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Abstract The water resources in Tunisia are very limited and not fairly distributed: 80 % of them
are located in the north and only 20% in the south. In addition, 50% of them are characterized by a
bad quality since they have salinity greater than 1.5 g L−1. The bad quality is not only due to the
high salinity, but also to the presence of natural pollutants such as fluoride. In fact, according to
physicochemical analyses of samples of tap waters collected by the Regional Service of Environ-
mental Health from differentmonitoring sites inmining area (south of Tunisia), in February 2014, it
was shown that waters were contaminated by fluoride and contained high concentrations of
sulphate and chloride anions. Fluoride concentrations varied between 0.8 and 4 mg L−1, and then,
greatly exceeded theWorld Health Organization (WHO) standards in somemonitoring sites. In this
study, the electrodialysis (ED) technique was applied to remove fluoride from these waters.
Experiments were carried out using a pilot unit as a conventional ED in batch recirculation mode.
It was shown that ED is an efficient technique to remove fluoride and to reduce salinity of water.
Removal rate of fluoride tended to 92 % and the concentrations of different species in the treated
water were below the amounts recommended by WHO for drinking water. Considering the effect
of chloride and sulphate on fluoride removal through the anion exchange membrane, the perfor-
mance of two types of ion exchange membrane (PC Cell and Neosepta) was compared. Experi-
ments were carried out with synthetic solutions containing 0.0357mol L−1 of NaHCO3 doped with
15 mg L−1 of fluoride. Sodium hydrogenocarbonate was replaced by sodium chloride or sodium
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sulphate at different values of molar ratio in order to maintain the initial ionic strength of the
solution constant at 0.0357mol L−1. It was shown that fluoride removal was influenced by chloride
ions but not by sulphate ones.

Keywords Electrodialysis .Tapwater.Fluorideremoval .Specificpowerconsumption .Salinity

1 Introduction

Located in a semi-arid zone, Tunisia has limited water resources (Burghard 2013). The scarcity
of good water quality, in particular at the south regions, requires brackish water desalination to
supply these regions with potable water. In addition to their high salinity, these waters contain
high levels of fluoride (Mnif et al. 2010). Fluoride ions are necessary and beneficial for the
human health at low concentration in drinking water. However, at high concentration, water
becomes toxic and leads to serious problems such as dental and skeleton fluorosis and lesions
of the endocrine glands, thyroid and liver (Fawell et al. 2006; Mohapatra et al. 2009). The
optimum fluoride ion level in drinking water is considered to be between 0.5 and 1.0 mg L−1

(Fewtrell and Bartram 2001). According to the World Health Organization (WHO), the
maximum acceptable concentration of fluoride is 1.5 mg L−1 (Fewtrell and Bartram 2008).

In the literature, many methods have been investigated to remove the excess of fluoride
from water (Melidis 2015), such as adsorption (Loganathan et al. 2013), ion exchange
(Kodama and Kabay 2001), chemical precipitation (Jiang et al. 2013), electrochemical tech-
niques (Tezcan et al. 2013) and membrane processes like, nanofiltration (Chakrabortty et al.
2013), Donnan Dialysis (Boubakri et al. 2013), and electrodialysis (ED) (Menkouchi Sahli
et al. 2007; Amor et al. 2001; Ben Sik Ali et al. 2010). Most of them suffer from one of the
following drawbacks: high initial cost, lack of selectivity, low capacity and complicated or
expensive regeneration. However, ED which is widely used for desalination of brackish water
(Walha et al. 2007; Banasiak et al. 2007) presents many advantages: it is a simple process
which has an average installatalion cost and low chemicals consumption (Zeni et al. 2005).

