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ABSTRACT

As any oligoelement, fluoride is necessary and beneficial for human health to low concentrations,
but an excess amount of fluoride ions in drinking water has been known to cause undesirable
effects, especially tooth and bones fluorosis. Many methods have been used to remove fluoride
from water such as precipitation, adsorption, electrocoagulation and membrane processes. In the
present study, removal of fluoride ions from aqueous solution was investigated using a polyamide
thin film composite nanofiltration membrane denoted HL from Osmonics. This study deals with
the characterisation of the HL membrane used in permeation experiments with aqueous solutions
of charged inorganic solutes. The effect of feed pressure, concentration, ionic strength, type of cat-
ion associated to fluoride and pH on the retention of fluoride ions were studied. The retention of
fluoride anions was in the order of 60%. It relatively depends on feed concentration, ionic strength,
pH and applied pressure. Spiegler-Kedem model was applied to experimental results in the aim
to determine phenomenological parameters o and P, respectively, the reflection coefficient of the
membrane and the solute permeability coefficient of ions. The convective and diffusive parts of the

mass transfer were quantified with predominance of the diffusive contribution.
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1. Introduction

Fluoride in drinking water can be either beneficial
or detrimental to health depending upon its concentra-
tion. The World Health Organization (WHO) accepted
the maximum fluoride concentration in drinking water
as 1.5 mg/L [1]. In excess of 1.5-2.0 mg.L™" fluoride is
known to cause permanent gray or black mottling of
teeth enamel and the long-term intake of 3-10 mg.L™"
may result in abnormal bone growth in both humans
and animals [2]. Invertebrates and fish in fresh water are
also very sensitive to fluoride toxicity [3]. Over 0.5 mg.L™"

* Corresponding author.

fluoride in fresh water can detrimentally influence the
upstream migration of salmon [4]. Fluorine compounds
are industrially important and are extensively used in
semiconductors, fertilizers, aluminium industries, glass
manufacturing and nuclear applications [5,6]. The effluent
of those industries thus contains high levels of fluoride.

Various treatment technologies were studied for re-
moving fluoride from water in which the concentration
exceeds the permitted levels [7] such as precipitation [8],
adsorption onto activated alumina [9], ions exchange [10]
and membrane processes like electrodialysis [11], reverse
osmosis [12,13] and nanofiltration [14].

Fluoride can be removed by adsorption onto many
adsorbent materials. Some of the most frequently en-
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countered sorbents are: activated alumina, clays and soils,
spent bleaching earth, spent catalyst, rare earth oxides,
bone charcoal and activated carbon. Ion exchange resins
are effective in removing F~ from water. Castel et al. [10]
studied the removal of F~by a two way ion exchange cyclic
process, using two anion exchange columns. The results
show that this process can effectively remove fluoride
from water. The use of anion exchange resins for F~ re-
moval is impractical because of their relatively high costs.

Membrane processes such as reverse osmosis, nano-
filtration, dialysis and electrodialysis have been recently
developed methods for F-removal from drinking waters
[15-17] and brackish waters [11,18-20].

Some applications of reverse osmosis to purification of
water are discussed by Arora et al. [21]. Ndiaye et al. [13]
observed that the rejection of fluoride ion was typically
higher than 98%, considering that the RO membrane was
fully regenerated after each set of experiments.

Nanofiltration makes use of the same overall phe-
nomenon as reverse osmosis. For nanofiltration, the
membranes have slightly larger pores than those used for
reverse osmosis and offer less resistance to passage both
of solvent and of solutes. As a consequence, pressures
required are much lower, energy requirements are less,
removal of solutes is much less exhaustive, and flows are
faster. The selectivity of nanofiltration relative to reverse
osmosis is a particular advantage, and much experimental
and theoretical research is being devoted to obtaining a
clearer idea of the mechanism of solute retention to fa-
cilitate production and selection of targeted membranes
as well as optimisation of conditions [22-25]. Retention
of solutes is attributed mainly to steric and charge effects
[22] and although fluoride is a very small ion it is more
strongly hydrated than other monovalent anions because
of its high charge density, and the consequent steric ef-
fect leads to fluoride being more strongly retained on
nanofiltration membranes than competing monovalent
anions such as chloride or nitrate, a particular advantage
in defluoridation of brackish waters.

Kettunen and Keskitalo [26] studied the removal of flu-
oride from groundwater sources in Finland (380-600 m?/d
membrane filtration plant). The fluoride rejection was
76% with NF 255 (Filmtec).

Lhassani et al. [15] studied the selective demineraliza-
tion of water by nanofiltration especially with respect to
its application to the defluoridation of brackish water.

