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Abstract In natural waters, fluoride ions are necessary and
beneficial for the human being. At higher level of F− in
water, it is toxic and detrimental to human health, leading to
serious problems such as dental and skeleton fluorosis.
According to the World Health Organization, the acceptable
concentrations of fluoride in potable water are in the range
of 0.7–1.5 mg L−1. Various treatment technologies for
fluoride removal from water have been used such as ion
exchange, adsorption and membrane processes. In the
present study, removal of fluoride ions from aqueous
solutions was investigated using a polyamide thin film
composite nanofiltration membrane denoted as HL 2514 T
from Osmonics Company. Through this membrane, the
mechanism of transport was investigated. The Kedem–
Katchelsky model was applied in order to determine
phenomenological parameters σ and Ps, respectively, the
reflection coefficient of the membrane and the solute
permeability of ions. The convective and diffusive parts
of the mass transfer were quantified. The retention of
monovalent and bivalent salts by this membrane shows that
it is negatively charged. In the second part, retention of
fluoride anions was investigated. Results show that the
retention of fluoride by HL membrane exceeds 80%. The
influence of the chemical parameters (feed concentration
and ionic strength) and the physical parameters (applied
pressure and recovery) on the elimination of fluoride was
studied.
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Introduction

Fluoride is one of the most abundant elements of the earth's
crust. It is found in the form of fluorine (CaF2), biotite
((Mg,Fe)2Al2(K,H)(SiO4)2), cryolithe (Na3(AlF6)) and
fluoro-apatite (Ca10F2(PO4)6). Because these minerals are
less soluble in the water, the concentration of the fluoride in
the water surface is generally weak. However, the physico-
chemical characteristics of certain salts and ground waters
(high temperatures for example) in the contact of these
rocks make the dissolution of minerals containing fluoride
favourable. The presence of fluoride in excess in drinking
water is detrimental to human health leading to serious
intoxication. Fluoride is necessary and beneficial for the
human health in weak concentrations, but toxic with a
stronger amount. Indeed, from 0.5 mg/L of fluoride ions,
water plays a prophylactic role, but from 0.8 mg/L, the risk
of fluorose begins and becomes strong above 1.5 mg/L. The
optimum fluoride concentration in drinking water ranges
from 0.7 to 1.5 mg/L for temperatures of 12 to 25°C [1].

Various treatment technologies were studied for remov-
ing fluoride from water in which the concentration exceeds
the permitted levels [2] such as precipitation [3], adsorption
onto activated alumina [4, 5], ions exchange [6, 7] and
processes membrane like electrodialysis [8], reverse osmo-
sis [9, 10] and nanofiltration [11, 12]. Among these
membrane processes, nanofiltration is the most recent
technology; it is a process having many applications and
particularly the field water treatment. However, nanofiltra-
tion membranes are not expected to reject monovalent ions
to a large extend. Nanofiltration membranes have been used
when partial rejection may be sufficient to meet the
regulations in drinking water.

Nanofiltration, indicated at the beginning like a hybrid
filtration [13], uses a gradient of pressure as driving force;
it kept this name until the end of the 1980s, where it took
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its industrial rise with arrived membrane of the composite
type [14].

Nanofiltration is a process located between ultrafiltration
(using porous membranes) and reverse osmosis (using
dense membranes), allowing separation of very small
molecules.

This membrane technology uses membranes deriving
from that used in reverse osmosis and replaces conventional
processes of water softening while working with more low
pressure that of reverse osmosis [15, 16].

Nanofiltration was developed thanks to the improvement
of membrane materials [17–19]. Indeed the existing
membranes of nanofiltration present molecular weight
cutoffs for the organic compounds going from 300 to
1,000 Da [20–23], corresponding to a diameter of pore of
about a nanometer. These membranes present a specific
selectivity of separation for the ionic species, with a strong
total retention for salt with weak concentration, with all the
same a weaker retention of the monovalent ions than the
bivalent ions.

Today, nanofiltration can be found in applications of
various industries such as milk industry [24], sugar [25],
paper [26] and in the field of desalination [27], separation
and purification [28, 29], production of the drinking water
[30, 31] and in the treatment of the waste water [32, 33].

Despite benefiting from a fast technological develop-
ment, these mechanisms of transport and separation are not
completely cleared up yet [34, 35]. Transfer occurs by
convection in ultrafiltration membranes and by diffusion in
reverse-osmosis membranes. As nanofiltration process lies
between reverse osmosis and ultrafiltration, the transfer can
be convective or diffusive.