The interest in using ED processes to remove the excess of fluoride and other contaminants
such as nitrate and borate from drinking water, has increased worldwide (Banasiak and Schafer
2009; Tahaikt et al. 2006; Menkouchi Sahli et al. 2008). It was demonstrated that ED is an
efficient process for removing these contaminants from brackish waters while reducing their
salinity. The removal of contaminants depends on several ED parameters, such us applied
potential, flow rate, concentration of contaminant, nature of ionic exchange membrane used,
etc. (Kabay et al. 2008; Zakia et al. 1998; Banasiak and Schafer 2009). Kabay et al. (2008)
have found that the separation performance of fluoride from aqueous solution by electrodial-
ysis increased when the initial concentration of fluoride in the feed solution increased. Percent
removal of fluoride increased as the applied potential increased. However, the effect of feed
flow rate was not apparent in the range of applied feed flow rate. Separation of fluoride was
influenced by chloride but not by sulphate ions. Ben Sik Ali et al. (2010) have shown that
fluoride removal rate increased when the flow rate decreased. They suggested that for low flow
rate, ions stay longer time in the dilute compartments and can be transferred from one
compartment to another. The type of anionic exchange membrane plays an important role in
fluoride removal and some membranes were more selective to fluoride compared to others
(Ergun et al. 2008). Ergun et al. (2008) have shown that the SB-6407 membrane was more
efficient than the ACM Neosepta and the poly(2-chloroaniline) membranes for fluoride
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removal. It was also shown that the presence of co-existing anions in brackish water have an
important role during the ED defluoridation process (Kabay et al. 2008; Ergun et al. 2008).
Ergun et al. (2008) have shown that the reducing effect of sulphate ions on the transport of
fluoride was higher than that of chloride ions. This was explained by considering interaction of
both chloride and sulphate ions with the ionic group in the membrane and activity coefficient
of fluoride in the presence of mono- and bi-valent ion set.

In this study, samples were collected from taps of 13 monitoring sites in southern Tunisia.
Physicochemical analyses were made on collected samples in order to control their composi-
tions. Knowing the high levels of fluoride in the underground waters of the mining area
providing the drinking water, the aim of this work was to remove fluoride excess from tap
water using ED technique. The effect of chloride and sulphate ions on fluoride removal was
studied using two types of ions exchange membrane (PCCell and Neosepta).

2 Materials and Methods

2.1 Natural Water Samples

Thirteen samples were collected in February 2014 by the Regional Service of Environmental
Health from taps at 13monitoring sites in southern Tunisia. These waters had underground origin.
The physicochemical characteristics of the two samples having the highest fluoride levels are
given in Table 2. The two tap water samples were used to achieve electrodialysis treatment.

2.2 Work Solutions

Tested solutions used to study the effect of chloride and sulphate on fluoride removal through the
anion exchange membrane were synthetic solutions containing 0.0357 mol L−1 of NaHCO3 doped
with 15 mg L−1 of fluoride. Sodium hydrogenocarbonate was replaced by sodium chloride or
sodium sulphate at different values ofmolar ratio in order tomaintain the initial ionic strength of the
solution constant. The rinsing electrode solution was 0.1 M Na2SO4 in order to prevent generation
of toxic gas. All reagents were from analytical grade purchased from Sigma-Aldrich.

2.3 Electrodialysis Equipment and Membranes

The ED setup consisted of a power DC, a concentrate reservoir, a dilute reservoir, a rinsing
electrode reservoir and three centrifugal pumps (Heidolph D-93309) equipped each with a
flowmeter (PC Cell GmbH) and three valves to control the feed flow rate in the compartment of
ED cell. Figure 1 shows a simplified scheme of ED setup working in batch recirculation mode.

