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ABSTRACT

The fluoride content in many regions of Morocco exceeds acceptable standards, especially in
phosphate regions like Benguerir. In this region, the hermetic effect of dental fluorosis is wide-
spread among the population supplied directly by the wells. Fluoride contamination is attributed
to phosphate deposition. In Morocco, the maximum acceptable concentration of fluorides in
drinking water is 1.5 mg/L. In this context, the first aim of this work concerns the technical and
economic comparison of nanofiltration and reverse osmosis in the reduction of fluoride ions.
Three commercial membranes were involved in this study. This study confirms the performances
of these membranes in the fluoride reduction and the compositions of the produced water obtained
are similar. The Spiegler-Kedem model was applied to determine the constants of the model,
namely the reflection coefficient and the coefficient of permeability for all the membranes used.
In addition, the Hermia model was applied to identify the fouling mechanism of the three mem-
branes. The parameters of the two models were optimized using the Levenberg-Marquardt algo-
rithm which solves non-linear least-squares problems using an iterative technique. Good agreement
between experimental results and model predicted results were obtained. For three membranes
tested the transport mechanism is predominant by diffusion and the mechanism that describes
the fouling is the cake-forming model. The technical-economic comparison of nanofiltration and
reverse osmosis was performed on the basis of produced water with a fluoride content of 0.7 mg/L
and the cost of the produced cubic meter by the three membranes is almost the same.
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1. Introduction

Water is an essential natural resource to maintain life
and the environment, however, chemical composition of
surface or subsurface is one of the prime factors on which
the suitability of water for domestic, industrial, or agricul-
tural purpose depends. Recent United Nations Children’s

* Corresponding author.

Fund (UNICEF) and World Health Organization (WHO)
reports have confirmed that 748 million of people have
no access to safe water of proper quality, while more than
1.8 billion of people use water contaminated with feces to
potable purposes [1]. Though groundwater contributes
with only 0.6% of the total water resources on earth, it is the
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major and the preferred source of drinking water in rural as
well as urban areas, particularly in developing countries [1].

Due to various natural or anthropogenic ecological
factors, groundwater is polluted and accessibility to water
is limited. The presence of several natural and anthropo-
genic elements and compounds can considerably affect
the quality of the water and lead to harmful health effects.
According to WHO, the most dangerous inorganic sub-
stances appearing in groundwater, which reveal a global
effect on human health, are fluorides and arsenic [2].
The presence of fluoride in natural water is connected
with its appearance in natural minerals, local geological
structure, and industrial activities [3].

Fluoride may reveal either advantageous or disadvan-
tageous health effects, depending on their dose and expo-
sure time [4]. While the concentration of fluorides in potable
water ranging from 0.5 to 0.7 mg/L is recommended in
order to avoid dental caries among children [1], their higher
amount is regarded as a serious health problem. The regu-
lar consumption of water containing 1.5-4 mg/L results in
bone tissue problems (fluorosis, arthritis, and osteoporosis)
as well as in neurological issues, and it may lead to lever
damage, carcinogenic, and gastrological effects [5].

There are more than 20 developed and developing
nations that are endemic for fluorosis, namely: Argentina,
U.S.A,, India, Algeria, Libya, Egypt, Jordan, Turkey, Iran,
Iraq, Kenya, Tanzania, South Africa, China, Australia, New
Zealand, Japan, Thailand, Canada, Saudi Arabia, Persian
Gulf, Sri Lanka, Syria, Morocco, etc. [6].

Due to fluoride effects on health, WHO as well as
national health authorities have established its maximum
permissible concentration in potable water at the level
of 1.5 mg/L, while the recommended range is from 0.5 to
1.0 mg F/L [7,8]. Such concentration of fluoride in water min-
imizes its harmful effects on human’s health.

In many regions of Morocco, the fluoride content exceeds
acceptable standards. In the plateau of Benguerir (center of
Morocco), where the work is conducted, the harmful effect
of dental fluorosis is widespread among the population
supplied directly from wells. The water in this region usu-
ally exceeds the fluoride standards and is often brackish.
The fluoride contamination in this region is attributed to
the phosphate deposit [8].

