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a b s t r a c t
This study was aimed at the investigation of fluoride (F–) rejection from single and binary solu-
tion by nanofiltration process (NF). The influence of various parameters such as the effect of solu-
tion pH, initial F– concentration, applied pressure, feed flux, and accompanying cations and anions 
in feed water has been reported. Besides, the solute rejection and Spiegler–Kedem models were 
applied for the better understanding of NF performance. In a single solution, the laboratory study 
demonstrated F– rejections with NF membranes to be higher than 85%. Moreover, as applied pres-
sure and feed flux increased F– rejection was observed to increase marginally whereas the opposite 
trend was observed when initial F– concentration in feed water was increased. Further, the depletion 
of F– rejection at 15 mg/L of F– was found to be associated with the presence of co-existing cation 
and anion in the feed water. The estimated average of pore radius and Δx/Ak of the NF membrane 
were 0.12 ± 0.02 nm and 47.84 ± 25.22 mm, respectively.
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1. Introduction

One of the widely distributed elements in Earth’s crust
is Fluorine (F–) which is found in the forms of mineral such 
as fluorspar, cryolite, and fluorapatite [1]. Despite the fact 
that centers for disease control and prevention acclaims 

the fluoridation of drinking water as one of the 10 key pub-
lic health accomplishments of the 20th century’s, but the 
World Health Organization has classified the F– as one of the 
significant water contaminants that leads to adverse health 
effects in humans when present in an exorbitant amount 
in drinking water [2].
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The effect of fluoride in drinking water can be advanta-
geous or deleterious to mankind. The deciding parameters 
are concentration and the duration of uptake. Therefore, 
when present in a narrow concentration range, it plays an 
imperative role in the mineralization of bones and also acts 
as an antibacterial agent in the mouth. On the contrary, excess 
concentration (3–6 mg/L) of fluoride can have an adverse 
effect on bones and dental (dental and skeletal fluorosis) [3]. 
According to the US environmental protection agency, the 
maximum fluoride contaminant level and secondary max-
imum contaminant level values should be 4 and 2 mg/L, 
respectively. However, according to the national standard of 
Iran, the range of fluoride content in drinking water should 
be 0.5–1.5 mg/L [4,5].

Different concentrations of F– is present in a diverse type 
of water bodies, but the higher concentrations are reported 
for groundwater [1].

Iran is located in a semi-arid area with an average annual 
precipitation of less than one-third of that of the world [6]. 
In 2011, approximately 98.4% of the urban population of 
Iran were served by public water systems and the portions 
of surface and groundwater resources in the water supply 
were 33% and 67%, respectively [7]. Previous studies showed 
the F– concentration in the groundwater resources of Iran 
was ranging from 0.11 to 6 mg/L [8,9]. The high F– concen-
tration of groundwaters in Iran is associated with calcium 
and magnesium bicarbonate (Ca(HCO3)2 and Mg(HCO3)2) 
type of water [7]. Hence, in this direction, over the years, the 
plethora of conventional methods have been implemented 
for the defluoridation of water namely adsorption, ion 
exchange, precipitation–coagulation, and membrane-based 
processes [10]. Among them, coagulation–precipitation is 
the most common, effective, widespread, and cheap method 
for fluoride removal from drinking water. Despite its 
advantages, the major issue associated with this technique 
is the generation of harmful waste products. Similarly, the 
ion exchange and membrane process which is mainly the 
reverse osmosis (RO) technique requires high maintenance 
cost due to fouling, scaling, and degradation of membrane 
[11]. Therefore, the most efficient one, in practice, for the 
defluoridation is adsorption due to its advantages such 
as its simplicity, effectiveness, and economic viability [12].

Furthermore, among the membrane processes, nanofil-
tration (NF), one of the modern technologies, has attracted 
immense attention owing to its wide array of applications 
particularly for drinking water and wastewater treatment. 
This process operates between reverse osmosis (RO) and 
ultrafiltration (UF) properties and it is symbolized as a 
softening membrane because it was basically developed for 
softening [13].

