Pseudo-first-order model assumes that adsorption of
adsorbate ion on to the adsorbents surface is reversible.
Therefore, this model is used to compare kinetics of sys-
tem near equilibrium. The linear form of Lagergren’s pseu-
do-first-order can be presented in linear form as follows [29].

In Q -0Q,)=Q,, ~kt (8)

where Q= (mg/g) is Lagergren’s maximum sorption
capacity and k (min™) is rate constant and were obtained
from the slope and intercept of In(Q, — Q,) against time ¢.

The Linear expression for the Ho’s pseudo-second-order
model is [30]:

t 1 t
_— = —
Qt kZQe Qe

where Q, Q, and t, have their usual meanings and k, is
the pseudo-second-order rate constant (g/mg min) and
was calculated from the slope and intercept of linear
plot of t/Q, against time t. Kinetics plot are presented in
Figs. 5a and b and the parameters have been organized in
Table 2 which shows that pseudo-second-order adsorption
model is more fitting (R* = 0.999) than pseudo-first-order
model (R? = 0.493). This is an indication that the rate of
adsorption depends upon the concentration of fluoride
as well as the number of active sites on the surface of the
alumina adsorbent.

The intra-particle diffusion model can be used to describe
the mode of solute transfer to the adsorbent during the

)

@ °

In(Qe-Qt)
©

Time (min)

adsorption process. This model was developed by Weber
and it considers that the adsorption capacity Q, is related
to Vt linearly as given in Eq. (7). If the plot of Q, vs. Jt is
a single straight line, then the adsorption is most proba-
bly controlled by intraparticle diffusion. However, if the
same plot yields two straight lines then two or more steps
influence the adsorption process [31].
Q =Kyt +C, (10)
where K, (mg/g min'?) and C,, are the intra-particle diffusion
constant.

Sorption capacity at different time Q, was plotted
against Jt and two straight lines were obtained as shown
in Fig. 6 attributed to the boundary layer diffusion and
intraparticle diffusion since the initial line doesn’t inter-
sect the origin this indicates that surface phenomenon
is complex, that is, both surface adsorption as well as
intraparticle play a part in rate-limiting step [21].

3.1.7. Thermodynamic studies

The thermodynamic parameters like entropy AS°,
enthalpy AH°, and Gibbs free energy AG° were calculated
using the following equations:

AG®=-RT In(K,) (11)

AG® = AH°—TAS° (12)
AS°®  AHP®

In(K,)=—- 13

n(Kp) =%~ 27 (13)

where T is the absolute temperature, R (J/mol K) is the gas
constant, K, is equilibrium constant of Van't Hoff equation.
The values of entropy AS° and enthalpy AH® were calculated
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Fig. 5. Plot of (a) pseudo-first-order and (b) pseudo-second-order kinetics for the removal of fluoride using alumina.

Table 2

Kinetics of adsorption and its parameters
Order of reaction Slope Intercept Rate constant Constants R?
Pseudo-first-order -0.1111 -0.2815 k 0.1111 (O} 0.75 0.8483
Pseudo-second-order 1.2195 6.0168 k, 0.25 Q, 0.82 0.9974
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from the slope and intercept of the linear Van't Hoff plot of
In(K,) vs. 1/T as shown in Fig. 7.

Table 3 represents the values of AH®, AS°, and AG°.
The values of AG® are negative and decreases with tempera-
ture indicates that adsorption is spontaneous and favorable
at higher temperature [32]. Furthermore, free energy AG°
values lies within -10 kJ/mol suggests that process is phy-
sisorption. The positive values of AH® and AS° suggest the
reflects endothermic nature and increase in randomness at
the solid-solution interface during adsorption due to some
surface changes [33]. Whereas, AH° values decreasing,
and AS° are almost constant with increasing temperature.