Until today, the National Office of Water and electricity
(ONEE) in Morocco has resorted to dilution to avoid the
frequent seasonal fluoride excesses. The decrease in water
resources, especially groundwater, and the frequent fluo-
ride excesses observed during these last decades, makes
this solution unattainable. So to prevent this situation,
ONEE has initiated studies to investigate remedial options.

Due to the high solubility of fluorides in water, its deflu-
oridation is difficult and expensive process [1]. Different
water defluoridation methods have been investigated: pre-
cipitation [9,10], ion exchange [11,12], adsorption [13,14],
and membrane processes [7,8,15].

To remove fluoride and salinity from brackish ground-
water in a village in Senegal, Diawara et al. [16] used low
pressure Ol and obtained 97%-98.9% fluoride retention.
Gedam et al. [17] found a fluoride removal rate of 95%—-98%
from groundwater in Chandrapur village in Moradgaon
region using a polyamide RO membrane. Schoeman [18]

has applied RO for defluorination of water in parts of
South Africa with initial concentrations of fluoride rang-
ing from 10 to 17 mg/L and the concentration in the
obtained permeate was 0.2 mg/L. Briao et al. [19] used OI
for desalination of groundwater from the Guarani region in
southern Brazil, 100% fluoride retention was obtained.

Elazhar et al. [20] used the spiral-type membranes NF90
(Filmtec, USA) and the fluoride ion retention rate obtained
was 97.8%. With a membrane of the type (DK-5) of the spi-
ral type, Bannoud and Darwich [21] obtained a retention
rate of 60%. Pontié et al. [22] used a polyamide membrane
NF45 (Filmtec, USA), the initial fluoride ion concentration
is 0.02 M. The retention rate was 91% for a NaF solution.
Tahaikt et al. [7] compared the effectiveness of removing flu-
orides from water using three commercial polyamide mem-
branes: NF90 (Filmtec, USA), NF270 (Filmtec, USA), and
TR60 (Toray, Japan) for different fluoride content, and they
obtained rejection rates which vary with the initial fluoride
content but exceed 74% for the NF270 and TR60 membranes,
and on the other hand, for NF90 membrane the rejection
rate exceeds 98% and is less sensitive to the initial fluoride
concentration.

In comparison with reverse osmosis, nanofiltration
membranes have a low retention of monovalent ions, but
a significant rejection of bivalent and multivalent ions and
organic substances [23]. The permeate obtained by reverse
osmosis must be remineralized. Depending on the cut-off
threshold of the nanofiltration membranes, the physico-
chemical quality of the permeate may be satisfactory.

To study the transfer mechanism through reverse
osmosis membranes and nanofiltration, Zouhri et al. [24]
applied the Speigler-Kedem model on five membranes:
two reverse osmosis membranes (TM710 (Toray, Japan), and
BW 30LE (Filmtec, USA)) and three nanofiltration mem-
branes (NF90 (Filmtec, USA), NF270 (Filmtec, USA), and
TR60 (Toray, Japan)), during the desalination of the waters
of M'rirt (Morocco). They found that both transfer modes
(convection and diffusion) occur for NF270 and TR60 mem-
branes. For the NF90 and RO membranes, the transport
of solutes is essentially diffusional.

In order to reduce the concentration of fluoride and
improve the quality of drinking water for the population,
and since the year 2000, ONEE and Ibn Tofail University
have collaborated to study and compare the performances
of electrodialysis, nanofiltration, and reverse osmosis in the
reduction of fluoride ions in Benguerir groundwaters.

In previous papers, studies were carried out on fluoride
removal from underground water by electrodialysis pilot
plant with a capacity of 1 m*/h and by a nanofiltration pilot
plant having a high pressure pump with a maximal pressure
of 70 bar. Many articles from this collaboration have been
published [7,8,15].