After the development of RO membranes in the sev-
enties, the relatively high energy cost lead to the develop-
ment of advanced and improved membranes with lower 
rejections of dissolved components and higher water per-
meability. As a result, the “low-pressure reverse osmosis 
membranes” known as NF membranes was established 
and utilized in the second half of the eighties [14]. Besides, 
NF, as compared to RO, operates at lower pressure by the 
same permeate flux efficiency. Also, by application of NF 
for water defluoridation, the optimum F– concentration 
can be achieved by adjusting the operation conditions [15].

Previous studies reported, NF system to be acceptable 
in defluoridation groundwater at a low cost thus making it 
economically and operationally attractive [16]. Besides, the 
NF membranes based on operation condition and modi-
fications have different rejection efficiency with more than 
80% rejection efficiency of F– [16–18].

The previous studies have reported the usage of “dense” 
NF membrane such as NF70 and NF90 and “loose” NF 
membrane including NF270, NF400, and TR60 for F– reten-
tion from model solutions [13,19]. Nasr et al. [20] compared 
the performances of two commercial NF membranes (NF5 
and NF9) for F– rejection from groundwater. The authors 
also showed that with the application of NF5 and NF9 
membrane, the F– concentration in permeate was observed 
to be 1.45 mg/L (F– retention: 57%) and 0.38 mg/L (F– reten-
tion: 88%), respectively. According to previous studies, the 
“dense” NF membrane is recommended for surface and 
groundwater treatment because it removes a high percent-
age of salts and organics whereas the “loose” NF membrane 
is appropriate in those water treatment where only good 
organic rejection is desired with partial softening [21].

Since the separation mechanism of the NF membranes 
is very complicated, several models were established to 
illustrate and foresee the flux and the retention of a vari-
ety of species under different operating conditions. The 
proposed models can be allocated into three classes, that 
is: irreversible thermodynamics models, pore models, and 
non-porous (homogenous) models [22]. Usually, character-
istics of the NF membrane such as pore size, effective thick-
ness to porosity ratio, and the membrane charge density are 
assessed by solutes (uncharged) and salts rejection experi-
ments by employing pore models like Donnan steric parti-
tioning pore model, steric hindrance pore model, or more 
complex Donnan steric pore model and dielectric exclusion. 
The aforementioned models can also be utilized for deter-
mining the performances of distinct processes only if the 
attributes of the membranes applied are known [23].

Presently, the retention mechanism of the NF membrane 
process is complicated and not yet fully known. Extensive 
work has been done and is still being conducted to inves-
tigate transfer and retention mechanisms including NF 
processes modeling. The many models were constructed 
to describe and predict the flux and retention of various 
charged and uncharged species by NF membrane and can 
be used for the determination of membrane characteristics 
including effective thickness to porosity ratio, pore size, 
and membrane charge density, and prediction of the NF 
processes performance.

Considering the risk of groundwater consumption with 
a high concentration of F– and also with the complexity 
and rejection potential of the NF process, investigations 
on efficient NF membranes and a whole understanding 
of membrane performance and separation mechanism in 
F– rejection by NF are of utmost interest. The main aim of 
this study was to determine the NF membrane efficiency on 
F– rejection. Furthermore, the effects of operational parame-
ters including solution pH, initial F– concentration, applied 
pressure, feed flux, and presence of co-existing cations 
and anions in feed water were thoroughly investigated. 
The processes were characterized by using the Spiegler–
Kedem model to ascertain reflection coefficient (σ) and 
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solute permeability (ω) parameters, and the membrane 
transport parameters determined from the permeation 
data were used to demonstrate the transport mechanism. 
In addition, the economic evaluation was conducted to 
assess the real costs of NF membrane process.

2. Materials and methods

2.1. Nanofiltration set up

All the experiments were carried out by the NF pilot 
plant (NF90) supplied by FILMTEC™ membranes (Dow 
Chemical Company, USA). The properties of NF mem branes 
are summarized in Table 1.

The experiments were performed with a crossflow sep-
aration unit as shown schematically in Fig. 1. The applied 
pressure over the membrane can be varied from 5 to 8 bar 
with manual pressure valves. The NF system equipped with 
a spiral wound membrane of 0.05 m internal diameter and 
0.24 m length, the effective membrane filtration area being 
0.22 m2. In addition, the NF system consisted of barometer 
and feed tank with 10 L effective volume.

