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ABSTRACT

In the present work, we propose to investigate the fluoridation of brine water by electrodialysis using
a new exchange membrane. This membrane called CINH2 was prepared by crosslinking chloro-
sulfonated polyethersulfone (SO,CI-PES) using aminated polyethersulfone (NH,-PES) reagent. The
efficiency of the electrodialysis process at different NaCl concentration ranging from 0.5 to 3.0 g/L
was evaluated by the determination of demineralization rate, the ionic flux transport (J), the fluo-
ride concentration on the dilute side and the specific power consumption. After defluoridation of
the treated solutions, ions fluoride concentrations become lower than the amount fixed by the World
Health Organization for drinking water. This study shows clearly that the electrodialysis process
using the CINH2 membrane is very promising for the defluoridation of water.

Keywords: Proton exchange membrane; Electrodialysis; CINH2 membrane; Desalination; Fluoride
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1. Introduction

Electrodialysis (ED) is an electro-membrane process
in which an electrical potential gradient is applied for the
selective and recuperation of ions from solutions [1]. Ions
are transported through ion-exchange membranes (IEMs)
from the dilute to the concentrated tank. ED is a mature
separation process applied mainly in water treatment and
in the food industry because it is a robust, efficient and
versatile method for such applications. The electrodialysis
is largely used during the desalination of water and NaCl
recovery from seawater [2,3].

The main core of the ED unit is composed of a membrane
stack consisting of planar plate anion and cation membranes
distributed in a sandwich form. Among the important com-
ponents in the electrodialysis unit are the membranes. They
have gained more attention in both academic and industry
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due to their high ion exchange capacity toward specific
ions in electrochemical applications in separation pro-
cesses [4-7].

Ion-exchange membranes contain either fixed charged
groups. Depending on the presence of positive or negative
charged groups, these membranes are subdivided into anion
(AEM) and cation exchange membranes (CEM), respec-
tively. IEMs are selective for negative and positive charged
ions and are very used in Chlor-alkali, diffusion dialysis
and electrodialysis processes [8,9]. The ion exchange capac-
ity of the membranes is an important parameter to com-
pare the efficiency of IEMs in electro-membrane separa-
tion processes [10,11]. Thus, high conductivity, selectivity,
thermochemical oxidative stability of IEMs have urgently
been required for practical applications in the separation
processes. In literature, several types of membranes have
been described and show all these assets, for example, poly-

Presented at the 7th Maghreb Conference on Desalination and Water Treatment (CMTDE 2019), 22-25 December 2019, Hammamet, Tunisia
1944-3994/1944-3986 © 2021 Desalination Publications. All rights reserved.



W. Mabrouk et al. / Desalination and Water Treatment 236 (2021) 16-25 17

ethersulfone (PES) [12], polystyrene (PS) [13], polyetherether
ketone (PEEK) [14], and polyether benzimidazole (PBI) [15].

On the other hand, the presence of fluoride in water
poses a health problem in many countries such as Tunisia.
Indeed, fluoride ions are beneficial and necessary for
the human organism but become toxic at a high level and
cause problems to human health such as dental and skele-
ton fluorosis [16]. According to the latest estimates, about
200 million people around the world are under the dread-
ful problems of fluorosis [17]. The acceptable fluoride con-
centration on drinking water is under 1.5 mg/L according to
the World Health Organization (WHO) [18].

The defluoridation of contaminated surface water and
groundwater has been developed by various techniques
such as adsorption [19], chemical precipitation [20], and
electrocoagulation technologies [21]. Major shortcomings
of these conventional technologies are the generation of
large amounts of toxic sludge as secondary pollution and
low effectiveness for removing trace fluoride contaminants.
Membrane technology such as electrodialysis has the advan-
tages of economic efficiency, high desalination capacity, and
excellent selectivity [22]. ED process is particularly suit-
able for the removal of fluoride ions since this element is
accompanied by high salinity [23,24].

In this work, we focus on chlorosulfonated polyether-
sulfone (CI-PES), due to its excellent mechanical proper-
ties, and the high degree of sulfochloration up to 1.3 SO,Cl
group per monomer unit (pmu) [25,26]. SO,CI groups are
very reactive and can be reacted with aminated groups of
aminated polyethersulfone (NH,-PES). Sulfochlorated PES
and aminated PES have similar chemical structures that
allow compatibility, and they are soluble and miscible in
dimethylacetamide (DMAc) solvent [27,28]. Ion-conducting
properties of sulfonated polyethersulfone polymers rely on
proton solvation by water. Sufficient water uptake improves
thus the membrane proton conductivity. The critical point
of sulfonated polyethersulfone membranes remains,
however, the mechanical properties: dry membranes are
brittles and hydrate membranes may exhibit a dramatic
loss of mechanical properties. A detailed description of
the synthesis strategy of the CINH2 membrane has been
described in previous works [27,28]. These membranes have
shown excellent thermals, electrochemical properties, and
good performances in PEMFC [27].