The aim of this work concerns the technical and eco-
nomic comparison of nanofiltration and reverse osmosis in
the reduction of fluoride ions. The Spiegler-Kedem model,
described by Zoubhri et al. [24], was applied to determine
the constants of the model, namely the reflection coeffi-
cient and the coefficient of permeability for all the mem-
branes used. In addition, the Hermia models modified by
Field et al., described by Charfi et al. [28] was applied to
identify the fouling mechanism of the three membranes.
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The technical-economic comparison of nanofiltration
and reverse osmosis was performed on the basis of pro-
duced water with a fluoride content of 0.7 mg/L. The details
of the calculation are illustrated by Elazhar et al. [20] and
Lahnid et al. [31].

2. Experimental

The experiments were performed on an NF/RO pilot
plant (E 3039) supplied by TIA Company (Technologies
Industrielles Appliquées, France) shown in Fig. 1. The
applied pressure over the membrane can be varied from 5
to 70 bar with manual valves.

The pilot plant is equipped with two identical pressure
vessel operating in series. Each pressure vessel contains
one element. The pressure loss is about 2 bars correspond-
ing to 1 bar of each pressure vessel. The two spiral wound
modules are equipped with two commercial membranes
of one type. Table 1 gives the characteristics of the mem-
branes used. After the run, the membranes were cleaned
with alkaline and acidic cleaning solutions according
to the manufacturer’s recommendations.

The temperature was kept at 29°C using the heat
exchanger. Samples of permeate were collected and water
parameters were determined analytically following standard

methods previously described [7,8,15]. Some other param-
eters were followed such as flux of the permeate given
by the equation:

Q( L m’
]v_?[mz-h o mz-s] M

where S is membrane surface area (m?), QP is the flow rate of
the permeate L/h or m%/s.

The second parameter is the recovery rate Y (%) which is
defined as:

Y(%) =22 100 @

0

where Q,is the permeate flow (L/h), Q, is the feed flow (L/h).
The third parameter is the salt rejection R which is
defined by Eq. (3) above.

R—lcp 3
= _C_o 3)

where C is the solute concentration in permeate (g/L),
C, is the solute concentration in feed water (g/L).

Fig. 1. Schematic diagram and picture of the nanofiltration/reverse osmosis pilot plant. T: tank; P: feed pump; V: pressure regulation
valves; M: nanofiltration module; Pe: permeate recirculation; R: retentate recirculation; H: heat exchanger; 1: pressure sensor;

2: temperature sensor.

Table 1
Characteristics of the membranes used

Membrane MWCO (Da) Area (m?) Salt rejection (%) P (bar) pH Material

NF90 4040 90 7.6 97% (1) 41 3-10 Polyamide
BW 30LE4040 - 72 99.5% (2) 41 2-11 Polyamide
T™710 - 8.1 99.7% (3) 41 2-11 Polyamide

* Salt rejection based on the following test conditions 2,000 ppm MgSO,, 77°F (25°C), and 15% recovery rate at the pressure 4.8 bar.
e Salt rejection based on the following test conditions 2,000 ppm NaCl, 77°F (25°C), and 15% recovery rate at the pressure 10 bar.
® Salt rejection based on the following test conditions 2,000 ppm NaCl, 77°F (25°C), and 15% recovery rate at the pressure 15.5 bar.
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The experiments were conducted on underground
water of Benguerir plant. The analytical results of the feed
water are shown in Table 2.

3. Results and discussions
3.1. Effect of pressure and Spiegler—Kedem model fitting
3.1.1. Effect of pressure

The study of the pressure effect on the physico-chemical
quality of the permeate has carried out in batch mode.
Fig. 2 shows the variation of the permeate flux, conductiv-
ity, fluoride content, pH, Langelier index, hardness, and
alkalinity as a function of the pressure.

Analysis of these results shows that the permeate flux
(Fig. 2a) increases almost linearly with the pressure applied
according to Darcy’s law for the three membranes studied.
The increase in pressure improves the driving forces and
overcomes the resistance of the membranes. Better flow was
obtained by the NF90 membrane. The permeate flux fol-
lows the following order: NF90 > BW30LE4040 > TM710.