The ED cell was a PC Cell ED 64-004 (Germany) used as a conventional ED unit with two
compartments: the dilute and the concentrate compartment. ED cell was made by two
polypropylene blocks supporting electrodes. One electrode was made of Pt/Ir-coated Ti
stretched (anode) and the other of Ti stretched metal (cathode). The membranes and spacers
were stacked between the two electrode-end blocks. The ED stack was formed by ten repeating
sections called cell pairs. A cell pair consisted of the following:

– cation exchange membrane
– dilute flow spacer (0.5 mm)
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– anion exchange membrane
– concentrate flow spacer (0.5 mm)

Spacers were made in plastic and were placed between the membranes to form the flow
paths of the dilute and concentrate streams. The spacers were designed to minimize boundary
layer effects and were arranged in the stack so that all the dilute and concentrate streams are
manifold separately. For each membrane, the active surface area was 64 cm2. The flow channel
width between two membranes was 0.5 mm determined by the thickness of intermembrane
spacers. Two types of ions exchange membranes were used: PC Cell membranes (PC-SK and
PC-SA were cation and anion exchange membranes, respectively) and Neosepta membranes
(CMX and AMX were cation and anion exchange membranes, respectively). The main
characteristics of used membranes are given in Table 1. The stack was equipped with three
separate external plastic reservoirs: The first served to concentrate solution, the second to dilute
solution and the third to rinse electrode solution. The fluid circulation was achieved using three
pumps equipped with flowmeters. Experiments were performed in batch recirculation mode at
ambient temperature.

2.4 Experimental Procedure

During all experiments, the volume of dilute, concentrate and rinsing electrode solutions was
1 L each. 0.1 M Na2SO4 was used as electrode rinse solution circulating in electrode
compartment, in order to prevent generation of toxic gas. The flowrate of electrode rinse
solution was fixed at 100 L h−1 for all experiments. However, the flowrates of other solutions
(dilute and concentrate) were only fixed at the beginning of experiment in order to detect any

Fig. 1 Scheme of the ED
installation
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precipitation formation (Ben Salah Sayadi et al. 2013). Before the onset of the desalination
test, the same solution was introduced in dilute and concentrate compartments. The experiment
started at time of the potential application. Conductivity was recorded in time. It was measured
using a conductivity meter (consort D 292), which was calibrated with commonly used
standard KCl 0.01 M and 0.1 M solutions having a conductivity of 1.4 and 12.67 mS cm−1,
respectively, at 298 K with a cell constant of 0.5 cm−1. Dilute and concentrate were circulated
through the ED cell until the desired product conductivity was achieved in the dilute
(0.5 mS cm−1). Samples were taken periodically from dilute and concentrate compartments
for analysis. After every experiment, ED cell was disassembled in order to observe the
membrane states, assembled and cleaned with circulation of 0.1 M HCl solution for 15 min
in order to remove any deposits followed by circulation of distilled water.

2.5 Analytical Methods

Fluoride concentration was determined using ion selective electrode (I.S.E 6.0502.150 fluoride
ion electrode) in conjunction with a standard reference electrode connected to a Metrohm 781
pH/Ion-meter. To avoid possible interference resulting from changes in solution pH and
conductivity, a total ionic strength adjustment buffer (TISAB) solution was used. It contained
58 g of NaCl and 57 mL of glacial acetic acid. The fluoride samples and the fluoride standard
were diluted by addition of TISAB solution with a molar ratio of 1:1.

Na+ and K+ were analyzed by atomic emission spectroscopy using a BSherwood 410^
spectrophotometer. Ca2+ and Mg2+ amounts were determined using a conventional colorimet-
ric ethylene diamine tetraacetique (EDTA) titration. HCO3

− was determined using a conven-
tional colorimetric sulphuric acid (H2SO4) titration. Nitrate and phosphate concentrations were
measured by UV and visible spectrophotometric method, respectively. Chloride analysis was
measured by potentiometric titration using an automatic titrator (metrohm 809). Sulphate
concentration was determined by gravimetric analysis using BaCl2 in acidified medium. pH-
meter (consort D 291) was used for measuring pH of solutions.

