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Removal of fluoride ions using cuttlefish bones
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A B S T R A C T

Because of the high toxicity of fluoride to mankind, there is an urgent need to treat fluoride-

contaminated drinking water to make it safe for human consumption. This work investigated the

possibility of eliminating, by sorption, the excess of fluoride in overloaded water according to World

Health Organization WHO recommendations. We tested the cuttlefish bone as an adsorbent material

(available in Tunisia) for the defluoridation of water. Initially, we determined the optimal conditions of

use (contact time, pH effect, adsorbent dose, initial fluoride concentration) of the cuttlefish bone on

synthetic solutions of sodium fluoride. The second step was to verify the effectiveness of the sorption

process on the cuttlefish bone by testing it on natural waters loaded with fluoride. The results obtained

showed that sorption on the cuttlefish bone could be an effective method for the removal of fluoride. The

efficacy of cuttlefish bone to remove fluoride from water was found to be 80% at pH 7.2, 1 h contact time,

15 g L�1 adsorbent dose and 5 mg L�1 initial fluoride concentration. Despite the different anions (Cl� and

SO4
2�) generally present in natural waters, a fluoride concentration in agreement with the norm

(<1.5 mg L�1) could be reached whatever the water treated. The regeneration of the cuttlefish bone was

performed with a NaOH solution (10 g of cuttlefish bone/1000 mL NaOH 3 M). After 1 h of agitation, 95%

of fluorides were desorbed. Following regeneration, the adsorbent can be used for further removal of

fluoride.

� 2010 Elsevier B.V. All rights reserved.
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1. Introduction

Many countries, producers of phosphates such as Tunisia,
Morocco, Algeria and Senegal, are confronted with an excess of
fluoride in drinking water and are concerned with reducing its
impact on the consumer’s health. In the south of Tunisia, especially
in the regions of Gafsa, Metlaoui and Redayef, fluoride contents in
drinking water (Table 1) are significantly higher than the
drinkability standards set by the various legislations, in particular
by the World Health Organization WHO. The maximum permissi-
ble level of fluoride in drinking water as regulated by the WHO is
1.5 mg L�1 [1].

The continuous consumption of water containing fluoride ions
can be either beneficial or harmful. When fluoride is present in
drinking water at optimal levels (0.7–1.2 mg L�1), it has been
shown to promote oral health by preventing tooth decay. Waters
with fluoride concentrations higher than 2 mg L�1 and 4 mg L�1

promote dental fluorosis (hypercalcification of tooth enamel due to
excessive adsorption of fluoride ions) and bone fluorosis,
respectively [2–4].
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The current methods which are used to reduce the concentra-
tion of fluoride ions from water can be divided into two categories:
precipitation and sorption [5]. Precipitation of fluoride with
calcium and aluminum salts is used to remove fluoride from
industrial wastewater [6]. Sorption is another technique, in which
fluoride is sorbed onto a membrane or a fixed bed packed with
resin or other mineral particles. Many others techniques have been
reported, such as reverse osmosis, electrodialysis, Donnan dialysis,
nanofiltration, ion exchange, limestone reactor and activated
aluminum column [3,7–18]. Recent attention of scientists has been
devoted to the study of low cost, but effective materials. A large
number of materials have been tested, such as activated alumina,
calcite, clay, zeolite, charcoal, fly ash, bleaching earth and red mud
[19–32]. However, the lowest limit for fluoride reduction by most
of the adsorbents is higher than 2 mg L�1, therefore, they are not
suitable for the drinking water treatment purpose, especially as
some of them can only work at an extreme pH value, such as
activated coal which is only effective for fluoride removal at pH less
than 3.0 [33].

This work investigates the possibility of eliminating, by
sorption, the excess of fluoride in overloaded water using cuttlefish
bone, available in Tunisia, as an adsorbent material. With respect
to the first objective of this study, the sorption experiments of
water soluble F� ions from synthetic solutions or natural waters
were carried out using cuttlefish bone. The first step was to

http://dx.doi.org/10.1016/j.jfluchem.2010.11.006
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Table 1
Fluoride concentration of drinking waters from Gafsa regions (South of Tunisia).