For the three membranes, the physico-chemical param-
eters are close and below the limit value for drinking water.

For pressures below 30 bar, the conductivity of the per-
meate (Fig. 2b) decreases with the increase in pressure for
the TM710 and BW 30LE membranes, then beyond that, a
plateau is formed. For these two membranes, the rate of
demineralization reaches 98.7%. On the other hand, for
the NF90 membrane, the conductivity decreases with the
increase in pressure, but beyond 25 bar the conductivity of
the permeate begins to increase and the demineralization
rate achieved is 98%.

BW30LE4040, TM710, and NF90 membranes significantly
reduce fluoride ions (Fig. 2c), and this decrease is more pro-
nounced with increased pressure and achieves removal rates
of 100% for TM710 and BW 30LE membranes and 98.76%
for NF90 membrane.

A slight variation in pH and Langelier index (Figs. 2d
and e) in the permeate is observed. The values of the Langelier
index show a high aggressiveness of the obtained water.
The pH values obtained for the NF90 membrane are higher

Table 2
Characteristics of the feed water

Parameter Feed Moroccan WHO
water  guidelines [34]  [35]
Temperature, °C 29 - -
Turbidity, NTU <2 - -
pH 7.41 6-9.2 6.5-8.5
pHs 7.80 - -
Conductivity, ps/cm 1,492 2,700 -
Hardness, mg/L CaCO3 440 500 500
Alkalinity, mg/L CaCO, 320 200 -
Fluoride, mg/L 2.32 1.5 1.5
Sulfate, mg/L 116 200 200
Nitrate, mg/L 20 50 50
Chloride, mg/L 560 750 250

than those obtained for the other two membranes. This is
due to the concentration of CO, which crosses these mem-
branes and also to the salinity and alkalinity of the permeate
according to the following relationships:

pH = pK, ¢ +log| HCO; |- log[ CO, | (4)

pH, = pK, - pK, + 2 ~log[ Ca** |~ log| HCO, | 6)

with ¢ is expressed as a function of the ionic strength u of the

b
1+\/ﬁ

where pK,, pK,, and pK_ are the acidity constants of carbonic
acid and hydrogen carbonate, and the solubility product
of calcium carbonate [33]. The more salinity and alkalinity
increases, the more the pH of the solution increases.

Alkalinity and hardness (Figs. 2f and g) of the permeate
obtained by the three membranes are very low and a slight
decrease with increasing pressure was observed. Almost
100% hardness rejection were achieved for all three mem-
branes. For alkalinity, rejection of 93.75% and 99% were
obtained for the NF90 membrane and for the two membranes
TM710 and BW 30LE, respectively.

These results obtained by NF90 can be explained by
the structure of this membrane, which is close to RO mem-
branes ones and the predominant mode of salt transport
across these membranes is achieved by diffusion [7,24].
In general, the effect of pressure is controlled by two dif-
ferent phenomena with opposite effects in the separa-
tion of the ions; firstly, the increase in pressure causes
an increase in the solvent flux, but the ion fluxes remain
unchanged due to the retention of ions by the steric/charge
interactions and secondly, the concentration polariza-
tion phenomenon decreases the effect of charge and thus
produces an increase in the solute transfer through the
membrane and consequently decreases the rejection [26].

solution ¢ =

3.1.2. Spiegler—Kedem model fitting

To understand the performance of the NF90 mem-
brane in comparison with those of the BW30LE and TM710
membranes in the reduction of fluoride ions, the model of
Speigler-Kedem was applied to describe the transport of
solutes in the membranes studied especially fluoride ion.

