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Abstract—The present study involves a comparison of Azospirillum biofertilizer and lignite for removal of fluoride
from aqueous solution. Batch experiments were performed to remove fluoride by the use of Azospirillum biofertilizer
and lignite. Fluoride adsorption capacity was found by varying different parameters such as adsorbent dose, pH, initial
concentration, temperature and contact time. The adsorption capacity for fluoride by using Azospirillum biofertilizer
was 0.456 mg/g and for lignite 0.16 mg/g. Pseudo-second-order kinetic model best fit the experimental data. Field
water samples were tested for fluoride removal by Azospirillum biofertilizer and lignite. The fluoride concentration was

reduced to the permissible limit.
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INTRODUCTION

The amount of high fluoride concentration beyond acceptable
limit in ground water is a problem faced by many countries mainly
India, Sri Lanka, Pakistan, China and parts of East Africa.

Drinking water is the major source of fluoride intake. The World
health organization has specified the acceptable limit of fluoride as
L5 ppm [1,2]. Below 1 mg/! of fluoride is beneficial to dental car-
ies, but above 1.5mg/!l it can cause dental and skeletal fluorosis.
Positively charged calcium ions present in teeth and bones attract
fluoride ions due to its strong electro negativity, which causes vari-
ous types of fluorosis [3-5]. Excess of fluoride may cause neurologi-
cal disorders. Consumption of fluoride over the prescribed limit
by WHO can cause diseases like syndrome, thyroid diseases and
cancer [6]. For environmental conservation and human health,
the removal of fluoride ion is important. Various defluoridation
technologies are used, such as ion exchange [7-11], activated alu-
mina [12-15], membrane filtration [16,17], chemical precipitation
[18,19], adsorption [20,21]. Among these, adsorption seems to be
the best due to lower operating costs and simple operation. Differ-
ent adsorbents have been demonstrated for defluoridation, like
alumina and aluminum, activated alumina, iron based adsorbents,
calcium based adsorbents, metal oxides, biosorbents, natural mate-
rials, building materials, nano adsorbents and industrial waste ad-
sorbents. Conventional adsorbents are used to remove fluoride but
these are expensive and have some limitations. Because of the in-
crease in environmental awareness, different biosorbents like waste
from agricultural material, natural materials and microorganisms
are the alternative adsorbents used for defluoridation. Biosorbents
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are cheap, which are present in large quantities and do not require
an expensive regeneration process. The use of biosorbents or bio-
mass from various microbial species, plant based adsorbents has
been reported by various researchers [22-30]. Dried tea ash is used
as adsorbent for defluoridation. Batch adsorption experiments were
performed for different parameters. Fluoride removal is depen-
dent on pH as it changes the charge on the surface of adsorbent. At
pH 6.5, the surface has a positive charge and maximum fluoride is
adsorbed [31]. Algal biosorbent (Spirogyra IO,) has been used for
defluoridation. Capacity of fluoride removal was 54% [32]. Waste
fungal biomass (Pleurotus Asteratus 1804) was used for removal of
fluoride. The fluoride sorption efficiency was 52% [33]. Bacterium
Acinetobacter sp. RH; was used for defluoridation from ground
water collected from Madhabpur and Asanjola, India. Fluoride
removal capacity capability was found to be 25.7%. Bacteria give
high affinity anion binding compounds which are responsible for
removal of fluoride [34]. Micrococcus luteus and Pseudomonas aeru-
genosa were used for removal of fluoride. The reduction of fluo-
ride by both the microorganisms after 12 days was 19.8% and 22.1%
respectively. Isolates showed ionphores within the cyst which are
found to be proficient in fluoride removal [35]. A biomass of
Anabaena fertilissima, Chlorocococcum humicola, and green algae,
was used for removal of fluoride. The algal biomass, pretreated
with Ca™, was also used for the defluoridation. The sorption was
found to be chemisorption. A continuous increase in biosorption
of fluoride was observed up to 15 mg/! for the biomass [36]. Aquatic
microphyte biomass pretreated by Ca™ was used for removal of
fluoride. The fluoride removal efficiency was found to be 64.5%
at pH 6. Ca”* pretreated biomass showed 0.111 mmol/g fluoride
removal efficiency [37]. Two types of activated carbon were pre-
treated from Eichhornia crassipes at 300 °C and 600 °C. Fluoride
adsorption capacity was found more on activated carbon prepared
at 600 °C (51%-93%). Langmuir adsorption model was followed
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by both the carbons. Maximum capacity was found to be 1.54 mg/
g In continuous studies, the breakthrough capacity was 4.4 mg/g
[38].