Tahaikt et al. [20] carried out fluoride removal opera-
tions on underground water using a nanofiltration pilot
plant with two modules. The performances of two com-
mercial spiral membranes were proved.

The aim of the present work is to study the effective-
ness of a given nanofiltration membrane for fluoride
removal, in view of understanding the underlying
mechanisms that may lead to changes in observed reten-
tions. The retention was studied according to operational
factors such as feed concentration, nature of the associ-

ated cation, ionic strength, feed pressure and pH. The
membrane permeability to ultrapure water, the charge of
membrane surface, and the molecular weight cut-off were
determined. The model of Spiegler—-Kedem was applied
in order to determine the phenomenological parameters
o and P_in a respective way, the reflection coefficient of
the membrane and the solute permeability coefficient of
the membrane to the aqueous solution. The convective
and diffusive values of the parameters of the mass transfer
were measured.

2. Experimental

The experiments were performed on a pilot plant,
which was carried out in our laboratory and equipped
with a nanofiltration module in order to investigate fluo-
ride removal. The NF tests were carried out with the use
of Osmonics spiral module equipped with HL membrane.
As we are interested by the use of HL membrane, we
sought to apply it to fluoride removal. This membrane
is of type “thin film composite”, which is a composite
membrane since it is manufactured with two layers of dif-
ferent polymers. Its active layer is made out of polyamide
and has an asymmetrical structure. The membrane has a
molecular weight cut-off for the organic compounds of
about 150-300 Da. The module HL used for this study is
a module of the spiral type. It is approximately 2.5 inch
in diameter and 14 inch in length.

The nominal active surface of membrane rolled up
in the Osmonics module is of 0.6 m* This module is
characterised by a flow of production of maximum of
0.83 m?/d. All experiments were carried out at constant
temperature of 25°C. The set-up has been presented in a
previous work [27]. Ion analyses were performed by ionic
chromatography, coupled to a conductimetric detector.

3. Results and discussion

3.1. Membrane characterisation
3.1.1. Membrane permeability and charge

In order to interpret the performance results, studying
the characteristics of the membrane is considered neces-
sary. In the case of dilute solutions the pure water perme-
ability coefficient L was estimated using the Darcy’s law
given by Eq. (1).

Jo=———=L, AP M
1)

m

The mean value of pure water permeability coef-
ficient L, was obtained by statistical linear regression of
permeate flux ] vs. applied pressure AP and is found to
be 9.015 L.h"'.m=.bar™.

The charge of the membrane is generally quantified
either by the measurement of the potential zeta (C) [28],
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Table 1

Titration results

Negatively charged groups, eq/m? 1.9x10-¢
Positively charged groups, eq/m? 5.09x107

or by the study of retentions of salts [29], or by the titra-
tion method [30]. In this study, we were limited to the
two latest techniques.

Salt retention measurements with CaCl,, NaCl and
Na,SO, at 10 mol.L™ as a function of permeate flux gives
the following retention sequence: Ry o, > R > R\,
which is caused by differences in diffusion coefficients
between the different salts.

This order of diffusion coefficients is inversely re-
flected in the retention sequence [31].

Although the membrane show this retention sequence,
the surface charge was not neglected. The presence of the
charged groups at the membrane surface was confirmed
by titration experiments [29,30]. The results are summa-
rized in Table 1, they show that the membrane carry a
surplus of negatively charged groups. Consequently, the
charge effect contributes to the retention phenomenon in
addition to the diffusion effect.

It is also shown that among the nanofiltration mem-
branes studied by Schaep et al. [32], which are negatively
charged according to the manufacturer, the salt retention
measurements are inversely proportional to diffusion
coefficients of solutes in water.

3.1.2. Separation mechanisms

The transport of the solute through NF membranes
can be described by irreversible thermodynamics where
the membrane is considered as a black box. Kedem and
Katchalsky [33] proposed the relation of the solvent flux
J, and the solute flux ], through a membrane in the fol-
lowing equations:

J, =L,(AP—ocAm) @)

J;=P(C,-C)+(1-0)].C, 3)

where AP: transmembrane pressure, C,: concentrations
in the bulk side, o: reflection coefficient, C, : solute con-
centration in the membrane, Cp: concentrations in the
permeate and An: osmotic pressure difference across the
membrane.