2.6 Removal Rate of Fluoride Ions (RF
− %)

Removal rate of fluoride (RF
− %) by ED technique was calculated for all experiments by the

following equation:

RF− %ð Þ ¼ 100 1−
Ct

C0

� �� �
ð1Þ

Table 1 Characteristics of cation and anion exchange membranes

Membrane Thickness
(μm)

Ion exchange capacity
(meq g−1)

Chemical
stability (pH)

Permselectivity Membrane resistance
(Ω cm2)

PC- SK 130 ≈1 0–11 0.96 0.75–3

PC-SA 90–130 ≈1.5 0–9 0.93 1–1.5

CMX 170–190 1.5–1.8 0–12 0.98 2.5–3.5

AMX 160–180 1.4–1.7 0–12 0.98 2.5–3.5
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where Ct (mg L−1) is the fluoride concentration in dilute compartment, and C0 (mg L−1) is the
initial concentration of fluoride in the feed phase.

2.7 Demineralization Rate (DR %)

The demineralization rate (DR %) was calculated by the following equation:

DR %ð Þ ¼ 100 1−
St
S0

� �� �
ð2Þ

where St (mg L−1) is the salinity in the dilute compartment, and S0 (mg L−1) is the initial
salinity in the feed phase.

2.8 Specific Power Consumption (SPC)

Specific power consumption (SPC) can be described as the energy needed to treat a unit
volume of solution. SPC was calculated using the following equation (Kabay et al. 2008):

SPC ¼
E

Z t

0
I tð Þdt

VD
ð3Þ

where E is the applied potential, I is the current, VD is the dilute stream, and t is the time.

3 Results and Discussion

3.1 Physicochemical Analysis of Tap Water

Several samples of tap water distributed for human consumption, in south of Tunisia, were
collected for physicochemical analysis. The salinity of these samples varied between 800 and
2200 mg L−1. The fluoride concentration varied between 0.8 and 4 mg L−1. In this study, only
physicochemical characteristics of two samples of tap waters containing high concentration of
fluoride and rich in sulphate and chloride ions are presented in Table 2.

Table 2 shows that fluoride concentration largely exceeds 1.5 mg L−1, value recommended
by the World Health Organization for the two samples. The recommended values of
400 mg L−1 for sulphate and 45 mg L−1 for nitrate are also exceeded for the two samples.
However, for the chloride, the recommended value of 250 mg L−1 was exceeded only for
sample 2.

3.2 Treatment of Tap Water Samples by ED

Applied potential (E), flowrate (Q) and concentration of salt (C) were optimized in a recent
study using 23 full factorial designs, for desalination of brackish water. This method of
optimization could satisfy high demineralization rate with low energy consumption. The
optimal conditions for desalination of brackish water were established at applied potential
(E) 12 V, flowrate (Q) 90 L h−1 and C=1 g L−1. Then, conditions of applied potential (E=
12 V) and flowrate (Q=90 L h−1) were applied to desalinate the two samples with Total
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Dissolved Salts (TDS) of 1200 and 2000 mg L−1, respectively. The physicochemical charac-
teristics of treated waters are given in Table 3. As shown in Fig. 2 which describes the
polarization curve of the solution, for the applied potential of 12 V, the value of limit current
density was not reached. pH variation due to the reaction of water dissociation into H3O

+ and
OH− is then avoided and this limits the probability of fouling and/or scaling formation.

Defluoridation of tap water was achieved with fluoride concentration lower than the maximum
recommended by WHO. Ninety-two percent of fluoride removal rate was obtained after 21 and
30 min of ED application, respectively for samples 1 and 2. Moreover, the concentration of
different species in the treated water was lower than the amounts recommended by WHO for
drinking water. The salinity around 400 mg L−1 was obtained after 21 min of ED application with
SPC=2.52 Wh L−1 for sample 1 and 30 min with 3.48 Wh L−1 for sample 2. This difference was
related to the initial salt concentration of samples. The increase of salt concentration enhances an