Plants are affected by fluoride contaminated in soil [39]. Fluo-
ride absorbed is carried to the shoots. Depending on the concen-
tration in the cell liquid, it may cause physiological, biochemical
and structural damage. Even cell death can occur, depending on
the fluoride absorbed [40]. Some plants build up fluoride at higher
concentration but do not show signs of toxicity [41], while some
species like Gladiolus and Freesia are extremely responsive to con-
centration<20 mg/I [42,43]. It was found that fluoride concentra-
tion was the highest in the vegetables and cereal crops near the
vicinity of a brick kiln, followed by the areas dominated by soil,
which contains excess salts predominated by sodium chloride [44].
Use of bacteria increases the crop production in large scale [45].
Researchers have reviewed the vast list of microbes and their metal
binding capacities [46]. Bacteria may absorb and accumulate cat-
ions and anions that are harmful to environment and human
health [47]. The surface of microbial cells is rich in functional
groups which act as sorption site of chemical species [48]. This
beneficial property of bacterial biomass was studied and utilized
for removal of fluoride [49].

Biofertilizer contains living cells or latent cells of proficient strains
of microbes which assist crop plants to take nutrients by accelerat-
ing several microbial processes. These microbial processes help to
absorb and digest the nutrients. Such types of microorganisms are
immobilized on carrier material to increase the availability of sur-
face area and cell count. The use of perfect carrier material is
essential for making a high quality biofertilizer. Lignite and peat
soil are used as superior carrier material for preparation of various
biofertilizer. Carrier material lignite possesses high organic matter
and more moisture holding capacity. Organic material in the soil
is enriched by the carbon present in the lignite. Lignite also has
property to control the activity of microbes, which causes diseases
to plants. It works like an alternative to chemical pesticides [50].
Azospirillum is a nitrogen fixing bacteria. About 30 to 50% of nitro-
gen required for the plant is provided by this microorganism. Auxin
and Cytokinin, growth hormones were produced by the Azospiril-
Ium. Use of Azospirillum increases the crop production. Azospiril-
Ium biofertilizer contains 35% moisture and 63% lignite and 2%
Azospirillum bacteria. Use of lignite along with Azospirillum is
accountable for increase in crop production at large scale. Azospi-
rillum biofertilizer is used as biofertilizer to increase the crop pro-
duction.

Batch experiments were performed using Azospirillum bacte-
ria, lignite and Azospirillum biofertilizer. The fluoride removal effi-
ciency was 17-18% for the Azospirillum bacteria. For lignite it in-
creased up to 67%. The combination of Azospirillum bacteria and
lignite which is Azospirillum biofertilizer gave maximum efficiency,
76%. Azospirillum biofertilizer and lignite was used as adsorbent in
this study for the removal of fluoride. The purpose of using this as
adsorbents is that it can serve both as adsorbent for removal of
fluoride and as biofertilizer, which will be beneficial for crops. Lig-
nite was used as carrier so it was also tested for removal of fluo-
ride. Researchers have done work on lignite for removal of fluoride
[51].
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EXPERIMENTAL

1. Adsorbent and its Characterization

Azospirillum biofertilizer was purchased from Agriculture College,
M.PK.V. Rahuri, Pune. 1-2% of Azospirillum bacteria were added to
carrier material, lignite, to get a cell count of 10°. Lignite was pur-
chased from a local market. Both the adsorbents were used as is. To
determine the morphology and elements present in the adsorbent,
scanning electron microscopy and electron dispersive X ray analy-
sis were done using COMPJEOL, mod, JSM 6360A, respectively.
XRD of both adsorbent was done by Bruker Model-D8 Advance.
2. Adsorbate

All used chemicals were of analytical grade and purchased from
a local market, Pune, India. 2.21 g of NaF (AR grade) was dissolved
in 1,000 ml of double distilled water and used as stock solution for
the experiments. Appropriate dilution was done for the desired
concentration.
3. Batch Adsorption Study