Metlaoui Louza 1 Metlaoui Louza 2 Redayef Tabeddil Om Elarayes Gafsa SM4 Foum El Maaza

CF (mg L�1) 3.25 3.39 2.73 2.35 2.61 2.20

Table 2
Physico-chemical analysis of two natural waters collected from the regions Gafsa

(South of Tunisia).

Louza 2 Gafsa SM4

pH 7.59 7.35

TAC (8F)a 15.4 15

TH (8F) 99 152

Ca2+ (mg L�1) 210 467

Mg2+ (mg L�1) 113 86

Cl� (mg L�1) 312 143

SO4
2� (mg L�1) 1032 1390

F� (mg L�1) 3.39 2.61

a 1 8F (French degree) = 4 mg L�1 of Ca2+ = 2.43 mg L�1 of Mg2+ = 12.2 mg L�1 of

HCO3
�.
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determine the optimal conditions for the use of cuttlefish bone on
synthetic sodium fluoride NaF solutions. A second step was to
verify the effectiveness of the sorption process on the cuttlefish
bone through tests on natural waters loaded with fluoride. With
respect to the second objective, the study of desorption of fluorides
from cuttlefish bone was carried out using a NaOH solution.

2. Experimental

2.1. Synthetic fluoride solution and natural waters

A stock solution of 250 mg L�1 fluoride was prepared by
dissolving 552.5 mg of sodium fluoride (Merck, Germany) in 1.0 L
of distilled water and all synthetic solutions for the removal
experiment and the analysis were prepared by an appropriate
dilution from the freshly prepared stock solution. Two Tunisian
underground waters were considered in the study: Louza 2 and
Gafsa SM4. The salt compositions of these waters are given in Table
2. The two waters have particularly high levels of fluorides, which
represent a permanent risk for the population which relies on
underground water (wells) for the daily consumption. The
concentration of about 3 mg L�1 of fluoride was higher than the
acceptable value.

2.2. Characterization of the cuttlefish bone

Before use, cuttlefish bone was rinsed with deionized water,
boiled for 10 min to desorb any impurities, dried at 103–105 8C for
24 h and allowed to cool in a dessicator. Turner et al. [25] showed
that the performance of defluoridation of water was very good
(�90–96%) for small particles (150–300 mm) of calcite: the
thermodynamically stable variety of calcium carbonate at room
temperature. In our study, cuttlefish bone was crushed and sieved.
The sorption properties of 150–200 mm-particles were studied.
The X-ray diffraction pattern of the cuttlefish bone was recorded by
a D8 Bruker X-ray diffractometer (Germany). The XRD data were
matched with standard JCPDS data files. Elemental analysis was
conducted by a Philips PW 104 wavelength dispersive sequential
XRF (X-ray fluorescence) analyzer, with less than �2% error. The
spectroscopic studies were performed by using a scanning electron
microscopy (SEM, Hiatchi S2500). The Brunauer–Emett–Teller (BET)
surface area was determined by the low temperature N2 adsorption
method. The pH of the zero point charge (pHzpc) was determined by
placing 1 g of cuttlefish bone into 250 mL glass stopper bottle
containing 100 mL of 0.01 M NaCl solutions. The initial pH of these
solutions was adjusted to 5.5, 6.5, 7.5, 8.5, 9.5, 10.5 and 11.5 by either
adding 0.1 M NaOH or 0.1 M HCl. The bottles were then placed in the
incubator shaker at 30 8C for 48 h, and the final pH of supernatant
measured. The DpH (=pH(final) � pH(initial)) was plotted against the
initial pH, the pH at which DpH was zero was taken as a pHzpc.

2.3. Ionic analysis methods

Calcium and magnesium concentrations were successively
obtained by complexometric determination with EDTA on the
same water sample. The determination of OH�, CO3

2� and HCO3
�

concentrations of the sample were carried out by the neutraliza-
tion of a given volume of water by hydrochloric acid 2 � 10�2 M in
the presence of phenolphthalein and helianthin. Chlorides and
sulfates were analyzed by ion chromatography in an AS11 4 mm
column (DIONEX). However, this analytical method was not
accurate for fluorides owing to the high amount of chloride ions.
Fluoride concentrations were therefore determined with an ion-
specific fluoride electrode TACUSSEL according to a standardized
method (AFNOR T90-0004) [34].