3.2. Column studies

Dynamic mode studies were conducted using glass col-
umn of height 33 cm, internal diameter 3.4 cm provided
with a frit of zero size. 5.0 g of alumina and initial fluoride
concentration of 10 mg/L at ambient temperature and pH
were introduced into the column. The average flow rate
was set at 10 mL/min and concentration of influent and
effluent was measured using ISE. Known amount of alu-
mina was washed with deionized water to remove insol-
uble fine alumina dust particles. These dust particles may
lead to the blocking of column frit. After washing, sample
was oven dried at 105°C prior to use for the further study.

3.2.1. Breakthrough curve studies

Breakthrough curve was studied to estimate the break-
through sorption capacity (i.e., mg of F/g of alumina) in

0.80

0.65 .

Qt (mg/g)

0.60
0.55
050 —/—m—m ——m———————F 77—

2.0 4.2 6.4 8.6 10.8
Sq.root of t

Fig. 6. Plot of intra particle diffusion model for the removal
of fluoride using alumina.

Table 3
Thermodynamic parameters and their values

which residual F- level in effluent was monitored until it
reaches the WHO prescribed limit of F~ in drinking water
(i.e., 1.5 mg/L). Fig. 8 shows plot of F~ in effluent as a func-
tion of volume of fluoride solution. It indicates that the
fluoride concentration in the effluent is low for a range of
volume but after the passage of solution volume of about
1.9 L, the concentration starts increasing until when a
volume of 2.8 L is passed it becomes closer to the WHO
limit of 1.5 mg/L. This point was called the breakthrough
point where it corresponds to an adsorption capacity of
4.98 mg of F~ per g of alumina.

3.2.2. Exhaustion point studies

After breakthrough point, the column studies were
extended to a complete saturation of the adsorbent. It was
observed that for a complete cycle it consumed 7.1 L of
10.4 mg/L initial F- and which was called the exhaustion
point wherein, F- level in influent and effluent were closer
as shown in Fig. 9. The pattern of the curve represents the
multilayer formation which is also confirmed by the compat-
ibility of the data with the Freundlich model. The amount
of F~ absorbed per unit mass of alumina was 140 mg/g.

3.2.3. Models for column studies

The column adsorption data was incorporated on
Thomas, Yoon-Nelson, and Adam-Bohart models. Thomas
model is based on Langmuir isotherm and the second-
order kinetics models. [34]. It has been applied to pre-
dict the breakthrough curves and estimate adsorption
capacity [35]. Ideally, the model is suitable in assessing

3.14
1 1
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o ] 20 ppm
= ] &
~ 3.08 q
] > 25 ppm
] <
3.06 7 %30 ppm
] *
3.04 A ———
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T-1 (Exp 10°%)

Fig. 7. Vant Hoff’s plot for the removal of fluoride using alumina.

Concentration AH® AS° AG® (kJ/mol)

(ppm) (kJ/mol) (kJ/mol) 208K 303 K 308K 313K
10 1.87 0.0316 756 771 787 -8.03
15 11 0.0294 7,66 781 —7.95 -8.10
20 0.66 0.0280 767 781 —7.95 -8.09
25 0.53 0.0277 771 785 —7.99 813
30 0.62 0.0279 770 —7.84 —7.98 -8.12
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the adsorption systems where external/internal diffusion
resistances are exceptionally small (favors intraparticle
diffusion) [36]. The linear form of above model is [37]:

& o
1ngg’ -1.= KLQ”’—KThC,t (14)
ey o Q

where C, C, and t have their usual meanings m is mass
(g), Q is flow rate (mL/min), K;;; (L/min mg) is Thomas
kinetic coefficient and Q  (mg/g) is breakthrough sorption
capacity. Slope and intercept of linear plot of ln(CI./Cf -1)
against time ¢ (min) were used to determine K ,; and Q, as
shown in Figs. 10a—c.
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Fig. 8. Break through curve for the removal of fluoride.

Adams-Bohart model is based on assumption that rate
of adsorption depends upon surface reaction between resid-
ual vacant sites on the adsorbent and the concentration
of the adsorbate [38]. This model is useful for the descrip-
tion of initial part of the breakthrough curve and math-
ematically Adam—-Bohart Model expressed as [37]:

KN, Z

Cf
In - =Ky Cpt - (15)

i 0

where K, (L min/g) is Adam-Bohart constant, N is maxi-
mum uptake capacity per unit volume (mg/L), U, linear
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velocity (cm/min), Z is the bed depth (cm). The values of
K,z N, were obtained from the linear plot of In(C,/C) against
time f as shown in Figs. 10a—c.