By using Azospirillum biofertilizer and lignite, batch experiments
were carried out. Experiments were conducted for different param-
eters. All the experiments were carried out in a horizontal shaker
(Remi Electrotechnik. Ltd. (Model-RS24BL, 220V, 50 Hz, 10AC).
For each experiment, 100 ml of fluoride solution for varied con-
centration of fluoride like 5, 10, 15, 20 and 25 mg/I was taken in
250 ml stoppered conical flask. At appropriate time, samples were
withdrawn and filtered with Whatman filter paper. Samples were
checked for residual fluoride concentration. Optimization of adsor-
bent weight was done for both the adsorbents by 0.5¢g, 1 g, 1.5g,
2g,2.5gand 3 g. Influence of temperature on the removal of fluo-
ride was studied at different temperatures of 30°C, 40 °C, 50 °C
and 60 °C. At different RPM, 100, 120, 140, 160, 180 and 200,
experiments were conducted for the removal of fluoride.

Optimization of contact time was also studied for defluorida-
tion from water, and equilibrium was attained at 120 minutes. Influ-
ence of aqueous phase pH was studied by adjusting pH with 0.1 N
HCl and 0.1 N NaOH. Variation of pH was done from 3 to 11 using
Elico LI-120 pH meter, keeping concentration 5mg/], adsorbent
2.5 g, temperature 30 °C, and contact time 120 min. After equilib-
rium had been attained, the filtrate was analyzed for fluoride con-
centration. Residual fluoride concentration was analyzed by SPADNS
method on UV Spectrophotometer (Shimadzu UV 1800, 240V),
as per the standard methods of APHA [52]. Using wavelength (570
nm), the calibration was done for absorbance and concentration.

For accuracy, each experiment was repeated twice for reproduc-
ibility of the result with an error of less than 3%. For exact calcula-
tion, the original fluoride solution was used for all the experiments.
For all calculations, mass balance was accurate.

The amount of fluoride adsorbed per gram of adsorbent was
calculated by using the following equation:

_(C=CYV

q: M oy

where, q, is the amount of fluoride adsorbed per gram of adsor-
bent (mg/g); C, is the initial concentration of fluoride (g/l) and C,
is the concentration at time t; V is the total volume of suspension
(L); M is the mass of adsorbent (g).
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(a)
Fig. 1. Scanning electron microscopy of (a) Azospirillum biofertilizer. (b) Scanning electron microscopy of lignite.

Table 1. Elemental analysis of Azospirillum biofertilizer and Lignite

Sr.no.  Element Weight % Weight%
(Azospirillum biofertilizer)  (lignite)
1 C 55 4252
2 O 40.48 4816
3 Al 0.66 348
4 S 0.54 274
5 S 1.83 126
6 Cl 0.13 0.11
7 Ca 0.06 0.24
8 T 0.13 032
9 Fe 0.82 041
10 Cu 022 020
11 Zr 0.12 0.19
12 Na - 0.13
3 Mg - 0.15

RESULTS AND DISCUSSION

1. Morphology of Azospirillum Biofertilizer and Lignite

Fig. 1(a) and (b) shows the micrographs for Azospirillum biofer-
tilizer and lignite respectively. Both the structures are porous. Azo-
spirillum is present on the surface of lignite, showing somewhat
uniformity of the surface. Elemental analysis showed an increase
in elemental carbon content in Azospirillum biofertilizer as com-
pared to lignite. O, Al and Si decreased in smaller amounts. Azo-
spirillum biofertilizer is an amalgamation of Azospirillum and lignite;
it shows all the elements present in lignite. Lignite showed more
two elements, Na and Mg in small quantity. Utilization of Na and
Mg may be done by the bacteria (Azospirillum) present in Azospi-
rillum biofertilizer.

Fig. 2 shows XRD for Azospirillum biofertilizer and lignite. The
surrounding intensity showed highly tangled in the form of amor-
phous carbon in both the adsorbents [53,54]. XRD exhibited some-
what crystalline carbon-like structure, and a band recognized the
occurrence of saturated structures such as aliphatic side chains
attached to the edge [55-57]. The peak of Azospirillum biofertilizer
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Fig. 2. XRD for Azospirillum biofertilizer and lignite.
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was shifted from 25.2 to 27.0. This may be due to presence Azo-
spirillum on the surface.