In this study, the CINH2 prepared membrane was
applied for the removal of fluoride ions by electrodialysis
from brackish polluted water with the usage of the stack
containing CINH2/PC-SA assembly. The efficiency of this
electro-membrane process is evaluated by the removal of
fluoride rate, demineralization rate, ionic transport flux,
and power consumption.

Table 1
Water uptake and ion exchange capacity of CINH2 membrane

2. Experimental
2.1. Materials

Chlorosulfonated polyethersulfone and aminated poly-
ethersulfone were synthesized by the author in ERAS Labo
Enterprise in St. Nazaire les Eymes, Grenoble, France. N,N'-
dimethylacetamide (DMAc) was purchased from Acros in
Montoire sur le loir, France. Sodium hydroxide and sodium
fluoride were purchased from Sigma-Aldrich in Saint-
Louis, Missouri, United States. Cation exchange membrane
(PC-SK) and anion exchange membrane (PC-SA) were
purchased from PCCell GmbH German Enterprise.

2.2. Electrodialysis equipment

The electrodialysis configuration system consists of a
current generator, a dilute, a concentrate, and an electrode
rinse tank. Three centrifugal pumps are equipped each with
a flow meter, and a valve to control the supply of feed flow
rates in the compartments of ED cells [28,29].

The electrodialysis test was carried out using a labo-
ratory stack (PCCell ED 64 002) which is composed of ion
exchange membranes, spacers, and two electrodes. Both
anode and cathode are made of Pt/Ir coated Titanium. The
membranes and spacers are staked between the two elec-
trode-end blocks. Plastic separators separate the membranes
to train the blocks streams of the dilute and concentrate.

In the present work, the stack was equipped with two
synthesized cation exchange membranes (CINH2) and two
anion exchange membranes (PC-SA). The principles prop-
erties of membranes provided by the manufacturer are
consigned in Table 1. An active surface of 64 cm? for each
membrane was cut for use in the electrodialysis cell.

2.3. Experimental procedure and analytical methods

All experiments were carried for the electrodialysis
stack used to treat brackish water by process batch mode at
room temperature. The volume of dilute, concentrate and
electrode rinse solution was 1 L. The same initial concen-
tration of concentrate and dilute tanks was used (0.5, 1.5
and 3 g/L of NaCl). Before the experiments, the pH was
adjusted by the addition of 1 M HCI and/or NaOH. 0.1 M
Na,SO, was used as electrode rinse solution circulating in
electrode compartments, in order to prevent the generation
of chlorine or hypochlorite, which could be hazardous for
the electrodes. The flow rate of the electrode rinse solution
was fixed to 80 L/h. The flow rate of dilute and concentrated
compartments was fixed at the beginning of the experi-
ment. The electrodialysis process was terminated when
the dilute conductivity compartment can reach 0.3 mS/cm.

Membrane Thickness (um) Ion exchange capacity (meq/g) Water uptake Functional groups Permselectivity
CINH2 120 22 40% -S0; >0.93
PC-SA 130 1.5 10% -HR; >0.96
PC-SK 130 22 14% -S0; >0.99
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In all experiments, the electrical conductivity (EC) of sam-
ples taken from the dilute and concentrate during each
experiment was measured using a 712 Conductometer
(Metrohm AG, Switzerland). Fluoride concentration was
determined using ion-selective electrode in conjunction
with a standard reference connected to a Metrohm 781 Ion
Meter (Metrohm AG, Switzerland).

2.4. Membrane preparation

The protocol for the preparation of the CINH2 mem-
brane was detailed in previous work [17]. Briefly, 0.2 mol
equivalents of aminated polyethersulfone (NH,-PES), the
cross-linking agent, were reacted with (SO,Cl) groups of
chlorosulfonated PES. The crosslinking agent and sulfo-
chlorated PES were dissolved separately at room tempera-
ture in dimethylacetamide at 10% in weight and mixed
under-cooling. The resulting clear viscous polymer solu-
tion was stirred at low temperature, and casting on a Teflon
plate and equitably distributed. Drying was carried out in
an oven. After cooling, the resulting membrane was peeled
off from Teflon. The thickness of the dry CINH2 membrane
was about 100 um. The chemical formula of the CINH2
membrane is presented in Fig. 1.

