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The potentiality of polyaniline and poly (m-methyl aniline) to remove fluoride from water via doping was
investigated. The influence of pH, dosage of polyanilines, initial fluoride concentration and temperature
on the amount of fluoride removed by the polyanilines were studied. The amount of fluoride removed
at pH 7.0 by 50 mg/50 ml dose was found to be 0.78 mg/g. The data of fluoride removal fitted well with
Langmuir and Freundlich isotherms. Thermodynamic parameters computed show that the adsorption
process is endothermic in nature. FT-IR, X-ray and EDAX patterns of the polyanilines before and after
exposure to fluoride ions suggest that the defluoridation occurs via doping of fluoride ions onto these

© 2008 Elsevier B.V. All rights reserved.

1. Introduction

The health impact of ingesting water containing a fluoride con-
centration outside the permitted limits is a subject that has been
studied very extensively. Consumption of water with fluoride con-
centrations below the permitted limit accompanied by poor dental
hygiene has been shown to cause cavities while ingesting water
with fluoride concentrations exceeding the limit causes dental flu-
orosis, but long-term ingestion of water that contains more than a
suitable level of fluoride causes bone disease and mottling of the
teeth. The permissible limit of fluoride in drinking water specified
by the World Health Organization (WHO) is 1.5 mg/I [1].

The methods reported for the removal of excess fluoride from
drinking water includes, adsorption [2,3], chemical treatment
[4,5], ion exchange [6], membrane separation [7,8], electrolytic
de-fluoridation [9], and electro-dialysis [10-12], etc. Among these
methods, adsorption is still one of the most extensively used meth-
ods for defluoridation of water due to its cost and viability.

Polyaniline, a conducting polymer, has received considerable
interest in recent years because of its applications in a variety of
technological fields, such as electro chromic devices [13], chem-
ical sensors [14], charge storage systems [15], protection against
corrosion [16], etc. Polyaniline is considered as an organic metal.
Although its specific conductivity and the temperature dependence
of its conductivity are semi-metallic, all other properties such as its
thermo power, must be classified as clearly metallic. The conduc-
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tivity mechanism of polyaniline is of an unmistakably electronic
nature, but is quantum mechanically limited by the very small size
of its primary particles (~10 nm), which results in a macroscop-
ically observable reduction in conductivity. Further, polyanilines
are high molecular weight (typically 100,000) polymers and are
capable of doping large number of anions [17]. These properties
prompted us to made an attempt to investigate the removal of fluo-
ride from water using such a significant material, polyaniline, which
we thought thatit would add a new dimension to this organic metal.

2. Experimental procedure
2.1. Materials

All the reagents used were of commercially available high purity
Analar grade (Merck or Aldrich, India). Stock solutions of fluoride
were prepared by dissolving sodium fluoride in doubly distilled
water.

2.2. Preparation of polyaniline (Emaraldine base)

Polyaniline, P(ANi), is prepared by the reported method [17]. Ice
cooled 0.1 M aqueous solution of ammonium peroxydisulphate is
added drop wise to a stirred solution of ice cooled 0.1 M solution of
aniline dissolved in 1 M HCl pre-cooled to 0-5 °C. Ammonium per-
oxydisulphate solution is added very slowly to prevent the warming
of the solution. After completion of the addition (2-4 h), stirring is
continued for further 2 h to ensure completion of the reaction. The
precipitated Emeraldine salt is filtered and washed repeatedly with
distilled water until the filtrate is colourless. The precipitate is then
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transferred to a beaker and stirred with methyl alcohol and filtered.
Methyl alcohol washing is desirable to remove oligomeric impuri-
ties. The so obtained Emeraldine salt is suspended in 0.1 M NH,OH
solutions and stirred for 6 h. The pH of this solution should be kept
around nine by adding drops of 1 M NH4OH. The blue Emeraldine
base obtained after filtration is dried under dynamic vacuum for
12h.

2.3. Methodology

The concentration of fluoride and pH were measured using
ion-selective meter (Eutech Cyberscan 2100). The XRD patterns
of polyanilines before and after adsorption were recorded at the
Regional Research Laboratory, Thiruvananthapuram. The EDAX pat-
terns were recorded at Anna University, Chennai. The zero point
charge (pHzpc) of the polyaniline was determined by pH drift
method [18].

2.4. Batch adsorption experiments

Adsorption experiments were performed by agitating 50 mg of
P(ANi) with 50ml of fluoride solution of desired concentration
at 30+ 0.5°C in different stoppered bottles in a shaking thermo-
stat machine. The shaking speed was 120 strokes/min throughout
the study. At the end of predetermined time intervals, the sorbate
was filtered and the concentration of fluoride was determined. All
experiments were carried out twice and the adsorbed fluoride con-
centrations given were the means of duplicate experimental results.