2.2. Experimental procedure

Before experiments, in order to remove preservatives, 
the NF membrane was soaked in the deionized water for 
48 h and rinsed with deionized water until the conductiv-
ity of permeate remained below 1 mS/cm. The feed solu-
tion was pumped from a feed tank, through NF membrane 
and back to the reservoir. The pump (Aqua Care Co., Ltd., 
Taiwan) provided pressure up to 9.5 bar and flow rate up 
to 1.6 L/min. The experiments were carried out under the 

various solution chemistries included solution pH (3–8) and 
initial F– concentration (5–30 mg/L) in total recirculation 
mode. In this operation mode, both the concentrate and the 
permeate streams were recirculated into the feed tank, thus 
the feed concentration was kept approximately constant. 
The pure water flux (Jw) was measured at different trans-
membrane pressures in 4–8 bar range, and the membrane 
pure water permeability (LP) was calculated. After each 
experiment, the system was cleaned with demineralized 
water for 3 h at 5 bar, until the water flux and permeability 
of the membrane were restored.

2.3. Chemicals and instrumentation

All the reagents used in the experiments were of 
analytical reagent grade. A standard stock solution of 
1 g/L of F– was prepared using NaF (Merck Co., Germany) 
dissolved in deionized water and was stored in a dark  

Table 1
Characteristics of NF membranes

Item Description

Membrane type Spiral wound
Material Polyamide
Cut off (Da) 90
Surface (cm2) 480
Membrane surface charge Negative 
Feed pH range 1.5–10.5
Operating pressure (bar) 0–60
Operating temperature (°C) 0–70

Fig. 1. NF pilot plant diagram.
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glass container and kept in the refrigerator at 5°C–8°C. 
The binary solution experiments were carried out with 
NaCl, CaCl2·2H2O, Na2SO4, and NaH2PO4 (Merck Co., 
Germany) salts. To obtain the desired F– concentration, the 
stock solution was diluted in demineralized water and the 
pH of the solution was maintained using 0.1 M of HCl or 
NaOH. The F– concentration was measured using the sodium 
2-(parasulfophenylazo)-1,8-dihydroxy-3,6-naphthalenedi-
sulfonate (SPADNS) reagent and the color loss was mea-
sured at 570 nm by DR5000 spectrophotometer (Hach Lange 
GmbH, Germany) [24]. Before F– analysis, the solution pH of 
samples was adjusted to 5 ± 0.1 with acetate buffer solution.

2.4. Calculation

2.4.1. Nanofiltration transport and concentration  
polarization

The observed F– rejection was calculated with measur-
ing the F– concentrations in feed and permeates solution 
according to Eq. (1).
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Based on the film model, the intrinsic rejection of the 
membrane with considering the effect of the concentration 
polarization phenomenon is calculated by Eqs. (2) and (3).
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By applying the Sherwood relationship with Deissler 
correlation (Eq. (4)), the permeate volume flux (J) and mass 
transfer coefficient (k) in Eq. (2) can be computed [25].

Sh Sc= × ×0 023 0 875 0 25. Re . .  (4)

In Eq. (4), the Reynolds (Re), Schmidt (Sc), and Sherwood 
(Sh) numbers were calculated by Eqs. (5)–(7), respectively.
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Cavaco Morão et al. [26] presented the NF membranes 
modeling with bundles of slit-like pores with the length 
Δx and the half-width rp. In this case, considering steric 
effects, the rejection is determined by fitting of the pore 
radius and the thickness/porosity ratio by Eq. (8).
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In Eq. (8), the Peclet number (Pe) is defined as Eq. (9) [26].
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For slit-like pores, Dechadilok and Deen established 
equations for calculation of hindrance factors according to 
Eqs. (10)–(15) [27].

λi
i s

p

r
r

= ,  (10)

φ λi i= −1  (11)

H i i i i

i i

( ) . ln .
. . .
λ λ λ λ

λ λ λ

= + − +

− +

1 0 5625 1 19358
0 4285 0 3192 0 84283 4

ii
5

 (12)

K
H

i d
i

i
, =

( )λ

φ
 (13)

W i i i i

i i

( ) . . .
. .
λ λ λ λ

λ λ

= − + − +

− −

1 3 02 5 776 12 3675
18 9775 15 2185

2 3 4

5 6 44 8525 7. λ i

 (14)

K
W

i c
i

i
,

( )
=

λ
φ

 (15)

By measuring water flux and applying Hagen–Poiseuille 
equation, for slit-like pores, the thickness to porosity ratio is 
calculated with Eq. (16) [26].