3. Characterization
3.1. Fourier-transform infrared spectroscopy

Fourier-transform infrared (FT-IR) spectrum of CINH2
membrane was conducted in transmission mode as a
function of wavenumber using a Nicolet spectrophotom-
eter (IR200 FT-IR) in the range of 400 to 4,000 cm™. The
membrane sample was placed between the cast iron and

100

the diamond crystal (separator blade) without any prior
preparation [40].

3.2. Morphology

Specimen for scanning electron microscopy (SEM) was
prepared as a dry membrane sample. SEM observation
(Quanta 650 FEG microscope) of the surface of the CINH2
membrane has been performed. Conditions were (50 s,
10 kV, 2,500 magnification and analyzed surface: 20 pum).
Data were processed with the Pathfinder software. In addi-
tion, the chemical composition of the CINH2 membrane
was determined by energy-dispersive X-ray (EDX) spectros-
copy of a membrane area during SEM analysis.

3.3. Limiting current

In electrodialysis, the transport of charged species from
the dilutated compartment to the concentrated one was car-
ried out across ion-exchange membranes. When the concen-
tration of ion species increases on the membrane surface, the
current density will approach the maximum value, called
the limiting current density (LCD) [30]. The limiting cur-
rent density of the electrodialysis process determines the
current debited. When electrodialysis is operated at above
LCD, it shows higher electrical resistance. It can give rise
to problems such as salt precipitation. The determination
of the LCD is necessary to operate the electrodialysis cell
successfully [31].

The limiting current can be obtained by plotting the
electrical resistance (E/I) against the reciprocal electrical
current (1/I) [32]. This is called Cowan-Brown method.
The resistance shows a sharp change in the resistance when
the limiting current density is reached.
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Fig. 1. FT-IR spectrum of CINH2 membrane.
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3.4. Demineralization rate

Determination of demineralization rate (DR) was be cal-
culated as following [33]:

%) =100 1- S
DR(A))_IOO(l CJ @

0

where C, and CP, expressed in S/cm, correspond to the initial
and final conductivities of the dilute, respectively.

3.5. Ionic transport flux

The values of ionic transport flux from feed to the
receiver phase were calculated for all experiments [34].
The ionic flux (J) was determined by using the following
equation:

](mol cm™? s‘l) = [%J x [%] ()

where V is the volume of receiver phase (L), A is the effec-
tive membrane area (cm?), AC is the transported amount of
ions at a time (mol/L) and At is the period time (s).

3.6. Specific power consumption

The specific power consumption (SPC) can be described
as the energy needed to treat 1 L of solution [35]. SPC was
calculated using the following equation:

jl(t)dt

Vv

SPC(WhL')=Ex ©)

where E is the applied potential. I is the current. V is the
dilute stream volume and ¢ is the time.
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Fig. 2. Surface SEM image of CINH2 membrane.

82.9 ym

3.7. Removal rate of fluoride ions

The removal rate of fluoride ions was calculated using
the following [36]:

R, (%):100{1—%} 4)

0

where C, is fluoride concentration (mol/L) in the dilute com-
partment and C; is the initial concentration of fluoride in
the feed phase (mol/L).

4. Results and discussions
4.1. FT-IR spectra

Fig. 1 shows the infrared spectrum of the synthesized
CINH2 membrane with a high degree of sulfonation (1.1
proton pmu). Aromatic carbons can be seen as two strong
bands around 1,480 and 1,583 cm™. Methyl groups appear
with an absorption band around 1,243 cm™. The C-O-C
appears around 1,142 cm™. The characteristic bands con-
sistent at 1,098 and 1,008 cm™ have been attributed to the
symmetrical and asymmetrical stretching vibrations of
the O=5=0 grouping respectively, and those at 827 and
678 cm™ are allied to the S-O vibrations and C-S, indi-
cating the existence of sulfonic acid species in the sam-
ples analyzed. These bands prove the presence of the
sulfonic group in the CINH2 membrane. The peaks at 3,400
and 2,964 cm™ could be attributed to the hydrated O-H
vibration in the membrane.

4.2. SEM observation and EDX analysis

The surface SEM analysis represented in Fig. 2 reveals
the surface state of the synthesized CINH2 membrane.
That micrograph just confirms the homogeneity of the fab-
ricated CINH2 membrane and the absence of any crocks,
holes or pores.