For lignite the diffraction peak was at 25.20, which clearly showed
the presence of 002 plane and the d-spacing value is 1.662. For
Azospirillum biofertilizer, because of increase in elemental carbon
content the diffraction peak was shifted from 25.20 to 27.0. The d-
spacing value for the Azospirillum biofertilizer for the diffraction
peak is 3.02. In both the samples, as compared to other peaks, the
002 peak is more intense and sharp.

2. Effect of Contact Time and Initial Concentration

Effect of contact time on fluoride removal efficiency is shown
in Fig. 3(a), (b) for Azospirillum biofertilizer and lignite. For 20
minutes the removal efficiency was high and reached the maximum
value after 2 hours and thereafter remained constant for Azospiril-
Ium biofertilizer and lignite. Fluoride removal efficiency showed a
decreasing trend as the aqueous phase fluoride concentration was
increased from 5 mg/! to 25 mg/! for Azospirillum biofertilizer (76.2%
to 41%). Fast removal of fluoride in 20 minutes may be due the
penetration of fluoride ions into the pores of the adsorbent. After
20 minutes, the rate of removal stagnated, it increased to 120 minutes
where equilibrium was attained.

From Fig. 3(a) and (b) fluoride removal efficiency decreased

Korean J. Chem. Eng.(Vol. 35, No. 1)
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Fig. 3. Effect of contact time on fluoride removal efficiency for (a)
Azospirillum biofertilizer (b) Lignite.

when initial concentration was increased. This may be due to ad-
sorbent binding capacity which reaches saturation [58]. All the sites
of adsorption were used by adsorbent, then the binding capacity
of the adsorbent reached saturation. Furthermore, the amount of
fluoride adsorbed per unit mass of adsorbent increased with an
increase in fluoride concentration as higher numbers of fluoride
ions were present [59].
3. Effect of pH

Solution pH is one of the most significant parameters for ad-
sorption of fluoride ions. Fluoride adsorption study was carried
out at different pH ranging from 3.0 to 11.0. Fig. 4 represents the
effect of pH on fluoride removal. As pH was increased up to 7,
fluoride removal efficiency increased gradually. Above pH 7 the
fluoride removal efficiency decreased. At low pH there may be
increase in electrostatic force between positively charged surface
and negative fluoride ions. In acidic pH range fluoride removal was
slightly decreased, which may have been due to the formation of
weak hydrofluoric acid. In alkaline pH range, the removal of fluo-
ride was found to be decreased, maybe due to the competition
with the hydroxyl ions with the fluoride ions for adsorption as flu-
oride and hydroxyl ions are having similar charge and ionic radius
[60]. For Azospirillum biofertilizer and lignite the maximum re-
moval efficiency was obtained at neutral pH.
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Fig. 5. Effect of adsorbent dose on fluoride removal efficiency for
Azospirillum biofertilizer and lignite.

4. Effect of Adsorbent Dose

Fig. 5 shows the effect of adsorbent dose on fluoride removal.
Experiments were conducted for 5mg/! fluoride concentration,
contact time of 120 minute, 100 rpm, pH 7 and temperature 30 °C.
Fluoride removal efficiency was increased as adsorbent dose was
increased. Maximum removal efficiency was observed for 2.5g
adsorbent dose. Fluoride removal efficiency increases at first be-
cause of large number of adsorption sites available but later on the
sites get occupied by fluoride ions. As the adsorbent dose was in-
creased, the adsorption sites may have gotten saturated by adsorp-
tion reaction, and due to particle particle reaction, the particles
may agglomerate, causing a decrease in surface area resulting in
increased diffusion path [61].
5. Effect of Temperature

To study the effect of temperature, experiments were conducted
at different temperatures as shown in Fig. 6. Fluoride removal effi-
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Fig. 6. Effect of temperature on fluoride removal efficiency for Azo-
spirillum biofertilizer and lignite.

ciency decreased as temperature was increased. The decrease in
fluoride removal efficiency may be due to the decrease in the
number of active sites of the adsorbent and resulting in deteriora-
tion of adsorptive forces between surface of Azospirillum biofertil-
izer and fluoride ions. Same tendency was seen for lignite. Effect
of temperature shows the surface is heterogeneous and adsorp-
tion is exothermic [62]. Maximum removal was at 30 °C.
6. Effect of rpm