J L P
r
x A

Pw p
p

k

= × =
× ×( )












×∆

∆
∆

2

3 µ /
 (16)

In the case of NF and RO processes, the solvent and 
single solute transport are described with irreversible ther-
modynamics in the Spiegler–Kedem model. In this model, 
solvent and solute transport is related to the sum of diffu-
sive because of concentration difference at the membrane 
sides and convective due to the pressure gradient of flux. 
Eqs. (17) and (18) present the Spiegler–Kedem model [28].
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2.4.2. Economical evaluation

To evaluate the NF membrane process economics for 
rejection of F– from groundwater, the proposed method by 
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Verberne and Wouters [29] was used. The imperative cost 
determining elements in the membrane filtration installa-
tion are feeding pumps, membrane modules, pressure ves-
sels, chemical storage and dosing, energy supplies, and pipe 
working. To estimate the investments for installation, the 
investments are linked to the feed flow rate and the number 
of membranes in the plant that are determined by the feed 
pressure of the plant. The civil and mechanical investments 
are related to the feed flow and the number of membranes. 
For the electrical investments, a function has been cho-
sen depending on the feed flow and the feed pressure. The 
costs for membranes are directly linked to the number of 
membranes. Eqs. (19)–(29) were used to estimate the total 
costs of NF installation and are summarized in Table 2.

3. Results and discussion

3.1. Single solution

3.1.1. Effect of pH value on Fˉ rejection

The solution pH plays a significant role which not only 
influences the membrane charge but also the solution chem-
istry. The effect of solution pH ranging from 3 to 8 on F– 
rejection by NF with 5 mg/L of F– concentration (flow rate: 
30 L/min and applied pressure: 5 bar) was investigated. 
The variation of F– rejection by NF as a function of solution 
pH is illustrated in Fig. 2.

As seen in Fig. 2, with increasing solution pH from 3 
to 5, the F– rejection was observed to decrease from 91.3% 
to 53.3% and then promptly increased to 97.7% as solution 
pH reached to 8. This condition was controlled by several 
mechanisms including membrane pore size modifica-
tion, electro-viscous effect, and osmotic pressure gradient. 
Furthermore, the solution pH can influence the solution 
chemistry and surface membrane charge [22,30]. In addi-
tion, the main rejection phenomena of NF membranes are 
size exclusion of uncharged solute molecules and charge 
exclusion (co-ion electrostatic repulsion) of ionic species 
[31]. According to Fig. 2, feed water with solution pH lower 
than 5 leads to an increase in F– rejection. This is probably 
associated with increased electrostatic repulsion between 

the protonated amino groups [32]. As shown in Fig. 2, the 
F– rejection was robustly reduced at a solution pH 5. This 
behavior can be explained by the fact that the isoelectric 
point of the NF membranes is at about pH 5. Above solu-
tion pH 5, the NF membrane is negatively charged due to 
dissociation of carboxyl functional and below 5 pH, the 
surface of the NF membrane is positively charged which is 
related to the protonation of amine functional groups [33]. 
Moreover, the hydrofluoric acid (HF) is a weak acid with 
pKa of 3.1, and F– has a tendency to form neutral ion-pair 
clusters F–H3O+ in weak acid dilute solutions, causing a lower 
fluoride (F–) rejection by the negatively charged membrane 
surface [21]. Hagmeyer and Gimbel [33] demonstrated the 
isoelectric point of studied membranes around solution pH 
4 and the dramatic reduction in Cl– rejection was observed 
around 80% at solution pH of 3 to 30% at solution pH of 
4 and then increased to 90% at solution pH of 6. On other 
hand, at low solution pH, higher retentions of species pres-
ent in feed water including F– and H+ ions are present which 
increases the osmotic pressure around the membrane sur-
face. Subsequently, the increase in osmotic pressure leads to 
higher F– rejection by NF as reported by Gherasim et al. [22]. 
As shown in Fig. 2, F– rejection increases from solution pH 
5 to 8 this is associated with increased co-ion charge exclu-
sion [31,33]. The membrane to be more negatively charged 
over at solution pH of 8 and lead to electrostatic repulsion of 
the membrane surface for F– ion and will be rejected by the 
membrane [31].