2.4. Batch tests

Sorption was carried out in batch tests. Crushed cuttlefish bone
was added to synthetic sodium fluoride solution or to underground
waters (Louza 2 and Gafsa SM4). All experiments were conducted
at room temperature (25 � 2 8C). Batch sorption was conducted to
investigate the effect of controlling parameters like contact time, pH,
dose of adsorbent and initial fluoride concentration on the sorption
capacity of the cuttlefish bone. In addition, we tested the effect of
certain ions (Ca2+, Cl� and SO4

2�) on the defluoridation process. Two
underground waters naturally fluoridated, from the Gafsa region,
were treated at the optimum conditions determined from synthetic
solutions tests. The sample solution containing fluoride ion
(5 mg L�1) was taken in a 300 mL Erlenmeyer flask. The quantity of
crushed cuttlefish bone was added. Then the pH was adjusted to a
definite value and the solution was stirred at 300 rpm at various
times. At the end of each experiment, the sample was filtered using a
Whatmann (45 mm) filter paper and analyzed for residual fluoride
content.

The amount of the removed fluoride was calculated by
subtracting the fluoride remaining in the solution initially taken.
In all cases mass balance was confirmed. The removed fluoride R

was calculated using the following equation:

R ð%Þ ¼ 1� C0

Cf
� 100

where C0 (mol L�1) is the initial concentration of the solution
before sorption and Cf (mol L�1) is the final concentration after the
sorption of the fluoride ion.

To determine the equilibrium sorption time, experiments were
conducted by varying contact time of 30, 60, 90, 120, 150 and
180 min to a solution containing initial concentration of 5 mg L�1

and 15 g L�1 of cuttlefish bone. The pH of the solutions was
adjusted at 7.2 � 0.1. Samples were agitated, filtrated and the
residual concentration determined.
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Fig. 1. XRD pattern of cuttlefish bone.
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The effect of pH on fluoride removal was found by adjusting the
pH of synthetic solution of 5.0 mg L�1 to initial pH value of 10.5,
9.5, 8.5, 7.5, 6.5, 5.5, 4.5 using 0.5 M HCl or 0.5 M NaOH; a fixed
quantity (15 g/1000 mL) of cuttlefish bone was added and mixed
for the equilibrium sorption time and analyzed for residual fluoride
content.

To study the effect of an increase in the amount of cuttlefish on
fluoride removal, experiments were conducted by varying
amounts of 5, 10, 15, 20, and 25 g L�1 to a solution containing
initial concentration of 5 mg L�1. The samples were agitated up to
equilibrium and the fluoride residual concentrations were deter-
mined.

The effect of certain ions (Ca2+, Cl�, and SO4
2�) on the

defluoridation process was found by spiking synthetic fluoride
solution (CF = 5 mg L�1) with different concentration of Ca2+, Cl�

and SO4
2�.

2.5. Desorption study

Desorption of fluorides from cuttlefish bone was carried out
with a NaOH solution. The same solution was used several times to
realize the cuttlefish bone regeneration. The method used for
desorption consisted of brewing the cuttlefish bone in the basic
solution (10 g of cuttlefish bone/1000 mL of NaOH 3 M) for 1 h at a
stirring speed of 300 rpm. The concentration of fluorides was then
measured in this solution following filtration. The cuttlefish bone
was removed and rinsed with distilled water and then reused for a
new adsorption.

2.6. Data accuracy

Each removal experiment was conducted twice to obtain
reproducible results with an error of less than 3%. The original
fluoride solution (control) was used in all analysis, which
considerably reduced the absolute error associated with the
fluoride error analyzer to <2%.