Table 2 Physicochemical charac-
teristics of water samples Sample 1 Sample 2

Conductivity (mS cm−1) 1.90 3.16

pH 7.17 7.41

TDS (mg L−1) 1200 2000

Cl− (mg L−1) 149 305. 5

HCO3
− (mg L−1) 119.56 111

SO4
2− (mg L−1) 467 889

F− (mg L−1) 2.65 3.94

NO3
− (mg L−1) 54.54 55.5

PO4
3− (mg L−1) 3.63 4

K+ (mg L−1) 4.21 7.345

Na+ (mg L−1) 136.5 322

Ca2+ (mg L−1) 138.5 179.5

Mg2+ (mg L−1) 67.50 103.5

Table 3 Physicochemical characteristics of treated water at E=12 Vand Q=90 L h−1 using PCCell membranes

Sample 1 Sample 2 Recommended values by WHO

Conductivity (mS cm−1) 0.5 0,5 0.5

pH 6.95 7.17 6.5–8.5

TDS (mg L−1) 390 390 500

Cl− (mg L−1) 78 81.65 250

HCO3
− (mg L−1) 0 9.76 –

SO4
2− (mg L−1) 158.5 164.5 400

F− (mg L−1) 0.212 0.283 1.5

NO3
− (mg L−1) 0.58 0.55 50

K+ (mg L−1) 2 5 12

Na+ (mg L−1) 58.5 74 250

Ca2+ (mg L−1) 16.5 7.60 –

Mg2+ (mg L−1) 5.5 5.5 –
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increase in operation duration and SPC values. On the other hand, Fig. 3 shows that DR% depends
on initial salt concentration. A slight decrease is observed in the DR% for water sample 2. An
increase of the initial concentration leads to the decrease of DR%.

The desalination process could be stopped only after 5 min for a salinity value about
1000 mg L−1 and a fluoride concentration of 1 mg L−1 for sample 1 (Table 4). For sample 2,
ED desalination could be stopped after 12 min for approximately the same salinity and a
fluoride concentration of 0.55 mg L−1 (Table 4). To reach the desired conductivity value,
30 min were necessary as duration of ED treatment for sample 2 and only 21 min were
required for sample 1. This is due to the difference of initial salinities of the two samples
(1310 mg L−1 for sample 1 and 2179 mg L−1 for sample 2). At the end of desalination tests, the
demineralized rate (DR) was about 75 % for sample 1 and 77 % for sample 2 (Fig. 3).

Figure 4 shows that the initial current intensity necessary for ion transfer is more important
for sample 2. In fact, high initial concentration of salts requires high intensity of current for ion
transfer. A significant reduction in the current intensity was observed for the two samples with
curve slope of about 0.0098 and 0.0099 A min−1, respectively, for sample 1 and sample 2. This
can indicate that the two samples have nearly the same desalination progress.

3.3 Effect of Chloride and Sulphate Ions on Fluoride Removal by ED

Table 1 shows that analyzed waters are rich in sulphate and chloride ions. Then, to assess the
effect of these two ions on fluoride removal by ED, two types of membranes (PC cell and
Neosepta) were used. Experiments were, therefore, conducted with synthetic solutions con-
taining 0.0357 mol L−1 of NaHCO3 doped with 15 mg L−1 of F−. Hydrogenocarbonate ions
were replaced by chloride or sulphate at different values of molar ratio (R = [Cl−]/[HCO3

−] and
R’ = [SO4

2−]/[HCO3
−]=0; 0.1; 0.25; 0.5; 0.75; 1). The ionic strength of the solutions was fixed

at 0.0357 mol L−1 and maintained constant. Current applied and flowrate of dilute and
concentrate compartments were fixed at 0.6 A and 40 L h−1, respectively, for all experiments.
Under these conditions, the electrodialyser operates under the limiting current.