The first mechanism, of diffusional type similar to that of
reverse osmosis, is independent of the flux of solvent and of
the pressure; it depends only on the gradient of concentration
on both sides of the membrane [36–38]. The second
mechanism corresponds to a selective drive of the aqueous
solutions by solvent through the membrane: the convection
[39–41].

In treating fluoride-rich waters, NF processes can
provide a partial defluoridation, and an optimal fluoride
content in permeate can possibly be achieved by adjusting
the operation conditions. Studies on NF performance on
fluoride removal from water are limited [39]. The works of
Kettunen et al. [42] and Lhassani et al. [39] were based on
pilot studies. No details about the effect of the membrane
intrinsic properties on the membrane performance were
included. Choi et al. [43] have investigated the influence of
co-existing ions on the fluoride rejection by two commer-
cial nanofiltration membranes, considering only the charge
effect.

Hu et al. [44] developed a mechanical–mathematical
model to interpret the influence of the membrane structure

and charge properties on the membrane performance on
fluoride removal. The developed model was based on the
extended Nernst–Planck equation, the Donnan exclusion
model and the Grahame equation. The membrane solution
flux and the rejection were investigated by single salt (NaF)
experiments for the three commercial membranes (SR, DL
and HL). The experiments were carried out at a variety of
operation conditions, including pressure and concentration.

Tahaikt et al. [45] investigated the influence of some
operational parameters on the defluoridation performance
by nanofiltration membrane and compared the perform-
ances of two commercial membranes with different pore
radii.

The aim of this work is to study the effectiveness of a
given nanofiltration membrane for fluoride removal, in
view of understanding the underlying mechanisms that may
lead to changes in observed retentions. The retention was
studied according to operational factors such as the feed
concentration, the nature of the associated cation, the ionic
strength, the feed pressure and the recovery. The membrane
permeability to ultrapure water and the charge of membrane
surface were determined. The model of Spiegler–Kedem
was applied in order to determine the phenomenological
parameters σ and Ps in a respective way, the reflection
coefficient of the membrane and the solute permeability of
the membrane to the aqueous solution. The convective and
diffusive values of the parameters of the mass transfer were
measured.

Experimental

The experiments were performed on a pilot plant, which
was carried out in our laboratory and equipped with
nanofiltration modules in order to investigate fluoride
removal.

The NF tests were carried out with the use of Osmonics
spiral module equipped with HL 2514 T membrane. As we
are interested by the use of HL membrane, we sought to
apply it to fluoride removal and to compare its perform-
ances with those obtained with other membranes.

This membrane is of type “thin film composite”, which
is a composite membrane since it is manufactured with two
layers of different polymers. Its active layer is made out of
polyamide and has an asymmetrical structure. The film
membrane’s very low thickness is deposited on a macro-
porous support by means of a polysulfone flexible layer to
confer a mechanical resistance. The membrane has a
molecular weight cutoff for the organic compounds of
molar mass of about 150 to 300 Da. The module HL 2514
TF used for this study is a module of the spiral type. It is
approximately 64 mm in diameter and 356 mm in length.
The nominal active surface of membrane rolled up in the
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module is of 0.6 m2. This module is characterised by a flow
of production of maximum of 0.83 m3/day to minimise the
obstruction of the drainage canals. All experiments were
carried out at constant temperature of 25°C. The set-up has
been presented in a previous work [46].

Ion analyses were performed by ionic chromatography,
coupled to a conductimetric detector.

The amount of fluoride removed (R%) is given as:

R% ¼ 100 � 1� Cp

C0

� �
ð1Þ

Where C0 and Cp are the feed and permeat fluoride
concentrations in the solution.

The recovery rate Y is given as:

Y% ¼ QP

Q0

� �
� 100

Where Q0 and Qp are the initial and permeate flow rates,
respectively.

Results and discussion

Membrane characterisation

Membrane permeability

The membranes of nanofiltration used in liquid separation
can be usually considered as an ideal porous environment.
These result in a proportionality between the solvent flux
obtained JW and the transmembrane pressure applied ∆P,
which is written according to the Darcy law:

JW ¼ ΔP

m � Rm
¼ LP �ΔP ð2Þ

with

Rm the intrinsic resistance of the membrane
μ the dynamic viscosity of water
Lp pure water permeability
ΔP transmembrane pressure

The membrane permeability of water determined using
Eq. 2 is equal to 7.3 Lh−1m−2bar−1. This value is retained
as reference for the continuation of our work. For the same
HL membrane, a value of 9.014 Lh−1m−2bar−1 was
obtained by Ku et al. [44].