3.1.2. Effect of initial F– concentration

The initial F– concentration in feed water is important 
in order to assess the applicability range and optimum 
operating conditions of the NF process. The influence of 
initial F– concentration on the rejection of F– ions by NF 
membrane was investigated by carrying out experiments 
by feed water with solution pH of 8 (as optimal solution 
pH) over a concentration range of 5 to 30 mg/L by the trans-
membrane pressure of 5 bar at a flow rate of 30 L/min. 
The amount of F– rejection by NF understudied initial F– 
concentration is shown in Fig. 3.

Table 2
Equation for estimation of total costs of NF installation

Cost type Sub-cost Equation

Investment (1) Civil 55.73Qf* + 80.1n (19)
(2) Mechanical engineering 233.44Qf

0.85 + 58.75n (20)
(3) Electrical 3 × 103 + (3.49 × P* × Qf) (21)
(4) Membrane module 666n (22)
Total capital cost (1) + (2) + (3) + (4) (23)

Operating (5) Maintenance cost 2% of total investment (24)
(6) Membrane 60 $/m2 (6 months membrane life) (25)
(7) Labor 400 $/month (26)
Total operating cost (5) + (6) + (7) (27)
CRF*** (i**** × (1 + i)n*****) ÷ ((1 + i)n–1) (28)

The annualized capital cost (A) (Total capital cost × CRF) ÷ Qp****** (29)

*Qf, feed flow rate; **P, operating pressure; ***CRF, capital recovery factor; ****i, interest rate; *****n, project life; ******Qp, permeate production.
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As the initial F– concentration in feed water was 
increased from 5 to 30 mg/L, the F– rejection efficiency 
was observed to dismiss from 97.4% to 95.2%, whereas the 
amount of residual F– concentration in permeate showed 
enhancement from 0.13 to 1.72 mg/L. This behavior is allied 
to the characteristics of the charged membranes and known 
as the screen phenomenon [34,35]. With increased dissolved 
F– in the feed water, the concentrations of Na+ also increased. 
The cations neutralized the negative charges on the mem-
brane and increased passage of the F– ions through the mem-
brane [34,36]. Kim et al. [37] reported that as the feed KCl 
concentration increased, chloride rejection was observed 
to reduce.

3.1.3. Applied pressure effect

For the treatment of F– contaminated drinking water 
sources, the F– rejection technologies must meet guidelines 
specific to resource-limited environments, such as restric-
tions regarding availability of the electricity, spare parts, and 
knowledgeable operators. To overcome the unavailability 
of electricity, this research paper examines the feasibility 
of treating F– contaminated water with a low-pressure NF 
membrane. Fig. 4 shows the influence of applied pressure 
(4–8 bar) on the variation of F– rejection with an initial 
F– concentration of 15 ppm.

The F– retention plots presented in Fig. 4 highlights 
improved F– rejection efficiency during NF operation with 
higher applied pressure. With increasing applied pres-
sure from 4 to 8 bar, the F– rejection enhanced from 94.6% 
to 97.4%, however, the F– concentration in permeate water 
reduced from 0.81 to 0.39 mg/L. In general, two different phe-
nomena with opposite effects on the rejection are involved 
in ions separation under different applied pressure; first, the 
increasing membrane solvent flux as an function of applied 
pressure increases, but the ion fluxes remain unchanged 
because of retention of the ions by steric/charge interac-
tions and second, concentration polarization phenomenon 
decreases the charge effect and thus produces an increase in 
the solute transfer through the membrane and consequently 
decreases the rejection [32,38]. Nasr et al. [20] evaluated the 
defluoridation of two commercial NF membranes (NF5 and 
NF9) and showed fluoride rejection rate increased with 
ascending of applied pressure.

3.1.4. Influence of feed flux

Hence, to investigate the effects of feed flux on the F– 
separation performance of the NF membrane, the experi-
ments were conducted under different flux ranging from 
60 to 180 L/m2 h with the connection of three feed pumps 
in parallel. Profiles of F– concentration and rejection as a 
function of feed flux are shown in Fig. 5.