Figure 5 shows the competition between chloride and fluoride ions during their
electromigration to the concentrate compartment. In fact, the fluoride removal rate RF−ð Þ
reaches the lowest value (≈84 %) in NaCl solution ([Cl−]=0.0357 M) for a duration test of
30 min. However, RF− increased for the low values of molar ratio (R = [Cl−]/[HCO3

−]=0, 0.1

Fig. 2 Polarization curve, I = f (E)
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and 0.25) to reach 97 % for low durations which last 24, 25 and 26 min, respectively. A
decrease of RF− was observed for the ratio 0.5, 0.75 and 1.0 compared to the tests with low
values of molar ratio. RF− of the corresponding tests (0.5, 0.75 and 1.0) reached the same value
(97 %) but for the most important treatment durations (28, 29 and 35 min, respectively). In
fact, the hydrated radius (Table 5) plays an important role in the ion transfer; the ion which has
small hydrated radius passes more easily through the ion-exchange membranes (Banasiak and
Schafer 2009). The transit of fluoride ions is more difficult in NaCl solution than that in
NaHCO3 solution (R = [Cl−]/[HCO3

−]=0). This can explain the effect of chloride ion on the
removal rate of fluoride. Similar results were obtained by Ben Sik Ali et al. (2010), Kabay
et al. (2008) and Ergun et al. (2008).

Figure 6 shows that fluoride removal by ED was not influenced by sulphate ions. Fluoride
removal is almost total for all values of molar ratio R’ (R’ = [SO4

2−]/[HCO3
−]) and for Na2SO4

solution ([SO4
2−]=0.0357 M). The transfer of fluoride ions is more rapid than the transfer of

sulphate ions. This is not in accordance with the results of Ben Sik Ali et al. (2010) and Ergun
et al. (2008) which showed that the fluoride removal rate decreases in the presence of sulphate
ions. The present results shown in Fig. 6 can be explained by the hydrated radius of ionic
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Fig. 3 Effect of initial salt
concentration on DR%

Table 4 Variation of salinity, [F−] and SPC for samples 1 and 2

Time (min) Salinity (mg L−1) [F−] (mg L−1) SPC (Wh L−1) RF
− (%)

Sample 1

0 1310 2.65 0 0

5 1034 1.05 0.8 60.37

11 689.78 0.517 1.92 80.49

21 325.78 0.212 252 92

Sample 2

0 2179 3.94 0 0

3 1724 1.88 0.4 52.28

7 1379 1.24 0.84 68.52

12 1034 0.55 2.28 86.04

19 689.7 0.4 3 89.84

30 325.78 0.283 3.48 92.81
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species. The hydrated radius of sulphate is greater than that of fluoride (Table 5). Then, the
fluoride ions transfer more easily than the sulphate ones.

Figure 7 shows that fluoride removal is slightly improved for molar ratio from 0 to 0.75 (R
= [Cl−]/[HCO3

−]=0, 0.1, 0.25, 0.5 and 0.75) compared to NaCl solution and R=1 solution. We
remind that ED treatment was stopped when the conductivity of the produced solution reached
the value of 0.5 mS cm−1. RF− passed from 95 % for R=1 solution to approximately 97 % for
solutions with the lowest molar ratio but for the most important treatment durations. For a
same ED treatment duration (e.g., t=17 min), RF− passed from 73 to 86 % for R=0.75 and to
92 % for R=0. This clearly shows that, as during the tests using Neosepta membranes, the
presence of chloride ions at high concentrations disturbs the fluoride transit.

Figure 8 shows that, similarly to the tests using Neosepta membranes, the presence of
sulphate ions has no effect on fluoride removal. The ion size has also the determinant role on
the transit order: the larger the ion, the more its transport through the membrane is hindered
(Table 5). The removal rate of fluoride is slightly decreased for all solutions (R’ = [SO4