The Spiegler-Kedem model is based on irreversible
thermodynamics considers the membrane as a “black box.”
By introducing the local transport coefficients, Spiegler—
Kedem obtained the following equations:

__p [dp_dn

J.= L”(dx deJ (©)
—dcC

J.=-P dxs +(1-0)CJ, 7)

where L, p, x, 7, P, C, and o represent, respectively,
the hydraulic permeability, the pressure, the distance, the
osmotic pressure, the local permeability of the solute, the
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Fig. 2. Variation of (a) permeate flux, (b) conductivity, (c) fluoride content, (d) Langelier index, (e) pH, (f) alkalinity, and (g) hardness

as a function of pressure.
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solute concentration in the membrane, and the reflection
coefficient. According to Eq. (7), the solute flux is the sum
of diffusive and convective terms. Transport of the solute by
convection is due to an applied pressure gradient across the
membrane. The concentration difference on the membrane
side and the permeate results in transport by diffusion.

The integration of these equations combined with the
relation of the rejection rate and by considering the limiting
conditions of the problem (for x =0, C, = Cf, and for x = Ax,
C,, = C) lead to the following relations:

J,=L,(AP-oAr) ®)
go1- o _o(-F) )
Cf 1-oF

with F = exp[(l_;)]”]

B

where AP is the transmembrane pressure. Am is the differ-
ence in osmotic pressure on either side of the membrane
(bar). C, CP, and C, is the concentrations, respectively, in
feed, permeate, and in the membrane. Lp is the hydraulic
permeability of the membrane. o is the reflection coeffi-
cient. P_is the solute permeability. Ax is the membrane
thickness [24].

The following assumptions were made while using
the Spiegler—-Kedem model in this research:

e The driving forces are pressure and concentration
gradients.

® The model predicts the transport of the solute and sol-
vent through the membrane irrespective of the type of
solute, charge, solvent, and membrane [25].

Fig. 3 shows the variation of permeate flux as a func-
tion of the pressure and the fitting using Spiegler-Kedem
model. A summary of the transport parameters (o, P)
determined for the membranes studied is presented in Table 3.

The result shows a good fit of the permeate flux as a
function of pressure and for the retention rate of all ions as a
function of the permeate flux values for all membranes used.

The reflection coefficient o and the permeability to
the solvent P obtained for the three membranes are close.
The permeability follows the following order: NF90 >
BW30LE4040 > TM710.

Fig. 4 shows the experimental data of rejection rates
of HCO;, F-, NO;, CI;, SOF, Mg*, and Ca* as a function
of the permeate flux for the three membranes and the

Table 3
Transport parameters (o, P) determined by Spiegler—-Kedem model
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Fig. 3. Variation of the permeate flux as a function of the
pressure and the fitting using Spiegler-Kedem model.

fitting using Spiegler-Kedem model. Table 4 shows the
transport parameters (o, P ) obtained during the process.

The results show that the three membranes exhibit a
complete retention for all ions. According to Spiegler—
Kedem model these membranes have a high reflection
coefficients o which nearly equal to the unity for all ions
studied. High reflection coefficient indicates convection
transport is almost totally sterically hindered [26] and the
predominance of the diffusion contribution especially for
reverse osmosis membranes. For NF membranes the sep-
aration mechanism is highly complex, in addition to the
diffusion, the mechanism includes the effect of dielec-
tric 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, membrane matrix and solvent [27].

In NF membranes, the high rejection of fluoride anion is
attributed mainly to steric and charge effects and although
to its very small size and more strongly hydrated shell, to
its high strongly charge density [27], to high pH which
changes the charge of the membrane surface and makes
the surface negative from the deprotonation of carboxyl
functional groups (COOH — COO") [27], to the classi-
cal Donnan equilibrium due to the existence of co-ions
and to the membrane charge neutralizing effect due to
cation concentration [26].