As illustrated in Fig. 5, F– rejections slightly increased 
with increasing feed flux in the tested range. The high-
est and lowest F– retention was achieved at 180 and 60 L/
m2 h and equal to 96.9% and 93.9%, respectively. The F– 
rejection increment due to the feed flux increasing can be 
ascribed to the dilution effect [39]. During filtration, perme-
ate (solution) flow and F– (solute) flow are not totally cou-
pled. Although the permeate flow increases, but the F– flow 
remains constant, and consequently, the F– concentration 
decreased.

One of the major drawbacks of the NF process is the 
concentration polarization phenomenon. Therefore, the pro cess 
performance reduces when osmotic pressure is increased, 
as solutes accumulation is observed near the membrane on 
the high-pressure side. Also, the degree of mixing near the 
membrane surface increases as the flow rate is increased 
[32,37]. Thus, the concentration of solutes at the membrane 
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surface is higher than in the bulk of the feed, and a boundary 
layer thus builds as a result of the equilibrium established 
between the transport of solutes towards the membrane by 
convection and the slower back diffusion of the retained 
species [32].

3.1.5. Variation of permeate flux

Fig. 6 presents the permeate flux trend as a function of 
influent salt concentration and applied pressure.

The increase in salt concentration from 1 to 6 g/L 
resulted in decreased permeate flux from 18 to 12 L/m2 h 
as shown in Fig. 6a. According to van’t Hoff equation, at 
constantly applied pressure, the flux is dependent on the 
osmotic pressure difference as represented by Eq. (30).

∆π = × −( )R T C Cg m p  (30)

According to Eq. (30), the increasing bulk solute con-
centration leads to the solute concentration on the mem-
brane surface, and thus Cm – Cp increases. Subsequently, 
the osmotic pressure difference increases. This explains 
the decrease in flux with the salt concentration in the feed. 
The same results were reported by Kim et al. [37] decrease 
in flux was observed with the increased KCl concentration 
in the feed.

Fig. 6b shows the variation of permeate flux for the NF 
membrane with the applied pressure variation from 4 to 
8 bar. As presented in Fig. 6b, an increase in the applied 
pressure results in a gradual increase in the permeate flux. 
The permeate flux of the NF membrane increases from 
9.15 to 15.03 L/m2 h in line when the applied pressure was 
increased from 4 to 8 bar. Yuan et al. [40] report the linear 
increase of the permeate water flux of BTC−TAEA poly-
amide membrane from 21.5 to 118.6 kg/m2 h, when the 
pressure ranges from 10 to 30 bar.

3.1.6. Modeling

A feed, solution containing 15 mg/L of F–, the real 
and observed rejection of F– with MW: 18.99 g/mol, 
Di,∞: 1.46 × 10–9 m2/s [41] and rs: 0.146 nm are plotted in 
Fig. 7. The Stokes radius of F– ion was calculated by using 
the Stokes–Einstein formula [Eq. (31)].

D k T
ri

B

s
,∞ =

×
× × ×6 π η

 (31)

As illustrated in Fig. 7, Eq. (8) fits very well the exper-
imental data. Table 3 lists the estimated parameter values 
of the solute’s rejection model for F– rejection from influent 
water by the NF membrane.
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According to Table 3, the estimated average of pore 
radius and Δx/Ak of the NF membrane are 0.12 ± 0.02 nm 
and 47.84 ± 25.22 mm, respectively. Cuartas-Uribe et al. [42] 
operated NF200 and desal 5 DL nanofiltration membranes 
for lactose rejection and an estimated pore radius of NF200 
membrane was observed to be 0.41 nm. In addition, Gherasim 
et al. [22] reported the rp and Δx/Ak values as 0.26 ± 0.003 nm 
and 6.33 ± 0.02 mm, respectively, by a rejection of glycerol. 
The differences between these values and our values for 
pore radius can be explained probably by assuming some 
differences between the membrane batches.

To determine the separation mechanism of F– by NF, the 
obtained experimental data were fitted with the Spiegler–
Kedem model by using the “Solver” analysis function in the 
“Data Tools” menu in Microsoft Excel 2010. Fig. 8 depicts 
obtained experimental and predicted data.