Integration of Eq. (3) on the membrane thickness
yields, in term of the real salt rejection; give the following
rejection expression [34]:

1-F
1-coF @)

R=o0.

with

ro ) ©)

To quantify both convective and diffusive parts of the
solute mass transfer in NF the following approximate
expression was used:

]diff + ]zr 'Cconv = Cp ‘]zv (6)

where | . is the solute flux due to diffusion [with | =
P (C,- Cp)], and C__ is the solute concentration due to
convection [withC__ =(1-0)C, ]. Eq. (8) canbe expressed
as follows:

c, =Jur ¢ )

14 conv

Asillustrated in Fig. 1, analysis of sodium halide ions
concentration (Cp) in the permeate as a function of the
reverse permeate flux (1/] ) revealed a linear relation in
conformity with Eq. (7).

From the experimental data of rejection and flux, the
values of the parameter 0 and P_were calculated starting
from the relation of Pusch [35] and:

1 1. [L_
R o L

P

L.t
52] i 1=A1+A2.l (8)

G']v v

where L represents the osmotic permeability coefficient.
Plotting the experimental values (Fig. 2) of (1/R) vs. (1/
J.) permits to calculate o which corresponds to the reverse
of original ordinate. The curves obtained are also of linear
lines and are checking well Eq. (8).
All the experimental results are reported in Table 2.
The HL membrane implies two different mechanisms
of transfer of aqueous solution, both acting separately, but

0.0008 1 NaCl
y = 0.008x + 0.0004 o NaF
R>=0.921
0.0006 - B NaSO4
O y=0.005x + 0.0001
g 0.0004 - R2=0.964
U&
0.0002 - y=0.000581x +0.000054
¢ R2=0.990
aa—— % %
0 T T T 1
0 0.02 0.04 0.06 0.08
1/3, (L""h.m?)

Fig. 1. Variation of the permeate concentration in function of
1/], for different salts, C = 10° mol.L!, pH = 6.5.
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Fig. 2. Variation of 1/R in function of 1/] for different salts, C
=107 mol L', pH=6.5.

Table 2
Transport coefficients and single salt flux distribution, C, , =
10~ mol.L™!

Salt g Ps ]diff Cconv

(10° mol.L ) (L.h'tm?)  (mol.L?)
NacCl 0.803 26.02 0.008 0.0004
NaF 0.923 15.18 0.005 0.0001
Na,SO, 0.947 1.29 0.00058 0.000054
Table 3

Hydrations energies [36], hydrated radii [37] and diffusion
coefficients [38] of some electrolytes

Ions Hydrations Hydrated D
energies radii
(kJ.mol™) (nm) (10° m2.s71)

Na* 454 0.358 1.333

K 363 0.331 1.957

Ca* 1615 0.412 0.718

Cr 325 0.332 2.032

F- 449 0.352 1.48*

SO;- 1047 0.379 1.065

* [39] Diffusion coefficient of fluoride ion

in an additive way on the transfer. The slopes obtained
confirm that this membrane has high diffusionnal trans-
port compared to the convective one. It was also observed

that the value of slope obtained with sulfate salt is lower
than for other halide ions form and in reverse to the
hydration energy order. So, the more the hydrated ion
is small, the more it diffuses through the membrane. P
values depend on the type of anion associated to sodium.
Strongly solvated sulfate anions lead to lower values of P
in comparison with the less solvated monovalent anions
(F) and (CI"). The o values obtained are dependent to
the hydration energy order; it is higher for sulfate than
fluoride and chloride anions (Table 3).

From the Com values obtained before, it is possible
to calculate the molecular weight cut-off (MWCO) of
the NF membrane from Eq. (9), as reported recently by
Lhassani et al. [40].

MY; ’
= —_] — 3 9
Ccor\v C'O |:1 ( SC j :| ( )

where M the molecular weight of a solute, Sc the molecu-
lar weight cut off (MWCO) of the membrane and C, the
initial concentration of the solute in the feed.

The results obtained for the determination of the
MWCO s under diluted solution (10~ M) using a divalent
salt such as Na,SO, because the definition of the MWCO
determination is based on rejections higher than 90%. The
value obtained of MWCO is of 314 Da.

3.2. Fluoride retention

3.2.1. Effect of permeate flux and feed concentration on
fluoride retention

Fig. 3 shows an increase of the retention rate of
fluoride ions with permeate flux, consequently with the
applied pressure, for all concentrations in fluoride ions
studied until a value about 60 L.h™.m™. In this field the
mass transfer is due to convection. Beyond this value, a
slightly stability of fluoride retention rate was observed,
where the mass transfer became diffusive and the re-
tention is not affected any more by the permeate flux,
therefore by pressure.