Yoon-Nelson model assumes that the rate of decrease
in the probability of adsorption is directly related to the
probability of adsorbate adsorption and the probability
of breakthrough on the adsorbent. The purpose of this
model is to predict the time of column regeneration or
replacement. The major advantage of using this model is
that it is independent of detailed data regarding the type
of adsorbent, characteristics of adsorbate, and physical
properties of adsorbent bed. This model is expressed as [39]:

In

ES Cf ¢}
=Kt - Kt

Io; - (16)
&G, - Cf 1%}

where K (min™) is Yoon-Nelson rate constant, T (min) is
the time required for 50% break through and their values
were obtained from the slope and intercepts of the plots of
In(C,/C, - C) against time ¢ as shown in Figs. 10a—c.

Column models along with their parameters have been
organized in Table 4 which describes dynamic mechanism of
adsorption, the maximum adsorption capacity Q  and the
rate constant K, obtained via Thomas model were found
to be 8.82 mg/g and 0.0012 L/min mg, respectively, at an
initial concentration of 10 mg/L. Since the increase in con-
centration creates a concentration gradient between solid-
liquid phase of adsorbate—adsorbent system therefore for a
constant flow rate and column diameter values of Q, were
found to decrease and K, increased with rising the initial
fluoride concentration [37].

The column adsorption data when fitted to the Adam-
Bohart model retrieved the values of K, , and N as 0.0007 L/
mg min and 204.93 mg/L, respectively, and the values
represented an undulant pattern with the initial concen-
tration. Similarly, application of data on Yoon-Nelson
model returned the values of K, and t as 0.0128 min™ and
426.83 min, respectively, furthermore, K, values were in
ascending and Tt values were in descending relationship
with the increasing initial concertation of fluoride. Lower
concentration gradient causes a slower transport due to
decreased diffusion coefficient or mass transfer coefficient.
The decrease in breakthrough time with increasing inlet
concentration is associated with quick saturation of the
binding and ion exchange sites of adsorbent [40].

The three models generally produced high values of
determination coefficient (R? at each concentration lev-
els but evidently, the data was found to be more com-
patible with Thomas and Yoon-Nelson model with the
higher data fitting at high concentration of initial fluoride
solution.

3.2.4. Desorption studies

Desorption efficiency of NaOH was optimized to regen-
erate the exhausted column. For this reason, NaOH solu-
tions of different strengths (0.5%, 1%, 2%, 3%, and 4%)
were passed through loaded column and promising results
were obtained by 2% and 3% strength solutions, how-
ever, 1%, strength solution yielded more comprehensive

results. At higher strength (3%—4%) number of OH" ions
increases, therefore, electrostatic repulsion between OH-
and F~ decreases the desorption capacity of NaOH. That’s
why NaOH solution of 1% strength was considered as
optimum for desorption studies. Desorption studies were
extended using 1% NaOH solution on exhausted column
and 455 mg of adsorbed fluoride was successfully desorbed,
out of 495 mg of adsorbed fluoride with 92% desorption
efficiency as shown in Table 5.

3.3. Pilot scale studies

Performance of pilot plant was scrutinized for the
designing of real time defluoridation plant. For this pur-
pose, pilot plant was designed containing a bed of 60 kg
alumina on which numerous runs of large volume (avg.
860 L) of F~ (avg. 10.00 mg/L) were passed on daily basis.
The defluoridated water samples were collected at initial,
middle and near the end of each run to analyze residual F-
concentration. Mean values of residual fluoride were used
to determine removal efficiency. Freshly prepared F- solu-
tion was passed through pilot plant every day. Same proce-
dure was repeated till the breakthrough point at 1.5 mg/L
was achieved.