D

17.0 mm
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EDX was further used to confirm the presence of the
functionalized groups in the CINH2 membrane. Fig. 3 shows
the different elements present in the synthesized mem-
brane. Table 2 summarizes the percentages of all detectable
elements present in the CINH2 membrane and the theoret-
ical mass and weight percent of all elements. A difference
between theoretical and experimental atomic and weight
percent of different elements has been observed. EDX anal-
ysis of the CINH2 membrane remains a qualitative analysis.

4.3. Removal of fluoride from water

Fig. 4 shows the variation of electric resistance with the
reciprocal electric current. These experiments were carried
out with the feed solutions (0.5, 1.5 and 3.0 g/L NaCl), each
containing 3.0 mg/L of fluoride, flowing into the dilute cell
(DC) with a constant flow rate of 40 mL/min. The point at
which the negative slope of the curve cuts the positive slope
is designated as the opposite of limiting current accord-
ing to Cowan and Brown’s methods [30]. Furthermore,
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the change of slope in the resistance curve can be due to
water dissociation on the surface of the ion-exchange mem-
brane [37].

The results of limiting current and debiting current of
the CINH2/PC-SA assemblies are presented in Table 3. It
is clear that the limiting current density decreases with the
increase of the NaCl concentration. Also, a slight difference
was observed between the limited currents and the debited
current of the assemblies containing CINH2 membranes.

The removal of fluoride was studied at different sodium
chloride solutions ranging from 0.5 to 3.0 g/L of sodium chlo-
ride and at a fixed fluoride concentration of 3.0 mg/L. The
effects of NaCl concentration of the feed solution on the
fluoride removal in terms of conductivity, demineralization
rate, ionic flux, specific power consumption, and removal
rate of fluoride ions have been investigated. An electrode
overheating appeared in the present system using two
anionic PC-SA membranes and two cationic CINH2 mem-
branes when the initial concentration of feed solution was
above 3 g/L. It is a result of the increase in cell conductivity.

Base{1]_ptl

ke

Fig. 3. Energy-dispersive X-ray spectrum of the synthesized membrane.

Table 2

Theoretical and experimental mass percent of elements in CINH2 membrane

Element Experimental weight % Theoretical weight % Experimental atomic % Theoretical atomic %
Oxygen (O) 31.67 22.48 29.32 12.37

Carbon (C) 50.71 65.51 62.54 48.07

Sulfur (S) 17.51 12.92 8.14 3.55
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Fig. 4. Limiting the current of all assemblies with different solutions.

Table 3
Limiting current of all assemblies with different solutions

Fluorine content (mg/L) 3.00 3.00 3.00
NaCl concentration (g/L) 0.50 1.50 3.00
Limiting current density (mA/cm?) 2593 15.62 13.02
Debited current density (mA/cm?) 20.78 12.50 10.41

The variation of conductivity in the dilute cell (DC) for
both membranes, fabricated and commercial, is shown in
Fig. 5. The general shape of the curves is reminiscent of
a decrease of exponential shape. At low NaCl concentra-
tion, this pattern changes: the decrease in conductivity in
the dilution compartment becomes more linear. The ionic
composition would therefore influence the kinetics of
the conductivity. We acknowledge that the NaCl conduc-
tivity in presence of fluoride in the dilute cell is reduced
by increasing the desalination time for both membranes.
All conductivity in the dilute tank for different concen-
tration decrease in the same way. The conductivity of
the dilute solution cell can be interpreted by the perme-
ation of anions and cations through the AEM and CEM
membranes under the applied electric field respectively.
This is due to a significant decrease in ion concentration
and to an increase in ionic diffusion resulting in molar
conductivity decreasing in the dilute compartment.

Fig. 6 shows the voltage behavior throughout the ED
experiment with CINH2 and PC-SA membranes during the
ED experiments for the separation of fluorine. An excep-
tionally negligible voltage at the beginning of the ED
experiment is observed. This is a direct consequence of the

absence of ion migration across the membrane and cor-
responds to the filling of the installation and to the activa-
tion polarization in the electrodialysis cell. Already after
1 min of operation, the voltage increases rapidly depending
on the concentration of the feed solution. When the feed
concentration increases the voltage decrease gradually.

The amount of fluoride in the dilute compartment of
fluoride concentration and demineralization rate (DR) was
determined and reported Fig. 7. The rapid defluoridation
along with desalination was observed with all the varied
initial feed concentrations.