The effect of the concentration on fluoride retention
was observed for values included between 10* mol.L™ to
102 mol.L%. The salt concentration increase leads to the
rejection increase. This can be explained by the effect of
dielectric exclusion which is caused by the interactions
of ions with the bound electric charges induced by ions
at the interfaces between media of different dielectric
constants, in particular, a membrane matrix and a solvent
[41,42]. It has been shown that the dielectric exclusion is
equivalent to a decrease of the electrolytes concentration
in solution which is known to provoke an increase of
electrostatic exclusion, and that its effect is stronger in
the presence of multivalent ions. For the different initial
fluoride content of the feed water [F7], the fluoride was
partially rejected. The standard is obtained for low con-
centration 10*mol.L™, but the fluoride leakage increases



I. Bejaoui et al. / Desalination and Water Treatment 29 (2011) 3946 43

100
80 -
g 60
& NaF 107 mol.L"
=40 . 1
m  NaF 107" mol.L”
20 . NaF10*mol.L"
0 T T T 1
0 20 40 60 80 100
J, (L.h'.m?)

Fig. 3. Variation of retention rate of fluoride anions vs. perme-
ate flux, pH = 6.5.

Table 4
Fluoride rejection values from literature
[F], (mg/L) [F], (mg/L) R (%) References
230 0.7 99.69 [43]
190 1.9 99 [44]
380 19 95 [45]
13.5 0.7 95 [15]
380 19 95 [18]
22.32 3.78 83 [19]
2.32 0.4 82.75 [19]

with its initial concentration in the feed water as illus-
trated in Table 4, with [F*]p is the permeate concentration
of fluoride.

It can be observed that fluoride removal in some cases
can attain the required limits, but for others, the standards
are not obtained, so additional treatment is necessary
to bring back the contents of fluorides to the standards.

3.2.2. Effect of ionic strength

In order to investigate the ionic strength influence on
the retention of fluoride ions, the retention rates of fluo-
ride ions were performed for several NaCl concentrations
between 0 and 2.10 mol.L™" as a function of permeate
flux. Fig. 4 shows that the retention rate decreased with
the increase of NaCl concentration from 60% to 18%.

This can be explained by the screening phenomenon
where sodium ions neutralize partially the negative
charges of the membrane when the NaCl concentration
increases, which involves the decrease of the retention

® NaCl 0 mol.L"
80 - NaCl 2.10*mol.L"

e NaCl 2.10° mol.L"
o NaCl 2.10%mol.L"
60 1 _
8 ——a8 i
§ //‘I_F
% 40
20
0 T T T T 1
0 20 40 60 80 100
J, (L.h'l.m2)

Fig. 4. Effect of the ionic strength on the retention of fluoride
ions, 0 =25°C, pH=6.5.

of charged ions, consequently, facilitates the passage of
the fluoride ions [44].

3.2.3. Effect of the type of associated cation to fluoride

Fig. 6 shows that the retention rate of fluoride for
the three cations Ca?, Na* and K* follows this retention
sequence:

RCaFZ > RNaF > RKF
Consequently

R.. >R_. >R,

Ca2+

This retention sequence is inversely proportional to
the diffusion coefficients of associated cation to fluoride
as shown in Table 3. We note also that the difference
in retention between the fluoride ions associated with
calcium, sodium and potassium could be related to the
difference in hydration energies indicating the existence
of the steric effect on the retention.

The transfer parameterscand P, C_ and ] . for the
three salts were investigated (Figs. 5 and 6). As illustrated
in Table 5, the different results show that the convective
contribution was the higher for monovalent cations and
lower for the calcium [46]. The P_ value depends on the
nature of associated cations to fluoride, it is the lower
for more solvated cation (Ca?) in comparison with the
less solvated Na* and K*. The reflection coefficient o is
higher for calcium than monovalent cations, as we can
note proportionality with hydration energies.

3.2.4. Effect of pH

In order to investigate the pH effect and to estimate
the membrane isoelectric point, the pH was set by add-
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Fig. 5. Variation of the permeate concentration as a function
of 1/], for different salts, C =10 mol.L™!, 0 = 25°C, pH = 6.5.

Table 5
Transport parameters (o and P ), diffusive flux ], and C_  of
fluoride salts at C =10~ mol.L™, 0 = 25°C and pH =6

Salts g P Jaise Conv
(L.h™".m™?) (mol.L?)
CaF, 0.99 22.26 0.001 1x10°
NaF 0.95 35.72 0.001 2x10°
KF 0.88 40.73 0.001 3x10°

ing HCl or NaOH to the solution and was varied in the
range from 4 to 11.