During the first cycle, 24 runs of each 860 L were found
to be enough to achieve break through point with total
volume of 20,640 L having average initial F~ concentration
9.67 mg/L. Break through sorption capacity was found to
be 2.85 mg/g with 85.21% removal efficiency. Similarly, for
second cycle, breakthrough point was achieved after pass-
ing 20 runs of each 860 L, with total volume of 17,200 L
having average initial F- concentration 10.60 mg/L. Break
through sorption capacity was found to be 2.62 mg/g
with 85.29% removal efficiency. The breakthrough capac-
ity as well as breakthrough volume decreased further
after the third cycle as shown in Table 6.

Table 4

Column models parameters

Thomas model

Conc. (mg/L) Slope Intercept K, Q, R?

10 -0.0124 5.317 0.0012 8.82 0.9514
15 -0.0152 3.954 0.0015 5.35 0.9422
20 -0.0261 4.379 0.0025 3.45 0.9939

Adam-Bohart model

Conc. (mg/L) Slope  Intercept K, N, R?

10 0.0071  —4.193 0.0007 204.93 0.8231
15 0.0082  -3.980 0.0005 247.29 0.8622
20 0.0101  -3.160 0.0005 209.84 0.8867

Yoon-Nelson model

Conc. (mg/L) Slope  Intercept K, R?

10 0.0128  -5.463 0.0128 426.83 0.9452
15 0.0152  -5.318 0.0152 349.86 0.9422
20 0.0256  -5.303 0.0256  207.16 0.9947
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Table 5
Results of desorption study by 1% NaOH
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Volume Initial Effluent Amount % Desorption
(mL) amount (mg) conc. (mg/L) desorbed (mg)
200 495.0 1,280.0 256.0 51.7
400 239.0 512.0 128.0 53.6
700 111.0 129.0 32.3 29.1
1,000 78.8 48.0 14.4 18.3
1,200 64.4 32.1 6.4 10.0
1,400 57.9 23.0 4.6 7.9
1,600 53.3 22.3 45 8.4
1,800 48.9 22.4 45 9.2
2,000 444 21.0 4.2 9.5
Total 495.0 454.8 91.9
Table 6 Living Systems, Lewis Publishers, Wahsington, DC, 2001,
Results from pilot plant experiments pp- 239.
[3] T. Rafique, S. Naseem, D. Ozsvath, R. Hussain, M.I. Bhanger,
cycles Breakthrough Breakthrough wiater n Uikt Sub-District, Thar Deserg, Pakistan. . Tota
volume (L) capacity (mg/g) Environ., 530 (2015) 271-278.
i 4] & Bones, Groundvater fuorde cotaminatn: 3 resp-
17,200 2.62 [5] J. Nouri, AH. Mahvi, A. Babaei, E. Ahmadpour, Regional
3 12,000 2.44 pattern distribution of groundwater fluoride in the

4. Conclusion

Alumina was successfully applied for defluoridation
studies. It was concluded that adsorption mechanism of
fluoride on alumina was physisorption, that is, there exist
some Van der Waal interactions between fluoride ions
and alumina surface, and it follows Freundlich model.
Furthermore, the process was endothermic and spontaneous
(i.e., positive AH° and negative AG® values), dominating
at higher temperature and follows the pseudo-second-or-
der kinetics. In column studies, considering the fluo-
ride limit set by WHO for drinking water breakthrough
was set accordingly. Alumina offered 4.98 mg/g break
through sorption capacity. Optimized NaOH (1% W/V)
used as regenerant, efficiently removing around 92% of
the adsorbed fluoride from alumina which was saturated
with 495 mg of fluoride. Above work was successfully pro-
tracted on pilot scale level which could provide around
20,000 L of water with safe fluoride levels in the first cycle.
The breakthrough volume decreased to 17,000 and 12,000 L
subsequently in the second and third cycles, respectively.
These results have been extensive and extremely encour-
aging to design and engineer the real time defluoridation
plant which will serve the under-privileged population of
Thar desert in terms of their basic right of fluoride-safe
drinking water.
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