2−]/
[HCO3

−]=0, 0.1, 0.5, 0.75 and 1) compared to Na2SO4 solution. Then, the fluoride transited
more easily in the solution which contained only sulphate ions than in the solution which
contained only hydrogenocarbonate ones. This behavior is not observed during tests using
Neosepta membranes in the same conditions.
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The comparison between the performance of Neosepta and PC Cell membranes for the
treatment of NaCl solutions shows that the use of PC Cell membranes allows reaching the
desired conductivity value more rapidly (20 min) than the Neosepta membranes (30 min).
However, the best fluoride removal rate is obtained with the use of Neosepta membranes
RF− ¼ 84%ð Þ against 82 % obtained by PC Cell ones. For R=0 and 0.1, AMX membrane
seems to be more selective for fluoride ions than PC-SA membrane. RF− is evaluated at 97 and
98 % during the use of AMXmembrane, respectively, for R=0 and R=0.1 solutions. However,
it reaches only 82 and 95 % during the use of PC-SA membrane for the same solutions. For the
highest values of molar ratio R (R = [Cl−]/[HCO3

−]=0.25, 0.5 and 0.75), the selectivity of
AMX membrane for fluoride ions is stabilized RF−≈97%ð Þ and the selectivity of PC-SA is
improved RF− ¼ 97%ð Þ. Globally, AMX and PC-SA membranes have closed performances
for solutions containing high concentration of chloride. In fact, ion transfer is a function of
membrane structure and their characteristics. As seen in Table 1, AMX and PC-SA membranes
have close values of ion exchange capacities (1.4–1.7 meq g−1 and ≈1.5 meq g−1, respective-
ly). The thickness of membrane is also another factor which influences the ions transport. It
may be expected that the transport of ion decreased with increasing membrane thickness
(Ergun et al. 2008). The thickness of Neosepta membranes is higher than that of PC Cell ones.
This can explain why the duration of ED treatment using PC Cell membranes for NaCl
solution is lower than that using Neosepta ones, chloride ions having the smallest hydrated
radius.

4 Conclusions

Tap waters in southern Tunisia (mining area) are naturally rich in fluoride and contain high
concentrations of sulphate and chloride ions. The concentration of fluoride largely exceeded

Table 5 Hydrated radius of ions
(Kabay et al. 2008) Hydrated radius (A°) Ionic species

3.32 Chloride

3.52 Fluoride

3.79 Sulphate
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Fig. 6 Effect of sulphate on
fluoride removal by ED using
Neosepta membranes
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the value recommended by WHO and it varied between 0.8 and 4 mg L−1. It was shown that
ED is an efficient method for removal of fluoride excess from water according to desalination
tests performed on the two samples, characterized by the highest fluoride levels. Fluoride ions
were reduced from 2.650 to 0.212 mg L−1, corresponding to a fluoride removal of 92 % for the
first sample, and from 3.940 to 0.283 mg L−1 (92.81 % removal) for the second one. The
reached concentrations of fluoride are lower than the WHO standards as well as the concen-
trations of other ions for the produced water. The application of ED desalination allowed
reducing the salinity to 1000 mg L−1 with fluoride concentration lower than 1 mg L−1 and in
only 5 and 12 min, respectively, for the two samples.

The effect of sulphate and chloride ions on fluoride removal by ED was studied using two
types of ions exchange membranes (Neosepta and PC Cell). The results have shown that there
is no competition between fluoride and sulphate ions using the Neosepta membranes as well as
PC Cell ones. However, the competition between fluoride and chloride was proved using the
two membranes. The transit of fluoride ions is more difficult in NaCl solution than that in
NaHCO3 solution and solutions containing high chloride concentrations. This competition was
explained by the hydrated radius of ions: the ion which has little hydrated radius passes more
easily through the ion-exchange membranes.

Fig. 7 Effect of chloride on
fluoride removal by ED using PC
Cell membranes

Fig. 8 Effect of sulphate on
fluoride removal by ED using PC
Cell membranes
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C concentration, DR (%) demineralization rate, E potential, ED electrodialysis, Q flow rate,
RF

−(%) removal rate of fluoride, SPC specific power consumption, TDS total dissolved salts,
TISAB total ionic strength adjustment buffer, WHO World Health Organization
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