3. Results and discussion

3.1. Characterization of the cuttlefish bone

The X-ray diffraction (XRD) pattern shows that the cuttlefish
bone has well crystallized form (Fig. 1) with a weak peak at 3.40 Å
which is characteristic of aragonite variety [35]. Elemental analysis
showed that the cuttlefish bone was 96% pure calcium carbonate
CaCO3 with trace quantities of Na (1.28% as Na2O), P (0.53% as P2O5)
and other elements at concentration <50 mg L�1. Cuttlefish bone

[()TD$FIG]

Fig. 2. Cuttlefish bone: (a) internal cuttlefish shell and (b) scannin
had a very porous structure as shown in Fig. 2. The specific surface
area of the crushed cuttlefish bone was found to be
0.070 � 0.002 m2 g�1. According to the definition given earlier, the
experimental pHzpc of the cuttlefish bone is 9.8 (Fig. 3), which agrees
closely with the experimental value of calcite determined by
Somasundaran and Agar [36].

3.2. Effect of contact time

Fig. 4 shows fluoride removal at different contact times using
cuttlefish bone as an adsorbent. With increasing contact time,
fluoride removal increased rather rapidly, but then gradually
approached a more or less constant value denoting attainment of
equilibrium. The sorption reaction may be considered to be
occurring in three distinct phases. First, the initial rapid phase in
which the rate of fluoride removal was very rapid in less than
30 min. This may be the result of the instantaneous sorption
reaction in which fluoride ions sorbed quickly onto the surface of
the cuttlefish bone due to a specific chemical interaction (or
affinity) and to diffusion and other driving forces. In the second
phase, the sorption rate decreased due to less sorption as a result of
the migration of fluoride ions from the film/boundary layer to the
interior pore/capillary surfaces. In the last phase, i.e., after 60 min,
fluoride removal rate leveled off significantly, denoting attainment
of equilibrium and the non-availability of sorption sites. Our
results are in agreement with those of Fan et al. [6] who showed
g electron microscopy SEM micrograph of the cuttlefish bone.
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Fig. 3. Zeta potential of cuttlefish bone.
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Fig. 4. Fluoride removal as a function of equilibrium time (adsorbent dose 15 g L�1,

fluoride concentration 5 mg L�1 and pH 7.2).
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Fig. 5. Fluoride removal as function of pH (adsorbent dose 15 g L�1, fluoride

concentration 5 mg L�1 and equilibrium time (1 h).
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Fig. 6. Fluoride removal as function of adsorbent amount (fluoride concentration

5 mg L�1, pH 7.2 and equilibrium time 1 h).

A. Ben Nasr et al. / Journal of Fluorine Chemistry 132 (2011) 57–6260
that sorption times designed for reaching the equilibrium was
60 min in the experiment conditions (initial fluoride concentration
of 3 mg L�1, pH of 6 and 15 g L�1 of calcite with 212–250 mm-
particles). As there was no significant increase in the fluoride
removal rate after 60 min, an equilibrium time of 60 min was
chosen and this was used in all subsequent experiments.

3.3. Effect of pH

Fig. 5 shows the effect of pH on the removal of fluoride by
sorption on the cuttlefish bone. As the pH of the fluoride solution
increased from 4.5 to 10.5, fluoride removal was more or less
constant around 85–82% for a pH between 4.5 and 7.5. But, it
drastically dropped to 35% at pH 10.5. The mechanism of fluoride
removal can be better understood by examining the cuttlefish bone
surface composition. Cuttlefish bone, when dissolved in water, will
produce the following species, HCO3

�, CO3
2�, Ca2+, CaHCO3

+ and
CaOH+. When the solution is more basic than the point at zero
charge (pH > pHzpc), negative species will predominate and the
surface will be negatively charged. Similarly, when the solution is
more acidic than the point at zero charge (pH < pHzpc), positive
species will predominate and the surface will be positively
charged. A number of authors [37–41] showed that Ca2+ and
CO3