Experimental variables considered were initial concentration
of fluoride ions 2-10mg/l; contact time between P(ANi) and
the fluoride solution 5-360min; pH 3-10; dosage of P(ANi)
25-1000 mg/50 ml; temperature 30-50 °C and co-ions viz. chloride,
sulphate, and bicarbonate ions.

2.5. Data analysis

All computations were made using Microcal Origin (version 6.0)
computer software. The goodness of fit was discussed using corre-
lation coefficient, r, and standard deviation, S.D.

3. Result and discussions

Two polyanilines were chosen for the present study so as to
investigate the effect of an electron-donating group such as methyl
group on the doping process. The structure of these polyanilines is
as shown below.

R R R

y

The zero point charge, pHzpc, of the polyanilines determined by
the pH drift method are 6.89 and 6.92, respectively for R=H and
R=Me.

3.1. Effect of contact time and initial concentration

The amount of fluoride removed (Qe, mg/g) by both the polyani-
lines are collected in Table 1. The results reveal that, the amount
of fluoride adsorbed per unit mass of the P(ANi) increased with
increase in concentration and rise in temperature. The variation of
Qe with temperature indicates that the process is endothermic in
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Table 1
Equilibrium parameters for the removal of fluoride (mg/g) by polyanilines
[F] mg/l Q. (mg/g)R=H R=Me
30°C 40°C 50°C 30°C 40°C 50°C
2 0.47 0.49 0.52 0.56 0.68 0.71
4 0.77 0.78 0.89 0.78 0.85 0.89
6 0.80 0.83 0.87 0.89 0.94 0.98
8 0.87 0.89 0.96 0.97 1.01 1.05
10 0.94 1.02 1.05 0.94 1.02 1.08
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Fig. 1. Effect of contact time on the removal of fluoride by polyaniline (R=H).

nature. The effect of contact time between the P(ANi) and adsorbate
is depicted in Fig. 1. It is evident from the figure that 0.74 mg/g of
fluoride was removed within 5min and the same remains almost
unaltered even up to 6h. This may be due to the fact that once
certain amount of fluoride ions gets doped onto the P(ANi) within
a given time, no more doping occurs afterwards, i.e., the doping
level might have reached [19]. Further, the attainment of maximum
doping level within 5min suggests that a very minimum contact
time is sufficient enough for the removal of fluoride from water by
P(ANi).

Ydn

3.2. Effect of dose

The effect of dose of P(ANi) on the removal of fluoride is shown in
Fig. 2. It was observed that the amount (mg/g) of fluoride removed
is decreased with the increase in dose. The maximum removal of
fluoride was found to be 0.78 mg/g at a P(ANi) dose of 25 mg/50 ml.
This increase in fluoride removal is due to the availability of higher
number of fluoride ions per unit mass of P(ANi), i.e., higher fluo-
ride/P(ANi)ratio. Further experiments were carried out using 50 mg
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Fig. 2. Effect of dose on the removal of fluoride by polyaniline (R=H).
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Table 2

Langmuir and Freundlich isotherm constants for the removal of fluoride by polyanilines

Isotherm Statistical R=H R=Me
parameter/constants temperature

30°C 40°C 50°C 30°C 40°C 50°C

Freundlich r 0.95 0.97 0.97 0.97 0.99 0.99
S.D. 0.04 0.03 0.05 0.03 0.01 0.01
n 2.72 2.63 2.82 3.34 4.54 4.54
K 0.43 0.44 0.49 0.52 0.65 0.68

Langmuir r 0.99 0.99 0.99 0.99 0.99 0.99
S.D. 0.29 0.36 0.37 0.23 0.09 0.08
Q° 1.13 1.23 1.82 1.10 1.13 1.19
b 0.51 0.45 0.55 0.76 1.05 1.02
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of P(ANi) per 50 ml of fluoride solution, as it exhibits appreciable
removal capacity, for optimization of adsorption parameters.

3.3. Effect of pH

The increase in pH of the solution drastically decrease the fluo-
ride uptake from 0.78 to 0.49 mg/g when the pH increasing from 3
to 10 (Fig. 3). This is due to the fact that in acid medium (HCIl) the
polymer undergoes full protonation with doping of chloride ions
yielding a radical cation structure as shown below [20].

2n HCI
H H H
N N N
+,
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xF~
H H H
N N N
+.
F

But the chloride ion is a more fleeting dopant [21] and is might
have been replaced by fluoride ion when agitated with sodium flu-
oride solution leading to higher fluoride removal in acidic medium.
Further, the point of zero charge of the polyanilines suggests the
presence of some weakly acidic groups in the polymer which would
attract fluoride ions electrostatically [22]. However, with increase
in pH, the OH~ ion may compete with fluoride ion in doping and
consequently the efficiency of fluoride removal is decreased [22].