Salt retention measurements

A porous membrane of nanofiltration is never neutral, but
carrying a charge. Interactions of electrostatic type also take
part in the transfer [47]. On the other hand, in reverse

osmosis, the membranes are supposed to be nonporous, and
consequently, the flux of transfer of aqueous solution is
essentially diffusive [48].

The study of transfer of aqueous solution through the
porous membranes of nanofiltration requires the knowl-
edge of the nature and the density of membrane
material load, which are important parameters. The
methods of measurements of the loads must be adapted
to the specificity of these membranes. Peeters et al. [49]
indicated that the measurements of the retention of salts
proved that the behaviour of the majority of the mem-
branes of nanofiltration could be classified in two
principal categories:

& The membranes for which the model of exclusion of
Donnan seems to play an important role. If the
membrane is negatively charged, the sequence of
retention is the following RNa2SO4 > RNaCl > RCaCl2 ; if
it is positively charged, the sequence of retention is
RCaCl2 > RNaCl > RNa2SO4 .

& The membranes for which the retention was determined
by the difference of the coefficients of diffusion
between various salts.

The retention of the three salts NaCl, Na2SO4 and CaCl2
by the nanofiltration membrane in function of the concen-
tration is provided in Fig. 1.

Figure 1 makes it possible to classify the rates of
retention of these three salts according to the following
order:

RNa2SO4 > RNaCl > RCaCl2

In case of the retention sequence, we can conclude that
RNaþ > RCa2þ and RSO2�

4
> RCl� , i.e. the retention for the
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Fig. 1 Retention of different salts as a function of the concentration
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bivalent anion is the highest, whereas that of the bivalent
cation is the lowest. This is a typical behaviour of a
negatively charged membrane [49].

The high retention for the sodium sulphate and the
lower retention for calcium chloride are in accordance
to the Donnan exclusion model. This model indicates
that the co-ions (ions with the same charge as the
membrane) are repelled by the membrane, whereas
counter ions (ions with the opposite charge as the
membrane) are attracted.

In addition, it is observed that the retention of salts does
not vary in a simple manner with energy of hydration of the
ions. This indicates a preponderance of the exclusion of
Donnan effect on the retention of salts by the membrane
compared to the steric effect.

It should be noted that the sequence of retention
obtained indicated that the size of the pores of the
membrane is relatively high and is the same as a
nanometer. In the case of a membrane charged negatively
and with size of the pores, the low (about 0.5 nm) size
of the hydration radii of the ions intervenes, and the
order of retention between monovalent and bivalent
cations can be reversed. A study was carried out by
Verliefde et al. [50] on a HL membrane where it confirmed
that the latter is negatively charged by the determination of
the zeta potential.

Transport equations

The solute flux through the NF membranes was defined by
the model of Kedem–Katchalsky, where it described the
transport of ion through these membranes by irreversible
thermodynamics in order to take into consideration the
coupling of both flux.

The flux of solvent and the flux of solute are given by
Eqs. 3 and 4.

JW ¼ LP ΔP � sΔpð Þ ð3Þ

JS ¼ PS C0 � CPð Þ þ 1� sð ÞJWCm ð4Þ
with

Js flux of solute
Δπ difference of the osmotic pressure
Ps solute permeability
σ reflexion coefficient

with C0, CP and Cm being, respectively, the feed concen-
tration, the permeate concentration and the concentration in
the membrane.

The solute flux is the sum of a diffusive flux Jdiff, which
depends only on the concentration on both sides of the
membrane and of a convective flux Jconv, which is a purely

physical flux. The latter depends only on the solvent flux
and the pressure applied:

JS ¼ Jdiff þ Jconv ð5Þ
with

Jdiff ¼ PS C0 � CPð Þ

Jconv ¼ 1� sð ÞJwCm ¼ JwCconv

Therefore,

JS ¼ Jdiff þ LP ΔP � sΔpð Þ � Cconv ð6Þ
However, according to the principle of mass conservation,

JS ¼ JwCP ð7Þ
From Eqs. 6 and 7, we can deduce the expression from the
concentration of permeate according to flux:

CP ¼ Jdiff
1

JV

� �
þ Cconv ð8Þ

The graphic representation of Cp versus the reverse of the
permeate flux will make it possible to quantify separately
both parts of the solutes mass transfer occurring in NF:
convection and diffusion.