2� were the potential determining ions in a pure calcite
solution. Decreasing pH effectively provides more Ca2+ in a
solution from the dissolution of cuttlefish bone and increases
the number of positive sites, leading to an increase in the amount
of fluoride removed from the solution. Lower fluoride removal at
higher pH values may be due to surface reactions of the type ion-
exchange leading to a change in the electrokinetic properties of the
surface of cuttlefish bone, increasing the negative charges at the
surface of the adsorbent which reduced the sorption of fluoride
ions. Fan et al. [6] showed that the uptake of fluoride in calcite was
a surface sorption and that fluoride sorption fitted Freundlich
isotherm. Yang and Dluhy [19] and Turner et al. [25] showed that
the best performance of defluoridation of water using calcite was
obtained at neutral pH. For the following adsorption tests, we
adjusted the solution pH to 7.2 � 0.1.

3.4. Effect of cuttlefish amount on fluoride removal

The fluoride removal increases with the amount of cuttlefish
bone used (Fig. 6). According to the figure, when the adsorbent
amount increased from 5 to 15 g L�1, the fluoride removal
increased from 40% to 85%, respectively. This rise was due to
the larger surface available to sorption which promoted the
sorption of fluoride. For cuttlefish bone amount more than 15 g L�1

no significant increase in fluoride removal was observed (R = 89%



Table 3
Results of defluoridation solutions with different concentrations of fluoride

(adsorbent amount 15 g L�1, pH 7.2, and equilibrium time 1 h).

Cinitial (mg L�1) 2.5 5.0 7.5 10

Cresidual (mg L�1) 0.50 1.05 1.53 2.20

R (%) 80.0 79.0 79.6 78.0

Table 4
Fluoride residual concentration and fluoride removal R obtained at the end of

adsorption test of natural waters using cuttlefish bone (adsorbent amount 15 g L�1,

pH 7.2, and equilibrium time 1 h).

Louza 2 Gafsa SM4

Cinitial (mg L�1) 3.39 2.61

Cresidual (mg L�1) 1.09 0.87

R (%) 67.8 66.7
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at an amount of cuttlefish bone 25 g L�1). Turner et al. [25] showed
that fluoride removal was more important (96%) with a fluoride
concentration of 3 mg L�1 at pH 7 using calcite as adsorbent at a
dose of 33.3 g L�1: greater than the cuttlefish bone dose we used.
We have thus chosen for the following tests a constant amount of
cuttlefish bone (15 g L�1).

3.5. Effect of initial fluoride concentration

To demonstrate the effectiveness of the cuttlefish bone, we
varied the initial content of fluoride. The results are summarized in
Table 3. Fluoride removal was not affected by the initial F�

concentration over the whole range from 2.5 to 10 mg L�1, which
could be considered to be an important advantage over the
conventional method. Similar results were obtained by Huang et al.
[42]. It should be noted that the residual fluoride after treatment
with cuttlefish bone was consistent with drinking water standards
for an initial concentration of fluoride in the range of 7.5 mg L�1.

3.6. Effect of mineralization

3.6.1. Effect of chloride, sulfate and calcium on fluoride removal

Drinking water contains many different ions, which may
influence the sorption of fluoride by cuttlefish bone. Therefore,
the effect of chloride, sulfate and calcium on the adsorption of
fluoride on cuttlefish bone was examined. Sorption experiments
have been made with some salts (NaCl, CaCl2 and Na2SO4). The
initial concentration of fluoride was fixed at 5 mg L�1 while the
initial concentration of ions (Cl�, SO4

2� and Ca2+) varied from 100
to 400 mg L�1. We found that chlorides had no effect on the
sorption of fluoride on cuttlefish bone. Similar results were
obtained by Yang and Dluhy [19] for the sorption of fluoride on a
fixed bed packed with granular calcite. The presence of SO4

2�

reduced the adsorption of fluoride on cuttlefish bone. The
decreased sorption of fluoride in the presence of sulfate may be
because of the lower affinity for sorption. The results are in
agreement with those of Sujana et al. for the removal of fluoride

[()TD$FIG]

Fig. 7. Fluoride removal as function of calcium concentration (adsorbent amount

15 g L�1, fluoride concentration 5 mg L�1, pH 7.2 and equilibrium time 1 h).
with alum sludge [43]. The presence of calcium promotes
defluoridation (increased efficiency) of water as shown in Fig. 7.