Defluoridation and DR follow a rapid process due to
the rapid mobility of ions with co-ions during desalina-
tion. At low NaCl concentration (0.5 g/L) the fluoride con-
centration reached the value of 0.2 mg/L after 25 min with
is lower than the permissible limit. However, at higher con-
centrations, the 50% fluoride removal was reached within
10 min, and further as desalination proceeded the fluoride
concentration decreased along and reached 0.1 mg/L and
the demineralization rate can reach 95% after 45 min.

The fluoride removal experiment was conducted with
fluoride paired only with sodium chloride (Fig. 8). The
increase in chloride ions on the feed solution has not
affected the removal rate of fluoride ions. Effectively and
as depicted in Fig. 8 removal rate of fluoride increases more
from these conditions. It is noticed that the fluoride removal,
in the presence of monovalent ions was successfully carried
out. The removal rate of fluoride of the least concentrated
solution can achieve 90% after 25 min while the most con-
centrated solution (3 g/L) of NaCl can reach 97% after 45 min.

Fluoride removal depends on the initial salt concentra-
tion (Fig. 7). The most important observation is that the total
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Fig. 5. Evolution of conductivity with a time of all assemblies in the dilute tank.
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Fig. 6. Voltage is a function of the time during electrodialysis.

process time increased with an increasing initial concen-
tration of the feed solution. This is can be explained by an
increase in the ions rate of solutions when the concentration
of salts increases. In other words, the treated solution could
stay longer in the ED cell and the ions could be transferred
freely across the membrane. Consequently, the ionic trans-
port flux and specific power consumption depend on it, as

seen in Figs. 9 and 10. As a result, a competitive transfer
can appear between fluoride ions and other ions (chloride
ions in this case). The same results were demonstrated by
Sadrzadeh et al. [38] and Sik Ali et al. [39].

Although the ionic flux is low, the performances of
membranes in terms of flux are close to zero at the end of
all experiments. These results are very encouraging of the
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Fig. 8. The removal rate of fluoride ions using CINH2 membranes.

selective permeation of ions. The ionic flux decreases for
all membranes but its decrease is lower for the solution of
0.5 g/L of NaCl (Fig. 9). A general trend for the three solu-
tions is that the flux decreases drastically within 25 min and
does not change significantly until the end of the experi-
ments. It is noted that the starting fluxes are high but then
decrease as a function of time before reaching zero and

stables values. For 0.5 and 1.5 g/L solutions, this stability is
reached after 25 min. Whereas, for 3.0 g/L solution, the ionic
flux vanishes after 35 min. This phenomenon can be related to
the decrease in ionic entities within the dilute compartment [40].

The determination of the specific energy consumption
(W h L?) provides good insight into the energy consump-
tion of the used membranes stack. Fig. 10 summarizes the
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Fig. 9. Ionic transport flux.

SPC values calculated for various initial concentrations of
sodium chloride and the fixed fluoride amount. The spe-
cific power consumption depends on the concentration
of a treated solution and it is lower for low solution con-
centration. The SPC depends mainly on two parameters:
the applied current and operation time. The applied cur-
rent (debited current) is depending on the concentration
as shown in Table 3. It is lower for low concentration. The
operation time to obtain the same results (removal of 97%
of fluoride) increased by increasing the concentration.

5. Conclusion

CINH2 membranes have been elaborated by chemi-
cal crosslinking of chlorosulfonated polyethersulfone (1.3
SO,Cl pmu) with aminated polyethersulfone NH,-PES and
tested with commercial anionic membranes to check the
correct functioning of electrodialysis during the fluoride
removal. The micrograph SEM confirms the homogeneity
of the synthesized CINH2 membrane and the absence of
any crocks, holes or pores. The infrared analysis allowed
us to have the characteristic peaks of functional groups of
the CINH2 membrane. The results from the present study
showed that the removal of fluoride was independent of
the feed concentration solution. However, the initial con-
centration of the feed solution has a significant effect on
the defluoridation efficiency and mainly on the demineral-
ization rate and specific power consumption. The increase
of the later parameter inducted an increase in the energy
needed to perform the required operation. As a result of the
application of electrodialysis on the synthetic water sam-
ple, fluoride concentration could be reduced from 3.0 to
0.3 mg/L (97% removal), which is lower than the WHO stan-
dard (1.5 mg/L). Moreover, the concentration of different

species in the obtained treated water is below the amounts
recommended by WHO for drinking water.
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