3.4. Adsorption isotherms

The distribution of sorbate between the solid and the solution
interface at equilibrium has been described by the Freundlich [23]
and Langmuir [24] equations. These two models are widely used,
the former being purely empirical and the latter assuming that
maximum adsorption occurs when the surface is covered by adsor-
bate.

The Freundlich equation is commonly presented as

log Qe = logK + (1)

1
nlogCe
where K and n are temperature dependent constants, adsorption
capacity and intensity of adsorption respectively, Ce and Qe have
the usual meanings. Linear plots of log Q. against logCe (Fig. 4)
indicate the applicability of the Freundlich isotherm. The statistical
parameters of these plots along with the Freundlich constants are
given in Table 2. The results indicate that the adsorption capacity,
K, increases with rise in temperature suggesting that the uptake of
fluoride by P(ANi) is an endothermic process. Further, the values
of intensity of adsorption (n) are greater than unity indicating that
the process is favourable.

To quantify the adsorption capacity of the P(ANi) for the removal
of fluoride from aqueous solutions, Langmuir equation is applied.
The Langmuir adsorption isotherm can be written as follows:

@ 1 C
& =astad 2)

where Ce and Q. have the usual meanings and Q° and b are the
Langmuir constants related to the capacity and energy of adsorp-
tion, respectively. The linear plots of Ce/Qe versus Ce (Fig. 5) indicate
the applicability of Langmuir adsorption isotherm. By comparing
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the results presented in Table 2, it can be seen that the Lang-
muir model is the best fitting model for isotherm data of fluoride
removal by P(ANi) than the Freundlich model. Additionally, the val-
ues of QU calculated by the Langmuir equation were close to those
determined experimentally. These facts suggest that the removal of
fluoride by polyanilines involves a monolayer coverage of fluoride
on the surface of the polymer [2,25,26].

3.5. Thermodynamic parameter

The standard free energy change (AG°), enthalpy change (AHO)
and entropy change (AS®) were calculated from the variation of
equilibrium constant, Ky, with temperature. The values of Ky and
other thermodynamic parameters for the defluoridation process
were determined by the reported method [2] and are summarized
in Table 3. The values of enthalpy change are positive indicating
the endothermic nature of the process. The positive AG? values
indicate that the process is nonspontaneous. The negative or low
positive values of AS? reveal that during the doping of fluoride ions
onto the polymers the degree of internal freedom of the system are
decreased [27].

3.6. Effect of co-ions

The effect of added co-ions viz. CI-, NO3~, SO42~ and HCO3~
on the amount of fluoride removed (mg/g) is given in Table 4.
The results indicate that addition of these common co-ions, except
bicarbonate, does not have any significant effect on the defluori-
dation capacity of P(ANi). This behaviour shows that P(ANi) can
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Equilibrium constants and thermodynamic parameters for the removal of fluoride by polyanilines

[F] mg/l Ko AGP (kJmol-1) AH? (kjmol~1) AS? (K]-" mol1)
30°C 40°C 50°C 30°C 40°C 50°C
R=H
2 0.307 0.325 0.351 2.97 2.92 2.81 5.4 8
4 0.238 0.242 0.286 3.61 3.68 3.36 7.4 12
6 0.154 0.161 0.170 4.71 4.76 4.76 3.9 24
8 0.122 0.125 0.138 5.29 5.41 5.35 4.5 2.6
10 0.104 0.114 0.117 5.7 5.68 5.75 5.0 22
R=Me
2 0.389 0.515 0.550 2.38 1.72 1.60 14 39
4 0.242 0.270 0.286 3.57 3.41 3.35 6.8 11
6 0.174 0.186 0.195 4.40 438 438 4.6 0.8
8 0.138 0.144 0.151 4.98 5.03 5.07 3.7 —4.3
10 0.109 0.114 0.121 5.59 5.66 5.67 4.4 -39

effectively remove fluoride in the presence of other such com-
mon anions. In the case of bicarbonate ions, there is a very slight
reduction in the amount of fluoride adsorbed with increase in
its concentration. Parallel interference of bicarbonate ions on the
defluoridation has been cited earlier [2,22].

3.7. FT-IR and XRD studies

The FT-IR spectra of the undoped polyaniline (R=H) and that of
after doping with fluoride ions are shown in Fig. 6a and b. The FT-IR
spectrum (Fig. 6a) of the undoped P(ANi) resembles that the one
reported earlier in literature [17,28,29]. The peak around 3400 cm ™!
corresponds to the characteristic N-H stretching vibrations which
further indicates that the polymer linkage were not at the N-group
and thus likely on the aromatic ring. It was observed that (Fig. 6b)
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Fig. 6. (a) FT-IR spectrum of polyaniline (R=H) and (b) FT-IR spectrum of fluoride
doped polyaniline (R=H).

the heavily doped states of these polyanilines yield a band around
1566-1581cm™!, corresponding to the N-H bending of the amine
salts and strong band in the 1100cm~! region corresponding to
the dopant [17,28-30]. These observations strongly suggest that the
removal of fluoride by these polyanilines is via doping mechanism.