As seen in Fig. 8, the Spiegler–Kedem model and con-
stant parameters provided satisfactory predictions of F– 
rejection observations. As summarized in Table 4, during 
F– rejection by NF, the reflection coefficients were very 
high (close to 1) and the permeability coefficients were 
very small. High reflection coefficients indicates convec-
tive transport in NF membrane is almost totally sterically 
hindered [22]. The reflection coefficients for the AFC 40 
tubular NF membrane was determined by Gherasim et al. 
[32] and found to be in the range of 0.79–0.95.

3.2. Binary solution

3.2.1. Influence of co-existing cations

The Na+ and Ca2+ concentration in feed water was 
increased from 1 to 6 g/L to inspect the influence of co-ex-
isting cations on F– rejection by NF membrane. Fig. 9 reveals 
the effect of co-existing cation on F– rejection in respect of 
co-existing cations concentration and type.

As shown in Fig. 9, the F– retention was observed to 
decrease in the presence of co-existing cations. When 
concentration of co-existing cations in feed water was 
increased from 0 to 6 g/L, the F– rejection declined from 96.3% 
to 60.1% for Na+ and 96.3% to 48.1% for Ca2+. This behav-
ior is related to shielding of the negatively charged groups 
on the membrane by cations at high salt concentration 

and, therefore anions can readily pass through the mem-
brane [34,43]. Nasr et al. [20] showed decrease in F– reten-
tion in the presence of calcium and reached to 66.8% at 
200 mg/L of Ca2+ concentration. In addition, regarding the 
salt nature includes cation valency and ionic radius, Ca2+ 
gives the highest influence on F– retention, followed by 
Na+. The decrease in F– retention with the increase co-ex-
isting cations concentration is explained by the membrane 
charge neutralizing effect [20,34].

Table 3
Structural parameters of NF90 membrane

F– concentration  
(mg/L)

Solution  
pH

Applied pressure  
(bar)

Membrane structural parameters
r2

rp (nm) Δx/Ak (mm)

15 8 5 0.12 ± 0.02 47.84 ± 25.22 0.99

Table 4
Spiegler–Kedem model constants

F– concentration  
(mg/L)

Solution  
pH

Applied pressure 
(bar)

Spiegler–Kedem model parameters
r2

σ (–) ω (L/m2 h)

15 8 5 0.98 1.44 0.99
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Fig. 9. Influence of cations type and concentration on retention of 
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3.2.2. Presence of co-existing anion

To evaluate the effectiveness of the NF system devel-
oped for a different potential situation, the NF experiments 
were carried out with different type and concentration of 
co-existing anions. At these experiments, the F– concentra-
tion of feed water was equal to 15 mg/L. The effect of type 
and concentration of co-existing anions on the F– rejection 
efficiency of NF membrane is shown in Fig. 10.

As illustrated in Fig. 10, the retention of F– was 96.26% 
with the NF membrane when F– is the sole chemical in the 
feed water. As SO4

2– and PO4
3– was added in steps from 1 to 

6 g/L in to feed water, the F– rejection decreased from 83.87% 
to 46.39% for SO4

2– and also from 75.89% to 39.72% in case 
of PO4

3–. When SO4
2– and PO4

3– are added in feed water, to 
match the Na+ ions in permeate, more F– ions than SO4

2– and 
PO4

3– ions cross the NF membrane and lead to decrease in 
F– retention. That is understood as the classical Donnan 
equilibrium [44]. When comparing between SO4

2– and 
PO4

3– as co-existing anions, the F– transport with PO4
3– was 

somewhat increased. This can be explained by the high 
affinity of the ionized sites of the membrane increasing the 
diffusion of salt from the more to the less concentrated solu-
tion. Nasr et al. [20] found that in the presence of SO4

2– ions 
(1 g/L), F– retention decreases to 61%.

3.3. Evaluation of NF economic

The economic evaluation of the cost of a produced 
cubic meter requires the calculation of the investment cost 
and the operating cost. These parameters are determined 
from the membrane surface, the flow rate, the recovery rate, 
the velocity in cells, and the outlet concentrations. Table 5 
summarized design criteria considered to the construction of 
economic evolution.

Table 6 was summarized the total annualized cost of the 
NF process.

As summarized in Table 6, the total annualized cost of 
water treatment by the NF membrane was calculated to be 
0.43 $/m3. According to the previous study reports, total 
operating costs of drinking water production and phe-
nol rejection from coke oven wastewater is 0.38 and 0.46 
$/m3 of produced water, respectively [29,45]. In addition, 

Lahnid et al. [30] evaluated the economic of F– rejection by 
electrodialysis and demonstrated the total cost including 
capital and operational cost estimated to 0.36 $/m3.