3.2. Effect of recovery rate and fouling identification
3.2.1. Effect of recovery rate

To study the effect of the recovery rate and to identify
the membranes fouling mode, tests were carried out in

NF90 T™M710 BW30LE
Permeability to solvent P (m®m? s) 1.225 x 10 7.0537 x 107 8.478 x 1077
Reflection coefficient o 1.130 x 107 4.6401 x 10%® 1.131 x 10™
Adj. R-square 0.94 0.98 0.96
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Table 4

Transport parameters (o, P,) determined by Spieger-Kedem model for the stuided ions

NF90 T™™710 BW30LE

Permeability to solute P_(m3/m?s) 4.450 x 10 2.852 x 107 4.326 x 107
F- Reflection coefficient o 0.980 0.996 0.996

Adj. R-square 0.988 0.998 0.999

Permeability to solute P, (m®m? s) 3.805 x 10 1.484 x 108 2.520 x 108
Cl- Reflection coefficient o 0.997 0.979 0.977

Adj. R-square 0.999 0.999 0.999

Permeability to solute P_(m?/m?s) 1.883 x 1077 7.488 x 107° 9.681 x 10™
HCO; Reflection coefficient o 0.925 0.990 0.990

Adj. R-square 0.999 0.999 0.999

Permeability to solute P_(m3/m”s) 4258 x 107 1.215 x 107 1.527 x 107
NO; Reflection coefficient o 0.865 0.917 0.925

Adj. R-square 0.987 0.988 0.996

Permeability to solute P_(m3/m?s) 2.641 x 107" 7.890 x 107" 5.54 x 10%
SO7 Reflection coefficient o 1 1 1

Adj. R-square 1 1 1

Permeability to solute P (m?/m? s) 3.505 x 108 7.985 x 10710 1.062 x 10~
Ca? Reflection coefficient o 0.981 0.999 0.985

Adj. R-square 0.999 0.999 0.999

Permeability to solute P_(m?/m?s) 3.233 x 107 2.087 x 108 1.171 x 108
Mg? Reflection coefficient o 0.997 0.997 0.989

Adj. R-square 0.999 0.998 0.998

semi-batch mode with a pressure of 10 bar and to prevent
the phenomenon of precipitation in the brine, a dose of
2 mg/L of antiscaling (Hypersperse AF200. Betz Dearborn
Co., USA) has been added in the feed tank.

Fig. 5 shows the variation of permeate flux and its phys-
icochemical parameters as a function of recovery rate for
the three membranes studied. It appears that NFO0, TM710,
and BW30LE membranes exhibit a roughly similar behavior.

The decrease in the permeate flux (Fig. 5a) with the
increase in the recovery rate is due to the semi-batch con-
figuration adopted in this work. Indeed, in this configura-
tion, the concentrate flow returns to the feed tank causing
a significant increase in ion concentration and salinity,
which in turn leads to an increase in osmotic pressure.

Figs. 5b—g shows a slight increase in all the other phys-
ico-chemical parameters in the permeate but they remain
largely lower than the Moroccan standards and those
recommended by the WHO. This comportment is due to
the recycling of the concentrate from the membranes in the
feed tank. The precipitation in the concentrate occurred at
conversion rate of 84% for NF90 and 80% for both TM710
and BW30LE. The fluoride concentration in the permeate
for all membranes and for the recovery rates reached (84%
for NF90, 80% for TM710, and BW30LE) doesn’t exceed
0.5 ppm (0.5 ppm for NF90, 0.3 for TM710, and BW30LE).

3.2.2. Fouling identification: Hermia model

In order to determine the fouling mode responsi-
ble of water flux decline the study was performed on the
three membranes in semi-batch powered mode. Then,

we consider the expressions of the flux relating to the
four fouling mechanisms of Hermia model modified by
Field et al. [28] who inserted a deposit erosion parame-
ter in the case of tangential filtration. More precisely, we
consider the permeate flow as a function of time, we set the
value of the initial flow ] and we optimize the parameters
K, KPC, K., and K, which correspond to each fouling mech-
anisms (cake formation, pore constriction, intermediate
blockage, and complete blockage). These parameters have
been optimized using the least squares method and their
expressions obtained by analytical resolution of the model
are respectively:

aC C 2CJ: ]
of T Hp’ b~ 7./ Kpc = : 4 cb :70' (10)
p AP ph p.e ph

All those parameters are described in Charfi et al. [28].

Fig. 6 shows the curves of the experimental and model-
ing data using the Hermia model for the three membranes.
The parameters K, K , K, , and K obtained from the mod-
eling of the fouling f}(’)r these membranes are presented in
the Table 5.