The XRD patterns of the polyanilines before and after doping are
shown in Figs. 7a-d. It is evident from the figures, Fig. 7a and c that
the polyanilines in the undoped form exist in the amorphous form
which remains unaltered after doping (Fig. 7b and d). This is due to
the fact that the P(ANi) prepared in the undoped form show poor
or no crystallinity, which does not improve even with doping [17].

3.8. EDAX analysis of fluoride-P(ANi)

Energy-dispersive analysis of X-rays was used to analyze the
elemental constituents of the P(ANi) before and after doping of flu-
oride ions are shown in Fig. 8a and b, respectively. It shows that the
presence of fluoride appears in the spectrum after doping (Fig. 8b)
along with other principal element C and minor elements O, Cl and
Au. The signal found for Au is due to the spattering of gold chloride
during the analysis. EDAX analysis provides direct evidence for the
doping of fluoride ions onto P(ANi) [33].

3.9. Comparison with other adsorbents

The adsorption isotherms for the removal of fluoride ions from
aqueous solution obtained in the present study were compared
with those reported earlier in literature. For different adsorbents
the values of Langmuir isotherm constants for the adsorption of
fluoride ions are summarized in Table 5. Although direct compari-
son of P(ANi) and methyl substituted P(ANi) with other adsorbents
is difficult, owing to the different applied experimental conditions,
it was found, in general, that the adsorption capacity of the adsor-

Table 4
Effect of co-ions on the amount of fluoride adsorbed (mg/g) by polyanilines

Co-ion Concentration (mg/l)
0 100 200 300 400 500
R=H
Chloride 0.78 0.74 0.76 0.75 0.81 0.84
Sulphate 0.78 0.72 0.73 0.69 0.74 0.76
Bicarbonate 0.78 0.72 0.72 0.68 0.64 0.51
R=Me

Chloride 0.78 0.82 0.79 0.85 0.83 0.77
Sulphate 0.78 0.79 0.68 0.72 0.86 0.69
Bicarbonate 0.78 0.77 0.75 0.69 0.66 0.68

[F]=4 mg/]; temperature =30°C; pH 7; contact time =30 min.
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polyaniline (R=H).

bents for fluoride ions is comparable with that of other adsorbents
and in fact greater than certain adsorbents reported earlier.

3.10. Test with field samples

The utility of the adsorbent has been tested by treating water
samples collected from water sources located at Gopalpatti (sample
1) and Theppakulathupatti (sample 2) of Dindigul District, Tamil
Nadu, S. India. Compositions (all in mg/l except pH) of the water
samples are, respectively, pH: 7.98, 7.62; total alkalinity: 452, 310;
total hardness: 325, 740; total dissolved solids: 588, 1190; CI~: 60,
310; F: 1.92, 2.88; SO4: 13, 50. The amount of fluoride adsorbed
(mg/g) by the adsorbent from samples 1 and 2 were found to be
0.38 and 0.68, respectively which is in close agreement with the
results mentioned above.

Table 5
Langmuir isotherm parameters for the adsorption of fluoride ion from aqueous
solution by different adsorbents

Adsorbent Langmuir constants Reference
Q° (mg/g) b (1/mg)
Activated alumina 241 0.31 [31]
Fluorspar 1.79 0.091 [32]
Activated quartz 1.16 0.086 [32]
Calcite 0.39 0.023 [32]
Quartz 0.19 0.12 [32]
Plaster of Paris 0.366 0.830 [2]
NPC 2.732 0.028 [25]
P(ANi) 1.82 0.55 Present work

Substituted P(ANi) 1.19 1.02 Present work
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3.11. Regeneration studies

The regeneration of the spent adsorbent has been carried out by
stirring it with 0.1 M NH4OH solutions for 6 h followed by treating
with hydrochloric acid which yielded the Emeraldine salt, as many
times as we require.

4. Conclusion

The polyanilines show considerable potential for the removal
of fluoride ions from aqueous solutions. Lower pH and higher
temperature ranges were found as the favourable conditions for
maximum fluoride removal. The results gained from this study
were well described by the theoretical Freundlich and Langmuir
models. The thermodynamics of the system pointed out the sys-
tem was endothermic. The results of the equilibrium, FT-IR, XRD
and EDAX studies reveal that the defluoridation of water occurs via
doping of fluoride ions onto the polyanilines which may be depicted
as

P(ANi) +nF~ — P(ANi)™(F),"". (3)
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