4. Conclusion

This paper investigated the performance of NF90 
(thin-film composite NF membrane) in the rejection of F– 
ions from model groundwater under various operational 
conditions, as well as their separation mechanism in cor-
relation with the membrane characteristics. In addition, 
the economic evaluation of F– rejection from groundwater 
was estimated based on actual industrial and economic 
data. Based on the obtained results, the lower F– rejection 
was obtained in solution pH of 5 and the acidic and alkaline 
solution pH lead to higher F– rejection. At low solution pH, 
higher F– rejection was related to higher osmotic pressure 
near the membrane surface. Ion concentration had a positive 
effect and the F– transmittance increased with the increas-
ing concentration on the feed phase because of membrane 
charges neutralization. The permeate flux was enhanced and 
the F– rejection was improved by increasing the crossflow 
velocity, which diminishes the concentration polarization 
phenomenon. Furthermore, it was observed, comparing 
with SO4

2–, the presence of PO4
3– as a co-existing anion in feed 

water proved to be more effective for F– transport and could 

Table 5
Design criteria for economic evolution

Item Value

Plant capacity, m3/h 100
F– concentration of feed water, mg/L 5
Require F– rejection efficiency, % 75
Permeate recovery rate, % 30
Operating pressure, bar 8
Membrane flux, m3/m2 h 0.12
Membrane module area, m2 0.5
Project life, y 20
Interest rate, % 15
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Fig. 10. F– rejection efficiency as a function of type and concentra-
tion co-existing anion (F– concentration: 15 mg/L, solution pH: 8, 
and applied pressure: 5 bar).

Table 6
Economical data of NF process

Cost type Sub-cost Value ($)

Investment (1) Civil 168,183.9 $
(2) Mechanical engineering 130,991.6 $
(3) Electrical 6,921.4 $
(4) Membrane module 1,326,450 $
Total capital cost 1,632,546.9 $

Operating (5) Maintenance cost 32,650.9 $
(6) Membrane 100,000 $
(7) Labor 4,800 $
Total operating cost 137,450.9 $

CRF 0.16 $
The annualized capital cost 0.43 $
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be explained by the classical Donnan equilibrium. Regarding 
salt nature, Ca2+ had the highest influence on F– retention, 
followed by Na+. The membrane characterization study 
showed the estimated average pore radius and Δx/Ak of the 
NF membrane were 0.12 ± 0.02 nm and 47.84 ± 25.22 mm, 
respectively. The processes were characterized with high 
accuracy by the Spiegler–Kedem model, and σ coefficient 
was observed to be 0.98 which indicates convective transport 
in the NF membrane is almost totally sterically hindered 
and revealed that application of a simple model for pro-
cess prediction is a useful tool for practical NF applications. 
With the calculation of the capital and the operating costs, the 
total annualized cost of water treatment by NF was 0.43 $/m3.

Symbols

Ak – Membrane porosity
Ci,f – F– concentration in feed water
Ci,m – F– concentration on membrane surface
Ci,p – F– concentration in permeate
dh – Hydraulic diameter of membrane channel
Di,∞ – Solute bulk diffusivity
H(λi) – Diffusion
Jp – Permeate flux
Jw – Pure water flux
kB – Boltzmann constant (1.38e–23 J/K)
Ki,c – Convection hindrance factor
Ki,d – Diffusion hindrance factor
Lp – Pure water permeability
Pe – Peclet number
R – Intrinsic (real) rejection
Rg – Molar gas constant (8.3144621 J/mol K)
R0 – Observed rejections
Re – Reynolds number
ri,s – F– stokes radius
rp – Pore radius
Sc – Schmidt number
Sh – Sherwood number
T – absolute temperature
u – Fluid velocity in membrane channel
W(λi) – Convection
x – Distance in membrane
ΔP – Transmembrane pressure
Δx – Effective membrane thickness
η – Dynamic viscosity of aqueous solution
λi – Ratio of F– to pore size
ρ – Density of aqueous solution
σ – Reflection coefficient
Φi – Solute steric partitioning coefficient
ω – Solute permeability
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