3.6.2. Defluoridation of natural waters

This step was performed on two underground waters (Louza 2
and Gafsa SM4) naturally fluoridated. In Table 4, we present the
results of the defluoridation of the two waters. The values were
obtained at optimum conditions (pH 7.2, contact time 60 min,
adsorbent amount 15 g L�1). The sorption of fluoride on the
cuttlefish bone was effective. Indeed, the residual fluoride was
below the WHO standards. Except for fluoride, the other physico-
chemical parameters of the treated water were not modified.
Analysis of the precipitate obtained showed that it was mainly
composed of calcium carbonate and a small amount of CaF2. For
CaF2 precipitation, supersaturation of F� and Ca2+ was the major
premise. Indeed, with Louza 2 water,
CF = 3.39 mg L�1 = 1.79 � 10�4 M;
CCa

2+ = 210 mg L�1 = 5.25 � 10�3 M. The ionic product
Q = CCa � (CF)2 = 5.25 � 10�3 (1.79 � 10�4)2 = 16.9 � 10�11 was
higher than solubility product Ks of CaF2 (Ks = 3.5 � 10�11). Turner
et al. [25] and Nath and Dutta [44] confirmed that besides sorption,
precipitation of CaF2 could also occur.

3.7. Desorption of fluoride and regeneration of the cuttlefish bone

To make a cost-effective process, the adsorbent should be
regenerated so that reuse is possible for further fluoride sorption. We
found that, after 1 h of agitation at 300 rpm, more than 95% of
fluorides were desorbed. The cuttlefish bone was removed and
rinsed with distilled water. Regenerated cuttlefish bone was placed
again in contact with natural water containing fluoride. A new
sorption of fluoride was noted. This result led us subsequently to
examine the effect of the number of sorption–desorption fluoride
cycles in relation to the regeneration efficiency. A histogram (Fig. 8)
of the results demonstrated that fluorides quantities sorbed and
desorbed for the same cycle were practically equal for the five cycles
carried out. The performance of the regenerated cuttlefish bone was
found to be slightly inferior to that of the fresh one. A decrease of 2–
3% in efficiency was showed after each cycle of sorption–desorption.

[()TD$FIG]

Fig. 8. Quantity of fluorides adsorbed and desorbed during 5 cycles of adsorption–

desorption.
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4. Conclusion

From the present investigation, it was clear that cuttlefish bone
was effective towards fluoride removal from naturally fluoridated
water. The material is non-toxic, which makes it easily acceptable
to common people. The following conclusions may be drawn:

(1) Elemental analysis showed that cuttlefish bone was 96% pure
calcium carbonate. X-ray diffraction pattern and SEM studies
reveal that cuttlefish bone is well crystallized and uniform.

(2) Fluoride removal was found to be very rapid during the initial
period (less than 30 min) and reached 80% at 60 min.

(3) The degree of removal is dependent on cuttlefish bone surface
area. The optimum pH was found to be 7, which is suitable for
the drinkable purpose. At this pH, the removal of fluoride was
around 80%.

(4) Adsorbent dose of 15 g L�1 is sufficient for the removal of
fluoride from water at the initial fluoride concentration up to
7.5 mg L�1.

(5) Chloride had no significant effect on the defluoridation of
treated water from the cuttlefish bone while sulfate reduced
the sorption of fluoride on cuttlefish bone. Calcium promoted
the defluoridation of water.

(6) Despite the different anions (Cl� and SO4
2�) generally present

in natural waters, a fluoride concentration in agreement with
the norm (<1.5 mg L�1) could be reached whatever the water
treated. Considering the high level of chloride and sulfate in the
treated water, efficient post-treatment could be developed in
the future.

(7) The desorption study showed that the cuttlefish bone could be
reused for fluoride removal by rinsing for 60 min the cuttlefish
bone with a solution: 10 g of cuttlefish bone/1000 mL of NaOH
solution 3 M. Following regeneration, the adsorbent can be
used for further removal of fluoride.
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