According to Kedem–Katchalsky, the retention is given
by the following equation:

R ¼ s
1� F

1� sF
ð9Þ

with

F ¼ exp � 1� s
Ps

Jw

� �

The values of the parameter σ are calculated starting from
the relation of Pusch [51]:

1

R
¼ 1

s
þ LD

LP
� s2

� �
LPΠ1

s � Jw ð10Þ

where LD represents the osmotic permeability coefficient.
Plotting the experimental values of (1/R) versus (1/Jv)

permits to calculate σ.
In Fig. 2, we represented the permeate concentration

variation according to the reverse of flux. The curves
obtained are of linear lines and they check the theory
well.

For each salt, one deduces the value from diffusive flux
Jdiff starting from the slope of the curve Cp ¼ f 1=Jvð Þ and
the value of the concentration in the permeate due to the
Cconv convection starting from the original ordinate.

Figure 3 represents the variation of the reverse of
retention according to the reverse of flux for various salts.
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The curves obtained are also of linear lines and are
checking well the relation 8. The value of σ corresponds
to the inverse of original ordinate of the curve
1=R ¼ f 1=Jvð Þ.

The values of the parameters of Jdiff and Cconv like those
of σ and Ps are grouped in Table 1.

Table 1 shows that the values of Ps depend on the nature
of the anion and the cation. The reflection coefficient σ is a
characteristic of the convective transport of the solute. The
value of σ is about equal to 1 for different salts. High values
of σ were obtained by Murthy et al. [52] using a thin film
composite polyamide membrane for NaCl and Na2SO4

salts.
This result indicates that the convection solute transport

is totally hindered or that no transport by convection takes
place at all. This is the case for ideal RO membranes where
the membranes have a dense structure and no pores are
available for convective transport. The retention may
however be lower than 100% because solute transport
may take place by solution diffusion. As it has been shown
that NF membranes have pores, a reflection coefficient
below 100% will be found if the solutes are small enough
to enter the membrane pores. Of course, the actual solute
retention will be smaller than the reflection coefficient
because of the contribution of diffusion [53]. The anion
sulphate and the cation calcium, which are more solvate,
give the weakest Ps values compared to the less solvate
monovalent ions. It also appears that the diffusive compo-
nent of the flux of permeate decreases with the increase in
the energy of hydration. Pontalier et al. [54] report that the
hydration can be regarded as forces necessary to extract the
aqueous solution from solvent in order to push it inside
the pores of the membrane. In this way, it would require
more energy to extract sulphates and to push them inside
the pores in comparison with the other anions.

Fluoride retention

Effect of physicals parameters

Effect of feed pressure The figure illustrates the evolution
of the retention of the fluoride according to the pressure
applied for various fluoride concentrations.

As was known from the equations above, the retention of
fluoride increases with pressure; this can be seen in Fig. 4.
For all the concentrations in fluoride ion studied, we note
that the retention increases while increasing the feed
pressure until a pressure applied of 10 bar. Beyond an
applied pressure of 10 bar, stability on the level of the
retentions for different concentrations was observed.

Thus for pressures lower than 10 bar, the mass transfer is
the convection type in accordance with Eq. 3. On the other
hand, for pressures higher than 10 bar, the transfer becomes
diffusive, and the retention is not affected any more by the
pressure.

In light of these results, the value of 10 bar was retained
as an optimal pressure, and beyond this pressure, the
diffusion prevails with regard to the convection.

Effect of recovery Figure 5 illustrates the evolution of the
retention of the fluoride ions according to the recovery rate
for two different concentrations of fluoride.

According to Fig. 5, when the recovery increased, the
retention decreases for the studied feed concentrations.

The retention of fluoride ions was considerably affected
by the recovery rate and varies from 98.3% for a recovery
rate of 10% to 94.3% for a recovery rate of 70%, showing
the effect of the polarisation concentration. It seems that the
transfer is primarily convective and that the contribution of
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diffusion to the ion transport is negligible. This reduction in
the rate of retention is the consequence of the reduction of
the speed of tangential circulation and of the appearance of
a layer of polarisation at the strong recovery rate.

Effect of chemical parameters

Effect of ionic strength The effect of ionic strength on the
retention of fluoride ions was studied by the addition of
various concentrations of NaCl between 0.01 and 0.2 M.

Figure 6 shows that the increase in the NaCl concentra-
tion is accompanied by a reduction in the retention of
fluoride ions. Indeed, when the NaCl concentration
increases, there are more sodium ions, which neutralise
partially the negative charges of the membrane which
facilitates the passage of the fluoride ions.

The decrease in the charge of the membrane involves a
decrease in the retention of the ions of negative charge
since the electrostatic effect membrane-aqueous solution
became weak, and consequently, the effect of exclusion of
Donnan is reduced.