Adsorption experiments were conducted at six different rpm
(100, 120, 140, 160, 180 and 200 rpm). Increase in rpm decreased the
fluoride removal efficiency, which is shown in Fig. 7. At higher rpm
more centrifugal force is created, and due to this the bonding be-
tween adsorbent and adsorbate decreased, which may be the cause of
decrease in removal efficiency. At 100 rpm, maximum fluoride re-
moval efficiency was observed. Experiments were conducted with-
out stirring, but only 17% fluoride removal efficiency was observed.
7. Probable Adsorption Mechanism

It is well known that microorganisms have high affinity towards
various non-metals and metals [63,64]. Microbes are small, which
provides high surface area. They offer large contact area for inter-
action with essentials in the environment [65]. Immobilization of
microorganisms on carrier material increases the contact area and

Azospirillum
bacteria

Azospirillum
biofertilizer
=

Fig. 8. Probable mechanism of fluoride removal.
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Fig. 7. Effect of rpm on fluoride removal efficiency for Azospirillum
biofertilizer and lignite.

the cell count. Microorganisms have capability to bear and decrease
the fluoride quantity. Specific bacterial cells possess exceptional
property of concentrating fluoride inside their cells [66,67]. Many
bacteria and plants exude high affinity anion binding compounds.
These are called ionphores. Ionophores form a complex with spe-
cific types of anions and assist to move across cell membrane. The
ionophore-anion complex may be absorbed back into the cell for
consumption [68,69]. Defluoridation may occur due to the com-
bined effect of two phenomena. The first one is due to formation
of ionosphere-anion complex formed by Azospirillum bacteria and
absorption of fluoride inside the cell. The second one is the ad-
sorption of fluoride on lignite on active sites. Increased efficiency
may be due to the combined effect of these two phenomena. The
probable fluoride removal mechanism can be represented sche-
matically as shown below.

Additional work is required on the binding mechanism, which
will explain the transport of complex inside the cell.

ADSORPTION KINETICS

For the feasibility of large scale operation and to get practical
data about efficiency of adsorption, kinetic study is essential. The

Azospirillum
biofertilizer

Azospirillum
biofertilizer
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experimental data were tested for different kinetic models such as
intraparticle diffusion model [70], pseudo-first-order model [71]
and pseudo-second-order model [72].
1. Intraparticle Diffusion Model

The linear equation for intraparticle diffusion is represented as:

q[=kpt0'5 (2)

The intraparticle diffusion rate constant is k, (mg/g min™*°), q, is
the fraction of fluoride removed (mg/g), and t is contact time (min).
For the intraparticle diffusion model the basic assumption is only

Table 2. Summary of adsorption data evaluated by different kinetic
models for Azospirillum biofertilizer and lignite

Initial fluoride
concentration, mg/!

Rate constant R’

Intraparticle diffusion model for Azospirillum biofertilizer

that intraparticle diffusion was the rate controlling and film diftu-
sion was negligible. Intraparticle diffusion model applicability sug-
gests that the adsorption process involves both boundary layer and
intraparticle diffusion [73-75]. A plot of q, versus t,5 for Azospiril-
Ium biofertilizer shows initial curved position and final linear posi-
tion, which is shown in Fig. 8(a). The first portion suggests boundary
layer diffusion, while another stage which is linear suggests the
intraparticle diffusion effect. For lignite as shown in Fig. 8(b) also
the first position is curved and then it is a straight line. This sug-
gests that intraparticle was not only the rate controlling step [76].

For Azospirillum biofertilizer and lignite, rate parameter k, is the
slope of linear portion which is a characteristic of the rate of ad-
sorption in intraparticle diffusion controlling region and is reported
in Table 2.
2. Pseudo-first and Second-order Models

The kinetic process described by each equation is different. To
follow the first-order kinetics the linear equation is:

In(q,—q)=Inq~kit 3

If the adsorption process follows a pseudo-second-order kinetics,
the reaction rate equation is:

5 0.001 mg/g min™ 0.914
10 0.001 mg/g min™ 0.993
15 0.011 mg/g min”’ 0.979
20 0.017 mg/g min” 0.943
25 0.011 mg/g min™ 091
Intraparticle diffusion model for lignite
5 0.003 mg/g min™ 0.966
10 0.005 mg/g min™ 0.988
15 0.003 mg/g min™ 0.958
20 0.009 mg/g min”’ 0.986
25 0.006 mg/g min”’ 0.964
Pseudo-first-order kinetic model for Azospirillum biofertilizer
5 0.018 min™’ 0.735
10 0.021 min™’ 0.965
15 0.021 min™' 0.915
20 0.029 min" 0.96
25 0.026 min" 0.988
Pseudo-first-order kinetic model for lignite
5 0.023 min" 0.983
10 0.019 min™" 0.953
15 0.014 min~" 0.960
20 0.021 min™" 0.976
25 0.019 min™* 0.986
Pseudo-second-order kinetic model for biofertilizer
5 1.81098 g/mg min 0.999
10 0.21697 g/mg min 0.996
15 0.1294 g/mg min 0.996
20 0.125 g/mg min 0.998
25 0.0271 g/mg min 0.999
Pseudo-second-order kinetic model for lignite
5 0.9963 g/mg min 0.997
10 0.7142 g/mg min 0.999
15 0.754 g/mg min 0.998
20 0.133 g/mg min 0.989
25 0.3560 g/mg min 0.997
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where q, is the concentration of fluoride at equilibrium, q, is the
concentration of fluoride at contact time t (min). k, (min") and k,
(g/mg min) are the rate constant for pseudo-first-order and pseudo-
second-order respectively. If the adsorption process follows pseudo-
first-order kinetics a plot of In (q,—q,) versus t would confirm by a
straight line. If the adsorption system follows a pseudo-second-
order kinetics a plot of t/q, versus t is linear.

Fig. 9(a) and (b) shows the plot for pseudo-first-order model
for Azospirillum biofertilizer and lignite, respectively. The values of
kinetic parameters are in Table 2.

The pseudo-second-order showed the best fit among all three
kinetic models. All the correlation coefficients were 0.99, shown in
Table 2. Next good fit for the experimental data was intraparticle
diffusion model (>0.91) followed by pseudo-first-order kinetic
model (>0.73). The pseudo-first-order correlation coefficients were
in between 0.735 to 0.98, which suggests its limited applicability.
For pseudo-second-order model the rate constant decreases with
increase in concentration. There was slight change in the rate con-
stants of intraparticle diffusion when concentration was increased.
This reveals that boundary layer diffusion decreases with increase
in concentration [77,78]. From the kinetic data it can be general-
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Fig. 10. Pseudo-first-order model for (a) Azospirillum biofertilizer
(b) lignite.

ized that the pseudo-second-order kinetic model is a generalized
model for adsorption process study.
3. Adsorption Isotherm

Analysis of equilibrium data is important and provides the rela-
tionship between amount of fluoride adsorbed on the surface and
concentration of the solution at equilibrium. The Langmuir, Fre-
undlich and Temkin isotherms were studied for removal of fluo-
ride and initial concentration for Azospirillum biofertilizer and
lignite. The linear from of Langmuir isotherm is:

C C
zeg_ 1 T )

9y kQu Qu
where Q,, (mg/g) is the maximum adsorption capacity of the ad-
sorbent and k, (1/mg) is the Langmuir constant related to bind-
ing sites. From the linear isotherm of Fig. 11(a) and (b) the kinetic
data is listed in Table 3.

Feasibility of Langmuir isotherm was expressed by separation
factor or equilibrium parameter defined by Eq. (6) [79].

R,=1/1+k,C, (6)

where C, is the initial concentration and R; is the separation fac-
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Fig. 11. Pseudo-second-order model for (a) Azospirillum biofertil-
izer (b) lignite.
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tor. R, values determine the favorability of the adsorption process.
R;>1 is unfavorable, R;=1 linear, R; values 0<R;<1 are favorable
and R;=0 is reversible. For fluoride adsorption the values of R;
obtained are between 0.091 to 0.334, suggesting that the adsorp-
tion of fluoride on Azospirillum biofertilizer was favorable. For Lig-
nite also R; obtained is between 0.134 to 0.030, indicating ad-
sorption of fluoride on lignite was favorable.