The curves have two parts, the first is characterized by
a significant drop in the flow of permeate as a function of
time and the second by the stabilization of the flow of per-
meate. Usually, membrane fouling occurs during increase
in TMP to maintain a particular flux or during a decrease in
flux when the system is operating at constant pressure [30].

The analysis of the values of the optimized parameter
K, (cake formation) reveals values greater than those reported
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Table 5
Fouling modeling constants for the three membranes

NF90

T™M710 BW30LE
K, R-square K, R-square K. R-square
K, (sm?) 7.97 x 10° 0.96 2.57 x 107 0.91 5.859 x 10° 0.96
K, (s™?) 0.034 0.94 0.25 0.96 0.11 0.96
K, (m™) 9.23 0.94 51.23 0.96 42.98 0.97
K, (s 1.22 x10* 0.93 B - -

in literature for the ultrafiltration membranes, which are
the seat of a cake-fouling mode. This value is of the order
10° and largest the constant K, the more predominant the
cake-fouling mode [28].

The others optimized parameters K  and K, indicators
respectively of pore constriction and intermediate block-
age fouling modes are much considerably lower than those
reported in the literature for UF membranes [28]. In the
case of complete blocking fouling mode, the model does not
converge except for NF90 and the value obtained is much
lower than those of the literature for UF, which shows that

the contribution of these types of fouling is negligible in
our case. These results are explained by the dense structure
of these membranes, which promotes surface fouling.

It appears that the mechanism that describes the
experimental data for the three membranes tested is the
cake-forming model and that can be explained by the
accumulation of the retained molecules on the mem-
brane surface (polarization of concentration and forma-
tion of the gel). This accumulation causes an increase in
the hydraulic resistance of the system, which leads to a
decrease in the permeate flow
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4. Economical evaluation of the fluoride removal

The economic evaluation of the cost of the produced
cubic meter requires the calculation of the investment and
the operating cost. These parameters are determined from
the membrane surface, the permeate flux, the recovery rate,
and the outlet concentrations.

Economic evaluation is carried out for a plant of fluoride
removal having a capacity of 2,400 m3/d (100 m3/h) corre-
sponding to a water consumption of 50,000 capita following
the Moroccan standards in rural areas. The design of this
plant was performed according to the predetermined opti-
mized conditions corresponding to a recovery rate of 80%,
a fluoride content in the produced water of 0.7 ppm and a
pressure pump of 10 bar for all membranes studied.

For the evaluation cost, we have adopted the model
already described in the previous paper which estimates the
cost of m* of water treated by nanofiltration with remine-
ralization by lime saturator and by electrodialysis [20,31].

A simple pre-treatment system is carried out by sand
filter of 5 um, with capacity of 125 m?h filled with sand. The
calculation of the NF/RO group is carried out on the basis
of the flow rate obtained experimentally. The economical
evaluation of the cost of the produced cubic meter requires
the calculation of the capital cost, the operating cost, mem-
brane replacement costs, and the energy cost. The capital
cost includes the cost of system itself and its foundation on
its place. In our case, the total capital cost includes: con-
struction and building, cost of pre-treatment step, cost of
NF and RO group, cost of auxiliary equipment, and cost of
various services. Annual operating cost covers all expendi-
ture incurred after plant commissioning and during actual
operation, these include: amortization or fixed charges and
membrane replacement. The energy cost is based on the
average price of energy in Morocco which is 0.085 €/kWh.

The post-treatment consists of mixing the raw water
with permeate to have a fluoride concentration of 0.7 ppm.

This method was chosen because it appears less expen-
sive [32]. Table 6 gives the flow rates of permeate and raw
water and the physico-chemical qualities of the mixtures
obtained for different membranes.

Table 7 shows the cost of the produced cubic meter and
the calculate capital cost, the operating cost, membrane
replacement costs, and the energy cost.