100 (D) o—-o—0—0-—0-0-0-0—-0—-0—-0—-0-0
80 1
g )
- -
E 60 —o— F
Q —o— HF (aq)
=%
o 40 4
Z
k|
é 20 A
4 0—~0—0—0—0—0—0—0—0—0—0—0—
0 l ! + ! n _? — ?
3 5 7 9 11

pH

Fig. 7. The variation of retention rate as a function of perme-
ates flux at various pH values, [F7] = 2x10~* mol.L™, 6 = 25°C.

3 .
2
& . °
- o0
| KF y=42122x + 11277 R*=0.9362
NaF  y=31.103x +1.0433  R®=0.9393
*
CaF, y=22351x +1.0066 R:=0.9929
O ° T T T
0 0.01 0.02 0.03 0.04

1/3, (L' .h.m?)

Fig. 6. Variation of 1/R in function of 1/] for different salts, C
=10*mol L™, 6 =25°C, pH=6.5.

The variation of retention rate as a function of per-
meates flux at various pH values for the membrane is
plotted in Fig. 8. These results show that the removal of
fluoride ions depends on the pH. Indeed, for acidic pH,
the retention rate does not exceed 60%. On the other hand,
for basic pH, the retention rate varies between 77.3% and
93.6%. In general, fluoride is primarily present as F-above
pH 3 and there are no major species changes between pH
3 and 11 (Fig. 7, [47]. Since this is practically the range
that was studied experimentally (4-11), it is expected
that there is no apparent pH dependence of retention
observed experimentally, but membrane type, due to its
characteristics was observed to impact fluoride retention

100 1 + pH=II
O pH=10
80 1 pH=9
® pH=8
60 A
pH=7
X
i —
z 40 ® pH=6
A pH=5
20 A ¢ pH=4
0 T T T 1
10 30 50 70 90

J,(L.h"'.m2)

Fig. 8. The variation of retention rate as a function of permeates
flux at various pH values, C = 2x10* mol.L™, 6 = 25°C.
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[47]. In fact, pH affects the membrane surface which in
turn, affects fluoride retention.

The retention rate of fluoride ions at various pH values
for afixed ] of 40 L.h™".m™shows that the HL. membrane is
slightly positively charged at low pH values and become
increasingly negatively charged at higher pH values.

Asitis found by many authors, this result is expected
due to the presence of carboxyl and amine functional
groups in HL membranes, the surface charge of the
membrane could affect the flux at both high and low
pH, particularly around the isoelectric pH which is near
5. The positive charge below the isoelectric point is at-
tributed to the protonation of amine functional groups
(NH, — NH,). Beyond this value, the membrane acquires
a more negative charge from the deprotonation of car-
boxyl functional groups (COOH — COO").The isoelectric
point value was found by other researchers [48]. In both
cases, the electrostatic repulsion between the charged
groups could have an effect on the surface charge of the
membrane and thereby causes a decrease in flux [49,50].

Rejection obtained for pH =7 and pH =8, (pH of natu-
ral waters), are respectively about 81% and 90% which
correspond to a permeate concentration of respectively
0.7 mg/L and 0.37 mg/L. For higher concentration and in
this range of pH, standards could not be attained. Tahaikt
etal. [19] tested many configurations: simple pass, double
pass with one type of membranes and combination of two
types of membranes and supplied batch configuration.
The water parameters were followed as a function of the
running conditions (time, pressure, fluoride content, etc.)
in order to follow the behaviour of the membranes tested
and to improve the rejection.

4. Conclusion

The pure water permeability of the HL membrane
checks well Darcy’s law and was L, = 9 L.h™.m™bar.
The retention order for the salts tested was:

RNaZSO4 > RCaClz > RNaCl

showing a retention sequence inversely proportional to
the diffusion coefficients between the different salts. The
titration method has confirmed the presence of charged
groups on the membrane surface. It presents also an
MWCO of 314 Da. The application of the phenomeno-
logical model of Spiegler and Kedem shows that these
results confirm well that the HL membrane involves two
different mechanisms of transfer (diffusion and convec-
tion), both acting independently but in an additive way
to the transfer. The study of fluoride ions removal by the
HL membrane was performed and the results obtained
show that retention may exceed 60% for fluxes exceeding
60 L.h™'.m™. The increase in flow rate results in higher
flux and higher rejection, thus better permeate quality.
Increasing feed concentration causes an increase in reten-
tion rate, which is due to the dielectric exclusion between

the feed solution and the matrix of the membrane. These
retention rates are sensitive to increased ionic strength
which causes a progressive neutralization of the nega-
tive charge of the membrane. Retention of fluoride ions
depends also on the feed pH and differs from both sides
of an isoelectric point which is close to 5. Thus, for acidic
pH the retention rate does not exceed 60%, while it may
exceed 80% in alkaline solutions.
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