Effect of feed concentration The effect of the feed
concentration of fluoride on the retention was investigated
as shown in Fig. 4. This figure shows that the variation of
the concentration has a great effect on the rate of retention
for various pressures applied. Indeed, the retention of the
fluoride ions decreases with the increase in the concentra-
tion varying from 99% for a concentration of 3×10−3mol/L
to 90% for a concentration of 10−1mol L−1 for a 10-bar
transmembrane pressure applied. This reduction is attribut-
ed to the shielding phenomenon. Indeed, the fixed charges
of the active layer of the membrane are neutralised partially
by the counter ions of the electrolyte. This phenomenon is
all the more marked that its counter ions are numerous.
Thus, an increase in the salt concentration would decrease the
electrostatic interaction between the ions and the membrane
[55].

Another study [56] accounted for the decrease in the
retention by the increase in the osmotic pressure of the
solution, and consequently the effective pressure decrease
on the membrane, and in the decline in the flux of solvent,
the solute is divided in a volume of less important solvent,
and the permeate will be concentrated more, i.e. the
retention would be less important.
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Salts 102×Jdiff (Lh
−1m−2) 105×Cconv (molL−1) σ Ps

NaCl 2.71 10 0.9919 3.369

NaF 0.98 3 0.9975 1.32

Na2SO4 0.43 1 0.9977 0.897

CaF2 0.29 0.9 0.9984 0.76

Table 1 Transport coefficients
and single salt flux distribution
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Comparison between fluoride anions and different anion
retentions

Figure 7 shows the retention of NaCl, NaF, NaNO3 and
Na2SO4 with different feed pressure, the same feed
concentration C0=2×10

−2mol L−1 in Na+ ions and the
recovery rate Y=15%.

The order of retention of these salts by the nanofiltration
membrane follows the following sequence:

RNa2SO4 > RNaF > RNaCl > RNaNO3

Membrane HL being negatively charged, bivalent ions is
retained better than the monovalent ions. The membranes of
negative charges tend to push back in a more important way
the multivalent anions than the monovalent anions.

One can call upon the effects of size of the solvated ions
to explain the variations of retention between the anions
associated with the same cation, i.e. an anion is all the more
retained as its radii of hydration is high.

Although the measured radii of the nitrate ions is
practically equal to those of the chloride ions, the nitrate
ions are slightly retained compared to the chloride ions. The
anomalously low rejection of the nitrate ions by NF
membrane is consistent with literature reports for other
NF/RO membrane [57].

In recent studies, Tansel et al. [58] reported that the
small monovalent ions (F−) flow through the gel matrix
with water molecules attached, whereas the large monova-
lent ions (Cl−) adsorb to the nonpolar surface of the gel, a
process requiring partial dehydration of the ion and
implying that these ions bind the immediately adjacent

water molecules weakly [59]. Water cluster binding studies
show that the ions possessing high charge density bind
larger water clusters more strongly [60]. The transition from
strong to weak hydration occurs at a radius of about 1.78Å
for the monovalent anions.

Tansel et al. [58] concluded that during membrane
filtration, the high shear strain on the ions could force
them to align with the flow and also forcing them to acquire
smaller effective cross sections. When the filtration is
performed in dead end mode, the ions with strong hydration
bonds may not able to detach from the hydration layers and
may be too big to pass through the membrane pores.
However, the ions with weak hydration bonds can lose
some or all the water of hydration and can fit through the
membrane pores.

Conclusion

The retention of various salts by a membrane of nano-
filtration HL showed that the membrane is negatively
charged. The model of Spiegler–Kedem showed a good
correlation between the experimental values of various salts
and the theoretical model. It allowed the calculation of the
transport parameters as well as the contribution of the
diffusion and the convection for the transfer of solute.

Nanofiltration membrane HL allowed fluoride retention
exceeding 80%. This retention depends on the physical
(pressure applied and recovery rate) and chemical para-
meters (feed concentration and ionic strength).
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At higher pressure, fluoride retention is practically
unaffected by pressure because the passage of this ions is
mainly due to diffusion. Convection has virtually no effect.
By contrast at lower pressure, the fluoride retention was
much more influenced by pressure; this implies that the
transfer is primarily convective.

The selectivity of the membrane for different ions is of
chemical origin. The results indicate that the smaller the
ion, the better it is retained. This is derived from the
salvation energy of the ions by water. Since fluoride ions
are more solvated, they are better retained than chloride and
nitrate.
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