The results show that the cost of the produced cubic
meter is almost the same for the three membranes however
defluoridation with NF membrane slightly less expensive
in comparison with the other two membranes. The cost
follows the following order: NF90 < BW30LE4040 < TM710.

In the literature, Elazhar et al. [20] have estimated the
cost of defluoridation of brackish water by nanofiltration
followed by remineralization by line saturator as post-
treatment. The total cost has been estimated at 0.212 €/
m?’. For the same water and the same design conditions,
Lahnid et al. [31] estimated the total cost of defluorida-
tion by electrodialysis and they obtained 0.154 €/m® [31].
For an existing NF desalination plant in Florida with a
capacity of 53,000 m®/d of groundwater, Bergman gave
a total treatment cost of 0.23 €/m? [29]. For several plant
capacities, Wiesner et al. 29] have estimated to 0.24, 0.32 €/
m?® the cost of the treatment of surface water for drinking
water production by NF. For an RO desalination plant with
a capacity less than 20 m?*d, Tzen indicated a total treat-
ment cost is between 3.81 and 8.75 €/m? [29]. For capacities
of 20 and 1,200 m®/d, Karagiannis and Soldatos estimated
the cost of treatment at 0.20 and 0.27 €/m?®. For capacities
of 40,000 and 46,000 m3/d, Afonso et al. and Avlonitis [29]
indicated a cost of 0.22 and 0.46 €/m?.

5. Conclusion

In this work, RO and NF have been investigated on
drinking water of Benguerir plant (Morocco) using two RO
membranes (TM710 et BW30LE) and one NF membrane

Table 6
Permeate and raw water flow and the physico-chemical qualities of the mixtures obtained for different membranes
Permeate = Raw water Conductivity = F- Alkalinity Hardness NO; CI- SO
flow (L/h)  flow (L/h) (uS/cm) (mg/L) (mg/L CaCOS) (mg/L CaCOS) (mg/L) (mg/L) (mg/L)
NF90 81,133 18,867 317.35 0.7 83.0 88.8 7.16 117 21.88
T™710 79,663 20,737 339.66 0.7 69.5 94.4 6.71 126 24.05
BW30LE 77,478 22,522 367.79 0.7 79.8 102.1 6.92 137.51 26.12
Table 7
Cost evaluation cost of the produced cubic meter for the three membranes
NF90 TM710 BW30LE
Number of modules 262 480 367
Capital cost (€) 422,697.134 609,374.475 512,384.939
Annual operating cost (€/y) 9,106.840681 13,128.7293 11,039.12857
Annual membrane replacement costs (€/y) 5,247.930142 9,596.004843 7,336.931818
Energy cost (€/m®) 0.036 0.036 0.036
Total cost (€/m?) 0.1228 0.1640 0.1426
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(NF90). The comparison of the performances of those
membranes is carried out for removing fluoride ions.

In continuous mode, the behavior of NF90*4040 mem-
brane in reducing fluoride and all others ions content is
similar to that of BW30LE4040 and TM710 RO membranes,
due to the structure of the NFO0 membrane which is close to
that of RO membranes ones. The permeate flux follows the
following order: NFO0 > BW30LE4040 > TM710.

The application of the Spiegler-Kedem model to deter-
mine the constants of the model namely the reflection coef-
ficient and the coefficient of permeability shows a good
agreement between experimental model release rates and
transport mechanism in these membranes, which is of
purely diffusive nature.

In semi-batch mode, the permeate flux decreases with
the increase of recovery rate but the ions content increases
slightly in the permeate. Precipitation occurs in the reten-
tate at recovery rate of 84% for NF90 and 80% for both
TM710 and BW30LE.

The use of Hermia model allows identifying the foul-
ing mechanism that occurs during NF and RO processes.
Calculation parameters of Hermia model show that the
mechanism, which describes experimental data for the
three studied membranes is the cake forming model.

The economic evaluation shows that the cost of the
produced cubic meter by the three membranes is almost
the same but defluoridation with NF membrane remains
slightly less expensive in comparison with the two
other membranes. The cost follows the following order:
NF90 < BW30LE4040 < TM710.
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