Freundlich isotherm is used to study the processes involved in
heterogeneous surfaces. The linearized form of the equation is as
follows:

Log(q.,)= +1og(C,,) +log(k) )

where, k; is the Freundlich constant (mg/g) and 1/n denotes the
adsorption intensity (//mg).

From the plot Fig. 12(a) and (b) values of Freundlich constants
are given in Table 3.

Temkin isotherm is the initial reported isotherm which assumes
that the heat of adsorption decreases linearly with increasing cov-
erage. The linear equation for Temkin isotherm is shown by Eq. (8).

(a) 404
35
304 ]

o 25

Cu:lfq @

20+

154

104

(b)

140 -
120 -

100 -

o

Cc

Fig. 12. Langmuir isotherm plot for (a) Azospirillum biofertilizer

(b) lignite.
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Table 3. Isotherm parameters and correlation coefficients for adsorp-
tion of fluoride for Azospirillum biofertilizer

Isotherm Parameters Values  Correlation coefficient
Langmuir Qn (mgg) 045598 0.995
k, (I/mg) 0.398
. n (g/)) 2.6737
Freundlich K (lmg)") 224 0.955
Temkin D (M&/8) 007 0.987

A(L/mg 436

Table 4. Isotherm parameters and correlation coefficients for adsorp-

tion of fluoride for lignite
Isotherm Parameters Values  Correlation coefficient
. Q,, (mg/g) 0.161
L 0.995
e ) 1.283
, n (g/]) 16.94
F dlich 0.829
R K (mgy 244
. B, (mg/g) 0.008
Temki ! 0.807
e A (L/mg) 489
(a)
0.4 .
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| |
-0.5 4
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Fig. 13. Freundlich isotherm plot for (a) Azospirillum biofertilizer
(b) lignite.
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Fig. 14. Temkin isotherm plot for (a) Azospirillum biofertilizer (b)
lignite.
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Fig. 13 represents Temkin isotherm for Biofertilizer (a) and Lig-
nite (b).

Langmuir isotherm was the best fit, having highest correlation
coefficient as 0.995. These factors confirmed that all present sites
are similar and there is no migration from one place to another in
a place. The adsorption of fluoride ions had affinity towards sur-
face functional groups [80].

LEACHABILITY OF THE ADSORBENT

As maximum removal of fluoride was obtained at neutral con-
dition, so the leachability was also observed at neutral condition.
Used adsorbent and 500 ml distilled water were mixed and kept
for stirring. Total contact time was 180 minutes. The solution was
filtered. Filtrate and adsorbent were analyzed for fluoride content.
Results of the analysis showed that fluoride was not present on the
adsorbent, but in filtrate 10% of the fluoride was leached. The rest
of the fluoride may be used by the bacteria as per the proposed

mechanism. After the use of Azospirillum biofertilizer as fluoride
removal, the adsorbent was analyzed for fluoride content. The anal-
ysis showed absence of fluoride on the adsorbent. So as a biofertil-
izer it is safe after its use as fluoride remover.

FIELD STUDIES

Water samples were collected from the well from the sugarcane
farm near Karad district, Maharashtra, India. The initial concen-
tration of fluoride was 9.62 mg/I. It was treated by using Azospiril-
Ilum biofertilizer and lignite. Optimized parameters like 2.5g of
adsorbent dose, 100 rpm and at pH 7 the water sample from farm
was treated for 120 minutes at 30 °C. By the use of Azospirillum
biofertilizer the fluoride concentration was reduced to 2.01 mg//
(79.1%) and by using lignite it was reduced to 4.09 mg/I (57.58%).

CONCLUSIONS

WE studied Azospirillum biofertilizer and lignite for removal of
fluoride. Batch adsorption experiments were performed and showed
good fluoride removal efficiency. For 5 mg/I concentration the flu-
oride removal efficiency was 72.6% for contact time of 120 minutes
by using Azospirillum biofertilizer, and for Lignite it was 67% for
120 minutes contact time. Biofertilizer showed more removal of
fluoride than Lignite. Pseudo-first-order kinetics was suitable for
the kinetic data. Langmuir isotherm was found to be good fit to
the kinetic data of adsorption. From all the results, Azospirillum
biofertilizer can be used to serve both for removal of fluoride from
water and as fertilizer which will increase the crop production.
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